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We're just wild about Birmingham 

I see no ships: Cmdr David Olsen and Cmdr Lee Gazlay find their way to Centenary Square 

Landlocked navigators in town 
Britain's most landlocked city proved an ideal 

conference venue for an international club which includes 
coastguards, lighthouse operators and ocean fishery officials. 

That was how US Cost Guards Cmdrs David Olsen and 
Lee Gazlay found themselves high and almost dry in rainy 
Birmingham city centre yesterday. 

They were amoung 100 delegates to the Wild Goose 
Association, an international body that aims to promote and 
preserve long-range navigation. 

The meeting - the association's first outside the US -
took place in the Josiah Mason Hall. Organiser Mr. John 
Beukers, a navigational writer with homes in Florida and 
Gloucestershire, decided on Birmingham after reading about 
its conference facilities. 

The group was named after the Canada Goose because 
members admired the bird's ability to navigate over vast 
distances. 

Courtesy: The Birmingham Post, Friday August 28, 1992 
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Courtesy: 

The Birmingham Post, Friday, August 28, 1992 
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Foreword 
Since its inception in 1972, the Wild Goose Association, 

as an organization, has not ventured outside of the United 
States. In 1992 the Association took the plunge and held its 
21st Annual Convention and Technical Symposium in Bir­
mingham, England. There was a strong incentive to do this 
and the timirig appeared to be just right, The United States 
government was nearing completion of transferring overseas 
Loran-C facilities and operation to host countries and there 
were strong indications that Loran-C agreements in Europe 
and the Far East would be concluded. In addition, Loran-C 
independent activities in China, Russia, India and other 
countries suggested thatLoran-C was about to become a truly 
internationally accepted and funded terrestrial radionaviga­
tion system. 

The decision by the WGA Board of Directors to make a 
move overseas was not taken lightly and without some trepi­
dation. The North West Europe Loran-C Agreement was 
having a long, frustrating and bumpy ride and its signing was 
being repeatedly delayed by political, economic, legal and 
even language difficulties. However, noting that Loran-C 
technical integrity and performance were rarely in question, 
Board members were persuaded that the agreement would ul­
timately be signed and that the WGA 's presence in Europe 
would serve as a focal point for disseminating Loran-C infor­
mation. In fact the North West Agreement was signed just 
three weeks before the Convention and the Far East Coopera­
tive Agreement between China, Korea, Japan and Russia was 
signed just one week after the Convention. 

The Board of Directors also recognized the international 
rising tide of interest in satellite navigation as the 1994 opera­
tional date for the Global Positioning System approached. 
Firmly believing that a mix of national terrestrial and interna­
tional satellite radionavigation systems will be required to 
provide the necessary integrity and redundancy to meet inter­
national performance and safety regulations, the Convention 
theme "Loran-C/GPS Mix, Sharing the Future" was adopted. 

After almost two years of planning, the Convention con­
vened at the Copthome Hotel in the center of the City with the 
technical sessions being held at the City Library. The venue 
proved ideal and a comment about the hotel is warranted. The 
Copthorne is a relatively small, well managed, quality hotel 
ideally suited to a group of our number. The courteous and 
efficient staff went out of their way to make our stay comfort­
able and meet all our requirements in timely manner. For this 
we are appreciative. 

The Convention was opened by WGA President Dr. 
Robert Lilley and the group welcomed by the Lord Mayor of 
Birmingham, Councillor Peter J. Barwell MBE. The Key­
note Address, given by Mr. Jacques de Dieu from the Direc­
torate General for Transport, Commission of the European 
Communities, was particularly useful in setting the stage for 
an excellent technical program and stimulating discussion on 
the future of international radionavigation policy. A number 
of significant current Management and Policy papers were 
presented and are contained within these Proceedings. 
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Being the first Loran-C Convention of its kind in Europe, 
emphasis was placed on tutorial material. We are indebted to 
Carolyn McDonald ofNavtech Seminars, Inc. for arranging 
a Loran-C/GPS tutorial held on the day before the Convention 
and to the authors and presenters of material at the tutorial 
session held during the technical symposium. We are also in~ 
debted to Carolyn for her pep talks to speakers and her fine job 
in managing the technical sessions 

Our special thanks go to the Technical Co-Chairmen, 
Session Chairmen and Speakers for making this one of the 
best technical programs conducted by the WGA. We also ac­
knowledge with gratitude the support ofindustry for sponsor­
ing the reception and for helping to defray Convention costs 
by exhibiting their products and services. Industry support is 
vital for a successful Convention and must receive additional 
encouragement for future Conventions. 

Our Awards Chairman Jim Van Etten and his committee 
are recognized for a job well done in selecting deserving 
individuals for this year's awards. Recipient of the Medal of 
Merit was Norman Matthews, Secretary General ofIALA, for 
his work in coordinating the support for the international use 
of Loran-C while the President's awards went to Andreas 
Stenseth and Kjell Enertstad, both of NODECA, for their 
work in connection with the North West Europe Loran-C 
agreement. Other awards are listed in these proceedings. 

Judging by all the comments, the Ice Breaker and the 
event-filled Spouse & Guest program were thoroughly en­
joyed. For this we must thank Marilyn Beukers for her time 
and effort in generating an interesting program and for mak­
ing all the necessary arrangements. 

Credit must be given to the Birmingham Convention and 
Visitor Bureau, in particular, Philippe Taylor, its Chief Ex­
ecutive, and Kim Bate, the Convention Officer. That the Con­
vention ran smoothly and was conducted professionally is 
largely due to their organization and Kim's attention to detail. 
Many others contributed to the success of this Convention, 
the list is extensive and is included in these Proceedings. 

We conclude by acknowledging the welcome and hospi­
tality of the Lord Mayor and the City of Birmingham. The 
Civic Dinner given by the City to the WGA was an honor and 
an evening to be remembered. The presentation of an exqui­
sitely engraved glass vase by the Lord Mayor to the WGA is 
indicative of the hospitality shown to the Association by this 
progressive city. Our warm hearted thanks to the Lord Mayor 
and the Councillors of the City of Birmingham for this 
recognition. 

Next year, 1993, the Convention will be held in Santa 
Barbara under the Chairmanship of John Illgen, this year's 
Technical Chairman. The 1994 Convention will be chaired 
by Bahar Uttam in Boston, and, if you wish to look even 
further ahead, the Internavigation Committee of Russia have 
offered to be the hosts of the 1995 Convention in Moscow. 

John D. Illgen 
Technical Chairman 

John M. Beukers 
General Chairman 
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Keynote Address 

Jacques de Dieu 

Directorate General of Transport 
Commission of the European Communities 

I am very glad and proud to be invited to give on behalf 
of the Directorate-General of Transport of the EC-Commis­
sion the keynote address to your twenty first annual Conven­
tion, in particular when it is the first time that the Wild Goose 
Association goes to Europe. 

Mr. Chairman in your very kind invitation you asked the 
Commission to set the tome for the technical symposium be­
cause of the involvement and interest it is showing in radi­
onavigation matters. 

Being no technician I will restrict myself to political as­
pects. 

When I joined the Commission three years ago, one of the 
first letters I received was an invitation to attend your nine­
teenth annual convention in Long Beach California. 

Through the enclosed leaflet introducing your associa­
tion I discovered the world and the friends of loran. Unfortu­
nately for me, I could not convince my Director General to 
send me to Los Angeles without any evidence to justify the 
Commission presence. 

Today, barely three years later, things have changed, es­
pecially on the European level. 

Before giving you a brief review of the facts which led to 
the involvement of the commission, I owe our American 
friends a very short explanation of the role of the Commission 
on the European scene. 

Together with the Council, consisting of the Ministers of 
the twelve EC-countries, - the U.K. is one of them and is now 
chairing the Council until the end of this year-, the directly 
elected European Parliament and the Court of Justice, the 
Commission is one of the four institutions forming the Euro­
pean Economic Community, which is a political and eco­
nomic organization, ruled by the EEC-Treaty. 

The task of the Community is to establish a common 
internal market and through the development of common poli­
cies. such as the one in the transport sphere, to promote 
throughout the Community an harmonious development of 
economic activities, expansion, an increase in stability, a high 
standard of living and closer relations between the states 
belonging to it. 

One of the main institutional duties of the Commission, 
assisted by its technical departments, such as the Directorate 
general of Transport, is to propose appropriate measures to 
Council and Parliament for the realisation of the policies. 

With the objective of ensuring the safety of navigation in 
Europe and neighbouring areas, the development and im­
provementof aids to navigation is one of the actions which the 
Community is currently concerned with. This concern die-
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tates the role of the Commission. 
For the benefit of my colleagues and friends of the EC­

Member States I am prone to make already at this stage a 
reference to Maastrichtand the magic word SUBSIDIARITY 

The principle of subsidiarity requires that the Community 
should only exercise its powers where EC action is essential 
for the effective attainment of the Treaty objectives, and 
where measures by the Member States individually are insuf­
ficient to that end. 

Fresh tasks are only to be taken on by the Community 
when they prove essential at that level, in order to protect its 
citizens and all those who travel through the European area 
without borders. 

Although this principle of subsidiarity will only come 
into force at the beginning of next year, in accordance with the 
provisions added to the EEC Treaty by the Maastricht Treaty, 
I will demonstrate during this intervention that the Commu­
nity and, in particular the Commission, have applied this 
principle avant la lettre, in advance and will still be guided by 
the same principle in the future. 

With this background information it will now be easier 
for you to assimilate the key elements of the Community and 
Commission action in the radionavigation field. 

The Commission was present at Trinity House in London 
in March 1987 where the International Association of Light­
house Authorities called a radionavigation Conference after 
the announcement by the United States Coast Guard to cease 
funding and manning all its Loran-C stations outside of the US 
at the end of 1994, offering at the same time to transfer all or 
part of Loran-C station equipment to interested host nations, 
when these would not be needed by the US. 

At that time the Commission had shown some interest in 
the development of a single European Loran-C system, but did 
not want to intervene leaving the responsibility for action for 
providing an answer to the US Coast Guard, direct to the 
concerned host nations. 

Building up its policy with regard to aids to navigation the 
Commission took note of one of the main conclusions agreed 
by the Conference: the need to maintain, after the introduction 
of new satellite navigation systems, terrestrial radionaviga­
tion systems for the foreseeable future in appropriate national 
and regional areas. 

Given the involvement of several EC-Member States in 
the international discussions on the US Coast Guard Loran-C 
proposal, and given the previous and potential interest of the 
Commission in the subject, two years later, the Commission 
was invited by the UK-government to comment and to give the 



Commission's views on a consultative document on the 
future of marine radionavigation in United Kingdom waters. 

The Commission took note that the UK Department of 
Transport was in favour, under certain conditions, of a change 
of terrestrial system in the UK and expressed its intention to 
participate in a North European Loran-C chain. 

Answering the invitation of the UK the Commission 
stressed that given on the one hand the North-European 
developments and the interest shown by France, Italy and 
Spain for a similar Loran-C system in the Mediterranean area, 
it was very interested in the generalization of a terrestrial 
radionavigation system in Europe and made an offer to 
develop an initiative in this field. 

At the request of IALA the Commission has participated 
since 1990 in an IALA working group which was set up to 
examine the technical, operational and organizational aspects 
of maintaining Loran-C in the Mediterranean area. 

The Commission was also invited, as an observer to 
attend the meetings of the North-West European Loran-C 
Policy Group. 

In September 1990 the Directorate General of Transport 
evaluated the situation and decided that time had come for 
European action. 

This was based on the following determinants: 
- the technical merits ofLoran-C for marine, air and land 

navigation were demonstrated, 
- the possibility to extend the system, at low costs, to the 

entire European area and to link it with other chains in 
the west and east, 

- international developments and the IALA policy with 
regard to aids to marine navigation, 

and, may be the most important one in our policy-build­
ing process, 

- the fact that combined satellite/Loran-C coverage will 
offer the highest degree of system verification and 
continuity of radionavigation coverage, for the benefit 
of safety and environmental protection. 

Without wishing to blame the US authorities, whose role 
was not to defend the loran technology, it must be said that 
their decision to abandon Loran-C in Europe for GPS created 
the impression that, in the era of satellites, an obsolete 
technology was offered to Europe. 

This forum does certainly not need to be convinced that 
this was totally wrong. 

Recent investments in the loran technology in the conti­
nental USA and in France, international developments and of 
course the merits of the system itself, were laid on the table as 
evidence. Objections against the system were overruled. 

European action with regard to Loran-C was entirely jus­
tified due to: 

- the risk of dismantlement of the basic infrastructure by 
the US Coast Guard, in the absence of a positive 
answer to their offer to the host nations, 

- the intention of some Member States of the EC to with­
draw from the North West European Policy Group, 

- the lack of progress in the Mediterranean talks. 
These elements my have seriously jeopardised the devel-
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opment of a European network. 
Therefore, anticipating the outline of its general policy 

with regard to aids to navigation , the Commission decided in 
January 1991 to present a formal proposal for a Council 
decision on Loran-C. 

The proposal was fully supported by the Economic and 
Social Committee, an advisory body in which the industry 
and the social partners are represented. 

Taking note of a change in the policy in the UK and 
endorsing constructive amendments of the European Parlia­
ment, the Commission, in November 1991, amended and 
widened its proposal into a proposal on radionavigation 
systems for Europe. 

With the formal adoption of the Decision on radionavi­
gation systems for Europe on the 25th February of this year by 
the Council of Ministers of the European Communities the 
first decisive step into the establishment of the radionaviga­
tion policy in the European Community was taken. 

The Decision taken is an example of subsidiarity. 
The European Community, recognizing the need for a 

terrestrial radionavigation system, states that the establish­
ment of regional Loran-C systems must ensure coherent and 
complete coverage of the European maritime area. 

To this end the Member States and the Commission are 
obliged to support efforts to set up a worldwide radionaviga­
tion system, including European regional Loran-C chains, 
with the purpose of enlarging worldwide Loran-C coverage in 
order to improve the safety of navigation and the protection 
of the marine environment. 

Member States are not required to abandon radionaviga­
tion systems such as Decca, and Omega, neither are they 
obliged, at this stage, to join regional Loran-C Chains. 
Nevertheless they have to strive and do their utmost for the 
realisation of regional Loran-C chains in Europe. 

Respectful of the subsidiarity principle the Commission 
hopes that all Member States will, in due time, take the nec­
essary steps to set up or join regional agreements on Loran-C. 
Those who decide to participate in such agreements are bound 
to seek to achieve the configurations which cover the widest 
possible geographical area in Europe and in neighbouring 
waters. 

The Commission, which was charged by the Council to 
ensure coordination between Member States participating in 
regional Loran-C agreements, is very satisfied about the 
recent developments and commitments of the EC Member 
States with regard to the coverage of the northern European 
area. For this area no further action is necessary at this stage. 

For the Mediterranean and the Iberian peninsula the situ­
ation is totally different. 

Today there is still no formal political commitment of the 
states involved to set up a policy group for the realisation of 
a suitable chain in southern Europe. 

The Commission will do its utmost to help Member 
States make a decisive step into the signature of such a 
commitment. I am making use of the presence of our Ameri­
can Coast Guard friends to appeal for joint efforts in this 
matter. 



The Commission will evaluate the situation in the course 
of September and, respectful of the subsidiarity principle, 
will propose, if the need arise, the necessary measures as 
urged by Council. 

The most important outcome of the Council decision for 
the Commission is the recognition at European community 
level of the need to set up a European radionavigation plan 
which takes into account the development of satellite sys­
tems, existing terrestrial systems and the radionavigation 
plans of the Member States. 

Taking into account the US plan and the intentions of the 
Commonwealth of Independent States it is obvious that 
Loran-C will also play an important role in the European 
system. 

With regard to satellite systems the Commission already 
has the responsibility to reflect on the development of civil 
and internationally controlled radionavigation system that 
will meet the requirements of transport in the 21st century. 

Appropriate contacts with ESA, the European space 
agency and INMARSAT are envisaged. 

The Commission supports also the idea of the establish­
ment of ajointIMO-ICAOplanning group, to which it intends 
to participate actively. 

Coming back to the European radionavigation plan it is 
the wish of the Commission to present to the Council and par­
liament, as soon as possible, mid 1994 is a tentative date, an 
extensive report on radionavigation aids and a draft for a 
radionavigation plan for Europe. 

At this stage the Commission Services are of the opinion 
that the provision of appropriate radionavigation aids, with 
suitable requirements, mandatory if necessary, on a European 
level, will be of the benefit to: 

- control and monitor the safe, timely and efficient car­
riage of people and cargo by sea, air and inland trans­
port modes, 

- offshore exploitation, marine surveys, fishing and rec­
reational crafts, 

- fleet management and emergency rescue, 
- protection of the environment in areas with high den-

sity traffic and marginal weather conditions. 
- cost optimisation for the countries providing radi­

onavigation aids, 
- reduction of user's costs by the development of suit­

able low cost receivers. 
Preliminary to the realisation of the European radionavi-
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gation concept the Commission Services will discuss the 
policy objectives and relevant aspects with the governments 
of the Member States and third countries with which the 
Community has signed cooperation agreements and will try 
to identify the real users' requirements. 

Interests of the involved radiocommunication industry 
will not be neglected. 

All these commitments and intentions represent a lot of 
work and money. 

With regard to the financial aspects, it is worthwhile to 
referagain to the Maastricht Treaty. A specific chapterof this 
Treaty is of particular interest in assessing Community con­
tribution to infrastructure for transport and telecommunica­
tion in the field of Transeuropean networks. 

Under which conditions a future coherent European ra­
dionavigation system could be incorporated in the concept of 
Transeuropean network has to be investigated. 

Within the Transeuropean network, projects identified of 
common interest and financed by the Member States, could 
receive some specific financial support from the Community 
and in addition some financial support from the, to be set up, 
Cohesion Fund, which applies to Spain, Portugal, Greece and 
Ireland. 

About the recovery of investment costs for aids to navi­
gation the Commission Services believe that the EC dimen­
sion is appropriate, in terms of both a coherent geographical 
area and an institutional framework for the application of the 
"user pays" principle. Investigation in this field will start 
soon. The first step will be the gathering of information from 
the Member States on the cost of providing marine navigation 
aids. 

At the end of this review of our prospects for the future 
I want to stress that I am confident about the future of 
Loran-C, taking account of the international developments 
and the very interesting and important contributions that were 
made to the Loran-C/GPS tutorial and, last but not least, more 
especially as the Wild Goose will continue to foster and 
promote the art of loran. 

I like to emphasize in this forum, that for the Commis­
sion, Loran-C has an additional merit, the one of being 
responsible for the start of the European radionavigation 
policy. 

Finally, I wish you a fruitful, successful and pleasant 
convention and really hope to have another opportunity to 
report to your association on the progress accomplished at the 
European level. 
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Radio aids to navigation have reached a watershed. After 
nearly 90 years many of their problems such as restricted 
range, inaccuracy, weather-dependence, propagation vari­
ability and the inability to site transmitters properly for best 
accuracy, have been eliminated by the advent of satellite­
based technology. We have within our grasp the ability to 
provide a truly universal radionavigation aid capable of being 
used by all classes of navigator. In the long run it is inevitable 
that sheer technical superiority will cause satellite-based 
radionavigation aids to dominate and many other radio aid to 
disappear. 

It is, however, most unfortunate from the civil users' 
viewpoint that the current breed of satnav systems are of 
military provenance and unlikely to be turned over to civil 
control. This will be the cause of so many non-technical 
problems of control, legislation, and organisation that it is 
doubtful whether they will ever be acceptable for civil use. It 
is not at all obvious how some of these problems might be 
solved, but they MUST be, and it is becoming increasingly 
urgent that they should be. Before many more years are past, 
there will be a large body of GPS users who will force a 
solution if one has not been found, and forced solutions are 
rarely optimum. 

Civil Satellite Navigation - a Global Navigation Satellite 
System (GNSS) 

What is under consideration is CIVIL SATELLITE 
NAVIGATION, nQt GPS, GLONASS, or any other specific 
system. While one cannot but admire the technical expertise 
that brought GPS and GLONASS about, they should be 
looked on only as technology demonstrators. They were 
developed for specific military applications that burdened 
them with costly facilities and features quite inappropriate for 
a civil environment It would probably place the emphasis 
correctly if GPS satellites were regarded as military satellites 
that happen to carry a navigational package rather than as 
navigational satellites carrying other payloads. Their value 
lies in the active demonstration they provide of the successful 
development of satellite technology for navigation applica­
tions and the advantages it brings. This is not a very original 
statement; it was made by no less a person than the Adminis­
trator of the FAA last year. 

GPS and GLONASS cannot, of course, be totally ig­
nored. The investment put into them cannot be dismissed and 
in any case by the time any real decisions are made about a 
civil system there will already be large numbers of civil GPS 
users. Any GNSS will have to incorporate elements of GPS -
but which, and how? 
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In the past, radio navaids (apart from Omega) had very 
limited coverage and could be truly regarded as national 
systems but the virtually unlimited coverage of satellite 
navigation transcends national boundaries and makes it un­
suited to narrow national control. International control is 
required, but what type of institution is appropriate? And how 
would it interface with the multiplicity of existing organisa­
tions that already have a finger in the radionavigation pie? 

Another feature peculiar to satnav is its universal appli­
cability. It is equally usable by land, sea and air navigators, 
and the old divisions of responsibility no longer apply. 
Decisions taken by aviators on GNSS will affect mariners and 
land navigators, and vice-versa. They cannot be treated in 
isolation. lfmariners'and aviators' interests clash, who will 
make a decision? 

What is needed is a satnav system owned, operated and 
controlled by a civil international authority for the benefit of 
the world-wide civil community. There are already exem­
plarsinotherareas- INMARSAT, INTELSAT, EUTELSAT, 
etc., - supra-national organisations providing services for the 
benefit of many different countries. 

The European Situation 
The European Economic Community will in a few years 

be the largest economic bloc in the world, comprising all the 
major industrial countries of the West outside the USA. 

On the basis of its projected GNP alone it should be easily 
capable of designing, building, launching and operating its 
own satnav system particularly in view of the fact thata solely 
civil-oriented system would cost less than 10% of GPS. 

However, for reasons unconnected with finance it may 
prove difficult for the EC to go it alone on satnav, but it is 
certainly in a uniquely favourable situation to take the lead in 
making fundamental decisions about a civil satnav system. 
Here are some reasons. 

The USA has put all its money on GPS. It has done so 
primarily for military reasons that have resulted in a system 
not well suited to civil use, a fact that will become increas­
ingly evident in the next few years,Even when this is admitted 
and seen to be a major obstacle it will be impossible for the 
USA to ignore its own child and go ahead with a new 
specifically civil-oriented system. It MUST use GPS to its 
utmost and all its deliberations on civil satnav will be colored 
accordingly. US proposals for the civil use of GPS will be 
designed more with an eye for greater utilisation of GPS than 
for real civil needs. It will perpetuate split civil/military 
control that simply will not work internationally. 

The other possible contender, GLONASS, is increas-



ingly looking uncertain and indetenninate. It may be another 
10 or 20 years before the political structure of the CIS (or 
Russia) becomes well enough defined and stable to place any 
reliance on it. 

Europe has no such problems. It does not operate a satnav 
system and can look at the problems of instituting a civil 
satnav system from a detached viewpoint. 

The GPS Situation 
A common view is that GPS will inevitably sweep the 

board because it will cost civil users nothing and will satisfy 
the vast majority of their requirements. Those who have 
specialist applications can pay for specialist systems. After 
all, has not GPS been offered free for civil users for a least 
ten years? 

Such a reaction ignores the fact that under the tenns on 
which the US is offering GPS for civil use it is really only 
usable by uncritical "hobby" users. Any professional user 
who intends to base his economic survival and perhaps his 
safety on it needs solid guarantees of performance and availa­
bility that cannot possibly be forthcoming while it is con­
trolled, even partially, by military authority. We have only to 
look at the constant reminders issued by the DoD on every 
conceivable occasion that civil users use it "attheirown risk". 
Can the DoD ever afford to delete this and accept responsibil­
ity for CIVIL operations? FOREIGN civil operations. 

The DoD will soon have to fulfill its promises that if it got 
GPS it would be such a powerful force enhancer that regular 
forces could be dramatically reduced and the saving in cost 
would easily outweigh the investment in GPS. When that 
occurs, the DoD will never be able to relinquish control over 
GPS. Rightly, they would never pennit their military opera­
tions to be jeopardised by some international civil body that 
might not even be very favourably inclined to them. 

There is another factor. The DoD, in company with some 
Ministries of Defence in other countries, considers that a 
totally independent civil satnav system providing accuracies 
the same as GPS P-code would provide an almost free and 
powerful force enhancer to third world dictators that might 
nullify someof theadvantagesGPS gives the US anditsallies. 
Consequently it intends to bend considerable effort to prevent 
any such development taking place and to keep its deliberate 
degradation ofGPS accuracy (S/A) pennanently in place. 

Similar arguments have been used about almost every 
technological development. When railways were invented it 
was claimed that they would enable robbers to travel about so 
freely that they would never be caught. Telephones would 
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enable them to plot their robberies better; the development of 
modem motorways resurrected the rail arguments, and so on. 

The flaw in all these arguments is the same. Technologi­
cal development brings enonnous benefits to the vast major­
ity and its misuse is limited to a very few. Better to tackle those 
few directly than to deny the majority these benefits. 

What this policy will do in practice is to give the USA a 
perpetual monopoly of high-accuracy navigation for com­
mercial as will as military purposes. It will ensure permanent 
US control of the world's navigation services. This caries 
obvious dangers of its own and is of course quite unacceptable 
to non-US States, nothing of this will be heard in the major 
US fora. 

Even if we ignore this and consider only the legislative 
situation, what of the legalities involved in internationally 
approved navigation systems? All existing major civil sys­
tems have been painstakingly approved and thoroughly tested 
and are closely regulated. Each country is responsible, under 
international law, for the correct operation and maintenance 
of its navaids, and can supervise them because they are 
located in their own country and are operated by them. How 
can legislation and liability be apportioned for a system not 
under their control; not located in their country; and subject 
to the over-riding requirements of a foreign military power? 
It is of course quite impossible. Even if GPS provided a civil 
service completely divorced from its military side it could 
only be used as an ancillary to an independent civil system. 

INMARSAT's Role. 
INMARSAT will provide navigation packages (as it 

happens, designed and built in Europe) aboard their Genera­
tion 3 satellites. They are doing so to provide facilities for 
experiments relating to a civil satellite navigation system, but 
who will carry out these experiments, and to what end. 

Disorganised and sporadic experiments will get no­
where. An international group should be set up to proceed 
with tests and trials agreed as having a common objective. 
INMARSA T itself cannot force its signatories to organise 
themselves into a coherent satnav experimental group but this 
is what is really needed. A problem here is that many signa­
tories know absolutely nothing about satnav. Who will edu­
cate them? 

That group could well become the nucleus of an interna­
tional body charged with examining these scenarios, facts, 
and, yes, suppositions, and detennining the right path towards 
the establishment of a civil international satellite navigation 
system. 
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THE u:s. COAST GUARD AND LORAN-C TURNOVER OVERSEAS··· 

WHAT'S HAPPENING? 

CDR WILLIAM J. THRALL 

u.s. COAST GUARD HEADQUARTERS {G-NRN} 

WASHINGTON, D-C· 20593 

ABSTRACT 

Just what is happening with the u.s. 
Coast Guard and Loran-C overseas? This 
paper describes the efforts of the u.s. 
Coast Guard in withdrawing from overseas 
Loran operations. It also discusses the 
u.s. Coast Guard's reasons for leaving 
and the effects that the Global 
Positioning System {GPS} and Selective 
Availability {SA~ have had and are 
having on the deliberations of those 
countries affected by the u.s. Coast 
Guard's withdrawal- Lastly, the paper 
addresses what the Coast Guard's plans 
are for Loran today and tomorrow ... what, 
when and why. 

BACKGROUND 

The u.s. Coast Guard has operated L9ran­
C overseas for DOD since the early 
1960's. Title 14 of the u.s. Code 
empowers the Coast Guard to provide such 
overseas service for and in behalf of 
any u.s. Federal agency. However, since 
the early 1980's, DOD has been looking 
forward to having its own, more precise 
navigation system -- the NAVSTAR GLOBAL 
POSITIONING SYSTEM {GPS}. 

Although beleaguered with past delays, 
it now appears that GPS will be 
completely up and operating with 21 
Block II satellites by the end of 1994· 
Therefore, DOD need for Loran-( will end 
by December 31, 1994· 

Without another federal sponsor for 
overseas Loran-(, the USCG is required 
to withdraw from operating and/or 
funding the Central Pacific Chain, the 
Labrador Sea Chain, the Icelandic Sea 
Chain, the Norwegian Sea Chain, the 
Mediterranean Sea Chain, and the 
Northwest Pacific Chain. 

Since the late 1970's, GPS has been 

preceeded by considerable fanfare and 
enthusiasm. From President Reagan's 
pronouncement to ADM Busey's address at 
the ICAO meeting in Montreal, GPS has 
been offered to the world· True, DOD 
has suffered several delays. True, DOD 
has limited the predictable accuracy to 
100 meters {95% of the time} worldwide. 
And, true, DOD has, on occasion, 
adjusted SA to well beyond 100 meters. 
After all it's a military system, 
controlled by and for the u.s. military. 
Aware of this, and knowing Loran-( 
offers a repeatable accuracy of better 
than 100 meters for much of its coverage 
area, the host nations have been 
struggling with the decision to adopt 
GPS or continue with Loran-(. This 
decision is not easily achieved. It 
comes down to several questions: 

Are other nations comfortable relying on 
u.s. DOD control of GPS? 
Is there an international need to 
warrant a system in addition to GPS? 
Do the nations want the expense of 
operating and supporting Loran-C 
stations? 
How will the nations cooperate to 
support continued Loran-( operations? 
How can international cooperation be 
maintained? 
What kind of initial and ongoing 
equipment and operational training is 
required and available? 
What cost-sharing arrangements must be 
established? 

GPS OR LORAN-C? 

Let's address each of the foregoing 
questions before discussing the 
situation of each overseas chain 
operated by the Coast Guard. 

Are other nations comfortable relying on 
U.S. DOD control of GPS? The short 
answer is no. To understand that we 



must review the rationale for its 
creation ... it was not designed, funded 
and launched as a universally available, 
worldwide, navigation system· Rather, 
it was designed to meet the worldwide 
precise navigation needs and missions of 
the LJ.s. DOD. As a strategic asset, it 
must be assumed that DOD cannot limit 
the system's effectiveness by publishing 
or alerting in advance their intention 
to make the signal less useful to an 
adversary {and, hence, the world}. 

Is there an international need to 
warrant a system in addition to GPS? 
This question is answered by answering 
some other questions ... what is the 
national navigation requirement? Will 
GPS meet and/or exceed it? If no, then 
an additional system is needed. If, 
however, GPS does meet or exceed 
national requirements, then an 
additional system may not be needed, 
but ..• 

How comfortable is that nation in 
relying upon the DOD for continued, 
uninterrupted navigation information? 
If they're not, then regardless of 
national navigation requirements being 
met or not, the nation will want its own 
system. But ... 

Can it afford a supplement to GPS? Some 
will argue "Can it afford not to?" I 
think real-world cost considerations 
have a way of sobering us to the reality 
that it costs relatively large amounts 
of money to operate a navigation 
system···especially one that is more 
precise and accurate than GPS. GPS has 
cost over $10 billion to date. In 
addition, it has been estimated that it 
will cost the u.s. taxpayers somewhere 
between $500 million to $1.5 billion 
annually to maintain and operate the 
GPS. Can any nation or group of 
cooperating nations afford a similar 
amount for a satellite based system? 
Loran-(, on the other hand, has been 
costing about $60 million per year. But 
Loran-( is not global. True enough, but 
I'm not talking global. I'm proposing 
national or regional coverage. How much 
of the world is adequately covered by 
both Omega {at an approximate annual 
cost of $12 million} and Loran-(? How 
many new chains could be built and 
operated for less than $500 million each 
year? 

Do the nations want the expense of 
operating and supporting Loran-( 
stations? As mentioned above, Loran-( 
costs the Coast Guard about $60 million 
annually for their more than 40 
transmitter sites. New station costs 
include not only the transmitter, timing 
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& control equipment~ and tower~ but also 
the necessary land~ buildings~ and 
communication circuits. Depending on 
location and size of both transmitter 
and tower, the cost to establish could 
vary from $5 million to over $20 
million. 

In contrast, GPS has been offered free 
of direct user charges for the next 10 
years. 

How will the nations cooperate to 
support continued Loran-{ operations? 
Whereas GPS is operated and maintained 
by the LJ.S. DOD, international Loran-( 
requires international cooperation and 
support. Existing chains have stations 
located in more than one country. The 
MEDSEA Chain, for instance, has stations 
located at Estartit, Spain; Sellia 
Marina and Lampedusa, Italy; and 
Kargaburun, Turkey. For continued chain 
operation these three nations have to 
agree on 1} continued operation, 2} 
control philosophy and procedures, 3} 
capital replacement and annual operating 
cost sharing, and 4} continued logistic 
support {including supplies and 
training} procedures. 

How can international cooperation be 
maintained? Once international 
agreements are in place, it is incumbent 
upon each cooperating nation to protect 
that agreement until such time as there 
is no need for coverage. This is just 
as true for Omega as it is for Loran-(. 
International liaisons stand because 
they are in the best interests of the 
signatories. 

What kind of initial and ongoing 
technical and hands-on training is 
required and available? For Loran-(, 
this depends· For stations whose Coast 
Guard equipment will be replaced by 
commercial equipment, there is no Coast 
Guard technical training available· As 
long as nations continue to operate 
equipment which is the same as Coast 
Guard equipment, then Coast Guard 
technical training could be provided. 
The training would have to be negotiated 
and arranged through official Government 
to Government channels, but it could be 
made available· There are limitations 
on Coast Guard training, though; 
students have to have a specific 
knowledge and ability to speak, hear, 
and read English. They have to have a 
specific background in math, science or 
electronics. Further, students have to 
merge with existing class schedules· 
So, foreign-student training must be 
limited to 2 or 3 students, at most, per 
class. 



On-the-job training {OJT} is limited by 
existing Coast Guard facility size and 
work load: Where it's convenient, 
arrangements can be made to have foreign 
technicians {of the country taking-over 
Coast Guard operations} work side-by­
side with Coast Guard technicians and 
learn/practice command and control of 
the Loran-( signal. 

What cost-sharing arrangements must be 
established? This depends. Some 
nations will want to replace 
transmitters to either increase 
capability {dual-rate or increase range} 
or allow for reduced staffing. That 
cost could be borne by the specific 
country or shared, with other capital 
investment costs, with the other 
cooperating nations. In addition, the 
costs to maintain each station could be 
shared using some predetermined prorata 
basis by the nations involved or simply 
borne by the hosting nation· Too, the 
personnel support costs for establishing 
and maintaining some type of control and 
general oversight group needs to be 
funded. This should be a shared expense 
of those nations working together to 
deliver the Loran-( signal· 

CLOSURE AND TRANSFER Of COAST GUARD 
OVERSEAS LORAN-C OPERATIONS 

With the previous questions answered, 
we're now in a position to discuss the 
specifics of each overseas Loran-( chain 
soon to be closed or transferred by the 
u.s. Coast Guard· 

CENTRAL PACIFIC 

With the declaration by DOD that 
overseas Loran-( would not be needed 
after 1994, the Coast Guard polled 
Loran-( users in Hawaii· The Coast 
Guard found that there were few civil 
navigation users of Loran-( in the 
Hawaii area. Some timing users were 
located, but their needs will now be met 
by GPS timing receivers. 

The Coast Guard is always looking to 
reduce costs to the taxpayer. 
Therefore, the Coast Guard asked DOD if 
DOD needed Loran-( in Hawaii and whether 
the chain could be terminated before the 
end of 1994. DOD informed the Coast 
Guard of no present or continuing need 
for Loran-( and authorized terminating 
CENPAC coverage by the end of 1992· 
This closure affects only Kure, Johnston 
Island and Upolu Point Loran-( Stations. 
Since the Coast Guard announced its 
plans to shutdown its Central Pacific 
Loran Chain, the Coast Guard has 
received very few objections. 
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Kure and Johnston Island were turned-off 
30 June 1992; To protect and provide 
only minimal disruption to wildlife, 
cleanup efforts at Kure will be delayed 
until summer 1993· Upolu Point will 
continue to operate through December 
1992· All towers, buildings and 
equipment will be removed from each 
site. 

NORTHWEST PACIFIC 

Negotiations between the Japanese 
Ministry of Foreign Affairs and the 
Commander, u.s. forces Japan {USfJ} are 
progressing well· Present plans call 
for the Japanese Maritime Safety 
Administration {JMSA} to takeover all 
existing, operating functions by the end 
of 1993 except the Loran-( station at 
Barrigada and the Guam monitor. 

It's interesting to note that while the 
USFJ and JMSA have been holding 
discussions leading to transfer of Loran 
operations, International Association of 
Lighthouse Authorities {IALA} has been 
chairing Far East Loran-( Technical 
{FELT} meetings between the JMSA, the 
Korean Maritime and Port Administration 
{KMPA}, Peoples Republic of China, and 
Russia. The purpose of these meetings 
has been to coordinate and encourage 
joint Loran-( and Chayka operations 
after Coast Guard withdrawal. Their 
plans call for connecting Loran-C/Chayka 
chains to provide continuous coverage 
from the Sea of Okhotsk to {but not 
including} the Philippines. They expect 
to sign their Agreement this September 
in Moscow. 

NORTHWEST EUROPE 

Norway, Iceland, Denmark, and Germany 
staff Loran-( stations for the u.s. 
Coast Guard. The intention of the u.s. 
Coast Guard to cease its Loran-( 
operations once DOD no longer needed 
Loran-( has been known since 1983. GPS 
delays have postponed the takeover until 
now. The end of 1994 has remained the 
takeover target for the last few years 
and appears to be viable· 

To facilitate continued operations, 
these nations formed the Northwest 
European Working Group. The Working 
Group expanded from the original four 
nations to include Canada, France, the 
UK, the Netherlands, and Ireland. The 
u.s. Coast Guard has always participated 
as both an interested party and as 
technical advisor. 

As various nations withdrew to support 
either GPS or their own national system, 
the remaining members have worked 



through the issues of funding~ shared 
operations, and control, and an 
Agreement is expected to be signed in 
August 1992· 

MEDITERRANEAN SEA 

The Mediterranean Sea chain consists of 
Loran-( stations Sellia Marina and 
Lampedusa, Italy; Estartit, Spain; and 
Kargaburun, Turkey. These stations, 
unlike the Northwest European stations, 
are staffed and operated by LJ.s. Coast 
Guard personnel· Since 1986 These 
countries have known of our intentions 
to cease or turnover operations by the 
end of 1994. Since then they have 
formed a MEDSEA Working Group, which is 
chaired by !ALA, to develop their 
takeover plans. Italy and Spain are 
already pursuing takeover. Turkey has 
not yet committed, but has expressed 
interest· Russia has also been involved 
in these Working Group meetings and has 
offered to work with the MEDSEA Working 
Group in finding an alternative to 
Kargaburun if Turkey elects not to 
continue operations beyond 1994· 

The Working Group has a lot to 
accomplish before January 1995· 
Individual station plans need to be 
developed. These plans will have to be 
shared within the Working Group so the 
Working Group can develop its own plan 
and concept of operations. The Coast 
Guard has offered to assist with 
technical guidance and input. 

It's relatively easy to take over Loran­
( operations when you've already been 
operating the stations {as in Northwest 
Europe}, but when you haven't it's 
another issue which needs to be 
addressed. To operate a Loran-( station 
will require training and actual hands­
on, on-the-job experience, also. 

The Coast Guard will be fielding a team 
to negotiate with each country for the 
turnover or cessation of operations· 
This negotiating team will be addressing 
similar, but not necessarily the same, 
issues with each respective country. 
This is true whether or not transfer of 
operations is anticipated or closure. 

WHAT ABOUT CONUS LORAN-C PROGRAMS and 
PROJECTS? 

IN GENERAL 

Despite GPS eventual Fully Operational 
Capability {FOC}, the number of marine 
and aviation users continues to expand· 
Therefore, the Coast Guard intends to 
operate and continue to improve LJ.s. 
Loran-( equipment well into the next 
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century~ Our plans are coordinated with 
both DOD and the other DOT modal 
agencies and published as part of the 
Federal Radionavigation Plan {FRP}. 
Federal plans call for a 10 to 15 year 
transition before cessation of any 
national radionavigation signal· The 
following projects describe what we've 
done and are doing to improve the Loran­
( program· 

NORTH PACIFIC UPGRADE 

The three, less-powerful tube-type 
transmitters at Attu, St. Paul, and Port 
Clarence are to be replaced with the 
newer, more powerful tube-type 
transmitters like the ones used in the 
West Coast Chain. This replacement will 
be accomplished beginning this year at 
Attu, then next summer at St. Paul, and, 
finally, summer 1994 at Port Clarence. 

ELECTRONIC EQUIPMENT REPLACEMENT PROGRAM 

The Coast Guard is presently studying 
the various Timing and Control 
equipments and designing replacement 
modules to replace existing cabinets of 
equipment. This will ensure continued 
operations in spite of certain 
electronics components no longer being 
available. 

AUTOMATIC BLINK SYSTEM 

Working closely with the Federal 
Aviation Administration {FAA}, the Coast 
Guard has been helping to design an 
Automatic Blink System {ABS} for 
installation at Loran-( stations. The 
purpose of ABS is to monitor each 
station's Loran-( timing and 
automatically blink the Loran-( signal 
{within 10 seconds} when the timing 
error exceeds 500 nanoseconds. Although 
there have been some delays, the project 
is nearing the manufacture stage. Once 
installed, ABS will provide a margin of 
safety to the aviation user of Loran-(. 

AUTOMATED OPERATIONS 

Today's computer technology offers the 
promise of complete de-manning of 
existing Loran-( stations. Over the 
next few years the Coast Guard will 
continue to explore suitable methods of 
ensuring continued operations while 
completely de-manning the stations. 
Once successful, this will significantly 
reduce recurring costs. 

CONCLUSION 

Even though the u.s. Coast Guard is 
withdrawing from overseas Loran-C 
operations, it appears most host nations 



will continue to provide similar Loran-( 
coverage after 1994; Their decision to 
continue to operate Loran-( after Coast 
Guard withdrawal is a positive statement 
for the advantages of Loran-( and 
demonstrates the highest and finest 
attributes of international cooperation. 
I salute their resolve and look forward 
to working with them individually and in 
Working Group forums to assist in the 
smooth transfer of operations-

The closure and transfer of existing 
Coast Guard operated Loran-( chains will 
save the u.s. some $20 million dollars 
annually-

The Coast Guard will continue to, not 
only, operate, but continually look to 
improve, Loran-( operations in the 
Continental u.s. and Alaska- This will 
include examining ways to reduce station 
operating costs through automation and 
select equipment replacement. 

DISCLAIMER 

The op1n1ons and positions expressed 
herein are solely those of the author 
and do not constitute the policies of 
the United States Coast Guard or any 
other u.s. government agency. The 
information provided is for information 
purposes only and may not be quoted or 
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used for any other purposes: 
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About Conception of employment and the prospects of radionavigation 
systems development in Russia . 
and 
International cooperation in the field of marine, air, land navigation 

V. DENISOV 
Director of research centre 
Deputy chairman of"lntemavigation" Committee 

I. 
The basis to provide marine, air and land users with navigation is fom1ed by a condition to guarantee 
accessible radionavigation information in all possible geografic regions at any Lime of a day with posi­
tion determination accuracy providing users' safe movement. 
This task may be solved by using domestic and foreign navigation systems and also establishing com­
bined and joint ones in the interests of all users of world community. 
In our approach to provide users with reliable navigation information we come out of the necessity to 
determine users' position with accuracy from some hundred metres to 10 m (in local zones -- up to 
lm) with guaranteed radio signal availability for every radionavigation system (RNS) not worse than 
0.997--0. 998. 
Domestic RNS are devided into two large classes: ground and satellite based navigation systems (SNS). 
Here we are not going to make an overview of all existed and available RNS. We 'II dwell upon those, 
which are widely used and on examples 9f which it will be possible lo analyse a general trend of RNS 
development during last 30 years and forfoture. 

1.1. Ground based RNS 

RNS with ground based stations took their firm place among systems, providing navigation or marine 
and air vessels both as single aids to navigation and the means for correction of single ones. 
A number of rypes of radionavigation means and systems are developed and operate in this country: 
marine and aircraft radio beacons, short range RNS, long range RNS and global RNS. 

Short range RNS 
BRAS -- "Kalmar" is used by different kinds of marine users. Operation range is 350--400 km. Ac­
curacy of positioning is no worse than 50--60 metres. (Foreign analog -- "Hyperfix", Gr. Britain); 
RSBN - (radiolechnical system of short range navigation) is a main aid for providing aircrafts flights 
along airways, their approach to airport and manoeuvring. Practically all airways of the country and 
considerable part of airports are equipped with RSBN. Range of system operation depends on the al­
titude of the flight and amounts to 400 km. Accuracy of bearing measurement is about 0.25 degree. 
(Foreign analog -- VOR/DME, T ACAN -- USA). 

Long range RNS 
"Chayka" -- pulse-phased RNS (foreign analog -- "Loran-C", USA). It is widely used to provide naviga­
tion of marine, air and land users at present. Range of operation is 1.500--1.800 km and more. 15 
"Chayka" stations are built. They are configurated into 4 chains: 
EUROPEAN CHAIN consisting of stations located near the cities of Briansk (master), Petrozavodsk, 
Simferopol, Slonim, Sizran (secondaries). 
EAST CHAIN consisting of stations located near the cities of Alexandrovsk-Sahalinsky (master), 
Petropavlovsk-Kamchatsky, Ussuriisk, Okhotsk (mini-"Chayka"), Kurilsk (mini-"Chayka"). 
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NORTH-WEST and NORTH CHAINS consisting of stations in the regions of Dudinka, Taimilir, Inta, 
Pankratiev's Isl., Teriberka (Tumanniy). The chains were put into practice in 1991. 
"Mars-75" -- RNS is intended for marine users. Range of operation is about 1.000 km. Accuracy of 
positioning is 60--350 m (depends on location of vessel relatively to transmitting stations). 

Global navigation systems 
VLF ;;ystem -- widely used by marine and air users. Range of system operation is about 11,000 km. Ac­
curacy of positioning is 1-5 km. (Foreign analog -- Omega, USA). 
Domestic VLF system consists of 3 stations located near the cities of Novosibirsk, Krasnodar and Kom­
somolsk-on-Amur. Stations were constructed in the late 60-ties and put into operation in 1972. 
Two new stations are still being built near the cities of Murmansk and Ashkhabad. They are to be put 
into operation in 1993-94. 
System of 5 stations will allow to improve navigation service of marine and air users, especially while 
using Northern sea route and implementing conception of "Open Sky". 

1.2. Satellite navigation systems 

"Tsikada" -- fully operating low-orbit SNS (foreign analob "Transit", USA). Accuracy of positioning in 
any part of the world is about 50--100 m. 
GLONASS -- medium orbit SNS (foreign analog -- GPS, USA) for continuous high precision deter­
mination of position, altitude and speed of moving object in any part of the world. Accuracy of 
positioning is about 100 m. The system is at the stage of deployment. At present it is deployed the sys­
tem of 12 satellites. Full composition system will be of 24 satellites. 

II. 

Analising possibilities and main technical and economic characteristics of all types of RNS one can 
come to the conclusion that none of these systems, including SNS, is universal today to meet users' 
contemporary requirements for radionavigation provision. These requirements may be met only by 
combined employment of different systems on the basis of formation of a single united radionavigation 
field covering both the inner- and outer-country territories. 
Given approach results, to our mind, in possibility of bringing radionavigation information of different 
RNS to unified coordinate system in real time scale. Enlarging efficiency of available and perspective 
RNS is connected with creation of integrated receiving equipment capable to operate simultaneously 
with a number of RNS. 
A single whole radionavigation field must be a totality of separate radionavigation fields, transmitted 
by ground and satellite systems posessing common coordinate-and-time basis. To our mind in prospect 
medium-orbit GLONASS system should be a basis for it. Combined use of the systems will permit to 
eliminate many problems inherent to any separate system. For example, combined use of satellite sys­
tem with "Chayka" will result in more reliable information of GLONASS. In its turn GLONASS will 
help to increase accuracy of time scale surveying of ground "Chayka" stations to universal time scale. 
As for the prospects to use existing RNS and the ones under development each of them will play its 
own role in providing safe navigation in the sea, air and on land, based on the analysis of technical 
state, financial expenditures and so on. 
Air and marine short range navigation systems like RSBN, BRAS and others with limited possibilities 
of use will, evidently, lose their importance as the market is saturated with navigation equipment of 
"Chayka", VLF and SNS type. VLF system will be operating at least up to complete introduction of 
GLONASS. And after that it may be used as a reserved global system. Tsikada system will be used up 
to a full deployment of GLONASS system. Its future will be a subject to considerate. 
Under conditions of limited availability and high maintenance expenses of GLONASS type satellite 
systems and limited class of navigation tasks, which may be solved with the help of VLF systems, long 
range pulse-phased radionavigation systems like "Chayka" and "Loran-C" have been admitted all over 
the world and in this country as well. These systems are very cfficienl. They stay to be most popular in 
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spite of them to be eclipsed by the development of global satellite systems. We consider that "Chayka" and 
"Loran-C" will be the ones of important aids to navigation. According to forecasts they will be used at 
least up to 2010--2015 and then they will successfully supplement satellite systems. As for this our views 
are the same as to the opinion of International Association of Lighthouse Authorities (IALA). 
It is desirable to consider in detail the prospect of "Chayka" and "Loran-C" use. Their integration with 
satellite navigation systems will become and important factor in providing safe marine and air navigation. 
In our opinion there are three stages which may be conditionally distinguished: 

2.1. Period of autonomous use and integration of "Chayka" and "Loran-C" systems 
"Chayka"/"Loran-C" will be widely used by marine, air and land users of overwhelming majority of the 
countries. It is based on the following: 
-- covering with field of these systems the regions of extensive marine and air traffic (Europe, America, 
Far East, Nothem parts of Atlantic and Pacific oceans); 
-- high accuracies of position fix (the same order as satellite systems in the differential mode of operation), 
providing solving the large class of navigation tasks and real possibilities of accuracy improvement; 
-- inexpensive on-board equipment (2--3 times less as compared with satellite equipment), what provides a 
possibility of these receivers installation on practically all classes of moving objects including small ones. 
At present time there are already about 500,000 marine and 100,000 air users; 
-- lower (as compared with SNS) operational costs; 
-- potenual capabilities of improving the characteristics (accuracy improvemenl al Lhe cxpcnsl! of diffown-
iiai mode introduction, more precise link of transmitting station radiosignals to common time scale, reduc­
tion of instrumental error of users receivers). 

2.2. Period of "Chayka"/"Loran-C" with GLONASS/GPS systems integration includes: 
-- link of signals of these systems to a single time scale; 
-- using "Chayka"/"Loran-C" as additional systems to satellite systems; 
-- using "Chayka"/"Loran-C" to transmit differential corrections of satellite differential sub-system. 

2.3. "Chayka"/"Loran-C" operation period In united system of coorcllnatc-ancl-timc provision 

Indicated stages do not represent any time succession. They have bOLh horizonLal and vcrLical links. 
The results of investigations have revealed a tendency towards closing the methods of time and coordinate 
determination with simultaneous broadening a number of determined parameters. However, at present 
time a task of coordinate and time determination is carried out on the basis of separate use of aids to 
navigation and synchronization (common time). So, there is a necessity to combine aids to navigation 
(ground and satellite) and synchronization into a whole system of coordinate-and-Lime provision. 
Being guided by Conception, which is being completed now, we are looking forward in cooperation with 
all countries to provide safe navigation in Ocean waters, of aircraft flights and on land. 

III. 

Cooperation in the field of establishment and use of joint navigation systems in the interests of world com­
munity users will result in expenses cuts for navigation provision and in higher efficiency of existing and 
perspective navigation systems. 
Now when we have a large experience of joint Far East chain establishment as a model of future develop­
ment of bilateral and multilateral agreement in radionavigation, one may say that we have all necessary 
conditions for "Chayka" and "Loran-C" joining in all regi0ns of the world. 
It's known that originally "Chayka" and "Loran-C" systems were designed mostly for military users and as 
a rule were used by marine users. Taking this into account we strive first of all to use existing stations to 
broaden coverage areas in coastal regions. Most complicated conditions for sailing are in the regions of 
East Asian, North, Baltic and Mediterranean Seas. Presence of a large number of islands, narrowness and 
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underwater obstacles makes navigation difficult and increases the possibility of ships accidents. On the 
other hand the ship traffic is very extensive in these regions. Comparative analysis of radionavigation 
coverage showes the absence of radionavigation field in some parts of these regions. For example, 
those are western part of Sea of Japan, bays of Yellow Sea (Liaodong and Vohaivan), South China Sea, 
Taiwan and Bashi straits, coastal waters and straits of Philippines and Big Zonds Islands. 
Taking this into account, during international meetings in Tokyo in September 1990 and in Moscow in 
March 1991, chaired by IALA Secretary General Mr. Norman F. Matthews, "Intemavigation" Commit­
tee made its proposals and Draft of International Agreement on a Programme of activities aimed at es­
tablishment of joint "Chayka"/"Loran-C" chains in Eastern Waters. These proposals and the Draft met 
full understanding of the participants of the meetings -- the USA, Japan, China, Republic of Corea. The 
Draft was polished up accounting an agreed calculation of radionavigation field configuration. It is 
stipulated several variants of establishing joint chains on the basis of existing stations of East "Chayka" 
chain, North Pacific chain (USA), East Asian Korean chain and South chain of China ("Loran-C"). In 
September 1992 proper Agreement is supposed to be signed in Moscow. 
Implementation with slight expenses of the project will result in covering with radionavigation field the 
heavy marine traffic areas and this will provide both marine and air safe navigation. 
In Europe we proposed to combine our "Chayka" stations with 'Loran-C" stations in Baltic, Mediter­
ranean and Barents Seas. 
In December 1990, "Internavigation" Committee and German Federal Waterways Administration with 
participation of US Coast Guard signed the Protocol of establishment of joint "Chayka"/"Loran-C" 
chain in the Baltic Sea consisting of "Chayka" stations from European chain and "Loran-C" station in 
Germany. Joint investigations were carried out by the experts. The results were discussed during the 
meeting of interested countries delegations in February 1992 in Moscow. 
At international meetings in Bayonne and Paris (France) held on the initiative of IALA with US Coast 
Guard participation it was submitted proposals on coverage of the Mediterranean and the Black Seas 
with "Chayka"/"Loran-C" radionavigation field. These proposals were of good reference of the par­
ticipants -- Italy, France, Egypt and others. At the same time, following the request of the participants 
our delegation appealed to Turkey Government to preserve "Loran-C" station in Kargaburun. We con­
sider that use of Kargaburun station will allow to preserve radionavigation coverage area of Mediter­
ranean region with less expenditures. Linking Simferopol station ("Chayka") with "Loran-C" station 
Esh-Shah-Humaid (Saud Arabia) and the construction with sharing expenses of a station in Egypt will 
make it possible to set up a new joint chain, which will cover the eastern part or the Mediterranean, and 
also eliminate th.:; gap between the coverage areas or Saud Arabian and Medilen-ancan "Loran-C" 
chains. 
Analysis shows that satellite systems (GLONASS, GPS) may be used together with "Chayka" and 
"Loran-C" stations for position fix, broadening their capabilities by improving synchronization, intersta­
tion communication, transmitting high precision differential corrections on radio wave propagation. 
We consider it necessary to examine organizational and technical possibilities to use in common our 
VLF system and Omega. Our delegation at symposium of "Omega" Association in 1991 in Canada sub­
mitted this proposal. 
At present time we are working out a Dn1ft of agreement on joint use of GLONASS and GPS satellite 
systems. We hope that this agreement will be concluded in the interests of the world community. 
Complex use of GPS, GLONASS, "Chayka", "Loran-C", "Omega" is possible only under the condition 
of uniting their signals at receiving equipment input. Creation of combined receivers, operating with all 
mentioned systems, practicaly solves the task to provide reliability, flexibility and navigation informa­
tion abundance. 
So, employment of "Chayka"/"Loran-C" and satellite navigation systems will increase and VLF system 
of "Omega" type will be supported. 
Proceeding from the necessity to unite the efforts for improving navigation provision "lnternavigation" 
Committee together with foreign partners is carrying out extensive work on establishment of Interna­
tional commercial economic association "Navigation", which in future may be transformed into joint­
stock company "Navigation". Its main purpose is to unite efforts to set up radionavigation fields of all 
designations in the interests of safe navigation in the sea, air and on land. 
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Status and Plans of the Loran-C Program for Japan, Korea, 
China and the Mediterranean 

Norman F. Matthews, Secretary General 

International Association of Lighthouse Authorities 

Introduction 

The purpose of this paper is to give an update of recent 
developments in Loran-C in the Far East and the 
Mediterranean area. 
Regrettably, representatives from China, Korea and Japan are 
unable to attend this 21" Annual Convention of the Wild 
Goose Association (WGA). However, the three services 
concerned have sent details of their future plans. 
The first part of this paper is a compilation of the reports 
received, and due acknowledgement of their contributions is 
therefore made. 

Mr. Masamitsu Kobayashi, Director of the Radio Aids 
Division of the Japanese Maritime Safety Agency (JMSA) 
reports as follows: 

At present, Japanese waters are covered by a mix of Loran-C 
operated by the US Coast Guard, Loran-A and Decca, 
operated by JMSA 

Fig. 1 shows the existing Loran-C coverage. 

10 Loran A rates comprising 11 stations give the coverage 
shown in Fig. 2. 

6 Decca chains comprising 22 stations are being operated with 
coverage shown in Fig. 3. 

The Maritime Safety Agency proposes to establish new Loran­
C coverage in three phases. 

Japan will take over 4 stations of the Northwest Pacific 
Loran-C Chain (excluding the Guam Station) from the United 
States in July and October 1993 by stages. 

Within this program the following Loran-A rates and Decca 
chains will be closed down around July 1993. 

Loran-A: 2Sl Rate (Ochiishi, Ookamazaki) 
2S2 Rate (Ookamazaki, Hasaki) 
2SO Rate (Hasaki, Hachijyojima) 
2H6 Rate (Hachijyojima, Gesashi) 

Decca Chains:Tohuku Chain 
Kanto Chain 
Shikoku Chain 
Hokuriku Chain 

(4 stations) 
(4 stations) 
(3 stations) 
(3 stations) 

In the second phase, the US Coast Guard will shut down the 
Iwo-Jima master station at the end of 1994. This will be 
replaced by a new station being built by Japan at Nii-Jima. 
This new master station will commence operation in January 
1995. 

Phase 3 

During meetings of the Far East Working Group, Japan has 
expressed the strong desire that the following two chains be 
established as soon as possible 
Northwest Pacific Chain (Fig. 4) 

Nii-Ji ma 
Hokkaido 
Mina Mitori­
Shima 
Geshashi 

Japan 
Japan 

Japan 
Japan 

master 

Po hang Rep. of Korea (RoK) 

Korea Chain (Fig. 5) 

Po hang RoK master 
Ussuriysk Russia 
Nii-Ji ma Japan 
Geshashi Japan 
Kwangju RoK 

On completion of the chains with neighbouring countries all 
remaining Loran A and Decca will be closed down. 



At present, Japan and the Republic of Korea are carrying out 
technical discussions to enable the Japanese/Republic of Korea 
Chain to be brought into operation. 

Mr. Jae Kuk Kim, Director of Navigational Aids Division, 
Korea Maritime and Port Administration (KMPA), provides 
the following information: 

The US Air Force had operated COMMANDO LION CHAIN 
for military purpose since 1979. In 1988 there was no further 
military requirement and KMPA took over, and has since 
operated this chain which covers the entire Korean peninsula 
with the new name of East Asia Loran-C Chain (EALC). It 
is configured to have its master station at Pohang and 
secondary station at Kwangju, with two other secondary 
stations in Japan at Hokkaido and Gesashi. These two latter 
stations are currently operated by the US Coast Guard. 
Monitor stations are located at Changsan and Osan, and the 
control station is at Yokota, Japan. 

Currently, there are 8,000 Loran-C receivers in use out of 
11,590 ships, which means 58 % of Korean ships have 
receivers. As the importance of Loran-C in Korea, is 
realised, the old facilities AN/TRN-39 at Pohang taken over 
from the US Air Force are being replaced by new ones under 
a contract with Megapulse Inc. of December 31, 1991. 
This contract will cover the manufacturing of one 16HCG 
transmitter, two monitor facilities, and one control facility. 
The installation of control/monitor equipment was completed 
during July 1992, and it is planned to take over the EALC 
control function from the Yokota station after a test period. 

For the future, centering around the Korean peninsula in the 
East Asia region, Korea, Japan and China are operating or 
plan to operate Loran-C transmitters, together with the 
Russian Federation which also operates Chayka compatible 
with Loran-C. These four countries located in East Asia 
agreed to have a FELT (Far East Loran-C Technical Working 
Group Meeting) chaired by IALA in September 1990 with the 
mutual understanding that cooperation would be a very 
effective way to provide better coverage with less facility 
investment. The conclusion was reached that an international 
cooperative agreement would be the best solution. 

The Government of the Republic of Korea is doing its best to 
have an international chain, by the end of 1994, as agreed at 
FELT. 
Once the international cooperative chain is in place it will be 
configured as shown at Fig. 5. 
After the completion of this chain, blind areas to the 
southwest of the Korean peninsula will disappear and a very 
reliable and accurate coverage for all ships around the Korean 
peninsula will be provided. 

Overlapping coverage can also provide users with chain 
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selection features. Currently, a second upgrade program is 
being planned for the replacement of old facilities and 
enhancement of output power, and this program will be 
implemented from 1993 to 1995. Through this program, old 
facilities at Kwangju will be replaced. As Korea is a 
peninsula almost all exports and imports are transported by 
ship and from this viewpoint marine safety and efficiency are 
very important to the national economy. 
Loran-C as a navigation system with its excellent performance 
and convenience will have more users during the upcoming 25 
years. For these users, Korea will do its best to achieve 
international cooperation through FELT. 

The development of the Russian Chayka chain is dealt with in 
another paper, but its coverage is shown in Fig. 6. When the 
Japan, Russian and Korean chains are in place, there will be 
a total coverage as shown in Fig. 7. 

Messrs. Gan Guoquiang, Yan Jiaping, Wei Qianzi and Bao 
Wuwei of the Xian Research Institute of Navigation 
Technology and Mrs. Guo Xin of the Chinese Ministry of 
Communications have provided the following information: 

The first Loran-C chain along the coast of China, the South 
Sea Chain, was completed in 1988 (Fig. 8). The results from 
the inland and marine tests show that all the main technical 
characteristics - including the fix accuracy, the coverage and 
the signal availability of the chain in the South China Sea -
reached the design requirement. The chain passed the 
national technical appraisement in August 1990 (Fig. 8). 

Now China is building two other Loran-C chains along the 
coast of Northeastern China, the East Sea and the North Sea. 
Test transmission of signal is expected at the end of 1992 or 
a little later (Figs. 9 and 10). 

According to a contract signed with the government 
department concerned, the Xian Reasearch Institute of 
Navigation Technology (XRINT) is in charge of all technical 
matters of the Loran-C project. 

Up to now, the three Loran-C chains are mainly for the 
navigation of marine users. They began to make themselves 
attractive to other users in China, especially air users who 
realised the possibility of en-route navigation and non­
precision approach by using Loran-C. Plans to extend Loran­
C chains to cover the main airways of inland China are being 
discussed. 

There are 6 transmitting stations along the Chinese coast with 
three dual-rated to form three chains and a control centre is 
co-located at the master station. 

The three Loran-C chains along the Chinese coast can cover 
most sea areas of China. But around the Raoping station, 



there is a part of the sea area lacking satisfactory coverage. 

The Chinese Loran-C system operates in the free 
synchronization method controlled by SAM. Every 
transmitter is equipped with a time-frequency rack (TFR) to 
supply the transmitter with time and frequency standard. The 
TFR is equipped with AC-DC automatic switching with which 
it can operate for 45 minutes to ensure the reference is not 
lost when AC failure occurs. 

The coverage of Loran-C system in the Chinese coastal areas 
is limited by SNR and fix accuracy. The SNR adopted in 
making the chart of coverage is - l 4dB. The limit value of fix 
accuracy (dRMS) is 1.2 nautical miles. The parameters taken 
in the SNR calculation are the atmospheric noise of 90% of 
Service Probability. The radiation power of transmitting 
stations (peak power) is 1200 KW. 

For the future, the operation of the South Sea chain is popular 
with the users, and the construction of the East Sea chain and 
the North Sea chain are well in hand. The civil engineering 
was completed in 1991 together with the transmitter antennas. 
The equipment - including the solid-state transmitter - for the 
new chains, is manufactured by the Xian Research Institute of 
Navigation Technology. 

The future development of Chinese Loran-C includes the 
expansion of coverage and the opening up of its applications. 

Various plans concerning the inland configurations of chains 
are being discussed. The Loran-C stations along the coast 
have laid a solid foundation for the inland expansion of 
coverage. Two or three stations added will satisfy air 
coverage for the main economic zones of China. And the 
coverage for the whole of inland China needs only an addition 
of nine or ten stations. 

The coverage of the coastal Loran-C needs to be perfected, 
especially at the junction between the South Sea chain and the 
East Sea chain. The filling of this gap will greatly benefit the 
marine navigation of the whole area. 

The opening up of the Loran-C system has a very bright 
future in China. It is of great value for attaining high 
positioning accuracy of 50m by Differential Loran-C at areas 
with heavy traffic. The synchronization of the transmission 
time of the master stations of Loran-C to UTC, will be 
effected thus providing a time service. 

In conclusion, China attaches great importance to the 
development of the Loran-C and is working hard to expand 
coverage and to open up its applications. 

General 

This paper gives only brief details of the plans of Japan, the 
Republic of Korea and China. However, it is sufficient to 
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show that Loran-C coverage of the area will be in place in the 
foreseeable future. 

It is anticipated that the FELT Agreement between Russia, 
Japan, the Republic of Korea and China, will be signed in 
Moscow during the week commencing 6th September 1992. 
The agreement will enter force on the day of signature and 
provides for the immediate establishment of a Council of the 
four countries concerned. 

No cost sharing is involved as each party to the Agreement 
will be responsible for the costs of its own stations. IALA 
will act as the depository organization for the Agreement. 

When the FELT Agreement is fully operational, the total 
coverage will be as shown in Fig. 12. 

The Mediterranean 

Progress is being made with regard to Loran-C coverage in 
the Mediterranean. France, Spain and Italy are discussing the 
technical problems that may arise and the next full meeting of 
the Committee is scheduled for 16th and I']'h September 1992. 

A key factor concerning coverage in the Eastern 
Mediterranean is the position of Turkey. The Author of this 
paper had a meeting with the principal officials in Ankhara 
during February 1992. At this meeting, the Turkish 
Administration expressed interest in maintaining the 
Kargaburun station after the withdrawal of the US Coast 
Guard at the end of 1994. 

A fundemental problem that remains is the training of 
technical personnel, particularly in Italy, in the remaining 27 
months before the US Coast Guard withdrawal. This will be 
a major issue at the next Committee meeting. 

A draft Agreement between the concerned nations, including 
cost sharing, has been prepared, but as yet the agreement has 
not yet been finalised. 

Conclusion 

With the successful signing of the Northwest European 
Agreement in Oslo on 6th August 1992, and the anticipated 
signing of the Far East Agreement in Moscow on 8°1 

September 1992, it can be said that Loran-C/Chayka has a 
very successful future. 

Discussions between Germany, Norway and Russia with 
regard to the linking of Batlic states, and between Russia and 
the Mediterranean concerning Black Sea coverage means that 
Loran-C/Chayka will be available to a large body of users. 
From an IALA point of view, we are in sight of the objective 
of offering Maritime Users a wide area terrestrial 
Radionavigation position fixing service as a back up to, or as 
an alternative to Satellite Systems, for the foreseeable future. 
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1HE NORTII WEST EUROPEAN LORAN-C SYSTEM - STA1US REPORT 

ANDREAS STENSETII 

Norwegian Defence Communications and Data Services Administration 
(NODECA) 

(Chairman LORAN-C Steering Committee) 

Finally I am in the position to inform you that a North West European LORAN-C 

system will be realized. An International Agreement concerning the establishment 

and operation of such a system was signed in Oslo on the 6th August this year by 

the involved countries: Denmark, France, Germany, Ireland, the Netherlands and 

Norway. It has been a long and thorny road from where we started in 1987 to 

where we are today, and many of you have been able to follow the developments 

through briefs given in this forum over the years. For the benefit of those of you 

who are here for the first time I will give a short summary of events leading to 

where we are today and then look at the work ahead and some lessons learned in 

the process. 

I have already mentioned 1987 - in May that year representatives from Denmark, 

Germany, France, Iceland, the Netherlands, Norway and the United Kingdom at a 

meeting in Oslo established themselves as the LORAN-C Policy Group. The basis 

was an initiative taken by IALA and a recommendation by a previous LORAN-C 

Working Group. The Policy Group was later joined by Canada and Ireland. The 

Group was to propose cost sharing arrangements, develop a system plan and 

produce the text of an agreement for further consideration by the involved 

·governments. 

As could be expected the different countries had different interests and 

requirements as basis for their participation in the Policy Group, and gradually it 

became clear that difficulties would arise in trying to accommodate all these 

interests and requirements within the established framework. These difficulties 
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were ranging from financial considerations to the preference of other already 

available terrestrial systems - and of course GPS was all the time just round the 

corner. As a consequence of this some nations withdrew whereas others were 

given a special status resulting in the group of nations which have now signed the 

International Agreement I have already mentioned. 

However, you will have to go back to 1981 to find the real origin of the North 

West European LORAN-C system - in that year the Acting Commandant of the 

USCG informed the nations hosting USCG LORAN-C stations in Northern 

Europe that the US would terminate support of these stations in the mid 1990's 

and offered to transfer the stations to the host countries if they so wanted. The 

date for this transfer has later been established at 31 December 1994. The 

background of course was the introduction of GPS which was expected to meet all 

US military requirements so far met by LORAN-C, and the US had no civilian 

interests in the area to justify continued operation of this system. From an 

European point of view the coverage offered by the USCG system was interesting, 

but not enough to meet civilian requirements, so enhancements of the system 

would be necessary. One enhancement will be the integration of two French 

stations at Lessay and Soustons. Secondly new stations will be introduced in 

Ireland and Norway to give a total coverage as depicted in this foil (Foil 1). 

Further enhancements are under consideration and I will come back to that in a 

minute. 

Time of transmission (TOT) control will be used for the new North West 

European system although existing USCG stations will continue to be controlled 

via System Area Monitors (SAM) until the proposed handover date - 31 

December 1994. The timing control of the transmitters will be executed from a 

control centre in Brest in cooperation with a similar centre in Norway, whereas 

the overall coordination of the operation of the system will be taken care of by the 

Coordination Agency - an Agency authorized by the Agreement and tasked among 

others to coordinate all activities necessary to have the system work as a system. 

Norway has accepted the role as Coordinating Agency and my organization -
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NODECA - has been appointed executive agency under the political guidance of 

the Ministry of Fisheries. To take care of this task within NODECA a 

Coordinating Agency Office has been established for the day-to-day work of the 

Agency, and a Project Management Office is set up to coordinate and direct the 

establislunent of the new system. Both these offices draw support from the overall 

NODECA organization. The overall direction of the system including decisions on 

economy, administrative and operational procedures etc., is left to a Steering 

Committee with representatives from all participating countries using the 

Coordinating Agency Office as secretariat. Decisions of the Steering Committee 

will normally have to be unanimous and are binding on all the parties. 

The North West European and North Atlantic LORAN-C organization is as far as 

I know, the first of its kind and represents a step in the direction of a more 

conscious European approach to problems involving radionavigation systems, even 

if it presently only embraces 6 nations - I stress the word presently because 

indications are that both the UK and Iceland might reconsider their previous 

decision to withdraw from the group when it becomes clear that LORAN-C has 

come to stay and will cover their areas of interest. Furthermore the lntemavigation 

Committee in Moscow on behalf of all the Independent States within the 

Intergovernmental Consultative Council, has displayed great interest in closer 

cooperation with the North West European Group and is accepted as observer to 

the Steering Committee. The background for this is their expressed policy of 

providing marine, air and land users global, reliable information on position at any 

time of day or year with required accuracy, and they see the CHA YKAfLORAN­

C system as an important element of the mix of systems necessary to achieve this. 

This point of view is - I believe - shared by most members of the North West 

European Group. 

In addition to this global aspect some members have local requirements which are 

not fully met by the presently planned LORAN-C systems as you will see from 

this prediction diagram (Foil 2 - 50-100-200 m). These deficiencies could be 

overcome by integrating some of the CHAYKA stations in operation today into 
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the North West European LORAN-C system, giving enhanced coverage for the 

benefit of all involved parties. The proposal of most immediate interest in this 

regard today is the inclusion of the CHAYKA station at Slonim as a third 

secondary of the Sylt chain with Sylt as master, giving good coverage in the 

Baltics and strengthening the coverage in the south eastern part of Norway. Which 

organizational consequences this will lead to are yet to be seen, but the newly 

signed Agreement opens for new members. 

Anyway, we will get a LORAN-C system in north west Europe to serve us for the 

next 15 to 20 years, what do we do about that? First it should be recognized that 

by and large LORAN-C today is a "terra incognita" in most of Europe for the 

simple reason that there has been and is very limited LORAN-C coverage 

available in Europe. We are therefore faced with a formidable task of informing 

potential users, and we have a long way to go to catch up with GPS in this 

respect - not that I see GPS as a threat or something to be defeated, but I would 

like to see the users having the same true and fair knowledge of both systems as 

basis for their choice. We in the North West European Group will have to do our 

bit in this regard, and we already have proposals in that direction on the Steering 

Committee table. However, we do not have the resources to do this job all by 

ourselves and hope that industry with interest in this potential market will see this 

as a challenge, remembering that LORAN-C should be sold as an universal system 

not limited to marine application, but of equal interest to land users and 

aeronautical users, particularly outside the ICAO sphere. Precise time, differential 

use of LORAN-C, meteorology and possible use of LORAN-C for carrying 

Differential GPS corrections are also potential areas of utilization of the system. 

And of course the Wild Goose Association should consider in what way they can 

use their experience and knowledge as their contribution towards a living and 

prosperous LORAN-C engagement in Europe. - I see this arrangement here in 

Birmingham as a flying start in this respect. 

Secondly I believe that the "war" with GPS - if there ever was one - should be 

called off. GPS has already demonstrated its superiority in so many ways, and 
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this or some other satellite based radionavigation system is here to stay and will 

be part of the radionavigation mix into the future, even if a number of difficult 

problems are yet to be solved. I hope therefore that industry will utilize this mix 

and for one thing introduce new hybride GPS/LORAN-C user equipment to satisfy 

what might be a fast growing market, even if prices presently are on the high side. 

In Norway we already have positive reports from users of such equipment. 

I would also like to remind industry of the enhanced coverage that can be offered 

with cross chain receivers. This enhancement is probably not impressive by itself, 

but will in some critical areas improve accuracy and coverage of importance to 

many users. 

So a few words about the implementation of the system. A provisional project 

team was set up and actually started its work more than a year ago so as to be 

prepared for signature on short notice of a contract with the vendor if the system 

was to be established. By signing the Agreement in Oslo on the 6th August 

authorization was given to go ahead with the project - this authorization included 

the formal establislunent of the Project Management Office and opens for 

signature of a contract with the vendor. 

A complicating factor is the fact that four of the involved stations are part of the 

existing US Coast Guard LORAN-C system in the area, and the tube transmitters 

at these stations are to be replaced by solid state equipment prior to handover of 

the stations to the host nations. This will have to be done without unacceptable 

interference with the operation of the USCG system and retaining the present 

System Area Monitor (SAM) control system until 1 January 1995. I would like to 

use this opportunity to say that by exceptional support and cooperation from 

USCG, both in Washington and London, we have established a basis for this 

operation which I feel will meet the needs of both parties, and further that we are 

grateful for the contribution USCG thereby has made towards the reali:z:ation of 

the project. 
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Somewhere down the line it was realized that both hardware and software will 

have to be replaced at the Control Centre at Brest in order to get the maximum 

benefit from the new transmitters and the time of transmission concept of 

operation. A second Control Centre is also under consideration in Norway. A 

system requirement verification and specification phase will be one of the 

important near term activities within the overall program. The overall 

Project Implementation Schedule is illustrated in this foil (Foil no. 3). 

Finally a few words on the Agreement which actually started as a draft 

Memorandum of Understanding in 1987, was upgraded to an International 

Agreement in 1989/90 and through numerous modifications signed in the 

Norwegian Government Guesthouse in Oslo - as I have already told you - on the 

6th August this year. The signature was actually done by representatives from the 

appropriate Ministry or national Embassy in Oslo and for Norway by the Minister 

of Fisheries. This does not mean that the Agreement is in force - that happens 

only 30 days after signature, and for some countries - although considered a mere 

formality - the Agreement will have to be ratified by their Parliament before it is 

legally binding for them. The lesson learned from our work with this Agreement 

is that it needs a lot of guts and patience to get through with it, and the number of 

pitfalls are many. If I should dare to give you an advice based on our experience, 

it would be: be formal from the start, sooner or later you will meet the formalities 

anyway - remember that each country has its own interests to look after, and these 

interests do not always go in the same direction or are not always relevant to the 

prime purpose of the Agreement; shortcuts therefore can prove to be disastrous for 

the timetable established for the operation. 
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To conclude - once again I want to express how pleased I am that my report to 

you today is not just another story of setbacks and uncertainty. The LORAN-C 

Policy Group has finalized its mission. The program is now under way under the 

overall direction by the Steering Committee. Despite all difficulties experienced 

during the past 5 years I want to underline the excellent cooperation between the 

various countries; with their enthusiasm I believe we now have provided a good 

basis for establishing a reliable and accurate, multinationally controlled system for 

safe traffic at sea, on land and in the air. 

Thank you for your attention! 
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area better than 463 m (1/4 NM), 
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FIG. 2 

Legend (2dnns accuracy contours) 

I• Accuracy 200 m - 463 m 11111 Accuracy 50 m - 100 m 

I• Accuracy 100 m - 200 m / i D Accuracy better than 50 m / 



North West Europe and North Atlantic Loran-C System 
System Implementation Schedule 

Name 1992 1993 1994 
SIGNING OF INTERNATIONAL AGREEMENT ~ : 

: 

DESIGN AND MANUFACTURING : ... 
Antenna production and transportation 

! 
i 

Transmitters production and transportation ! 
! : 

Control and timing studies 
! 

Control eqt., Design and production : ~#,j',@ 
i 

SITE OPERATIONS ~ ... 
(CEW, Installation and Testing) i 

I 80 
f 

JAN MAYEN 

I EJDE 

SYLT I 
WEST IRELAND 

FEDJE 

GAMVIK 

LESSAY ~ 

BREST ~ 

TESTING AND CALIBRATION ... 
LOGISTICS AND SYSTEM SUPPORT ... ... 

1995 

c.v ...... 

... 



32 



r 
I' 

u 33 

MARITIME RADIO.r-.iAVIGATION IN THE UK AND THE FUTURE OF DECCA 

F.EJ. HOLDEN" 

Trinity House Lighthouse Service, 
England 

The paramount operational requirement for 
maritime radionavigation systems is "Safety of 
Navigation". Do the present and future systems 
contribute to the improvement of Safety of 
Navigation and will, as a result, the accident rate 
decrease? These factors are discussed in this 
paper together with the UK maritime 
radionavigation systems available in UK waters 
and especially the terrestrial systems, Decca 
Navigator and Loran C. 

The paper is prepared by Trinity House and does 
not necessarily represent the views of the United 
Kingdom governmenL 

1. Introduction 

In these sessions on Management and 
Policy we are concerned not so much with the 
technical aspects of maritime radionavigation 
systems but with the operational requirements and 
my paper, therefore, concentrates on these 
matters. The main and overriding operational 
requirement is, and always will be, "Safety of 
Navigation". Can improved maritime 
radionavigation systems improve safety at sea? 

I believe this point is dealt with in the 
second report prepared by the UK House of 
Lords Select Committee on Safety Aspects of Ship 
Design and Technology. In Section 4 dealing with 
Navigation and Traffic Control it states that: 

The state of the art of navigation has 
changed dramatically in recent years, as described 
for us by witnesses from the Royal Institute of 
Navigation. The skill of the navigator used to 
consist of, reducing uncertainty to a11 acceptable 
/eve/ usi11g /andmarl<s, star sights a11d more recently, 
the two low-frequency radio11avigation systems, 
Decca Navigator owned by a British company and 
Loran C owned by the US armed forces. Now, 
using high-frequency satellite-based radionavigation 
systems, ships' officers may receive their position at 
the touch of a button to an accuracy adequate for 
all purposes except perhaps harbour navigation. 
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The Institute's witnesses acknowledged that 
progress in this field is not without its pitfalls. 
Traditional skills are obsolete, and a new approach 
to training is needed; in untrained hands, the new 
systems are "almost a liability". There are 
difficulties to be overcome in using satellite 
positions in conjunction with the old Admiralty 
charts whid1 are still relied upon for most areas. 
The fact that GPS (Global Positioning System), the 
leading satellite navigation systems, belongs to the 
US Department of Defense presents special 
problems; the service is subject to no civilian or 
international contro~ and may be modified or 
withdrawn at any moment in response to US 
militlll)' requirements. 

However, the Salvage Association 
considered that the new systems "will no doubt 
retb,tce groundings and strandings". The Institute 
went one better, and claimed that the benefits of 
improved navigatio11 systems can already be seen in 
Lloyd's Register's tables of total losses attributed to 
collisions or wrecks for 1981-90. (They 
acknowledged that some losses in these categories 
might be due to weather rather than to failures of 
navigation). 

The Symposium may recall two 
horrendous accidents that occurred in UK coastal 
waters in past years. During 1967 an oil tanker of 
61,000 tonnes foundered on the Sevenstones Reef 
off the coast of Cornwall resulting in serious oil 
pollution to the adjacent coastline. 

In January 1971 four vessels were 
involved in a disaster in the Dover Straight area 
of the English Channel. On January 11th, the 
20,500 tonne Texaco Caribbean collided with the 
10,000 tonne Paracus. The Texaco Caribbean 
exploded and sank claiming eight of her crew. 
The Paracus was towed to port for repairs and 
suffered no casualties. On January 12th the 
Brandenburg, a 3,000 tonne cargo ship struck the 
submerged bow section of the Texaco Caribbean, 
she was ripped open end to end and sank leaving 
21 dead. The area of wrecks was carefully 
marked with buoys and additional light vessels 
and still vessels continued to sail through the 



buoyed danger area until on February 27th the 
Niki, a 400 tonne cargo vessel sailed across the 
wreck, was ripped open and sank with 22 of her 
crew. 

These sort of accidents continue to occur, 
and it is clearly the view of the Salvage 
Association and the Royal Institute of Navigation 
that the new radionavigation systems will reduce 
accidents. 

In these two cases would accurate 
radionavigation have prevented the accident, 
would accurate radionavigation with audible 
warning of danger have assisted the navigators of 
these ships? May I go one further and suggest to 
this Symposium that there may well be simple 
methods of warning navigators when the vessel is 
proceeding into danger using the new 
radionavigation systems. 

What then is the operational requirement 
for a suitable radionavigation system? What does 
the user/navigator require? May I suggest that 
he requires a "black box" which indicates latitude 
and longitude to two decimal places of minutes, 
anywhere in the world, in all seasons and 
preferably does not place total reliance on a single 
system. It should also provide a clear indication 
of system or equipment malfunction. The 
navigator is not interested whether it is Loran C, 
GPS or Decca. All he requires is a reliable and 
accurate position. It is a very similar situation to 
the navigator on the bridge of a vessel fitted with 
'X' and 'S' band radars. He is not interested and 
quite often does not know which radar display is 
'X' or 'S', but is only interested in the system 
which provides the display he requires in the 
environmental conditions prevailing at the time. 

We are now at a significant milestone in 
the progress of maritime navigation, the navigator 
has never before had available a radionavigation 
system that is accurate, reliable and cheap. The 
user, the navigator, is beginning to realise that 
such systems are possible and available, but I 
suggest that it will take a few more years to 
convince the maritime service that navigational 
reliance can be placed on such a system or 
systems. Furthermore if the maritime service can 
and does place reliance on a radionavigation 
system, what monitoring and control of such 
systems needs to be put in place to ensure that 
the performance is maintained and how will this 
affect the provision of conventional navigation 
aids, i.e. lights, fog signals etc.? 
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2. The General Lighthouse Authorities 

In order to meet the obligations set by 
the International Maritime Organisation (IMO) to 
ensure the continuous availability of an acceptable 
and assured maritime navigation system British 
and Irish law has vested the superintendence and 
management of all lighthouses, buoys and beacons 
throughout Britain and Ireland, the Channel 
Islands, the Isle of Man, and the adjacent seas in 
three statutory bodies known. as the General 
Lighthouse Authorities (GLAs), having 
jurisdiction in England and Wales, Scotland and 
the Isle of Man, and Ireland respectively. The 
exceptions are certain seamarks which are 
maintained by local lighthouse authorities, which 
are mainly harbour undertakings. 

Under the British and Irish Merchant 
Shipping Acts all expenses relating to lighthouses, 
buoys and beacons maintained by the GLAs, are 
met out of a self-supporting common fund known 
as the General Lighthouse Fund (GLF). The 
GLFs principle revenue is the light dues levied on 
ships using the GLAs' services in Britain and 
Ireland. The accounting for these dues is 
centralised and controlled by Trinity House, (the 
GLA having jurisdiction in England and Wales) 
on behalf of the 3 GLAs. 

The Secretary of State for Transport is 
responsible for setting the level of light dues in 
the UK to maintain the GLF at a level 
commensurate with the approved estimates of 
expenditure of the GLAs. In the Republic of 
Ireland the dues are set by the Minister of the 
Marine. 

Light dues are payable per voyage in 
respect of ships arriving at or departing from 
ports in the United Kingdom or the Republic of 
Ireland, unless they ccime within the scope of the 
exemptions laid down in the relevant Regulations; 
tugs and fishing vessels of 10 metres and over and 
pleasure craft of 20 tons and over are required to 
make periodic payments on account of light dues. 

The GLAs have a formal process which 
involves regular consultations with all national 
maritime bodies including the ports, on 
developments in aids to navigation and changing 
user requirements. This extends internationally 
through the UK Department of Transport (DOT) 
and the Irish Department of the Marine who 
report the views of their respective countries to 
IMO and ensure the implementation of 
internationally agreed traffic separation schemes 
in their areas. The GLAs also play an active role 
in the various committees of the International 
Association of Lighthouse Authorities (IAlA) 



which represents lighthouse authority interests 
worldwide. 

3. UK Maritime Radionavigation Policy 

There is no formal UK government 
document setting out its policies concerning 
maritime radionavigation in its coastal waters. 
However, as a member Administration of the 
IMO, the DOT complies with the Conventions of 
that organisation, and in relation to navigation in 
coastal waters the DOT formulates its policies on 
the provisions of Chapter V of SOLAS 74. 

The GIAs provide a broad mix of 
traditional aids to navigation including lighthouses, 
lightvessels, buoys, fog signals and beacons. 
Radionavigation systems include radar beacons 
(racons), maritime radiobeacons and the radio 
terrestrial system, Decca Navigator. 

Let us now examine in more detail the 
radionavigation systems provided in the UK and 
more especially the two systems of prime interest 
to the Symposium, Loran C and Decca Navigator. 
How do these systems fit into the future overall 
UK maritime navigation picture and can they 
enhance safety of navigation in our coastal waters. 

3.1 Radar Beacons 

Radar Beacons (racons) are 
receiver /transmitter devices operating in the 
maritime radar frequency bands and intended for 
improving identification of radar targets. A racon 
responds by sending a characteristic pulse when 
triggered by a received radar pulse. The response 
can appear on the display of the triggering radar 
thereby providing range, bearing and identification 
information. The displayed response has a length 
on the display corresponding to a few miles and 
is often coded as a morse character for 
identification. The advantage of a racon over a 
light is that its signal can be received under nearly 
all circumstances, in particular reduced visibility. 
A racon can be used for one or more of the 
following purposes: 

ranging of and identification of positions 
on inconspicuous coastlines 
identification of aids to navigation, both 
seaborne and land based 
landfall identification 
centre and turning point identification in 
precautionary areas or Traffic Separation 
Schemes 
to mark new and uncharted hazards 
to indicate navigable spans under bridges 
as leading line racons 
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In addition it has been accepted that: 

user selectable services are not required 
in the UK at present 
when a radar beacon is provided it 
should be capable of both 'X' and 'S' 
band transmission. 

Racons have, in practice, proved to be a 
reliable device requiring little or no attention once 
fitted. The mariner has a high regard for this 
sim pie and reliable radar presentation and it is 
expected that more rather than less radar beacons 
will be provided in the future. 

IMO Resolution A 615(15) makes 
recommendations on the marine use of radar 
beacons and transponders and includes 
operational characteristics and operational 
standards. 

3.2 Radar Enhancer 

Navigators, using radar, have reported 
that during rain storms an echo from a buoy can 
be obscured on the radar display by rain clutter. 
This can be particularly troublesome when buoys 
are located at crucial turning points or at the start 
and finish of buoyed channels. 

To this end a simple radar enhancer is 
under development which will at::omatically re­
transmit the received radar pulse and thus ensure 
that a clear signal is displayed on the radar 
indicating the location of a buoy. It is intended 
that the enhancer will be cheap so that it will be 
applicable to a large number of buoys. 

33 Non-Directional Maritime Radiobeacons 

Based on the requirements set out in 
Regulation 14 of Chapter V of the SOlAS 74 
Convention, the following criteria have been used 
to provide the maritime radiobeacon service 
around our coastline. · 

33.1 It is necessary to provide an independent 
system of maritime radiobeacons in order 
to comply with the SOLAS Regulations. 

3.3.2 Although some aeronautical radiobeacons 
can be used for maritime purposes, they 
may have serious drawbacks in that the 
propagation path is over land and sea 
which can cause bearing errors. 

33.3 The service will enable navigators to 
obtain a "line of position" and not in all 
cases a "position fix". 



To this end the number of mantlille 
radiobeacon5 around the UK and Irish coastline 
has been reduced from 51 to 31, seven of which 
are provided for calibration purposes. Also the 
mode of operation has recently changed from a 
carrier modulated by a keyed audio tone (A2A) to 
a simple keyed carrier signal (AlA). The channel 
spacing has been reduced from 23 kHz to 500 
Hz, creating more channels in the band and 
enabling each station to operate continuously. 
Under the previous arrangement most 
radiobeacons operated on a time shared basis in 
groups of 3 to 6 stations. 

The accuracy of a bearing will usually lie 
between 2" and 10°, but the 95% accuracy is 
generally better than 5°. The higher accuracy 
would be expected if the direction finding receiver 
in use had recently been calibrated by visual 
means. The accuracy will be subject to 
propagation conditions, and will usually worsen at 
night time. Bearings can also be seriously 
affected by the passage of the signal over certain 
types of terrain and by transitions from land to 
sea and vice versa. 

It is expected that the reduced service will 
be maintained until the SOlAS Regulations, with 
regard to radionavigation, are amended. 

3.4 Terrestrial Systems (Decca Navigator & 
Loran C) 

During the early 1980s, Racal-Decca 
Marine Navigation Ltd (RDMNL) found difficulty 
in obtaining sufficient rental income from 
receivers to support the continued operation of 
the UK Chains of the Decca Navigator System 
(DNS). Following representations made to the 
Secretary of State for Transport by RDMNL, an 
agreement was negotiated with the company for 
the GlAs to assume responsibility for DNS at the 
expense of the GLF. This was enabled by an 
Order made in the exercise of the powers 
conferred on the Secretary of State under Section 
34(3) of the Merchant Shipping Act 1979. An 
agreement between the GlAs and the company 
came into effect on 27th February 1987. The 
agreement covered all matters relating to the 
operation of the DNS Chain including 
performance levels, maintenance, monitoring, 
costs, frequencies and transmission format plus 
the fixed assets. There was provision for the 
continued operation and maintenance of DNS by 
RDMNL until 27th February 1994 with an option 
to extend for a further 3 years. 

In NW Europe and the N. Atlantic, the 
US Coastguard - which operates the US 
Department of Defense WRAN-C installations in 
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Norway, Greenland, Iceland, the Faroes ai.d 
Germany - gave notice to the host states of their 
intention to cease operation of the system at the 
end of 1994 once GPS had become fully 
operational. Denmark, Iceland, Norway, 
Germany, France and the UK agreed to examine 
the implications of establishing a NW European 
WRAN-C network. International discussions 
proceeded among these countries, together with 
Canada, the Netherlands and the Republic of 
Ireland, to assess the technical feasibility and 
suitability of such a system, and the means by 
which it could be established and financed. 
Included in the proposed comprehensive regional 
coverage were two new transmitters, one in NE 
England and another in SW Ireland. 

The Secretary of State issued a statement 
in April 1990 following 10 months of public 
consultations, saying that in principle, and subject 
to certain conditions, the UK should not stand 
aside from the opportunity to adopt LORAN-C as 
a European regional terrestrial radionavigation 
system under independent control 

This system had been preferred over 
DNS the existing equipment of which was nearing 
the end of its useful life and which does not have 
similar potential to interface fully with other 
LORAN-C systems, whose coverage was 
increasing in may parts of the world. The greater 
range of LORAN-C meant the possibility of high 
quality radionavigation service to many additional 
areas outside UK waters and would have 
overcome the technical limitations of DNS. 
DNS's variable technical effectiveness arising from 
seasonal changes and night effect (sky-wave 
interference) are inherent problems remaining 
since the development of the system over 40 years 
ago. Indeed, it was a recognition of these 
problems which led to the development of the 
Loran A and later Loran C signals. Nevertheless, 
mariners have found and continue to find the 
performance of DNS acceptable for general 
navigation purposes. The cost· to the GLF of 
running DNS was in excess of E45M per annum. 

After considerable international 
discussion beginning in 1988, a cost-sharing 
formula was eventually agreed in principle at a 
meeting in Ottawa in January 1991. A draft 
international agreement was also produced 
incorporating the financial aspects and providing, 
inter alia, for the new transmitter installations. 

The Secretary of State in his 
announcement in April 1990 had made the UK's 
final commitment to the NW Europe WRAN-C 
subject to a number of conditions. These 
included: 



3.4.1 acceptable cost sharing arrangements, 

3.4.2 the location, acquisition and clearance of 
suitable sites for the new transmitter 
stations in the UK and Ireland 

· 3.43 an adequate transition period for DNS 
users 

3.4.4 ratification of the associated international 
agreement no later than mid-1991 to 
permit such a transition. 

The UK has also always made it clear to 
the other countries involved that its participation 
was conditional on any alternative system being of 
lower cost to its users who fund the costs of all 
the general navigational aids through light dues. 
This latter point is of particular significance and 
is perhaps not fully appreciated outside the UK 
Trinity House was asked to provide technical 
advice and to take forward - acting in the capacity 
of agent for the Secretary of State - matters 
leading up to the establishment of a UK 
transmitter. A similar role was carried out by the 
Commissioners of Irish Lights for the proposed 
new Irish station. 

It was proposed that LORAN-C would be 
under the control of the participating countries, 
divorced from the pressures of a purely 
commercial environment. In the UK it would 
have cost about E0.7M annually to run subject to 
a single capital contribution of up to EllM from 
the UK to establish the NW European network. 
Recent innovations include low-cost receivers with 
significantly higher performance, using technology 
operating under quite new principles. Techniques 
have also been developed for computer mapping 
of ground conductivities and signal propagation 
speeds which substantially improve absolute 
accuracy. It was planned that the NW European 
system would implement these latest techniques. 
In contrast, the same degree of technical 
development of DNS has not taken place. DNS 
has been withdrawn from N. America, France, the 
Persian Gulf and is being withdrawn from India, 
all in favour of LORAN-C. It is, however, being 
retained in Denmark and the Netherlands in 
Europe. 

The intention was for a m1mmum 
transitional period of about 3 years with DNS and 
LORAN-C running in paralle~ to allow sufficient 
time for all necessary notifications of the 
proposed change and also any alterations to the 
marine users' equipment. No difficulties or major 
disruptions to the marine radionavigation user 
community were anticipated due to the long 
changeover period envisaged, although not all 
users, particularly the fishing industry, were 
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persuaded of this. Many users would, in any 
event, have changed their receivers at least once 
in the period to 1997, to take advantage of 
improvements in receiver technology with 
expected reductions in the retail cost. 

Early in May 1991, RDMNL publicised 
its intention to re-submit to the Secretary of State 
(after an earlier proposal had been rejected in 
1988) their offer in revised form to modernise the 
UK Chains of DNS at lower cost. The GlAs 
commented on this to the DOT. 

The Secretary of State subsequently 
announced in Parliament on 21st June 1991 his 
decision to retain DNS in UK waters following 
consideration of the revised proposals from 
RDMNL for automating the UK Decca Chains. 

Two main factors led to this conclusion. 
First, the UK had received no assurances that the 
international agreement could be concluded and 
implemented on a time scale which would meet 
the UK's transitional requirements. Secondly, the 
revised RDMNL offer had significantly changed 
the economic appraisal and the effects on UK 
light dues. The dues payers had made it clear 
that they were not prepared to pay more to 
change to LORAN-C, and the fishing and 
electronics industries had strongly represented 
against a change of system. The other European 
participants including France, German, Norway, 
Denmark, Ireland and the Netherlands were 
informed of the UK's decision on 21st June. 

Realistically, there can be no doubting 
the great weight carried by economic, user costs 
and other practical factors in such matters as 
these. The GLAs, too, are concerned about the 
cost to the user, but they are also concerned with 
measuring the advantages in terms of 
improvements in the safety of navigation. Trinity 
House remains of the opinion that from the point 
of view of safety of navigation, LORAN-C would 
give the mariner a better service than DNS and 
merits consideration as the long term terrestrial 
back-up system for a suitable satellite service for 
world-wide operation. In seeking to preserve 
their system RDMNL were able to offer a 
cheaper package and so the GLAs were requested 
by the DOT to negotiate a new agreement with 
RDMNL. 

As requested by the DOT a new 
agreement was negotiated to replace old 
transmitting equipment, provide for fully 
automatic operation and thus remove the 
requirement for operating staff. Decca would also 
provide and man a new control centre at the 
Northern Lighthouse Board office in Edinburgh 
and maintain the system. A new agreement was 



signed on 11th February 1992 to cover a period 
up to 31st March 2014. There would be no 
improvements in the coverage or accuracy of the 
system which would remain as specified in the 
Decca Data Sheets for the system. 

Included in the Agreement are provisions 
for the GI.As to terminate 

3.4.5 on March 31st 2004 or 31st March 2009 
at no extra cost. 

3.4.6 on 31st March from 1998 to 2003 with at 
least 2 years prior notice and payment of 
an Early Termination Payment which is 
established from an agreed formula. 

In the meantime the GI.As are 
monitoring the progress of the European 
LORAN-C Committee and the provision of the 
proposed modified European system. This system 
as planned would exclude a transmitter in the UK 
but is expected to provide complete coverage of 
UK coastal waters and the following advantages 
over the present Navigator system. 

3.4.7 improved accuracy in some areas 

3.4.8 negligible skywave interference 

3.4.9 accurate modelling of fixed errors 

3.4.10 greater range 

3.4.11 cheaper to operace 

But of course very substantial capital 
investment is required. 

It is understood that the International 
Agreement has now been agreed by all 
participating countries and was signed in Oslo on 
August 6th 1992. Iceland and Russia are also 
considering participation in the scheme. 

3.5 Worldwide Radionavigation Systems 

IMO Resolution A(,66 (16) presents a 
report of the current situation of a study on a 
world wide radionavigation system. This provides 
a basis on which regulation V /12 of the 1974 
SOIAS Convention might be amended to include 
a requirement that ships should carry means of 
receiving transm1ss1ons from a suitable 
radionavigation system throughout the intended 
voyage. 

The Resolution provides operational and 
technical details of candidate radio systems, does 
not make a recommendation but invites member 
governments to keep IMO informed of 
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developments so that the repon can be adjusted 
as necessary. However, section 3.13 of the 
Resolution does lay down the criteria which IMO 
should consider in deciding whether or not to 
adopt a radionavigation system. 

At the recent meeting of the IMO Sub­
Committee on Safety of Navigation - 38th Session, 
the Government of the United States submitted a 
statement which contained the following details: 

In making GPS available to civil users 
around the world, we will offer what we call the 
standard positioning services (SPS) with an 
accuracy of lOOm 2dnns (95% probability). 
Starting in 1993 (based on present projections), SPS 
will be available to all GPS users on a continuous, 
world-wide basis with no direct charge affixed by 
the United States Government to the users of this 
system for at least the initial ten years of service. 

GPS has been offered to the Intemational 
Civil Aviation Organisation (/CAO) as a candidate 
component of the Global Navigation Satellite 
System (GNSS). After GPS is declared fully 
operationa~ which is expected to occur in 1993, the 
United States will consider proposing it for 
adoption by IMO as a component of the world­
wide radionavigation system detailed in resolution 
A 666 (16). 

This represented a retraction of an earlier 
US statement to IMO in May 1992 which had said 
more positively that GPS would be proposed for 
IMO adoption. 

The problem with GPS is that although 
the system is being used, and will in future be 
increasingly used by mariners, there is still no 
formal offer to IMO by the US for GPS to be 
considered as a component in a future world-wide 
system. Until that happens, no mandatory 
carriage requirements can be made and no real 
control can be exercised over its use. 
Nevertheless, it is clearly important that mariners 
should be aware of its limitations and the 
possibility of malfunction of the system or the on­
board equipment, in the same way as for other 
shipborne equipment. For the present it is 
considered that the accuracy of the GPS signals is 
sufficient for general marine navigation, and 
provided that a method of promulgating 
navigation warnings can be implemented. 

It is accepted that the present advance 
Bulletin Board Systems do not provide the 
mariner with an acceptable warning of a system 
malfunction and the provision of a suitable 
Integrity Monitoring System is now being 
considered. 



At the present time GPS, which is 
provided and funded by the US Department of 
Defense appears to be the only satellite system to 
have the necessary funding and support to provide 
an effective and reliable world-wide service, 
although Glonass (Russian) may also be a 
possible candidate system. Apart from Omega 
there are no terrestrial radio systems that will 
provide complete global coverage but Loran-C 
could provide complete global coverage of the 
most used areas of maritime navigation. 

There are a number of important 
milestones that should be borne in mind during 
the next few years which will affect the final mix 
of radionavigation systems adopted for the future 
in UK waters. Any UK decisions will need to 
take account of both the user requirements and 
the costs falling on users. 

1992 - European Loran C Agreement signed in 
August. 

1993 - SPS will be available to all GPS users on 
a continuous basis with no direct charges 
for at least 10 years. Controlled by US 
Department of Defense. 

1993 - GPS declared fully operational. Will the 
system be offered to IMO as a candidate 
system for world-wide navigation? Will 
the system meet the criteria laid down by 
ll\10? 

1994 - USCG cease to operate Loran C stations 
outside the US. 

1994 - European changeover to new Loran C 
system. 

1995 - European Loran C system fully 
operational. 

1996 - If GPS is adopted by IMO, UK need to 
reaffirm whether a terrestrial system 
should be provided as a backup. If so, or 
if GPS is not adopted by IMO, UK will 
need to decide whether to continue with 
DNS or to change to LORAN-C. If the 
latter, will need to give notice of closure 
of DNS. 

3.6 Differential GPS 

A great deal of work is taking place within 
the US and Europe to agree a common method 
of transmission and signal format for a Maritime 
Radionavigation Differential GPS service. This 
service would enhance the present 100 to 300 
metre accuracy obtained for the civil G PS service 
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to 5 to 10 metres and be available to any user 
free of cha_rge. 

However, within the UK the view is that 
a differential GPS service is not required for 
general navigation and is only needed for 
specialised purposes, i.e. cable laying, surveying 
etc. 

To this end channels have been provided 
on a selected number of Maritime Radiobeacons 
to transmit differential data signals provided by a 
private company. The Company rents the service 
and pays a fee based on the use of the equipment 
to seaward. The equipment on the vessel is 
provided by the Contractor and the signals can be 
encrypted to ensure that only registered 
equipment users have access to the system. 

3.7 Conclusions 

In considering the Radio Aids to 
Navigation that can be provided for the future, 
will their ability to display the vessel's position 
accurately contribute to the improvement of safety 
of navigation. Can these new systems be 
integrated with other on-board equipment to 
provide a visual and audible warning of danger? 
Can these systems provide a warning to the 

navigator of equipment malfunction? The clear 
ansv.ier to all the questions is YES and if this 
equipment can be produced cheaply and operate 
reliably it will certainly ensure that vessels 
throughout the world proceed about their business 
in a safer, more reliable and effective manner. 
Then the navigator will be well satisfied. 

With regard to a world-wide 
radionavigation system acceptable to IMO and 
thus the mandatory requirements for on-board 
equipment, at this moment in time the matter is 
still unresolved. GPS, the prime candidate system 
is still under military control and therefore a 
back-up terrestrial system is still required. The 
only UK candidates are Decca Navigator and 
Loran C. 
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THE U.S. COAST GUARD GPS INFORMATION CENTER (GPSIC) 
AND ITS FUNCTION WITHIN THE CIVIL GPS SERVICE (CGS) 

GPSIC Staff 

U.S. Coast Guard Omega Navigation System Center 
7323 Telegraph Road, Alexandria, VA 22310-3998 

Abstract 

In 1987, the U.S. Department of Defense (DOD) formally 
request~d. ~he Departme~t _of Transportation (DOT) assume 
respons1b1hty for estabhshmg and providing an office that 
would respond to nonmilitary user needs for GPS information 
data, and assistance. In February 1989, the Coast Guard 
assumed the responsibility as the lead agency within DOT for 
this project. Since that time, the U.S. Coast Guard has worked 
~ith the U.S. Space Command to develop requirements and 
I1!1I?lement a plan t_o provide the requested interface with the 
c1v1l GPS ~ommumty. The Civil GPS Service (CGS) consists 
of ~our ma1~ elements: the GPS Information Center (GPSIC) 
which provides GPS status information to civilian users oflhe 
sy_stem; t~t; PPS Program Office (PPSPO) (once established) 
will adm1mster the program allowing qualified civil users to 
have access to the PPS signal; the Civil GPS Service Interface 
Committee (CGSIC) which was established to identify civil 
GPS user technical information needs in support of the CGS 
pro~ram; an? the Co~t Guard's Differential GPS (DGPS) 
Pro1ect. This paper will provide details about the services 
these organizations provide. 

Overview Of The Civil GPS Service (CGS) 

Background 

In 1987, the Department of Defense (DOD) formally 
requested the Department of Transportation (DOT) assume 
responsibility for establishing and providing an office that 
would respond to nonmilitary user needs for GPS information 
data, and assistance. In February 1989, the Coast Guard 
as~ume~ the responsibility as the lead agency within DOT for 
this project. Three areas requiring interaction were identified: 

+Near real-time operational status reporting 
+ Distribution of the precise satellite ephemerides 
+ Civil use of the precise positioning service 

In 1988, the U.S. Space Command (USSPACECOM) invited 
the U.S. Coast Guard to assist in the development of the DOD 
Operational Capability (OPSCAP) reporting system. Since 
that time, the U.S. Coast Guard Radionavigation Division has 
~orked with USSPACECOM to develop requirements and 
implement a plan to provide the requested interface with the 
nonmilitary GPS community. Most of these civil GPS 
services are now in place; others are planned to be ready by 
the time GPS is fully operational. 

Structure 

As the Department of Transportation (DOT) operational 
agency, the U.S. Coast Gu~r~ is respons~ble for the oversight 
and management of the Clv1l GPS Service. The function is 
implemented by the following organizational elements: 

Chief, Office of Navigation Safety 
& Waterway Services 

Commandant (G-N) 

I 
Chief, Radionavigation Division 

Commandant (G-NRN) 

I 
I 

I commanding Officer, ONSCENl 

l 
GPS Differ- Civil GPS CivilPPS 
Info ential Interface Program 

Center GPS Committee Office 
(GPSIC) (DGPS) (CGSIC) (PPSPO) 

l 
Subcommittees 

I I I I I 
the Civil GPS User Community 

Chief, Office of Navigation Safety & Waterway Services 
(G-N), loc~ted at Coast Guard Headquarters, provides top­
le~el oversight and management of the CGS program. The 
pnmary responsibility is the provision of broad, high-level 
policy guidance. This direction is provided in support of: 

+ DOT positions 
+ Congressional mandates 
+ Federal Radionavigation policies 



This office is the focal point for information feedback from 
the Civil GPS Service Interface Committee. Members of this 
staff interface with the heads of other Federal agencies with an 
interest in the Civil GPS Service program. 

Chief. Radionavigation Division (G-NRN), also located 
at Coast Guard Headquarters, is the program manager 
responsible for the activities of the PPSPO and the GPSIC 
operation~. This office assists with the budgetary planning for 
these services. 

The Civil GPS Service consists of four main elements: 

. The GPS Inform~tion Cel_lter (GPSIC) is t~e operational 
e~t~ty of the CGS which provides GPS status mformation to 
ClVlhan users of the Global Positioning System based on input 
from the: 

+ GPS control segment 
+Department of Defense (DOD) 
+ Other sources 

.1:he ~PS Program Office (PPSPO) is responsible for 
adm1mstenng the program which will allow qualified civil 
u.sers to ha.ve access to t~e ~recise Positioning Service (PPS) 
signal. ~his p_ro~am of!1~e. 1s currently under development in 
the Rad1onav1gahon D1v1s1on of the Office of Navigation 
Safety and Waterways Service (G-NRN-2) located at Coast 
Guard Headquarters in Washington, D.C. 

The C!vil GPS S~rvic~ Inte!f?ce Committee (CGSIC) 
was established to 1denlify civil GPS user technical 
information needs in support of the Civil GPS Service 
program. Its purpose and goal is of an information exchange 
nature only. 

~e Coast Guard's Differential GPS (DGPS) Project was 
established to develop an extension of GPS to enhance the 
Sta1~d_ard Po~itioning Service (SPS) for civil users in the 
mant1me regions of the United States. 

The £?OT Navigation Council and the DOT Radionavigation 
Workmg Group will continue in their traditional roles in the 
oversight of navigation including radionavigation. 

Two other DOT agencies have Civil GPS Service functions: 

. T~e Fed~ral Av:iation A~ency (FAA) handles aviation 
1ss~e~, mcludmg Notices to Airmen (NOTAM), the National 
A~ia!10n Standard for GPS, and GPS integrity as it relates to 
aviation. 

The Research and Special Programs Administration 
(RSPA) handles intermodal navigation issues and planning. 

Although DOT has been given the principal oversight and 
management responsibilities for the Civil GPS Service other 
federal agencies will play a role. The involvement of Federal 
agencie~, othe! than those under DOT, will be particularly 
appropn~te with regard to users outside of the navigation 
commumty. 

The Global Positioning System Information Center 
(GPSIC) 

The GPSIC began providing basic services on a test and 
evaluation basis in March 1990. 
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Since then, the GPSIC has improved these services 
formalized the information gathering processes and expanded 
GPSIC operations to meet GPS user needs. 

Operated and maintained by the U.S. Coast Guard for the 
Department of Transportation, the GPSIC is a branch within 
the U.S. Coast Guard Omega Navigation System Center 
(ONSCEN) located in Alexandria, Virginia. 

The development of the GPSIC is evolving as an extension of 
!he Co~st Guard's existing involvement in providing 
mformat1on on worldwide radionavigation systems. The 
GPSIC will continue to be responsive to the needs of the user 
and remain flexible to ensure that the user's needs are 
considered when implementing new information services or 
changing existing ones. 

The GPSIC is currently in a test and evaluation phase, which 
means: 

+ Some services are not on line yet 
+ Details of information content and format have not been 

finalized 
+ Changes may be made without prior notice 
+ Operational standards have not yet been established for 

continuity of operation, and allowable time delays 

Users of. GPS are also cautioned that the Global Positioning 
System 1s not yet fully operational. Signal availability and 
?ccuracy are subject to change without warning due to an 
mc?1!1Plete satellite constellation and operational test 
acliv1t1es. 

In gen~ral, the GPS Information Branch personnel are 
responsible for the day-to-day operations of the GPSIC. This 
includes collecting the information and data required to create 
the Operational Advisory Broadcast (OAB) and then 
transforming this information and data into required formats 
for the various information services accessed by the GPSIC. 
The GPSIC branch consists of the following personnel: 

+ Branch Chief 
+Electronics Officer 
+ Operations Officer 
+Navigation Information Specialist 
+ Telecommunications Specialist 
+Navigation Information Clerk 
+ Watchstanders 

The GPSIC Mission 

The mission of the Global Positioning System Information 
Center (GPSIC) is to: 

+gather, 
+ process, and 
+ disseminate 

timely GPS status information to civil users of the global 
positioning satellite navigation system. Specifically, the 
functions to be performed by the GPSIC include the 
following: 

+Provide the Operational Advisory Broadcast Service (OAB) 
+ Answer questions by telephone or written correspondence 
+ Provide information to the public on the GPSIC services 

available 



+ Provide instruction on the access and use of the information 
services available 

+ Maintain tutorial, instructional and other relevant 
handbooks and material for distribution to users 

+Maintain records of GPS broadcast information, GPS data 
bases or relevant data for reference purposes 

+ Maintain bibliography of GPS publications 
+ Maintain and augment the computer and communications 

equipment as required 
+ Develop new user services as required 

Gathering GPS Information 

A Memorandum of Agreement (MOA) establishes policies 
and procedures for the exchange of GPS status information 
between the U.S. Space Command (USSPACECOM} and the 
Coast Guard. This agreement addresses relative roles and 
responsibilities of each organization. A similar MOA is being 
drafted between the Air Force and the Coast Guard. 

The U.S. Air. Force Second Satellite Operations Squadron 
(2SOPS), which operates the GPS Master Control Station 
(MCS} in Colorado Springs, provides the following GPS 
information for the GPSIC: 

Notice Advisory to NAVSTAR Users (NANUs) are near 
real-time operational status capability reports. They contain 
information about future, current, or past satellite outages, 
system adjustments, or any condition which might adversely 
affect users. 2SOPS issues NANUS as events occur. 

GPS Status Messages contain general information that is 
downloaded daily from the 2SOPS's bulletin board. The 
message contains information about the satellite orbit 
(plane/slot}, clocks, and current or recent NANUS. Status 
Messages are generated by 2SOPS once a day Monday 
through Friday. 

Almanacs contain the orbital information and clock data 
of all the satellites. The almanac for all satellites can be 
obtained from downloading the continuously transmitted data 
stream from any satellite. 

Precise Ephemeris In addition to receiving information 
from the MCS, the GPSIC works with representatives of the 
National Geodetic Survey (NGS) to offer NGS computed 
precise GPS orbit data to the public via the GPSIC bulletin 
board. This data is called precise ephemeris data. 

NGS provides data products "SP3" (in ASCII format) and 
"EF18" (in binary format). In the past, NGS distributed this 
information on diskettes by mail to some users. 

Precise ephemeris data describes the orbit of each satellite as 
observed by numerous ground stations. It is useful in making 
a refined determination of where the satellites were at some 
time in the past. The time lag for this information is now 
about five weeks, but NGS plans to reduce it to two weeks 
eventually. For more information about Precise Ephemeris 
Data contact: 

National Geodetic Information Branch (N/CGl 74) 
Charting and Geodetic Services 
National Ocean Service 
National Oceanic and Atmospheric Administration 
Rockville, MD 20852 

Telephone: (301) 443-8631 
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Disseminating GPS Information 

The GPSIC sends GPS status information to civil users 
through Operational Advisory Broadcasts (OAB). These 
broadcasts contain the following general categories of GPS 
performance data: 

+ Current constellation status 
+ Recent (past) outages 
+Scheduled (future) outages 
+ Almanac data 
+ Precise ephemeris data 

The OABs consist of textual matter containing the GPS 
performance data listed above. Conditions that impair the 
GPS for navigational purposes receive special attention and 
wide distribution. 

The Operational Advisory Broadcast is updated by the GPSIC 
staff at a minimum of once per day Monday through Friday 
except Federal Holidays. OAB's are updated more frequently 
if information on changes in the constellation are received 
prior to 4:00 p.m. Eastern time. The following table outlines 
the update schedule for sources of GPS information received 
by the GPSIC: 

SOURCE UPDATE SCHEDULE 

NANU The GPSIC staff processes NANUS 
received during GPSIC working 
hours as soon as possible. NANUS 
received after hours or on week-
ends are processed immediately 
the next normal workday morning. 

STATUS The GPSIC watchstanders post a 
MESSAGE new message daily (usually 

around 1 pm, Eastern time) 
Monday through Friday, except 
Federal holidays. 

ALMANAC The almanac is updated once a 
week, plus whenever changes that 
appreciably affect system 
coverage occur. 

NGS Precise ephemeris data is 
updated weekly, since each data 
set covers one week, but some 
variations occur due to 
differences in processing time 
at NGS. 

The Operational Advisory Broadcast is disseminated through 
the following media: 

+ GPSIC Computer Bulletin Board System (BBS) 
+ GPSIC 24-Hour Status Recording 
+ WWV/WWVH worldwide high-frequency radio broadcasts 
+ Coast Guard Marine Information Broadcasts (MIB) 
+ DMAHTC Broadcast Warnings 
+ DMAHTC Weekly Notice to Mariners 
+ OMA Navigation Information Network (NA VINFONET) 
+ NA VTEX Data Broadcast 



Some of these services have limited time or space available 
for GPS information. The following paragraphs describe each 
service and the GPS information available. 

GPSIC Bulletin Board System (BBS) 

Any user who has access to a computer and a modem can call 
the GPSIC BBS for information. The BBS is free and open to 
all; however, users have to pay their own connection charges 
Qong distance telephone or public data network costs). First­
t1me callers are asked to register online (provide their names, 
addresses, etc.) before proceeding to the BBS main menu. 

Through the BBS, a wide range of information is available 24 
hours a day. BBS information is updated whenever the other 
GPSIC sources are (see schedule); note that updates are 
limited to GPSIC working hours. 

Use~ may call the BBS via either telephone or SprintNet (a 
public data network). Ordinary telephone is the easiest for 
most people, but SprintNet offers a high speed error-free 
alternat_iv~ for th_ose (especially international callers) who may 
have difficulty m gettmg a good data connection over the 
voice phone lines. 

The BBS phone number is (703) 866-3890. Modem speeds 
of 300 to 14,400 bps and most common U.S. or international 
protocols are supported. Communications parameters should 
be set to: 8 data bits, No parity, 1 stop bit (8Nl), asynchronous 
comms, full duplex. We have eight phone lines at this 
number, and two auxiliary numbers to accommodate modems 
which may be incompatible with the ones on 866-3890. 

The BBS SprintNet number is 311020201328. 
(Or abbreviate to 202 1328 if accessing SprintNet via 
telephone to one of their modems.) For SprintNet access, 
users must set up their own accounts with Sprint or a similar 
public data network which has a "gateway" to SprintNet. For 
more information, call: (800) 736-1130 (U.S.) or (913) 541-
6876 (international). 

Users who need further information or assistance may call the 
GPSIC watchstander, at (703) 866-3806. 

GPS information on the BBS includes: 

+NANUs 
+ Status Messages 
+Almanacs 
+ Precise Ephemeris Data 
+Coast Guard DGPS Project Updates 
+ CGSIC Meeting Announcements, etc. 

The BBS also contains information about other 
radionavigation systems: 

+ Omega Status Messages 
+ Loran-C User Notification Messages 

In addition, the BBS has areas set aside for general 
information about radionavigation and associated topics: 

+The text of the Federal Radionavigation Plan1 

+U.S. Naval Observatory "series 4" timing messages 
+ The Coast Guard's Radionavigation Bulletin 
+The GPSIC Users Manual10 (includes a BBS users manual) 
+ Other items which may be of interest to the 

G PS/radionavigation community 
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The BBS is menu-driven and has an extensive set of on-line 
help utilities. Users can page the system operator (/p Sysop) 
to request more personalized assistance. 

GPSIC 24-Hour GPS Status Recording 

The 24-hour status recording provides information in voice 
format. The amount of information is strictly limited since the 
maximum tape length is 92 seconds long. 

The telephone number for this recording is: (703) 866-3826 

The following information is available on the 24-hour status 
recording depending on the space available. The information 
is prioritized as listed below: 

+ Cautionary Statement 
+ Current system status 

· + Forecast outages 
+ Historical outages 
+ Other changes in the GPS 

Other Distribution Media 

GPS information available from each of these additional 
sources is prepared and assembled at the GPSIC. These 
sources were chosen because they were already established to 
provide other types of information. Most of these service are 
already used by a portion of the GPS user community, 
primarily marine navigators. These services offer significant 
advantages in coverage and accessibility. The following 
section provides: 

+ Description of each information source 
+Type of GPS information available 
+ How the user can obtain the GPS information 

WWV/WWVH: Since 1923, the National Institute of 
Standards and Technology (NIST), formerly National Bureau 
of Standards, has provided a highly accurate. time service to 
the national and international time and frequency community. 
NIST currently broadcasts continuous signals from its high 
frequency radio stations. Services provided by 
WWV/WWVH include: 

+ Time announcements 
+ Standard time intervals 
+ Standard frequencies 
+Geophysical alerts 
+ Marine storm warnings 
+ Omega Navigation System status reports 
+ Universal Time Coordinated (UTC) time corrections 
+ BCD time code 
+ GPS information 

GPS information is broadcast in voice on WWV /WWVH at 
the following times and frequencies: 

STATION LOCATION FREQUENCY TIME 

wwv FT COLLINS 2.5, 5, 10 Minutes 
COLORADO 15, 20 MHz 14 and 15 

WWVH KAUAI 2.5, 5, 10 Minutes 
HAWAII 15 MHz 43 and 44 
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The time for the WWV/WWVH GPS broadcast is strictly 
limited. Depending on the space available the GPS 
information is prioritized as listed below: 

+ Cautionary Statement 
+ GPSIC operating hours and phone number 
+ Current system status 
+ Forecast outages 
+Other changes in GPS Status 

USCG AND DMA Marine Information Broadcasts 
(MIBs): USCG Marine Information Broadcasts and DMA 
Broadcast Warnings are methods by which important 
maritime navigation information is disseminated in the most 
expedient manner. This system covers a variety of topics of 
interest to mariners including: 

+ Status of navigation aids 
+Weather 
+ Search and Rescue (SAR} operations 
+ Military exercises 
+ Marine obstructions 
+ Ice reports 
+ Changes in channel conditions 
+ Important bridge information 

Within the United States, the U.S. Coast Guard and the 
Defense Mapping Agency Hydrographic!fopographic Center 
~DMAff!C) are . responsible for broadcasting navigation 
mformatlon descnbed above. Each agency has a particular 
geographic area of responsibility: 

AGENCY AREA OF RESPONSIBILITY 

USCG Local and coastal navigation 
info broadcasts from sources 
within the U.S. & its possessions 

DMAHTC Long-range navigation broadcasts 
from countries within NAVAREA IV 
and NAVAREA XII. 

NAVAREA Covers the Atlantic 
IV coast eastward to 35 

degrees w. 

NAVAREA Covers the Pacific 
XII coast westward to 172 

degrees E. 

The Coast Guard provides vital maritime information in voice 
format via an established system of VHF and HF radio 
broadcasts. These Marine Information Broadcasts (MIB) 
include the following types of messages: 

Urgent Messages concern the safety of a person, ship, aircraft 
or other vehicle. 

Safety Messages contain important navigational or 
meteorological warnings that cannot be delayed because of 
hazardous conditions. 

Scheduled Broadcasts include: 

+ Notice to Mariners (NTM) 
+ Hydrographic information 
+ Storm warnings 
+ Advisories 
+ Other important marine information 
+ Safety and urgent messages which remain in effect 

Cancellation Messages are sent by the originator to cancel 
previous broadcast when action is no longer necessary. 

USCG Marine Information Broadcasts are issued via voice 
and continuous wave (CW) transmissions. The following 
table outlines the MIB frequencies: 

STATION COVERAGE 

VHF-FM Information that applies to 
Cha 16 inland waters seaward to 25 
Cha 22A nautical miles. 

MF Duplicate VHF-FM broadcasts and 
2182 KHz additionally cover waters out 
2670 KHz to 200 nautical miles. 

HF-CW Info that applies to waters 
500 KHz from the coastline to 200 

nautical miles offshore. 

Broadcasts are scheduled several times a day depending on the 
location of the broadcasting site. Stations designated to make 
regularly scheduled broadcasts are listed in the Coast Guard 
Radio Frequency Plan. The length of messages broadcast is 
kept to a minimum. 

DMAHTC is responsible for broadcasting navigation 
information concerning the "high seas". Information is 
provided in message format via an established system of 
message dissemination. DMA broadcasts are known as 
NAVAREA, HYDROIANT, or HYDROPAC and are 
generally geared to the deep draft mariner. 

DMAHTC also publishes a weekly Notice to Mariners (NTM) 
containing USCG Marine Information Broadcasts and DMA 
Broadcast Warnings for a seven day period. 

GPS status information is found in Section III of the Notice to 
Mariners, which summarizes voice or data broadcast 
warnings. 

Additional information on the DMA Notice to Mariners 
Information is available from: 

Director, Defense Mapping Agency 
Hydrographic(fopographic Center 
Attention: MCNM 
6500 Brokes Lane 
Washington, DC 20315-0030 

Telephone: (301} 227-3126 

DMA NA VINFONET: In carrying out its mission to 
produce Notices to Mariners, DMA has developed a data base 
called Automated Notice to Mariners System (ANMS). This 
data base contains information dealing with navigational 



safety. It is a supplemental source of up-to-date maritime 
information for the user. The software developed for this data 
base provides remote query capabilities which OMA makes 
available to the entire maritime community through the 
Navigation Information Network (NA VINFONET). 
NA VINFONET provides information in data format via 
telephone modem. 

Information includes: 

+ Chart Corrections 
+Broadcast Warnings 
+ MARAD Advisories 
+ OMA List of Lights 
+Anti-Shipping Activities Messages 
+ Oil Drill Rig locations 
+ Corrections to OMA Hydrographic Product Catalogs 
+U.S. Coast Guard Light Lists & GPS 

The following GPS information is available from the OMA 
NA VINFONET under item 8 in the bulletin board menu: 

+ Cautionary Statement 
+ Current system status 
+ Forecast outages 
+ Historical outages 
+ Almanac data 
+ Civil GPS Service information 

Users must register for the NA VINFONET bulletin board off­
line before they will be granted access to the system. For a 
user ID and information book contact OMA at the address 
listed above: 

Attention: MCN/NA VINFONET 

Telephone: (301) 227-3296 

NA VTEX: NA VTEX is a an internationally adopted 
radio telex system used to broadcast marine navigational 
warnings and other safety related information to ships. This 
system assures worldwide coverage by transmitting on an 
international frequency of 518 KHz. Vessels' NA VTEX 
receiver/teleprinters are permanently tuned to the worldwide 
frequency and remain on standby to receive and print out all 
the messages automatically. Navigation information 
broadcasted through NA VTEX includes: 

+ Notices to mariners 
+Weather warnings and forecasts 
+ Ice warnings 
+ Other marine information 

Coast Guard Atlantic and Pacific Area Commanders 
coordinate NA VTEX broadcasts transmitted by all Coast 
Guard Communications stations. NA VTEX messages are 
normally broadcast four times a day which may be increased 
to six broadcasts with a maximum duration of 40 minutes. 

NA VTEX messages are categorized by subject area. 
GPS status messages were recently changed from category 
"K" to category "J". GPS information available from 
NA VTEX includes the following: 

+ Cautionary Statement 
+ Current system status 
+ Forecast outages 
+Other changes in GPS Status 
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Additional GPSIC Services 

The GPSIC publishes documents which provide detailed 
information about GPS, other radionavigation systems, the 
GPS Information Center and how to obtain these services. 
The following table describes the GPSIC publications 
available: 

PUBLICATION DESCRIPTION 

GPSIC Describes information 
BROCHURE services provided by the 

GPSIC. 

GPSIC Provides detailed instruct-
USERS' ion on the access & use of 
MANUAL services available at GPSIC 

GPS Describes the system, its 
FACTS & concept, accuracies and 
FIGURES applications. 

OMEGA FACTS Describes the Omega 
& FIGURES radionavigation system. 

LORAN-C Describes LORAN-C. 
FACTS & FIG 

RADIOBEACON Describes Radiobeacons. 
FACTS & FIG 

The GPSIC distributes documents provided by other GPS 
interested organizations. The following table describes other 
GPS publications available through the GPSIC: 

PUB PUBLISHER DESCRIPTION 

NAVSTAR JPO Describes the 
GPS system, equipment, 
USER applications & 
EQUIP capabilities. 

GPS JPO Provides general 
NAVSTAR information about 
OVERVIEW GPS. 

ICD 200 JPO Technical information 
about the GPS signal-
to-receiver interface 

The GPSIC responds to individual user inquiries, comments, 
and concerns about civil access to, and use of the GPS. The 
GPSIC fields requests for information Monday though Friday 
from 8:00 a.m. to 4:00 p.m. Eastern time. Most inquiries can 
be answered immediately over the phone. Some technical 
questions or requests are referred to a more authoritative 
source. 

If you would like to comment on any of these services or ask 
questions about present or future services write to: 



Commanding Officer (GPSIC) 
US Coast Guard Omega Navigation System Center 
7323 Telegraph Road 
Alexandria, Virginia 22310-3998 

Or call (703) 866-3806 

An answering machine records messages after working hours. 
Messages are normally returned the following workday. 

Future Plans For GPSIC 

The C_oast Guard plans to evaluate the possibility of 
expandmg the GPS Information Center into a Radionavigation 
or Navigation Information Center. As such, the Information 
Center would provide navigation information on all navigation 
systems involving the Coast Guard both nationally and 
internationally. 

Information concerning other radionavigation systems the 
Coast Guard is involved with would be posted on the BBS. 
As a first step in this direction, the GPSIC currently provides 
Omega and Loran-C status information on the BBS. 

Differential GPS <DGPS) 

Consistent with its role as the civil interface for GPS, the U.S. 
Coast Guard has a research and development project to 
develop an extension of GPS, known as differential GPS 
(DG~S). This is an enhancement to the Standard Positioning 
Service (SPS) which should achieve accuracies of 10 meters 
or better for civil users in the maritime regions of the United 
States. 

Based on encouraging results of operational testing of a 
prototype reference station, a project has been initiated to 
implement DGPS in U.S. near-coastal areas to improve upon 
cur~ent harbor and harbor-approach navigation accuracy. 
Pro1ect plans are being formulated. Additional prototypes 
began operation during September/October 1991. If fully 
funded, an operational system is expected by 1996. 

For additional information on DGPS, contact: 

Commandant (G-NRN) 
U.S. Coast Guard 
2100 2nd Street, S.W. 
Washington, DC 20593 

Telephone: (202) 267-0283 
Fax: (202) 267-4427 

Precise Positioning Service Program Office (PPSPO) 

The Precise Positioning Service Program Office (PPSPO) will 
administer civil applications and collect fees for access to 
encoded Precise Positioning Service (PPS) capabilities. 

The Government will publish detailed guidance for users 
interested in requesting access to PPS once policy is 
established for the following: 

+ Submitting applications 
+ Granting approval for user access 
+ Establishing operational procedures and compliance 

requirements for accessing data from the GPS PPS 
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~e ~ederal R~~iona~i~ation Plan (FRP) contains general 
cntena for qualified c1v1l use of PPS. Access determination 
will be made on a case by case basis. The following criteria 
may be refined as Government policy is developed: 

+Access is in the U.S. national interest 
+Security requirements can be met 
+ There are no other means reasonably available to the civil 

user to obtain a capability equivalent to that provided by the 
GPS PPS 

For additional information on the PPSPO, contact 
Commandant (G-NRN) at the address listed above or 
telephone: (202) 267-0298 

Civil GPS Service Interface Committee (CGSIC) 

The roles of the Civil GPS Service Interface Committee 
(CGSIC) are to: 

+ Provide a forum for exchanging technical information in the 
civil GPS user community regarding GPS information needs 

+ Identify types of information and methods of distribution to 
the civil GPS user community 

+ Identify any issues that may need resolution by the CGS 
program office 

The CGSIC will work with the following organizations: 

+ U.S. Coast Guard Office of Navigation Safety and 
Waterway Services (Civil GPS Program Office) 

+ DOT Navigation Working Group 
+ Joint DOD/DOT Radionavigation Working Group 

The Civil GPS Service Interface Committee is comprised of 
representatives from relevant private, government, and 
industry user groups, both U.S. and international. 

The CGSIC consists of: 

+ General Committee 
+ Five Subcommittees 

The Committee is jointly chaired by the U.S. Coast Guard and 
the DOT Research and Special Programs Administration 
(RSPA). The joint chair is based on the USCG being DOTs 
lead agency for the civil GPS service which includes the 
government's interface with civil GPS users, and RSP A's 
responsibility to coordinate intermodal navigation planning 
with DOD. 

The Civil GPS Service Interface Committee may create 
subcommittees to identify specific areas of civil GPS user 
information needs and facilitate technical information 
exchange as required. Standing subcommittees have been 
established for: 

+ Surveying and Positioning Information 
+ Timing Information 
+ International Information 
+ Reference Station, Technology, and Applications 
+ Real-time Carrier Phase Applications 

The International Information Subcommittee (IISC) of the 
Civil GPS Service Interface Committee is investigating the 
feasibility of a regional international information media. The 
GPSIC would provide the OAB into an electronic mailbox 
designated, controlled, and financed by the IISC. 



The Civil GPS Service Interface Committee meets as 
necessary to exchange technical information regarding civil 
GPS information needs. 

For additional information on the CGSIC, contact: 

Volpe National Transportation Systems Center (VNTSC) 
55 Kendall Square 
Cambridge, MA 02142-1093 

Telephone: (617) 494-2432 
Fax: (617) 494-2628 

Federal Radionavigation Plan (FRP) 

The Federal Radionavigation Plan1 contains the official 
statement of government policy on civil use of GPS. This 
plan covers other government operated radionavigation 
systems in addition to GPS. Information provided includes: 

+ Policy and plans for the future radionavigation systems mix 
+ GPS System description 
+ Table of SPS and PPS signal characteristics 
+Various other topics 

The text of the Federal Radionavigation Plan (minus tables 
and illustrations) is available on the GPSIC electronic bulletin 
board. To obtain a paper copy (including tables and 
illustrations), write: 

Superintendent of Documents, Order Section 
U.S. Government Printing Office 
Washington, DC 20402 

Ask for the Federal Radionavigation Plan, stock number 
008-047-00402-8. The price is $10.00. Checks or money 
orders should be made payable to "Superintendent of 
Documents". 

Or, to order by telephone, call: (202) 783-3238 
... and pay by credit card. 
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Panel Discussion - Why Loran-C in Europe? 
Panel Chairman: Dr. Peter Ryder, U.K. Meteorological. Office 

Panel Members 

Wally Blanchard: Radionavigation Consultant 
John Butler: Canadian Coast Guard 

Vladimir Denisov: Internavigation Committee, CIS 
Norman Matthews: International Assoc. of Lighthouse Authorities 

Ed McGann: Megapulse 
Mike Moroney: U.S. Dept. of Transportation 

Andreas Stenseth: NW Europe Loran-C Committee 

Chairman1s Introduction 

In setting up the panel for discussion, the Chairman suggested that there were two basic 
reasons for adopting Loran-C in Europe: 

(a) because there are relevant operational requirements deriving from defense, safety and 
economic considerations and; 

(b) because Loran-C provides a cost-effective; technically, politically and 
administratively sound and competitive solution to meet these requirements in 
Europe. 

The Chairman requested that the panel take into consideration European requirements that 
could be satisfied by loran's validated technical performance, signal availability, and ease of 
use. He further requested that both primary users for navigation and secondary users who are 
able to exploit the system's capabilities be considered, addressing possible cost savings that 
might materialize through the use of loran over current systems. 

The Chairman suggested that the panel also concern itself with system control authority, 
investment and funding arrangements, vested interests in current systems, loran's demonstrated 
performance, volume of users and the existence of alternative solutions. He then gave his 
personal views. 

Panel Comments 

Peter Ryder: Peter Ryder described a secondary use of Loran-C involving the United 
Kingdom's land-based wind finding operation. He stated that loran offered useful cost savings 
over other candidate solutions such as secondary radar. He further indkated that while the 
Omega system was acceptable for synoptic oceanic wind measurements, Loran-C is the only 
know viable solution for aircraft dropsondes to determine fine grain wind structure of the 
atmosphere. 

Mike Moroney: Loran-C use in General Aviation was the subject addressed by Mike 
Moroney. He stressed that integrity and availability of the signals was the most stringent 
requirement for Loran-C use, stating that neither Loran-C nor the GPS would deliver 
performance to satisfy sole means navigation. He said that there was every indication that a 
combination of Loran-C and GPS would satisfy aviation signal integrity and availability 
criteria. He also stressed the need for minimum performance specifications for equipment. 

John Butler: Canada selected Loran-C initially for marine operations but other needs 
followed. John Butler stated that compatibility with the United States was an important 
consideration and that Loran-C met user needs for accuracy and reliability, provided cost 
savings in operations, and went a long way in meeting the wide area coverage required by 
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Canada. He also acknowledged the complementary use of Loran-C and GPS would be 
beneficial in many applications. 

Wally Blanchard: Wally Blanchard took the position that it would take many years to bring 
satellite navigation systems into general operational use, citing funding and control as being 
hurdles to be overcome. He felt that Loran-C is a good interim system for use during the next 
10-15 years 

Norm Matthews: The wide area under the control of individual governments was stressed by 
Norman Matthews. He felt that Loran-C filled an important gap until satellite technology could 
be accepted internationally. 

Andreas Stenseth: Confirming the issue of national government control, Andreas Stenseth 
stated the six countries of North West Europe made their decision and commitment based on the 
requirement for independence from a single country for funding and control. 

Ed McGann: The reliance upon a single system under the control of one country was the issue 
raised by Ed McGann. He suggested that Loran-C could meet most user requirements for the 
foreseeable future. He felt that Loran-C and satnav complemented each other and stressed that 
GPS was primarily a military system and could not be relied upon to satisfy civil navigation 
requirements. 

Vladimir Denisov: Mr. Denisov stated that the CIS saw no effective alternatives to Chayka 
and that the CIS equivalent to Loran-C met all requirements of land, sea and air navigation. He 
further stated that no other system in Russia had the potential to solve that country's navigation 
requirements for the foreseeable future. 

From the Floor: 

At this time the Chairman asked for contributions to the discussion from the floor. 

The point was made that there was a real need for education, selling and marketing of loran in 
Europe and that this should start soon. 

It was stated from the floor that the U.S. Coast Guard's involvement with Loran-C would be 
reduced while Europe and the Far East use of the system will grow. 

The need for the control for Group Repetition Rate (GRI) assignments was raised. Norm 
Matthews suggested that IALA will probably take this responsibility. It was recommended that 
Don Feldman's work, performed while he was with the U.S. Coast Guard, on this subject be 
taken into account. 

It was pointed out that in the United States 120,000 of the 173,000 electrically-equipped 
General Aviation aircraft carry Loran-C receivers but that in Europe the number of GA aircraft 
was only 3600. Receivers in the U.S. are only certified for VFR conditions. 

It was stated that Eurocontrol was looking at GPS for air navigation and not Loran-C primarily 
because of weather-related electrical noise and precipitation static on aircraft. 

At this point, recognizing that time had run out, the Chairman ended the discussion and 
adjourned the session for a break before the Industry Sponsored Reception. 
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SESSION D 

Loran-C Coverage and Use (1) 
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Loran-C Coverage of the E.ast Mediterranean 

E. Rubiola 

Politecnico di Torino, Dipartimento di Elettronica 

Abstract 

This paper will present a technical study of some 
possible developments of the Mediterranean Loran­
C chain after the end of 1994, when the U.S. support 
will cease. 

Some alternative solutions are studied, with an 
evaluation of the S/N ratio and GDOP for a few 
new sites suggested by a preliminary selection. The 
coverage based on master-independent and crossed­
chain operations are also considered. 

1 Introduction 

The Mediterranean Loran-C chain, in its current 
configuration, consists of four stations, two in Italy 
(Mand X), one in Turkey (Y) and one in Spain (Z). 
While agreements are in progress, supported by offi­
cial decisions, in order to keep in operation stations 
M, X and Z, when the U.S. support will cease sta-. ' 
t10n Y could be switched off after the 1994 deadline. 
The consequence would be the unavailability of the 
system in the eastern Mediterranean, about half of 
the present coverage. 

The aim of this paper is to analyze a few alterna­
tive solutions for replacing the Y station with a new 
one, in order to ensure the coverage of the eastern 
Mediterranean area. The link to the russian Chayka 
is also considered. 

Some geographical and technical criteria concern­
ing the site choice are discussed in the next sec­
tion. The evaluation of signal-to-noise ratio and 
geometric effects are presented in sections 3 and 
4. Results are discussed in section 5, in which the 
possible new configuration are presented together 

with some possible improvements based on master­
independent and crossed-chain operations. 

2 Proposed Sites and Exist­
ing Stations 

As well known, a Loran-C transmitter is to be 
placed in an high soil conductivity site. This is 
due to the ground wave propagation behaviour and 
to the radiation efficiency, which relies on the ra­
tio of radiation to grounding resistence. Practical 
antennas are small (200 m) compared to the wave­
length (3 km), thus showing a "low" resistance; con­
sequently, the overall resistance of the grounding 
system should be kept as small as possible, thus 
excluding many places. 

When geometrical considerations are included 
(i.e., baseline length of 800-1200 km and angles be­
tween baselines of 60°-90°, hardly suitable to the 
Mediterranean shape), only a few convenient loca­
tions remain. Political considerations, not taken 
into account, could furtherly reduce the set of sites. 

Some places are considered here, summarizad in 
Fig. 1, together with the existing transmitters sites. 

Stations M, X, Y and Z constitute the Mediter­
ranean sea chain in its current configuration. Their 
powers have a conventional value of 250 kW which 
. . ' 
IS m agreement with the decisions taken for easy 
comparison between results by the Working Group 
set by IALA in order to discuss these problems [1]. 
The actual power of these transmitters [2] is 1.8 
dB lower than stated except for X, which is 1.6 dB 
stronger. 

Transmitter U IS a part of the russian Chayka 
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IDE NT. LAT. LON POWER BASELINE SITE COUNTRY 
(deg) deg kW (km) 

M , 38.9 16.7 250 t: n. a. Sellia Marina Italy 
x , 35.5 12.5 250 t: 525 Lampedusa Italy 
y , 41.0 27.9 250 t: 980 Katgaburun Turkey 
z , 42.1 3.2 250 t: 1195 Estrrtit Spain 
c t 35.2 24.5 250 800 Creta Greece 
T t 40.8 24.6 250 710 North East Greece 
E t 31.5 26.2 250 1190 North West Egypt 
u , 45.0 34.0 550 1580 Simferopol Russia 

treplaces Y 'f existing f conventional value 

5o•N 
All distances are given in kM 

45.N 

40.N 

35•N 

JO•N 
5•1J a· 5•E lO'E 15•[ 2o·E 25•[ 30.E 35T 

Figure 1: Existing and proposed Loran-C transmitters in the Mediterranean area. 

chain. Its approximate coordinates have been de­
rived from a map published in a IALA report [3]. 
The actual power (550 kW) has been used in simu­
lations. If the Simferopol transmitter could operate 
in double rate mode, or if it could be used by multi­
chain receivers, it could contribute to the Mediter­
ranean chain. 

Stations C, T in Greece or E in Egypt are pro­
posed as possible replacements for the turkish sta­
tion Y. The proposed stations are assumed to be 
based on the new solid state transmitters (250 kW) 
with 190 m top loaded monopole antennas, similar 
to the existing ones. 

As pointed out by the IALA Technical group [4], 
four stations are not sufficient for full coverage of the 
Mediterranean sea. If station Y were kept in opera­
tion, E appears to be a good candidate to improve 
the coverage of the eastern Mediterranean. Under 
this hypothesis, links to Chayka, through Y, and to 
the Egyptian chain, through E, are worthy of con­
sideration. 

3 S/N Ratio 

3.1 Noise 

An earlier analysis [5], based on the CCIR reports 
[6] showed that in a central point of the Mediter­
ranean area, and in the worst case for season and 
daytime (Summer and Autumn, 00-04 local time), 
the average value of the atmospheric noise is 47.5 
dB/(µV /m) in a 20 kHz band centered around 100 
kHz. Depending on season and daytime, the av­
erage noise spans in a range of 35 dB; upper and 
lower deciles depart from the average values by 10-
15 dB. When considering the whole Mediterranean 
sea, the noise level is substantially the same as for 
the central point, with differences within than 2-3 
dB. 

The U.S. Coast Guard coverage map [7] for the 
Mediterranean sea chain is based on the assumption 
of a noise level of 51 dB/(µV /m). 

For north-western Europe, in quite similar condi­
tions as regards the atmospheric noise, it was sug­
gested [8] that the combined effect of coherent inter-
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Figure 2: S/N ratios for the existing and proposed stations. 



ferences and atmospheric noise can be represented 
by a field strength of 61 dB/(µV /m). 

In agreement with the suggestion of the IALA 
Loran-C Working Group [1], a conventional value of 
50 dB/(µV /m) has been used in this work. 

3.2 Signal Strength 

The main source of information is the CCIR report 
717 [9], which provides maps of ground conductivi­
ties, attenuation curves for uniform soil paths, and 
a clear explanation of the evaluation algorithm for 
mixed paths, based on the Millington method. 

The CCIR maps are stored in a disk file as a ma­
trix representing the Mediterranean area quantised 
in 0.5° wide regions, both in latitude and longitude. 
The conductivity quantisation is the same as for the 
CCIR maps, in steps of a factor of three from 10 
µS/m to 30 mS/m for the ground, plus 5 S/m for 
the sea. 

Excluding Italy, where a very accurate study is 
available [10), some doubt still remain about the 
accuracy of some of the CCIR maps and about 
the availability of detailed maps for other European 
zones. 

A computer program evaluates the propagation 
attenuation from the transmitter to all of the points 
on a 0.5° x 0.5° grid. The attenuation is combined 
with the radiated power, thus providing a matrix of 
signal strengths. 

3.3 Results 

The electric field matrix is combined with the noise 
by a program which converts results in Autocad 
script format. Results are shown in fig. 2 as curves 
of equal S/N ratios for +10, 0 and -10 dB. 

A comparison with some measurements per­
formed in Spain was done during a meeting of the 
IALA Mediterranean Loran-C Working Group [11]. 
Experimental values agreed to the calculated ones 
within 0 to -3 dB if the whole wave path is over 
the sea, while the measured S/N ratio was lower by 
about 10 dB if waves cross long land paths. 

Taking into account the sensitivity of the new re­
ceivers, which work with S/N ratios as low as -10 
dB, and some possible corrections to calculated S/N 
ratios, the stations should ensure a good coverage 
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inside the area where S/N 2'.: +10 dB, and a fair cov­
erage as far away as the 0 dB curve. 

4 Geometric Dilution of Pre-. . 
CISIOll 

When the position is derived from time difference, 
timing errors produce position discrepancies. This 
is the well known problem of geometric dilution of 
precision (GDOP), which relies on the following con­
cepts: 

1. When considering two transmitters, which orig­
inate one hyperbola at the receiver site, the sen­
sitivity S is given by the ratio of the position­
ing error vector p divided by the timing error 
t. S is a vector perpendicular to the hyperbola, 
whose modulus is given by IS I= c/(2 sin a); c 
is the speed of light, and a is the angle at the 
receiver site between lines directed towards the 
transmitters. 

2. Since the position is obtained as the intersec­
tion of two hyperbolae, each generated by a 
couple of transmitters, its error is the sum of 
the two vectors given by sensitivities and tim­
ing errors. 

When adding error vectors originated by time jitter, 
the standard deviation of the evaluated position is 
constant on an ellipse. The excentricity of the latter 
depends on the angle between the two hyperbolae. 
Errors due to time biases, i.e. errors originated by 
the finite conductivity of the ground, can also be 
added as vectors. 

In this work the geometric errors have been eval­
uated as the 95% probability position uncertainty 
radii (2drms) assuming a unique value of the time 
jitter (a = 100 ns). In this way the geometry is 
evaluated separately from the signal to noise ratio. 
The uncertainty radius is given by 

2ka 
2drms = -.­

S!Il I 

where: 

1 1 2p cos/ ---+ +-~--~ 
sin 2 

£ sin 2 ii sin £ sin ii 
2 2 2 2 

k is the half speed of the light, about 150 m/ µs, 
/ is the angle between the two hyperbolae, 
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A Triad M X Y B Triad M X C 

5·v o· 5'E IO'E 15'E 20°E 25'E 30'E 35°E S''J o· 5'E I0°E 15°E 20°E 25°E 30°E 35°E 

c Triad M X T D Triad M X E 

5''J o· 5'E IO'E 15°E 20°E 25'E 30°E 35'E s·w o· 5°E !5°E 20'E 25°E 30'E 3S'E 

E Triad M Y E (master M F Triad M Y E master Y 
so·N 

s·v o· 5°E IO"E 15°E 20°E 25°E 35°E s•v o· s•E IO'E !5°E 20'E 25°E 3o·E Js•E 

s·w o· 5°E !O"E 15°E 20'E 25°E 30°E 3S'E s·w o· S'E IO"E 15'[ 20'[ 25'[ 30'E 35'E 

Figure 3: Geometrical dilution of precision for the existing and proposed triads. 



p is the noise co;relation between noise contribu­
tions of the two time differences, each one generating 
an hyperbolic locus of position. Since propagation 
time for the mast~r station is the same for the two 
hyperbolae, then p = 0.5, 
a and f3 are the angles between lines joining the re­
ceiver to master and each of the secondary stations, 
<7 is the standard deviation of the time differences 
measured by the receiver. 

Results are reported in Fig. 3, where the areas 
within curves represent position uncertainty radii 
(2drms) less than 1/4 nm (460 m) and 1/8 nm (230 
m). 

5 Coverage 

In this section the coverage of the proposed chains 
is presented. Assumptions are that the S /N ratio 
should not be less than 0 dB and that the conse­
quence of a 100 ns time jitter should be a position 
uncertainty smaller than 1/4 nm, or 460 m. 

In the present system configuration the eastern 
coverage is based on stations M, X and Y. Compar­
ing figures 2 A, B and C, availability of signals is 
seen limited in the east direction by station X. This 
limit can't be overcome by replacing Y. 

Comparing figures 2 B (S/N Y) and 3 A (geom­
etry M-X-Y), the most important limitation can be 
seen to arise from the S/N ratio of station X. 

All of the proposed stations ensure a good S /N 
ratio coverage in all the east Mediterranean area 
(Figs. 2 E, F and G). 

When analyzing new chain configurations, the 
south Adriatic is worthy of consideration because 
it is not covered at the present time. This lack of 
coverage is due to the M-X baseline direction, and it 
can't be overcome by simply replacing the Y station. 

5.1 Replacements for Y 

5.1.1 Crete (C) 

The eastern coverage is limited by geometry, as re­
sults from the GDOP plot of Fig. 3 B. The system 
is almost useless in hyperbolic mode at longitudes 
farther east than 25° E. 

As regards the central-eastern Mediterranean, the 
C station ensures higher S /N ratios than Y (see Fig. 
2 C and D). 
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5.1.2 North East Greece (T) 

When replacing the Y station by T, the baseline 
direction remains about the same, its length is re­
duced by about 30%. Consequently, small changes 
in the GDOP are forseen (Figs. 3 A and C); the 
main!difference is the loss of 3° of longitude in the 
region between Crete and Cyprus. However, by tak­
ing into account also the S/N limit of X (Fig. 2 B), 
this loss of coverage is seen to be smaller than what 
results from the geometry. 

5.1.3 West Egypt (E) 

Transmitter E ensures a good geometry in the east 
Mediterranean, farther than the limit due to the 
S /N ratio of the X station, as results from Figs. 
3 D and 2 B. Consequently, this solution allows the 
present coverage to be kept. 

5.2 Improved Chain 

The eastern coverage of the system could be im­
proved by adding station E, without switching off Y. 
Sites C and T are not considered because of baseline 
lengths, as results from Fig. 1. 

By adding station E, the coverage is based on the 
triad M-Y-E, thus overcoming the eastern S/N limit 
due to X, which is replaced by the limit of M (Figs. 
2 A and B). The stations Y and E ensure a good 
S/N noise in all the eastern Mediterranean (Figs. 
2 C and G). 

By comparison of Figs. 2 A and 3 E, the eastern 
coverage appears to be limited by the M S/N ra­
tio. An improvement of 5° in the east direction is 
achieved with respect to the present situation. The 
coverage of the south Adriatic is also ensured, as 
results from Fig. 3 E. 

The adoption of master-independent receivers al­
lows a better use of the triad M-Y-E (Fig. 3 E, F and 
G). A fair coverage of the region around 30°-35° N, 
12°-15° E, which is on the M-X baseline extension, 
is possible when Y plays the master role. The best 
GDOP in the south Adriatic area is achieved by us­
ing E as the master. 

A multi-chain receiver can take advantage from 
the Simferopol signals. The triad Y-E-U ensures 
good S/N ratios in the whole east Mediterranean 
(Figs. 2 C, G and H), even farther than the maps 
limit. An optimum GDOP is ensured when using 



this multichain triad in the eastern Mediterranean, 
as results from Fig. 3 H. 
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Abstract 

Carrier .Wave Interferen~e (CWI) has been shown to 
be a serious problem which affects the operation of all 
Loran-C receivers in Europe, and aviation and land 
mobile receivers in the US and Canada. The design­
ers. of Loran-C systems for use in Europe have been 
o~he;ed to pay considerable attention to CWI in pre­
dicting their coverage. This paper contains a unified 
analrsis of t~e e~ects of the phase-coding of the signals 
and integration in receivers on CWI and it provides a 
quantitative assessment of receiver performance under 
CWI conditions. The analysis includes synchronous 
near-synchronous and asynchronous interference. It 
~hows that synchronous and near-synchronous CWI, 
in contrast to asynchronous, are attenuated by phase­
decoding and integration within periods of 2GRI and 
that longer _periods of intee;ration do not improve per­
form&J?-ce. Fron~-en~ filtering is incorporated into the 
analysis by considering not only the attenuation of in­
terference which it provides but also the delay and dis­
tortiC?n it causes to Loran-C signals. Both the phase­
tracking and the cycle-selection functions of receivers 
are examined and their relative sensitivities to interfer­
ence are compared. The results of the analysis which 
have also been confirmed by computer simulation are 
presented in a form that will be of direct use to' the 
designers of both receivers and systems. 

1 Introduction 

Loran-C receivers work in noisy environments. The 
problem of extracting position information from time­
?f-arrival (TOA) measurements, corrupted by noise and 
interference, has been at the heart of the efforts of 
Loran-C system designers and receiver manufacturers 
for many years. Interference studies, including sky­
wave, cross-rate interference (CRI), and carrier wave 
interference (CWI), are as old as Loran-C itself. 

The current development o_f Loran-C in Europe, where 
t~e number.a and level~ of mterferers are exceptionally 
high, has stimulated this study of Loran-C receiver per­
formance in hostile CWI environments. The aim of the 
study is to provide data based on a realistic assessment 
of the problem to aid receiver and system designers. 

Reduction of CWI was one of ihe initial incentives for 
introducing phase coding [1]. Later, a mathematical 
model which could be used to predict the effects of in­
terference, both CRI and CWI, on the basis of sound 
frequency-domain concepts was described by Feldman 
[2] in 1975. Van Etten [3] extended Feldman's work 

~d attempted to eliminate CWI of certain frequen­
cies, plus all CRI, through the use of a unique fam­
ily of Group Repetition Intervals (GRis). Van Etten's 
m~~hod requires Loran-C receivers to be modified to 
utihz~ a bal~ced phase code, for example by omitting 
certain sampling strobes. 

Ren~wed interest in CWI, especially from power-line 
earners (PLC), was triggered by Arnstein in 1986 [6]. 
Shortly thereafter, theory and measurement techniques 
for interference, especially for narrow-band CWI were 
presented by Peterson and Hartnett [7]. Their :Oodel 
simplifies exact calculation of the Loran-C spectrum 
and predicts the effects of interference on measured 
time differences. They assessed the effects of com­
mon types of existing narrow-band interferer, such as 
naval communications stations, time-dissemination sig­
nals, and P~Cs. In 1990, Meranda & Winslow [8] prcr 
posed two simple modifications to receivers, selective 
pulse sampling and multiple strobes1 aimed at improv­
ing their CWI attenuation capabilities. 

The complex nature of the disturbance of the phases 
and envelope shapes of Loran-C signals by CWI makes 
ac~u~ate understanding of the problem difficult. Van 
Wilhgen and others have developed a vector-analysis 
method which has greatly improved our understanding 
of the effects of CWI on phase tracking [41. They have 
also demonstrated the disturbance caused by CWI to 
the phase and cycle loops, by means of their LOran 
Simulation Program, LOSP f9]. The first attempt to 
perform a detailed analysis o( synchronous CWI effects 
on cycle identification was made by Beckmann [9] in 
1990. He warned that synchronous CWI is potentially 
more likely to cause serious position-measurement er­
rors by virtue of cycle identification failure than by un­
acceptable phase-tracking errors. 

However, quantitative analysis on the errors caused by 
CWI has been limited to either neglecting Loran-C 
phas~ coding or by restr~ctio.ns to specific frequencies. 
R~ceiver front- end filtermg is also commonly ignored. 
Filters may be specified in terms of their amplitude 
transfer functions alone, and quantitative analysis of 
their effects concentrated on the attenuation of CWI 
and at most the amplitude distortion of the Loran-C 
signal. This is unsatisfactory since designers of Loran­
C systems must make realistic assessments of receiver 
performance under hostile CWI conditions in order to 
be able to predict areas of coverage with confidence [10]. 
The quantitative investigation described in this paper, 
which takes all the principal mechanisms of CWI at­
tenuation into account, is designed to meet that need. 
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2 Loran-C receiver operation and 
the effects of CWI 

2.1 Loran-C signal 

Loran-C signals consist of trains of 16 phase-coded 
pulses. The leading edge of each pulse is formally de­
fined by the United States Coast Guard (USCG) [11) 
as zo(t): 

:i: 0 (t) = A(t-r)2ezp [-2<~; r)] ain(0.2?rt+PC) (1) 

where A is a normalization constant related to the peak 
amplitude, t is time in microseconds, r is the envelope­
to-cycle difference (ECO) in microseconds, and PC is 
the phase-code parameter in radians. PC is 0 for a 
positive phase code and 'Ir for negative. 

Signals from the master and the secondary stations em­
ploy different phase codes [11). Two groups of phase 
codes, that is 2GRI, constitute a period of the Loran-C 
signal. The transmitted Loran-C pulse train can thus 
be expressed as the convolution of z 0(t) with a train of 
impulses which describe the start time of each pulse. 

2.2 Structure of the Loran-C receiver 
A simplified, typical receiver structure is shown in Fig. 
1. The bandpass filter passes the Loran-C signal but 
rejects noise and interference outside its pass-band. Its 
bandwidth is usually between 15 and 60 kHz f12,13). 
Notch filters are commonly employed to provide turther 
rejection of specific CWI. The attenuation of CWI by 
the front-ends of such receivers is directly related to the 
amplitude transfer functions of these cascaded filters. 

-Meuunnmnl 

C)l:lo 
Selec:ti.<11 

Fig.1 Simplified structure of a typical Loran-C receiver 

The output signal from the front end filter is sampled 
by an analogue-to-digital converter under the control of 
a receiver clock. Samples are taken from each pulse in 
order to track the zero-crossing of an individual cycle 
( for input to 'phase-tracking loop') and for determin­
ing the sampling point by reference to the shape of 
the envelope (by the 'cycle-selection loop'). The choice 
of the bandwidths of these loops, which are generally 
second-order digital rhase-locked loops (DPLLs), is re­
lated to the receiver s intended application. A typical 
phase-tracking bandwidth is 0.01-0.5 Hz, and for cycle­
selection, 0.01 Hz. 

2.3 The effects of CWI on Loran-C re-. 
ce1vers 

CWI may cause errors in TOA measurements because 
of its effect on phase tracking. It may also cause incor­
rect cycle selection, which then leads to at least 10 µs 
TOA measurement error. Previous research has shown 

that CWI can be classified in terms of its frequency 
relationship to the Loran-C si~nal. The Minimum Per­
formance Standards (MPS) L15) specifies three types 
of CWI: Synchronous, near-synchronous, and asyn­
chronous CWI. 

These three types of CWI produce errors of different 
character. Synchronous CWI causes a fixed offset in 
TOA measurement, near-synchronous CWI an oscillat­
ing offset, and asynchronous CWI a noise-like effect. It 
is synchronous and near-synchronous CWI which most 
frequently cause unacceptable receiver errors and so re­
duce the coverage of Loran-C systems [4). 

2.4 Method of TOA measurement 
Loran-C receivers make TOA measurements by choos­
ing a certain cycle of the received pulses and measuring 
the zero-crossing time of that cycle. The zero crossing 
chosen for this measurement must be sufficiently early 
in the Loran-C pulse to ensure that the groundwave­
propagated signal is being measured and not the less 
stable skywave signal which arrives at least 37.5 µs af­
ter the ground wave [14,15). The earlier this cycle, the 
less the skywave contamination. However, later cycles 
have greater amplitudes and better signal-to-noise ra­
tios. Conventionally the zero-crossing at the end of the 
third cycle, 30 µs after the start of the pulse, is chosen 
as the timing reference. 

CWI can alter the time of the zero-crossing being mea­
sured. The time error is a function of the signal-to­
interference ratio (SIR) and of the phase of the inter­
ferer relative to the Loran-C cycle. This relative phase 
may change, pulse-hr-pulse, for different kinds of CWI 
with consequent variations in the time error. 

An important feature of the Loran-C signal which helps 
reduce CWI errors is its phase coding (Section 2.1). 
Consider a synchronous CWI at 100 kHz. If there 
were no phase codin~, the zero-crossing errors of each 
of the 16 pulses withm 2GRI would be equal. Integrat­
ing the measurements would make no difference. In 
contrast, the shifts of the positive and negative phase­
coded pulses are in opposite senses and tend to cancel 
each other when integrated. Loran-C stations transmit 
10 positive and 6 ne~ative phase-co<;[es in each 2GRI 
period, so the reduction of the error is (10-6)/16=1/4; 
that is, 12 dB. 

More generally, the reduction of the effect of CWI due 
to phase coding varies with frequency in a complex 
fashion which will be analysed in Section 3. 

2.5 Mechanism of cycle selection 
Cycle selection is the process by which the receiver 
identifies the cycle on which the zero-crossing measure­
ment is to be performed. Most receivers use the prin­
ciple that the ratio of the amplitudes of the two half­
cycle peaks either side of each zero crossing is unique. 
By measuring these 'half cycle peak ratios (HCPR)' the 
correct zero crossing rna.y be identified . 

Fig. 2 illustrates this principle; the dots, which repre­
sent the discrete HCPRs of an ideal Loran-C pulse, are 
stored in the receiver. After initial signal acquisition, 
a zero-crossing is found. Its HCPR is then measured 



by taking two samples, 2.5 µs before and 2.5 µs after 
it. By comparing this ratio with the stored ratios the 
zero crossing is identified and an appropriate time ad­
justment (a multiple of 10 µs) is applied so that the 
correct zero crossing is selected. 
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ECD error 
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sampling point 

Sampling point 

I _3.__ _ _.._. __ __. _ ___..'--"=---_.._--~---' 

0 10 20 30 60 

Timo (µs) 
Fig.S The half cycle peak ratio of a pure Loran-C pulse 

In the presence of CWI, the pulse envelope shape may 
be altered substantially. This causes an error in the 
measured HCPR which corresponds to an incorrect 'es­
timated sampling point' (Fig. 2). The error between 
the estimated and true sampling points is termed the 
'measured ECO error' using 'ECO' to mean the time 
discrepancy between the carrier of the Loran-C pulse 
and its envelope. Specifically, it may be thought of 
as the discrepancy between the zero crossing used for 
phase tracking and the corresponding point on the en­
velope. If the magnitude of this measured ECO error 
exceeds 5 ~s~ the wrong c;vcle will be chosen. This type 
of error will be analysed m Section 5. 

3 Attenuation of CWI by inte­
gration and phase decoding 

Although Loran-C signals are infinite pulse trains, re­
ceivers m practice process the measurements made on 
the pulses from a limited number, N, of periods, each of 
2GRI. The sie;nal within these N periods may be repre­
sented explicitly by the summation of the convolution 
of a train of impulses with a standard Loran-C pulse: 

ZL(t) = ~ [t :i:o(t) • 5(t - tm) pc(m)] • 5(t - t,.) (2) 

where :co(t) is the Loran-C pulse, 6 the Dirac function, 
tm the time of each pulse within the 2GRI: 

tm = { ~== U~+GRI /of' 1~m~8 
/of' 9 ~ m ~ 16 

and t,. the start time of that 2GRI: 

(3) 

t,. = 2GRI(n -1) (4) 
Phase decoding is represented by the multiplier pc(m). 
The number N is related to the tracking bandwidth and 
is, of course, different for the phase-tracking and cycle­
selection loops. Appropriate {and widely-different) val­
ues of N are employed in marine, airborne and land 
mobile receivers. 
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In the presence of CWI the receiver experiences the 
sum of the Loran-C signal :cL(t) and the interference 

:Cint(t): Zc(t) = ZL(t) + Z\nt(t) (5) 

Z\ne(t) =I sin(211"fint +'Pint) (6) 

where I and /int are the amplitude and frequency, re­
spectively, of the interference, and 'Pint its phase rela­
tive to that of the Loran-C signal. In the real world, 
CW interferers are generally amplitude or frequency 
modulated signals. Our assumption of a simple carrier 
will result in an over-estimate of the effects of modu­
lated interferers. 

The operations of integration and phase decoding of the 
received Loran-C signal are carried out on this compos­
ite signal. Integration is performed by summing corre­
sponding points of successive pulses. Phase decoding is 
achieved by multiplyin~ each pulse by its phase code. 
~;is integrated co;o[si:: signal may then oe exp] ressed 

y(t) = l:N ~ ~ :i:c(t + tm + t,.) pc(m) (7) 

The linear relationships in equations (5) and (7) allow 
us to decompose y(t) into two parts: y1 , the portion 
due to the Loran-C signal, and Y2, the portion due to 
the interference. It is easy to verify and understand 
that y1(t) = :c 0 (t), by substituting equation (2) into 
(7). Substituting equation (6) into (7), we have: 

Y2(t) = l:N t {~ [:i:.,.,(t) • 5(t + tm + t,.) pc(m)]} 

(8) 
In order to evaluate Y:i(t), we take the Fourier Trans-
form of both sides of equation (8) (see (18] for details). 
The attenuation of the CWI due to phase-decoding 
and integration can therefore be obtamed by taking 
the modulus of the division of Y2(/) by X1nt(/): 

where 

Rejection(/int) = Ri(/int) R2(/int) 
N 

Ri(/int) = I ~ L e:i:p( +j21!" /inttn) I 
16 n=l 

(9) 

{10) 

R3(/in•) =I 
1
1
6 
E e:i:p(+j2'11"/;,.,t.,.)pc(m) I (11) 
Tn=l 

Both R1(/1nt) and R2(/1nt) are frequency-dependent. 
However, the phase-decodmg term appears only in 
R2(/1nt)· 

Equations (9), (10), and (11) are useful tools for studr.­
ing the effects of CWI ot various kinds and the abil­
ity of receivers to reject them (see (18] for details). 
The physical significance of these equations is that the 
rejection of CWI consists of two parts: R2<!1nt), the 
attenuation due to integration over a single ~GR.l, and 
R1(/int), that due to integration over N periods of these 
2GRI. Fig. 3 plots R2 (/1nt) against frequencies from 
95 to 105 kHz, taking GRI=99600 µs as an example. 
It shows a rejection ratio which varies in a complex 
fashion with frequency. The average value is approxi­
mately 0.25, equivalent to an attenuation of 12 dB. The 
crosses represent the synchronous frequencies which 
correspond to the spectral lines of the Loran-C trans­
mission. Fig. 4 plots R1(/int) for frequencies between 



two arbitrarily chosen adjacent synchronous frequen­
cies. It shows that long integration periods may pro­
vide significant additional attenuation for asynchronous 
CWI. 

j 
0.4 

:i 
.II 0.1 ..... 

~ ~ ~ ~ m m w ~ ~ 
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100.2 100.2!1 1003 100.35 100.4 100....., 100.S 
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(b) 
Fig.9 The rejection of CW! due to phase decod­
ing. The crosses represent synchronous interference 
frequencies, the dots the line connecting them represent 
asynchronous frequencies, (a) 95 - 105 kHz (bJ 100 -
100.50 kHz 

Frequency (kHz) 

(a) 
Frequency (kHz) 

(b) 
Fig.4 Rejection of asynchronous CW! due to inte­
gration over N periods of 2GRI, {a) N = 2, {b} 
N=20. Note that, for this GR! {99600 µs), 100 kHz 
a!ld 100.005176 kHz are adjacent synchronous frequen­
cies. 

4 Time-of-arrival errors 

The TOA measurement error is determined by the 
strength and the phase of the CWI relative to the 
Loran-C signal. According to [9], a single CWI results 
in the following TOA measurement error (in µs): 

TOA error= ~~sin- 1 [~sin('Pint)] (12) 

where ~int is the phase of the CWI relative to that 
of the. Loran-C signal, I is its amplitude, and C = 
..jJ'i + S2 + 2/S cos('Pint), S being the amplitude of 
the Loran-C signal at the sampling point. 

When l/S ~ 1, equation (12) can be simplified; when 
'Pint is 7r/2, the TOA error reaches its maximum value: 
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10 I 
(TOA error)maa: = 2-ir S (13) 

The maximum TOA error is frequency-independent but 
is a function of SIR. The dotted line in Fig. 5 shows 
the TOA error calculated according to equation (12). 
The solid line shows the TOA error due to a (syn­
chronous) 100 kHz CWI after adding the attenuation 
due to phase decoding calculated by the method devel­
oped in Section 3. 
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Fig.5 The mazimum values of TOA and ECD errors 
due to a 100 kHz CW!. The solid and dotted lines are 
analytical results for TOA error, the dashed and dash­
dot for ECD error. The circles and stars are TOA and 
ECD errors by the computer simulation, respectively 

In practice, receiver designers commonly set a maxi­
mum TOA error which can be tolerated and need to 
know the corresponding minimum SIR. The result is, 
of course, frequency-dependent. Fig. 6 shows the SIR 
values which cause a 100 ns maximum TOA error at 
interference frequencies between 85 kHz and 115 kHz. 
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(b) 
Fig.6 SIR values of CW! which result in 100 ns ma:z:imum 
TOA error, (a) 85-115 kHz, {b) 99.5-100.5 lcHz 

5 Cycle selection errors 
Section 2.5 described how the 'measured ECD error', 
is determined by the HCPR measured, the two being 
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related by the curve of Fig.2. 

Fig. 7 Definition of Loran-C aignal and CWI parameter.s 
for analyaia of error due to effect of interference on cycle 
aelection proceu 

Fig. 7 shows a single cycle of a Loran-C pulse and 
a single CWI. The HCPR which is measured in the 
presence of the CWI is: 

R t . _ Ai + ll.1 
aio-A A 

2 + .... 2 
{14) 

where Ai and A2 are the half cycle peak amplitudes of 
this cycle of the pure Loran-C pulse and Ai and A:r 
are the error contributions of the CWI. The amplitude 
of this CWI relative to the Loran-C signal is Ao. 

Under the conditions Ao<(:: A1 and Ao~ A2 , the error 
in this ratio caused by CWI equals 

Ratio. = -ll.o ~: [ (1
1 

+ 1J .sin{51rfint) co.s{rpint) 

+ (1
1 

- 1
2

) co.s{51r/int) .sin('Pint)] 

The maximum ratio error is: 
{15) 

I Ratio. !mos = ll.o ~: [ (1
1 

+ 1J
2 

.sin
2
{51r/int)] 

[ + (11 - 1J2 co.s2{5?r/int)ri 

which is achieved when: 
{16) 

1 1 

tan{rpint) = ~ - 7 cot{51rfint) 
Ai+ A, 

(17) 

Equation (37) shows that, in contrast to the maximum 
TOA error, the maximum ratio error depends on both 
the SIR and the frequency of the CWI. Fig. 2 may be 
used to calculate the maximum 'measured ECD error' 
which is equivalent to the maximum ratio error. 

The frequency-dependence of the measured ECD error 
may conveniently be illustrated by calculating the SIR 
value which gives a certain maximum measured ECD 
error. Fig. 8 (solid line), plotted for a maximum error 
of 5 µa, covers the frequency range from 50 kHz to 150 
kHz. (Note that phase decoding and integration have 
not yet been taken into account). 

The result is very surprising: it shows that, contrary 
to what is generally accepted, the closer a CWI is to 

100 kHz, the less interference it causes and the less SIR 
is required. This result may be explained by reference 
to Fig. 7 which illustrates the way in which a CWI 
affects the half cycle peak ratio measurement. If the 
CWI is at 100 kHz, the two peaks will both be either 
increased or decreased together. In contrast, a CWI 
at 200 kHz which caused one peak to increase would 
cause the other to decrease, resulting in a much greater 
change in the HCPR. Thus we see that 100 kHz is the 
frequency at which a given SIR results in minimum 
error. 
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Fig.8 SIR value.s of CWI which re.suit in 5 µa maximum 
mea.sured ECD error. The .solid line i.s the value when pha.se 
coding and integration are ignored. The da.shed line i.s the 
theoretical prediction of SIR value.s of computer .simulation. 
The circle.s are re.sult.s by .simulation. 

The effects of integration and phase decoding may now 
also be taken into account, using the method of Sec­
tion 3. The dashed line in Fig. 5 shows the maximum 
value of the ECD error for a CWI of 100 kHz. This is, 
of course, a synchronous frequency so the CWI is not 
attenuated by integration over 2GRI. However, phase 
decoding has reduced the effect of the CWI by 12 dB. 

6 Effects of front end filtering 

6.1 Criteria for filter performance as-
sessment 

The effects of front-end filtering may be summarized 
as the attenuation of CWI and the distortion of the 
Loran-C pulse. The final criterion for assessing the 
performance of a filter has to be its contribution to 
the improvement in the timing measurement accuracy 
of the receiver. 

Conventionally, only the amplitude transfer function 
of a filter, and the resulting attenuation of CWI, have 
been considered. Recently, van Willigen has pointed 
out the need to take into account the distortion of the 
pulse, and in particular the reduction of signal ampli­
tude at the sampling point compared with that of a 
standard pulse (41. The SIR at the input of the re­
ceiver is always ca1culated with respect to the 30 µs of 
a standard pulse. Thus an indirect result of the pulse 



distortion is to reduce the SIR at the sampling point 
for a given input SIR. 

To calculate the TOA error, both the attenuation of 
the interference and the reduction of the signal ampli­
tude at the sampling point (and hence the reduced SIR 
there) have to be calculated. The TOA uncertainty 
can then be determined from this sampling point SIR. 
Estimating the cycle selection performance requires an 
additional factor to be considered: the change in the 
HCPRs around the samplin~ point due to the filters. 
In every case the reduction m SIR and the change in 
HCPR both depend on which zero-crossing is selected 
as the timing measurement point. 

6.2 Generating filtered signals 

In calculating the TOA and ECO errors due to CWI, 
the filtered Loran-C pulses and CWI must be employed. 
An analytical method of achieving this is to calculate 
the Laplace transform of the input signal, multiply it by 
the transfer function of the filter and take the inverse 
transform [5). In contrast, we implement the filters 
digitally in a computer and use them to filter the input 
signal and interference. 
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Fig.9 Minimum SIR at the receiver input for 100 n1 max­
imum TOA error. A 5th Butterworth filter with !O kHz 
bandwidth i1 u1ed. The 1ampling point i1 approximately 65 
µ1 after the 1tart of the pulse at the receiver input. (a) 50 
- 150 kHz, (b) 80 - 90 kHz, {c} 85 - 85.5 kHz 
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7 Results 
7 .1 TOA errors 
Fig.9 shows the minimum SIR at the receiver input 
wli1ch results in 100 ns maximum TOA error when a 
5th order Butterworth bandf,ass filter is used and the 
zero-crossing is approximate y 65 µs from the start of 
the pulse at the input of the receiver. The effect of 
varymg the sampling point from 45 to 80 µs is shown 
in Fig.10, for a CWI of 100 kHz. As expected, the 
earlier the zero-crossing, the higher the SIR required. 
The other lines illustrate the reduction in the perfor­
mance of the receiver due to the pulse distortion caused 
by notch filters. The dashed lines are produced by a 
single notch filter set successively to the 6 frequencies 
cited. The top solid line shows the combined effect of 
all 6 notch filters operating simultaneously. The results 
show clearly that the pulse distortion caused by notch 
filters does not seriously degrade the performance of 
the receiver; the maximum effect is only 2 dB. 

i 
; ; I 

''""''"oooOO-oOOOfMOoOOooOM-••OO••Ooo;o.,_OooOo•OO.,OOO•<O<;•OO•<OO•MO•••O••OM-•r-------4---·---?"•oO•-·---

i . . i i ' 
i j i 
! i i . 

i i : 
35 

·················:··· ·················r···· ·1········-···········j···-·-············ 

! ! ! , • .,,_,,.,, . .,,,.MoO<•-r-··••OOM0-·--1·----·-!-MM-O•oO• 
I ~ 30 ···-·--·-·!---·--·-·. 

El l ! 

l i ! 
2!l ---·1··· .. ·······--···· .. r-· .. ··-···-····-··1· .. ·-····~···· 

20 

i i 

.. .. ! .................. ! ................ L 
i 
I 

! ! ! 
i I 

l ·:··::::. __ ~ .. :·------1-·----·-· 

I 
u~~~~~~~~~~~~~~~~~~~ 

45 50 55 60 70 15 80 

Z....-auuin1 aampted (µs) 

Fig.10 SIR limit& for 100 ns maximun TOA error. Lower 
Jolid line: bandpau filter alone. Other line1 Jhow effect& of 
pulu didortion due to notch filter1. Da1hed line1: 1ingle 
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7 .2 Cycle selection error 
The fine structure of the frequency dependence of the 
ECO error results is identical with that for TOA results 
shown in Figs.9 and 10. The overall shape of the curves 
from 50-150 kHz in the two cases may be compared in 
Fig.11 below. 

8 Comparison between phase 
tracking and cycle selection 

This section will compare the errors caused by CWI 
in phase tracking and cycle selection. The question of 
which imposes the more critical limit on SIR will be 
answered. 

The maximum allowable TOA and ECO errors must be 
defined. The MPS and the US Coast Guard both set 
a time-difference (TD) limit of 100 ns rms [5,7). Since 
the TD error is the sum of two TOA errors (of opposite 
signs) we take ±50 ns as our limiting TOA error. The 
maximum measured ECO error allowed is ±2.6 µs . 



This is calculated as follows: cycle identification failure 
occurs when the total ECD error is ±5 µa. The receiver 
specification, however, permits a maximum ECD error 
in the received signal of ±2.4 ~a and the CWI contribu­
tion makes U_P the rest. In neither case is any allowance 
made for noise; if this is present, in addition to CWI, 
both TOA and ECD limits would be reduced. The re­
duction would normally be expected comparable in the 
two cases and their relative importance would then be 
little affected. 

We choose to consider only synchronous CWI since this 
is invariably the most serious form of interference. Also, 
although the attenuation due to phase coding varies 
with frequency between 10 and 18 dB, for simplicity 
we take it to be 12 dB, the value at 100 kHz and at 
all other multiples of 5 kHz for all existing GRis. This 
assumption does not affect the comparison result since 
the reduction of CWI due to phase-decoding is the same 
for both phase-tracking and cycle-selection loops. If the 
interference is asynchronous, this simplification gives a 
first estimate of the relative importance of the TOA 
and ECD errors; it is, however, necessary for an exact 
solution to take into account any differences between 
the integration times of the two loops. 

Frequency (kHz) 
(a) 

Frequency (kHz) 

(c) 

Frequency (kHz) 
(b) 

.. -:- ... ; .. : ... ~ ........ ' .. 

Me M. M 1•tMl»t»1•t» 

Frequency (kHz) 
(d) 

Fig.11 Compariaon of SIR limit.. due to TOA error of 
50 n.s {daahed line} and ECD error of !.6 I"-' (aolid line). 
Timing point: (a) and (c) 65 µa, (b) and (d) 45 µa. Filter 
bandwidth: (a) and (b) !O kHz, (c) and {d} 40 kHz. 

Fig. ll(a) shows the variation of the SIR limits with 
frequency; the timing measurement point is at approx­
imately 65 µ._a. Between approximately 82 and 117 kHz 
the dashed line is the higher: that is, the TOA mea­
surement has the greater sensitivity to CWI. Outside 
this frequency range, interference is more likely to cause 
unacceptable cycle-selection errors. 

The result is relatively insensitive to the choice of 
the timing measurement point over the full range 
of practically-usable values. Fig.(b) shows the 
qualitatively-similar results obtained when the timing 
measurements are made at 45 µa. The later the zero­
crossing used, the safer the phase-tracking relative to 
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the cycle selection. 

Increasing the bandwidth of the bandpass filter from 
20 to 40 kHz produces the curves in Figs. ll(c) and 
(d). It is seen that the wider the bandpass filter, the 
safer is cycle selection relative to phase-tracking. These 
results comfirm further that it is not only the SIR at 
the sampling point which determines the cycle-selection 
performance but also the HCPRs there. 

We may conclude overall that, since interference is 
likely to bejresent over the whole frequency range 50-
150 kHz an the two curves lie close together over large 
parts of this range, both kinds of error need to be con­
sidered. However, given that the greatest sensitivity 
to interference is at frequencies within the filter pass­
band, the TOA limit is likely to be the more significant 
in practice. 

9 Computer simulation 
A computer program which simulates Loran-C receiver 
operation has oeen developed to verify the analysis 
above. This demanding computational task has been 
implemented using the highly computationally-efficient 
package, Pro-Matlab, running on a Sun Workstation. 
Standard routines have been drawn from the Matlab 
Signal-Processing Toolbox to simulate each of the in­
dividual functions of a linear receiver having the struc­
ture shown in Fig. 2. The input to the program is the 
Loran-C signal and the interference. The outputs mon­
itored are the TOA measurement error and the mea­
sured ECD error. Sample results, calculated at multi­
ples of 10 kHz, are marked on Fi~s. 5 and 8. Differences 
between calculation and simulation average only 0.5 dB 
and never exceed 1.4 dB for either the TOA or ECD 
error curves. 

10 Conclusions 
Carrier Wave Interference, especially at frequencies 
synchronous with spectral lines of the transmission, is 
a major threat to Loran-C operation. The analysis de­
veloped in this paper examines this problem, taking 
into account for the first time all major signal process­
ing operations _performed by the receiver. The main 
results of this theoretical analysis have been confirmed 
by computer simulation. The principal conclusions are 
that: 

1. Both integration and phase decoding provide sub­
stantial attenuation of CWI. 

2. CWI attenuation by integration and phase decod­
ing is frequency-dependent. The controlling equations 
are the same for the phase-tracking and cycle-selection 
functions. In practice the cycle selection loop invari­
ably has longer integration time and hence a narrower 
bandwidth, and so offers greater attenuation to asyn­
chronous CWI, than the phase tracking loop. 

3. Synchronous and near-synchronous CWI are atten­
uated by phase decoding within each period of 2GRI. 
This attenuation varies from 10 to 18 dB, depending 
on the frequency of the CWI. The attenuation at 100 
kHz is 12 dB. No further attenuation is provided by in­
tegrating over periods significantly longer than 2GRI. 



4. ECD error due to CWI depends on both frequency 
and SIR even before integration and phase decoding are 
taken into account. Unexpectedly, the cycle selection 
process is less sensitive to CWI at 100 kHz than to 
interferers at other frequencies in the range 50-150 kHz. 

5. The improvement in performance the fornt-end fil­
ters provide depends not only on their attenuation of 
the CWI but also on the distortion they cause to the 
Loran-C signal. Notch filters are especially useful for 
attenuating individual high-amplitude interferers. The 
distortion they cause is greatest when the notch fre­
quency is close to 100 kHz. Neither single nor multiple 
notch filters distort the signal sufficiently to require an 
increase of more than 2 dB in the SIR at the receiver 
input. 

6. The relative sensitivity of the phase tracking and cy­
cle selection functions of the receiver to CWI is a com­
plex question. The answer depends quantitatively on 
the bandwidth of the bandpass filter, the zero-crossing 
chosen for timing measurements and the limits set for 
the measured TOA and ECD errors. It has been shown 
that, although the two limits are never greatly differ­
ent and should both, therefore, be considered, it is the 
phase-tracking loop which demands the greater SIR 
when subject to tlie least-attenuated interferers close 
to the Loran-C band. Also, the wider the bandpass 
filters, the safer is cycle selection relative to phase­
tracking; the later the zero-crossing used, the safer is 
phase-tracking relative to cycle selection. 
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Abstract 

In December 1991 six European nations, Denmark, 
France, Germany, Ireland, The Netherlands and Nor­
way, agreed to co-operate in deploying a Loran-C sys­
tem to cover North-West Europe and the North At­
lantic Ocean. The system will comprise 9 stations (6 
existing stations and 3 new ones) arranged in 4 chains. 
In estimating the coverage whicli will be provided, the 
effects of signal attenuation, atmospheric noise, carrier­
wave interference, skywave propagation, the change of 
envelope-to-cycle difference with range and transmitter 
timing uncertainty have all been taken into account. 
Contours of repeatable accuracy have been predicted 
for both conventional hyperbolic receivers, which em­
ploy t_he signals of a master and two secondary stations 
of a smgle Loran-C chain, and receivers which work in 
the semi-circular, cross-chain and master-independent 
modes. 
Because of the complexity of carrier-wave interference 
effects, and their sensitivity to the nature of the receiver 
employed, a standard receiver with specified bandpass, 
notch filter and tracking loop characteristics has been 
adopted as the basis for coverage and performance as­
sessment. Further, in planning the system, a rigor­
ous search was carried out for group repetition inter­
val (GRI) values which minimised the numbers of syn­
chronous and near-synchronous interferers in the area 
covered by each chain. The very substantial variations 
of coverage with choice of GRI were explored and op­
timal GRI values selected. 
This paper sets out, and explains, the assumptions 
adopted by the planning group for the North-West Eu­
ropean system in estimating .coverage and it illustrates 
the performance to be expected using the GRI values 
chosen. 

1 Introduction 

In December 1991, six European nations, Denmark, 
France, Germany, Ireland, The Netherlands and Nor­
way, agreed in principle to cooperate in deploying a 
Loran-C system to cover North-West Europe and the 
North Atlantic Ocean. The political and financial as­
pects of this agreement will be found in the JJaf er in 

· this Symposium by Mr. Stenseth of NODECA fl . The 
purpose of this present paper is to explain and record 
some of the the technical decisions which were made in 
designing the system and to present predictions of its 
coverage and performance. 

The new system will comprise 9 stations (6 existing and 
3 new ones) arranged in 4 chains. In estimating the 
coverage that will be provided, the effects of signal at­
tenuation, atmospheric noise, carrier-wave interference, 
skywave propagation, the change of envelope-to-cycle 
difference with range, transmitter timing uncertainty, 
and receiver operating mode and location have all been 
taken into account. 
The system has been designed using a coverage and 
performance prediction model developed at the Uni­
versity of Wales, Bangor (the 'Bangor model'). At an 
earlier stage in its development the Bangor model was 
described in a paper in the 1990 Technical Symposium 
of the Wild Goose Association (2]. Since that publi­
cation there have been major advances in the scope 
of the model, especially in respect of skywave effects, 
carrier-wave interference, geometry and receiver oper­
ating modes. The principles and results of the skywave 
analysis embodied in the model were discussed in de­
tail in a paper in the 1991 WGA Symposium (31. That 
Symposium also contained a paper on the techniques 
used to assess the severity of carrier-wave interference, 
taking into account the locations and frequencies of the 
interfering stations (4). These techniques have been fur­
ther developed since the date of that publication. 
The Bangor model works by estimating conditions at 
each of a large geographical array of points which span 
at least the area to be covered by the Loran-C sys­
tem. First, each transmission is considered in turn. 
Its field strength at the point is estimated. The at­
mospheric noise level is also determined, using CCIR 
and USCG techniques, and the signal-to-noise ratio 
calculated. The strength of each of the large num­
ber of potential carrier-wave interference (CWI) sources 
is estimated, taking into account both groundwave 
and skywave propagation. The filtering and signal­
processing effects of a 'standard receiver', adopted by 
the North-West European Technical Working Group 
(TWG), are taken into account. Then an overall signal­
to-interference ratio (SIR), covering the whole ensem­
ble of interferers, is estabhshe_d. The uncertainty of the 
time-of-arrival (TOA) measurements of the transmis­
sion due to atmospheric noise and to CWI are calcu­
lated. 
Independently, the interference to the signal caused by 
unwanted skywave propagation is estimated, both its 
strength and its delay being taken into account. The 
envelope-to-cycle difference (ECD) of the signal is also 
predicted. If either the skywave interference or the 
ECD falls outside the limits set by published Minimum 



Performance Standards (MPS) for receivers that signal 
is fiagged as unsuitable for use at the point. 
Each possible triad of the Loran-C stations whose sig­
nals are acceptable is now considered in turn. Taking 
into account the TOA uncertainties of the individual 
transmissions (including a factor to account for trans­
mitter timing uncertainties) the repeatable accuracy of 
the position fix is estimated. The overall fix accuracy 
at the point is taken to be that of the triad with the 
highest repeatable accuracy. In making this selection, 
'the oper_ating mode of the receiver (hyperbolic, semi­
circular, cross-chain or master-independent) is taken 
into account. Contours of accuracy may now be plot­
ted which represent the coverage and performance of 
the Loran-C system under consideration. 
Sections 2-5 of this paper will present further details 
of these aspects of the prediction model. Table 1 sum­
marises the principal assumptions it embodies. 

2 Field strength, 
noISe and ECD 

2.1 Field strength 

atmospheric 

Techniques for estimating the field strengths of ground­
wave signals in the low-frequenc>:: band are well estab­
lished. Bremmer (51 and Norton [61 have published fam­
ilies of curves which relate groundwave attenuation to 
range over surfaces of various values of conductivity. 
Millington (7] has developed a method of dealing with 
inhomogeneous paths. CCIR Report 717-2 describes 
these techniques in full (8]. The Bangor model em­
ploys the CCIR method to map the groundwave field 
strengths of Loran stations point-by-point throughout 
a large array of locations spaced by 0.5° of latitude (56 
km) by 1° of longitude (typically 70 km) [9]. 
The model employs a database of ground conductivity 
values, at intervals of 0.1° x 0.1° of latitude and lon­
gitude (typically llx7km), which covers much of Eu­
rope and North Africa. This database has been built 
up by combining data from the CCIR World Atlas of 
Ground Conductivities with information from national 
administrations and from geological sources. The cur­
rent version of the map is dated 3 January 1991. 

2.2 Atmospheric noise 

The model determines the atmospheric noise at the 
point by reference to the nearest stored value in an 
array of points spaced at intervals of 10° x 10° of lati­
tude and lon.gitude (typiqilly lllx70km). This spacing 

· has been chosen to ensure that the difference between 
adjacent values does not exceed 2 dB. The data source 
is CCIR Report 322-3 [10]. These atmospheric noise 
field strength levels are the averaged 95-percentile val­
ues over the year, calculated in accordance with the 
USCG method set out in COMDTINST 16562.4 [ll]. 
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Parameter 

Field strength 
Groud conauctivity 
Attenuation curves 

Atmospheric Noise 
Source ot data. 
Ca.lcula.tion method 
Element size 

Carrier-wa.ve interference 
Source of da.ta. 
Ba.nd omitted 
Modifica.tion 
Summing rule 

Notch filters used to 
calcula.te CWI signa.ls 
Number 
Tuning ranges 
Notch filter model 
Center depth 
Width 
Tuning stra.tegy 

Reciever filters 
Ba.ndpa.ss rilter 
Tra.cing loop ba.ndwidth 

Geometrica.l limit 
Accura.cy contours 
TD -lta.nda.rd deviation 

ECD limit 
Source of da.ta. 
Limiting ECD va.lues 

Skywave interference limit 
Skywave dela.y da.ta. 
Skywave field strength 
Time period 
Operating limits 

Value/Source 

Bangor ma.p 3 J a.n9 l 
CCIR Rep. 717-2 

CCIR Rep. 322-3 
COMDTINST 16562.4 
10° x 10° lat/long 

IFRB 
90-110 kHz 
Decca. sta.tions 
RSS 

3 + 3 
50-100/100-150 kHz 
Tria.ngular 
30 dB 
+/-lkHz 
Select worst after 
receiver filters 

Butterworth 5th order 
+/-0.lHz 

2o-
Ea.sed on SN R and SIR 

Sherman's curve 
+/-2.4µs 

USCG 
USCG/Decca. (953ile) 
Winter Day 
RTCM70, IECSO 

Table 1: Delft-Bangor table of assumptions 

2.3 Envelope-to-cycle difference 

The envelope-to-cycle difference (ECD)is calculated by 
reference to Sherman's curve f12J. Sherman's curve re­
lates the rate of change of ECb with distance from the 
transmitter to the conductivity of the ground. The 
conductivity database (Section 2.lb is used again in 
this calculation. Normally the EC in the near far­
field close to the transmitter is positive. Its value falls 
with distance, ideally reaching zero at the range limit. 
Poor ground conductivity could, in principle, cause 
excessively-low ECD which would result- in receivers 
experiencing cycle selection errors. The limiting ECD 
values used in the Bangor model are those specified in 
the MPS of both the Radio Technical Commission for 
Marine Services (RTCM) and the International Elec­
trotechnical Commission (IEC): +/-2.4 µs (13). Trans­
missions whose ECD values lie outside this range are 
deemed unusable. 



3 Skywave interference 

With increasing range from the transmitter, the 
strength of the groundwave signal used for Loran-C 
navigation falls. The strength of the unwanted skywave 
component, in contrast, changes little with range over 
distances between 100 and 2000 km from the station. 
Thus there is a range at which the skywave interference 
becomes unacceptable in relation to the groundwave. 
Maximum levels of s~ywave interference which receivers 
are required to tolerate are laid down in the R'l'CM and 
IEC MPS documents (13]. They are expressed in terms 
of the skywave-to-groundwave ratio (SGR) and the sky­
wave delay with respect to the groundwave. The Ban­
gor model calculates both of these parameters at each 
point in the array and compares them with the MPS 
limits to determine whether or not the point lies within 
the boundary of acceptable skywave interference. 
SGR is a parameter which varies randomly with time 
over short periods. Its expected root mean square 
(rms) value at any time of day and season of the year 
is a function of distance from the transmitter. A de­
tailed study has been carried out of USCG sources and 
records of skywave propagation of Decca Navigator, a 
system which operates in the same frequency band as 
Loran-C. From this information, the relationships be­
tween rms skywave field strength and range have been 
established for each time and season. 
USCG sources also contain authoritative measurements 
of skywave delay as a function of range, under day and 
night propagation conditions, which have been built 
into the model. When the estimated SG R and delay 
values are compared with the MPS limits it is seen that 
the most serious skywave interference is experienced 
during daylight on winters' days. The North-West Eu­
ropean Loran-C Technical Working Group (TWG) have 
set this as the period of limiting skywave interference 
for coverage prediction purposes. Additionally, they 
have adopted the 99-percentile (a value 7dB above the 
rms) as the limiting skywave intensity. 
A full presentation of the skywave analysis embodied 
in the Bangor model is available in [3]. 

4 Carrier-Wave interference 

4.1 Introduction 

The analysis of the effects on Loran-C receivers of the 
large numbers and high levels of carrier-wave inter­
ference sources experienced in Europe is exceptionally 
complex (14]. When the coverage of the first Loran-C 
chains to be installed in the region was estimated by 
the USCG, carrier-wave interference was ignored. The 
North-West European TWG first allowed for the re­
duced coverage due to CWI by assuming an artificially­
high level of atmos_Pheric noise, 61dB/µV/m. The rea­
son for choosing this value was that it caused the model 
to predict a coverage area for the Norwegian Sea Lo­
ran chain which, in their judgment, most closely re­
sembled that experienced by users. Subsequently, more 
sophisticated analyses have been developed and incor­
porated into the Bangor model which are based on a 
list of known European interferers and an understand-
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ing of the behaviour of Loran-C receivers when subject 
to CWI. 
It must be recognised that this behaviour, and conse­
quently the effective coverage areas of the Loran chains, 
depend upon many factors specific to the design of the 
type ofreceiver employed; there is no simple, sin~le cov­
erage boundary. For this reason the TWG decided to 
define a standard form of receiver to which the coverage 
and performance contours it published corresponded. 
This receiver was intended to be broadly representa­
tive of receivers of good quality. Other types of receiver 
might have greater or lesser coverage. 

4.2 List of interferers 

No complete, up-to-date list exists of the locations, fre­
quencies, emission classes and power levels of all inter­
ferers which affect European Loran-C receivers at any 
time: details of some interferers are classified and so 
unavailable; other known interferers operate only infre­
quently; the picture changes constantly, especially as 
transmissions are removed from the 90-110 kHz band 
in order to reduce interference to Loran-C. However, a 
brave attempt has been made by Beckmann at Delft 
University of Technology in The Netherlands to assem­
ble the best possible information. Beckmann's list is 
based on the records of the International Frequency 
Registration Board (IFRB). It includes all transmis­
sions between 50 and 150 kHz in the region bounded 
by latitudes 30°N and 90°N and longitudes 70°W and 
60°E. 
The list has been amended to incorporate updates and 
corrections supplied by the PTT authorities of certain 
of the countries represented. Further, where entries 
in the list are known to be incorrect or misleading, 
they have been modified: in particular, the list actu­
ally contains the output powers of all Decca Naviga­
tor transmitters, rather than the much lower radiated 
power levels which are required for calculating their 
field strengths. Finally, surveys have shown (15] that 
there is now negligible interference in the crucial 90-
110kHz band and so the interferers listed there have 
been deleted. 
The Bangor model assumes conservatively that all in­
terferers transmit continuously and that winter night 
propagation conditions apply. Again employing the 
ground conductivity database (Section 2.1), the field 
strength of the groundwave component of each inter­
ferer is computed at each point in the coverage array. 
The field strength of the skywave component of the in­
terference (the value which is not exceeded for more 
than 5% of the time) is also estimated and the vari­
ances of the groundwave and skywave components are 
summed. The resulting composite interfering signal is 
then assumed to be attenuated by the receiver factors 
specified in Section 4.3. Finally, the variances of the 
individual signals of the whole ensemble of interferers 
are summed. 

4.3 Receiver specification 

Each interfering signal may effectively be attenuated 
within a Loran-C receiver by the bandpass filter, the 
phase sampling process and the phase decoding oper-



ation. In addition, notch filters may have been set to 
provide further attenuation. 
The 'standard receiver' is assumed to have a 5th-order 
Butterworth bandpass filter with zero attenuation at 
lOOkHz and approximately 3dB at 90 and llOkHz (16]. 
Each interferer is weighted in accordance with that 
characteristic. The effect of the phase sampling process 
is to create a comb filter matched to the Loran-C spec­
trum. Synchronous interferers are not attenuated by 
this filter; the attenuation of each near-synchronous or 
non-synchronous interferers, however, depends on the 
proximity of its frequency to that of the closest spectral 
line. In the standard receiver, the effect of the sampling 
process is assumed to be equivalent to a comb filter with 
a-3 dB bandwidth of +/-0.lHz and a 6dB/octave roll­
off (16]. The phase reversals applied by the receiver to 
the signal in order to remove the Loran-C phase coding 
also attenuate the interference by an amount which is 
a complex function of frequency. In the standard re­
ceiver, interfering signals of all frequencies are assumed 
to be attenuated by a fixed value, 12 dB, which is typ­
ical of attenuation due to phase decoding. 
The number of notch filters with which Loran-C re­
ceivers are equipped varies greatly. In addition, some 
receivers employ manually-adjusted notch filters; oth­
ers automatically set their filters to the strongest inter­
fering signals emerging from the bandpass filter. Loran­
C receiver performance under European interference 
conditions depends critically on the number, band­
width and depth of the notch filters and on whether 
or not they are optimally set to reject the most seri­
ous interferers. The standard receiver is assumed to be 
equipped with six notch filters, three being restricted 
to frequencies in the range 50-lOOkHz and three to 
frequencies from 100-150kHz. The attenuation of the 
notches at their centre frequencies is 30dB. It falls lin­
early (on a dB scale) to zero at +/-1 kHz. It is assumed 
that the notches are set to remove the most serious in­
terferers, taking into account the effects of bandpass 
filtering and phase sampling and decoding described 
above. 

4.4 Choice of GRI 

A further factor which has a crucial effect on Loran-C 
coverage and performance, when these are limited by 
carrier-wave interference, is the choice of GRI. Setting 
the G RI determines the frequencies of the spectral lines 
of the signal and the corresponding frequencies of the 
matching comb filter which results from the sampling 
process in the receiver. The severity of the effect caused 
by an interferer of a given level depends upon the prox­
imity of its frequency to these spectral lines. Beckmann 
has shown that, by prudent choice of GRI, the effects 
of the whole ensemble 9f European interferers can be 
substantially reduced (16]. 
Using the modified IFRB list, Lincklaen Arriens and 
Beckmann (16] have selected optimum GRis for the set 
of candidate Loran-C chains selected at the Delft meet­
ing of August 1991 (see Section 6). The GRI values 
chosen are specified in Figs. 3-6. 
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5 Calculation of fixed repeatabil­
ity 

5.1 Time-of-arrival uncertainty due to 
atmospheric noise 

The signal-to-atmospheric-noise ratio of the signal re­
ceived from each Loran-C transmitter is calculated at 
each point in the array from the estimates of field 
strength {Section 2.1) and atmospheric noise (Section 
2.2). The rms value of the resulting uncertainty in the 
measured time-of-arrival of the signal is then calculated 
using the following equation (17]: 

<Tatmo• = samples x SN R x 4""2 

5 x 10 7 

(1) 

'samples' = receiver integration time {secs) x8 x 
105 /GRI. A typical receiver integration time of 
10 seconds is used in the coverage model. 

SNR is the signal voltage divided by the noise voltage. 

5.2 Time-of-arrival uncertainty due to 
CWI 

Two separate mechanisms in a Loran-C receiver are af­
fected by CWI:phase-tracking and cycle-identification. 
Theoretical analysis (14] has demonstrated that, nor­
mally, the errors in phase-tracking reach the MPS limit 
before cycle-identification failure becomes unaccept­
able. Phase-tracking errors,therefore, are employed to 
define coverage limits. The uncertainty of TOA due to 
CWI depends on the signal-to-interference ratio; it is 
a complex function of frequency. A recent study [14] 
has shown that, on average over all frequencies, a lOOns 
rms TOA error results from an SIR of +lldB. Further, 
providing the . strength of the signal significantly ex­
ceeds that of the interference, the variation of this rms 
value is approximatel}· proportional to the SIR. Section 
4.2 described how the strength of the interference due 
to the ensemble of interfering signals is calculated at 
each point in the array. The SIR at the point is then 
computed from this value, together with the strength 
of the Loran-C signal. In this way the rms value of the 
TOA of the transmission due to CWI is estimated. 

5.3 Geometrical factors 

Sections 5.2 and 5.3 have described how the TOA un­
certainties of each Loran-C transmission due to atmo­
spheric noise and to CWI are estimated at each point 
in the geographical array. These uncertainties are now 
combined, by summing their variances, to give the total 
TOA uncertainty of the signal. We can now derive the 
repeatable accuracy of the position fix obtained using 
a triad of Loran stations. The calculation takes into 
account the customary geometrical factors: the lane 
expansion factor of each time-difference (TD) pair of 
TOA measurements and the angle of cut of the pair of 
hyperbolic lines-of-position (LOPs). These calculations 
are embodied in the following equation: 



2.l: 
2DRMS= -.- x 

Slll 'Y 
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(2) 

0'4, O'& and O'e are the individual TOA uncertainties of 
stations A,B and C. 

<1', is the standard deviation of the transmitter tim­
ing control which is 36ns for a modern Loran-C 
transmitter [17], 

-y is the acute crossing angle between the LOPs, 

a and f3 are the angles subtended at the receiver be­
tween stations A and B, and B and C, respec­
tively. 

k is the scaling factor, 149.8455 

In this way we compute the 2drms uncertainty of the 
fix from the individual TOA uncertainties of the trans­
missions received from the triad of stations. The use of 
these equations represents a significant change in the 
method of dealing with TOAs and geometrical factors 
in coverage_ prediction from that adof ted previously by 
the TWG m North-West Europe [2 (although a sim­
ilar approach has been used elsewhere). Formerly the 
TWG had followed the USCG method: this assumes 
that, at the coverage boundary, the SNRs of all three 
of the stations which contribute to the fix are the same, 
-lOdB. The resulting rms uncertainty in each TD mea­
surement is lOOns, equivalent to 70ns in each of the 
t~~ee individu_al TOA measurements. The 2drms po­
sition uncertamty is then computed by including the 
effect of the geometrical factors. The USCG limit is 
0.25 nm ( 463m) at the coverage boundary. 
Th~s USCG assumption resulted in a modest under­
~tim~te of the coverage since it excluded those areas 
i~ which the SNR of one or more of the signals is a 
httle poorer than -lOdB and the others a little better 
but where the combined effect of the three signals pro­
duces a position uncertainty within the USCG limit. 
As contours of ever-greater greater precision (200m, 
lOOm, 50m, etc.) are plotted, however, the effect of 
the new technique becomes progressively more signifi­
cant. These boundaries lie relatively close to the trans­
mitters, in regions of good SNR, and to assume (as 
had ~een done previously) that the TO~ uncertainties 
remamed at 70ns and only the geometrical factors im­
proved was unreasonably pessimistic. The new analysis 
replaces this assumption with more precise estimates 
of the uncertainties of the TOA and position measure­
ments. 
The. coverage boundary is the line at which either the 
fix repeatability attains the USCG limit ( 463m, 953 
confidence) or, alternatively, one or more of the trans­
missions reaches its skywave or ECD limit. 

Mode First TD pair Second TD pair 

Hyperbolic Ml+Sl Ml+Sl 

Semi-circular Ml+Sl Ml+M2 
or Ml+S2 

Cross-chain Ml+Sl M2+S2 

Master Any two Any two 
independent stations (not more than l 

of first TD pair) 

Ml=Mastcr from first chain 
M2=Master from second chain 
Sl=A secondary from first chain 
S2=A secondary from second chain 

Table 2: Receiver operating modes 

5.4 Receiver operating modes 

Customarily, the three stations employed to give a 
Loran-C position fix are the master and two secon­
daries of the same chain. ~owever, certain types of 
receiver employ other operatmg modes which may re­
sult in improved performance or enhanced coverage and 
t~e. model ha:i ~'?e:'1 extended to cope with a range of ad­
ditional possibilities. These are set out in Table 2. This 
Table should also help to clarify the nomenclature since 
the distinctions between these modes are fairly subtle 
and different manufacturers sometime employ different 
names for the same mode. 
In Figs.1 and 2, the Bangor model has been used to 
compar~ the coverage ?fan earlier c?nfiguration of Lo­
ran cha.ms when receiver operate m the hyperbolic 
semi-circular and cross-chain modes. ' 

6 Design of the Loran-C system 
for North-West Europe 

As a result of the withdrawal of the United Kingdom 
from the North-West European Loran-C Consortium 
in June 1991 it was necessary to re-design the system. 
A major constraint was the loss of the planned trans­
mitting station _in North-Ea.st ~ngland. On the other 
hand, the technique of GRl optimisation, developed at 
Delft, had opened up the possibility of significantly re­
ducmg the effects of CWI on receivers and so increasing 
the coverage of each chain. 
A working meeting of the TWG was held at Delft from 
20-24 August 1991. Using an interim version of the 
~odel described. above, the group generated and exam­
med_ cover~ge d~agrams for some 40 alternative config­
urations with different master-secondary relationships 
and transmitter powers. The principal technical prob­
lems to be overcome as a result of the loss of the British 
stati?n were poor coverage off the west coast of Ireland 
and m the south of Norway. An additional new con­
straint was that the station at Sylt (Germany) was ex­
pected to be required as a master station for the later 
Baltic e~pansion of the system; given that no more than 
dual rating of stati?ns ~s des~rable, Sylt could only act 
as a secondary station m a smgle cha.in of this system. 
The interim version of the model used at Delft assumed 
that the GRI of all chains was 7777, a value chosen to 
minimise CWI over the whole region. Once the pre­
ferred configurations had been selected the GRI for 
each individual chain was optimised. ' 
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Figure 1: Coverage showing the effect of semi-circular 
mode receiver operation 

Two preferred alternative options (Figs.3 and 4) 
emerged, which were costed in detail. A third option 
(Fig.5), which dispensed with the Sandur {Iceland) and 
Angissoq (Greenland) stations, was also prepared to 
meet the contingency of an Icelandic withdrawal from 
the Consortium. 
These alternatives embody two different solutions to 
the problem of coverage west of Ireland. In Alter­
native 1, Ejde is a master station. The Irish sta­
tion has been moved north to Blacksod which is 
within range of Sandur without skywave problems. 
Two triads, Ejde(M)-Sandur-Blacksod and Lessay(M)­
Blacksod- Soustons, provide overlapping coverage. The 
power of Sous tons has been increased to 500k W. In 
Alternative 2, the west of Ireland is served by the 
triads Lessay( M )-West-Ireland-Soustons,Lessay( M )­
West-Ireland-Ej de or Sandur(M)-Ejde-West-Ireland. 
The power of Lessay is increased to 500kW. Alterna­
tive 3, is a modification of Alternative 1, the Sandur 
chain being deleted and with Jan Mayen as a secondary 
to Ejde. In all three alternatives, southern Norway is 
served by the Sylt(M)-Fedje-Lessay triad. 
The final selection was made by the policy group at a 
meeting in Oslo in December 1991. It was based on Al­
ternative 3, but, in response to the wishes of particular 
nations, it incorporated a number of changes includ­
ing the further optimisation of the GRis, the feasibility 
of which was demonstrated by using the Bangor model. 
The station in the west oflreland was returned to Loop 
Head and the power of Lessay restored to 250kW. 
The following are the chain configurations and trans­
mitter powers for the coverage alternatives of Figs. 3-6: 
Alternative 1: Bo Chain (GRI 4219): Master Bo: 

(400 kW), Secondaries: Gamvik (250 kW), Jan 
Mayen (250 kW). Ejde Chain (GRI 7223): Mas­
ter: Ejde ( 400 kW}, Secondaries: Jan Mayen (250 
kW), Blacksod (250 kW), Fedje {250 kW), Bo 
(400 kW). Sylt Chain (GR! 7643): Master Sylt 
(250 kW), Secondaries: Fedje (250 kW), Lessay 
{250 kW). Lessay Chain (GRI 5641): Master: 
Lessay {250 kW), Secondaries: Souston (500 

effect of cross-chain 

kW), Blacksod (250 kW), Sylt {250 kW). 

Alternative 2: Sandur Chain (GRI 7307): Master: 
Sandur (400 kW), Secondaries: Jan Mayen {250 
kW), Ejde {400kW), Angissoq (400 kW), W Ire­
land (250 kW). Bo Chain (GRI 6001): Master 
Bo: (400 kW), Secondaries: Gamvik (250kW), 
Jan Mayen (250 kW), Fedje (250 kW). Sylt Chain 
(GRI 7643): Master: Sylt (250 kW), Secondaries: 
Fedje (250 kW), Lessay {500 kW). Lessay Chain 
(GRI 7223): Master: Lessay (500 kW), Secon­
daries: Souston (500 kW), W Ireland (250 kW), 
Sylt (250 kW), Ejde (400 kW) 

Alternative 3: Sandur Chain (GRI 6001): Master: 
Sandur (400 kW), Secondaries: Jan Mayen 
(250 kW), Ejde {400 kW), Angissoq (400 kW). 
Bo Chain (GRI 4219): Master Bo: (400 kW), 
Secondaries: Gamvik (250kW), Jan Mayen (250 
kW). Ejde Chain (GRI 7223): Master: Ejde 
(400 kW) Secondaries: Sandur {400 kW), Black­
sod {250 kW), Fedje {250 kW), Bo {400 kW). 
Sylt Chain (GRI 7643): Master: Sylt {250 kW), 
Secondaries: Fedje (250 kW), Lessay {250 kW). 
Lessay Chain (GRI 5641): Master: Lessay {250 
kW), Secondaries: Souston (500 kW), Blacksod 
{250 kW), Sylt (250 kW). 

Final option: Bo Chain (GRI 4219): Master Bo: 
(400 kW), Secondaries: Gamvik (250kW), Jan 
Mayen (250 kW). Ejde·Chain (GRI 7223): Mas­
ter: Ejde ( 400 kW) Secondaries:Jan Mayen {250 
kW), W Ireland (250 kW), Fedje (250 kW), Bo 
(400 kW). Sylt Chain {GRI 7643): Master Sylt 
(250 kW), Secondaries: Fedje (250 kW), Les:iay 
(500 kW). Lessay Chain (GRI 5641): Master: 
Lessa.y (250 kW), Secondaries: Souston (250 
kW), W Ireland (250 kW), Sylt (250 kW). 
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Figure 4: 
Coverage of Alternative Coverage 
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7 Conclusions 

The paper has described the model used to design the 
North-West European Loran-C system. This model 
predicts the coverage and performance of candidate 
configurations of stations. The paper has presented 
in detail the assumptions which it embodies and the 
methods it employs. Finally, the fixed repeatability 
contours of a short-list of alternative schemes and of 
the system chosen have been presented. 
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EXPERIENCE IN THE USE OF LORAN-C WINDFINDING IN THE UNITED KINGDOM 

J.NASH and T.J.OAKLEY 

Meteorological Office, 
London Road, Bracknell, Berks RG12 2SZ, U.K. 

Operational Loran-C windfinding systems were 
installed at four sites in the United Kingdom 
(UK) during 1991. Upper winds are observed by 
tracking meteorological balloons using Loran 
signals received by a radiosonde suspended 
underneath the balloon. The Loran signals are 
retransmitted from the radiosonde to a Vaisala 
PC-CORA ground system at the launch site, where 
the Loran signals are processed to produce winds 
using a Vaisala SPLll tracker. Winds obtained 
with the Loran-C system were compared with those 
derived from radar tracking during installation 
tests at each site. Although certain intermittent 
deficiencies were identified in the Vaisala Loran 
system, the tests demonstrated that Loran wind 
measurements were of similar accuracy to those 
produced by radar tracking. Reprocessing the 
original observations with the signals from 
individual Loran transmitters excluded, 
demonstrates that cross-chain operation has clear 
advantages over single chain operation at all the 
sites using Loran windfinding in the UK. 

Meteorological Requirements for wind 

Upper wind observations are essential for 
successful weather forecasts. The winds are 
measured several times per day from a worldwide 
network of stations, usually by tracking the 
path taken by meteorological balloons ascending 
through the atmosphere at about 6 m.s-• to 
heights between 20 and 35 km above the surface. 
These observations are supplemented by wind 
reports from coilllllE!rcial aircraft and winds 
derived by tracking cloud motion from 
geostationary satellites. 

Wind observations between the surface and 
heights of about 16 km are made at a vertical 
resolution of around 300m in the UK. The random 
errors <1 s.d.) in each component of wind 
velocity at this resolution must be less than 1 
m.s- 1 between the surface and a height of about 2 
km and less than 1.5 m.s- 1 at heights between 2 
and 16km. If the observed wind components are 
averaged over layers about 1 km thick for global 
numerical forecasts random errors should alsobe 
less than 1 m.s- 1 at levels centred between the 
surface and 16 km. At heights above 16 km the 
forecasting requirements for winds are less 
stringent both in terms of accuracy and vertical 
resolution. However, longterm scientific 
investigations quantifying the influence of 
gravity waves on atmospheric circulations 
benefit from wind observations of similar quality 

and resolution to those at the lower levels. 
Thus, the vertical resolution of wind 
observations in the UK operational network is 
kept constant throughout the balloon ascent, 
i.e. winds are computed from the horizontal 
displacement of the balloon during 1 minute in 
flight. All the winds considered in this paper 
were measured at this resolution. 

Operational qbseryations in the UK 

From 1965 until 1991 all upper wind observations 
from land-based stations in the UK were derived 
by tracking targets suspended under 
meteorological balloons with Cassar WF :MkIV 
primary radars. Observations were m:1de at 6 
hourly intervals from eight UK stations. 
Pressure, temperature and relative humidity were 
also measured at midday and midnight by a 
radiosonde suspended at least 20m under the radar 
target. The radiofrequency signals from the 
radiosonde were received at the ground station by 
a dedicated antenna. Prior to 1978, operators 
computed the upper air observations manually from 
the incoming signals. However, since 1979 the 
radiosonde and radar signals have been 
automatically processed into the meteorological 
variables required for the upper air observation. 
The Cassar radars are unable to track the 
balloon from launch because the minimum range for 
automatic tracking is 300m. Hence, 2 members of 
staff are essential at launch to ensure timely 
and accurate radar lock onto the target. In 1990 
a Vaisala PC-CORA system replaced the original 
UK RS3 auto:mated ground equipment. PC-CORA is 
relatively easy to operate. If radar windfinding 
is replaced, one person rather than two is 
sufficient to make the upper air observation. 

Vi th a Loran-C windfinding system the motion of 
the radiosonde suspended 20 to 30m under the 
balloon is tracked using Loran-C signals 
received by an antenna and receiver mounted in 
the radiosonde. These signals are then 
retransnitted by the radiosonde to the ground 
equipment by suitable modulation of the 
radiosonde carrier frequency. At the ground the 
Loran signals are stripped out and processed 
using a suitable Loran receiver. see Lange (51. · 
T:!:te Loran tracker is synchronised prior to launch 
s.o no special operations are required from the 
operators at launch. Without a radar target 
beneath the balloon, single man launching and 
operation is feasible. The cost of consumables 



for Loran windfinding is higher than for radar 
windfinding in the UK operational observation 
schedule, since Lor3n radiosondes must be flown 
on all four flights per day. Loran-C windfinding 
systems replaced radar windfinding systems at 
three UK upper air stations during 1991, where 
the saving in staff resources outweighed the 
increased consumable casts. These were, Shanwell 
(03170) [ moved to Baulmer 03240 in !(arch 1992], 
Aughtan <03322) and Long Kesh (03920). Figure 1 
shows the station locations relative to the 
nearest Loran-C transmitters. Initial Loran-C 
windfinding tests were performed at Crawley 
<03774). This paper describes earlier UK Loran 
windfinding tests and the experience gained 
during the operational change from radar to Loran 
tracking. 
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Fig. 1 Locations of Loran transIDitters relative 
to UK upper wind observation sites 

History of Loran C wind observations in the UK 

Meteorological Research Flight Dropsonde 
During the 1970s the UK undertook the development 
of a dropsonde to be ejected from the 
Meteorological Research Flight C130 aircraft. 
The dropsondes fell through the atmosphere 
suspended from parachutes designed to follow 
atmospheric motion in the horizontal. Loran 
signals received by the sonde and retransmitted 
to a receiver on the aircraft were used to 
derive winds from the horizont::1l displacement of 
the dropsonde. The system used on the aircraft 
was only capable of single chain operation and 
was described in Ryder, et al [ 81. The quality of 
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Loran signals was monitored at several surface 
locations in the UK prior to development. Ryder 
used the results from these static tests to 
predict the accuracies of single chain Loran 
wind observations in the north Atlantic and 
around the British Isles. 

OWS Lim 
The UK used Loran windfinding for routine 
operational observations on the Ocean Veather 
Ship <Starella) stationed at Lima <57.N, 2o·v> to 
the northwest of Ireland from 1976 until 1985. 
Two Beukers Locate ground stations were used on 
the ship in conjunction with VIZ radiosondes 
transmitting at 403 KHz. The Locate systems 
required the operators to select three Loran 
stations < i.e. master and 2 slaves from a given 
chain) prior to flight and to insert the 
position of balloon launch. Computations were 
produced from both of the Loran chains 
available at the weather ship location. 

A time of arrival difference from a pair of 
Loran transmitters defines a line of position 
(LOP), i.e. the locus of all the possible 
radiosonde positions for the given time 
difference. The rates of change of the time of 
arrival differences from the given pair of 
transmitters received at the radiosonde are 
proportional to the velocity of the radiosonde 
perpendicular to the LOP, the constant of 
proportionality being termed the scale factor. 
Vith a single chain Loran tracker, such as the 
Locate system, the errors in wind velocity are 
determined by the signal to noise ratios of the 
Loran signals received, the scale factors of the 
Loran pairs and also the angle between the LOP 
of each Loran master-slave pair at the 
radiosonde position. With three station Loran 
tracking, the component of wind velocity 
perpendicular to the LOP of the Loran pair with 
the most favourable scale factor and signal to 
noise ratios will be determined with higher 
accuracy than the component of wind velocity 
parallel to this LOP. This effect will be more 
pronounced if the LOP from the second Loran pair 
crosses the first LOP at an angle less than 45• . 

In 1985, the weather ship was anchored close to 
the radiosonde station at Stornoway, in the 
Hebrides, see Fig.1. Simultaneous Loran and 
radar wind measurements were compared by 
tracking balloons launched from the weather ship, 
Kitchen, McLeod and Edge,[3J. Observations were 
obtained mostly between 0600 and 1800 GMT. This 
test revealed a flaw in the weather ship Loran 
wind measurements. The wind velocity component 
perpendicular to the Ejde-Sylt LOP was 
underestimated by 5 per cent. This led to a 
systematic bias in Loran wind speed observations 
during the test that would have been considered 
unacceptable against current observational 
requirements. By the time the test results were 
processed OWS Starella had been taken out of 
operation so the exact origin of the error 
re110ined unidentified. However, this experience 
highlighted the need for thorough tes.ting of 



operational windfinding systems before operations 
commence rather than at the end of useful life. 

The LOP of the Ejde - Sylt pair at Stornoway is 
aligned approxi:mately southwest to northeast. 
Static monitoring by Ryder <unpublished 
Ket.Office memorandum) demonstrated that the 
signals from this pair had more favourable signal 
to noise ratios than those from Ejde-Sandur, the 
other pair used. Loran signals received from Ejde 
and Sylt at Stornoway were dominated by the 
ground wave. Sandur observations had much weaker 
ground wave and a higher proportion of skywave 
with the first hop skywave predominant at 
nighttime. The results of the weather ship test 
indicated a random error in Loran wind component 
meausurements of 0.5 m.s- 1 perpendicular to the 
Ejde-Sylt LOP and 1.5 m.s-• parallel to the 
Ejde-Sylt LOP. These random errors were larger 
than the 0. 3 m. s- 1 rms vector errors predicted 
for daytime observations in the Stornoway area by 
Ryder. 

Benbecula 
In 1984 a Loran windfinding system :manufactured 
by Vaisala was purchased for use at the 
military range at Benbecula, Hebrides. The 
acceptance trial for the equipment was performed 
at Stornoway, see Kitchen and Nash [41. Test 
flights were mainly performed during the day. 
The best agreement between radar and Vaisala 
Loran winds was obtained between heights of about 
1. 5 and 3. 5 km. Here, the rms vector errors in 
the Loran wind observations were estimated as 
0.7 m.s- 1

, with a random error in the wind 
component perpendicular to the Ejde-Sylt LOP of 
between 0.2 and 0.3 m.s- 1

, and in the component 
parallel to the Ejde-Sylt LOP of about 0.6 m.s- 1 • 

The asymmetry in the random errors of these 
Loran winds was similar to that found for the 
weather ship system. However, the absolute 
magnitude of the errors was a little smaller than 
for the weather ship as the average rms vector 
error between the surface and 16km for the 
Vaisala observations was about 1.2 m.s-•. 

Crpsschain Loran tracking 
In 1987, a windfinding system using cross-chain 
Loran tracking was tested at Crawley upper air 
station under a contract for Vaisala Oy . The 
system was based on fully automated Vaisala 
DigiCora ground equipment. With this system, rms 
vector errors for the Loran wind measurements 
were 0. 7 m. s·-• between the surface and about 16 
km and there was no significant asymmetry in the 
random errors. During the same year, Clough et 
al [unpublished Ket. Office memorandum] de•1el oped 
a similar system with cross-chain tracking 
ability for use with the Ketorological Research 
Flight dropsondes. 

As the test results for both cross-chain systems 
indicated winds of similar quality to those 
obtained by radar tracking, Loran systems were 
ordered from Vaisala Oy in 1990 to allow single 
man operation to commence at four of the UK land 
stations in 1991/2. 
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Vaisala PC-CORA system 
The Vaisala PC-CORA ground system, Lister and 
Pettifer [6] and Nash [7] was introduced in the 
UK in 1990 using tracking data from the Cossor 
radars to compute winds. However, the system was 
also designed to accommodate Loran or Omega 
navaid windfinding, if additional navaid trackers 
and software were purchased from Vaisala. In the 
Loran windfinding configuration a Vaisala SPL11 
Loran-C receiver is added to the PC system 
together with a whip antenna for local Loran 
signal reception. The local Loran signals are 
used to synchronise the Loran receiver prior to 
radiosonde launch. The Loran receiver acquires 
data from the standard UHF <403 Jl:Hz) receiverfor 
the incoming radiosonde signals . The rates of 
change of the time of arrival differences 
derived by the Loran receiver are output at 10s 
intervals to the Vaisala SPU11 card in the PC 
system. The independent microprocessor on this 
card computes winds from the Loran tracking data 
using, , see Karhunen [21,:-
~ ~. 

x ( p· Q-1 K)-1 KT Q-1 t 

where 
i is the wind vector 
K is the matrix of Loran-C geometry 
Q is the weight matrix computed from the 
variances of the rates of change of the time of 
arrival differences 

and t is the vector of the rates of change of 
time of arrival differences 

This formulation allows all the available Loran 
signal pairs to be used in the wind computation. 
In the UK there can be as many as 5 independent 
Loran time differences available. The variances 
and rates of change of the time of arrival 
differences are determined as the Loran tracking 
data update by fitting a polynomial to the data 
in a given time window. If time of arrival data 
from a given Loran pair in the time window are 
too noisy, they are dropped from the computation. 
Winds are computed and output from the SPUll to 
the PC system for use in the reported observation 
if the quality of the Loran geometry, as 
represented by the determinant of the matrix 

{Kr.Q- 1 K)- 1 is adequate. The precise details of 
the algorithms and the limits used in the 
computations have not been disclosed by Vaisala. 
In the following sections, comparison against 
simultaneous radar wind observations and 
recomputation of flights using different 
combinations of Loran stations have been used to 
judge the skill of the Vaisala 
procedures. 

Comparisons of PC-CORA radar and Loran winds 
A typical comparison between radar and Loran 
winds between the surface and about 18 km can be 
seen in Fig. 2. This was obtained during 
installation testing at Shanwell. Agreement 
between the two sets of observations is close, 
but even at the lower levels the Loran winds 
indicate a smoother vertical structure in the v 
component than the radar winds. 
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Fig.2 Typical profiles of Loran and radar wind 
observations . 

In the summer , winds are usually weak in the 
stratosphere, (e.g. at heights above the jetstream 
maximum in Fig.2 ), but gravity waves cause 
substantial variation in the vertical in each 
wind component. Loran and radar tracking indicate 
similar structure in the vertical , but the 
amplitude of the variations in the Loran winds is 
typically smaller than that of the variations in 
the radar winds, see Fig.3. Either the Loran 
tracking data are overdamped or smoothed for 
longer than the nominal 1 minute sampling period 
during processing or the radar tracking data are 
underdamped. This requires further investigation. 

The gaps in the Loran winds in Fig.3 are caused 
by the quality control procedures applied to the 
Loran signals during the computations. The 
operator has to accept the machine decision. He 
is not presented with an estimate of wind 
component error or an error message to query 
why so many wind observations are being rejected. 
The Loran signals do not appear to be close to a 
critical noise threshold since the vertical 
structure in the Loran winds has a very close 
correlation with the structure in the radar 
winds. There is no indication of excessive noise 
in the observations near the data gaps. There are 
usually enough viable wind reports that the gaps 
in the reported Loran winds can be tolerated in 
operational practice. However, at heights close 
to the _jetstream maximum gaps in reported Loran 
wind data often occur in regicns of very strong 
wind shear and these do lead to misrepresentation 
of significant vertical wind structure. 
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Fig.3 Typical profile of loran and radar 
northerly wind components in the stratosphere. 

Loran and radar windfinding systems were operated 
simultaneously for about four weeks before Loran 
operations commenced at all the new installations 
in 1991. Typical comparison statistics between 
Loran and radar wind components are presented as 
a function of time into flight, in Fig.4, for an 
initial test at Shanwell performed in July 1991. 
The horizontal displacement of the balloons from 
the launch site in the Shanwell test was not 
large ( less than 50 km on average) and so the 
radar tracking errors probably did not vary very 
significantly with time into flight. The random 
errors <1 s.d.) in each of the wind components 
observed by the Cossor radar could be expected 
to be about 0.3 ± 0.1 m.s- 1 at close ranges 
increasing to nearer 0.5 ± 0.1 m.s- 1 at 50 km 
slant range, see Edge et al [ll. Hence, the 
results in Fig.4 indicate that random errors in 
each orthogonal component of the Loran winds 
were most probably in the range 0.2 to 0.5 m.s- 1 

between minutes 6 and 40 into flight. These are 
similar in magnitude to the radar tracking 
errors. There was no evidence of asymmetry in the 
random error distributions in the Shanwell data 
set. The strongest signals received at Shanwell 
were predominantly ground waves from Ejde, Sylt 
and Lessay. Both Loran pairs available from these 
signals would have similar signal to noise 
ratios and the LOPs would cross at angles near 
go·. Single chain tracking at Shanwell would give 
poorer wind accuracy in the direction parallel 
to the Ejde-Sylt LOP than perpendicular to this 
LOP < see earlier Stornoway testsl, because of 
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Table 1 
Statistics of [Vaisala Loran - Cossor radar] wind components obtained 
during operational installation tests in the United Kingdom ( note: wind 
component u is positive for a wPsterly wind and wind component y is 
positive for a southPrly wind 

Station !Launch I Elapsed u v 
I hour I time mean s.d mean s.d 
I G:KT I minutes I m. s-- 1 I m. s-1 I m. s·- 1 I m. s-1 1 

----------1---------1---------1---------1---------1---------1---------1 
Crawley !0,6,12,181 6-10 I 0.0 I 0.6 0.0 I 0.6 
Shanwell 10,6,12,181 6-10 0.2 I 0.5 0.0 I 0.5 
Aughton 10,6,12,181 6-10 0.1 0.6 O.O 0.5 
Long Kesh 10,6,12,181 6-10 0.0 I 0.9 I 0.1 I 0.6 I 
----------1---------1---------1---------1---------1---------1---------1 
Crawley 10,6,12,181 21-30 I 0.0 ! 0.9 I 0.0 I 0.8 I 
Shanwell 10,6,12,181 21-30 I 0.2 I 0.5 I 0.0 I 0.5 1 
Aughton 10,6,12,181 21-30 0.2 0.7 0.1 0.7 
Long Kesh 10,6,12,181 21-30 I 0.0 I 0.8 I 0.2 I 0.8 1 
----------1---------1---------1---------1---------1---------1---------1 
Crawley 10,6,12,181 41-80 I -0.1 I 1.1 I 0.0 I 1.0 ! 
Shanwell 10,6,12,181 41-80 I 0.1 I 1.0 I 0.0 I 1.0 I 
Aughton 10,6,12,181 41-80 0.2 1.1 0.0 1.1 
Long Kesh 10,6,12,181 41-80 I -0.1 I 1.2 I 0.3 I 1.5 I 
----------1---------1---------1---------1---------1---------1---------1 
All I 0 141-80 I 0.1 I 1.0 I 0.1 I 1.1 I 
All I 6 I 41-80 I 0.1 I 1.0 I 0.1 I 1.1 
All 12 I 41-80 0.0 1.2 0.1 1.3 
All 18 I 41-80 0.0 1.1 0.1 1.1 
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Fig.4 Summary of the standard deviation between 
simultaneous Loran and radar winds at Shanwell. 

the need to rely on the Ejde-Sandur pair in the 
Norwegian chain. Crosschain Loran tracking avoids 
this degradation. . 

Near the surface ,i.e. minutes 1 to 5 in Fig.4, 
Loran winds < poor signal reception immediately 
after launch) have slightly larger errors. 

The increased scatter between the Loran and radar 
winds from minute 41 onwards was not just the 
result of degradation in radar tracking accuracy. 

The signal to noise ratios of the Loran tracking 
data received at the ground decrease in the 
later stages of the balloon ascent. This should 
lead to increased random error in the Loran 
winds. The Vaisala system does not record 
information on the signal to noise ratios in a 
useful fashion for the operator during or after 
the flight. An error estimate would be of more 
practical use than the current indication of 
whether a given Loran station is used in each 
wind computation or not. The number of signals 
exceeding the threshhold of usefulness applied 



by the Vaisala software does not give a reliable 
indication of the magnitude of the random error 
expected in the reported wind. The different 
response of the two tracking systems to smaller 
scale wind variations in the vertical, see 
Fig.3, must also play a part in increasing the 
random scatter between the two sets of winds . 

Table 1 surmnarises the results of Loran - radar 
system testing at four UK sites. The 1991 tests 
were performed at Crawley in February/March, at 
Shanwell June/July, at Aughton September/ October 
and at Long Kesh November/Decmber. In the first 
time band in Table 1, i.e. 6 to 10 minutes into 
flight, radar tracking errors should be a minimum 
in all data sets and should be 0.3±O.1 m.s- 1 in 
both components. The second time band, 21 to 30 
minutes into flight, can be used to judge if any 
substantial degradation in wind accuracy has 
taken place when the balloon has reached 
jetstream heights. In the final time band, 
horizontal balloon displacents may be large. 
Average displacements were largest for the Long 
Kesh data This offers a partial explanation of 
why this data set has the largest standard 
deviations between loran and radar winds. 

Long Kesh was the only site where there was an 
indication of significant asymmetry in the random 
differences between the two sets of wind 
observations. It is unlikely that the asymmetry 
was associated with the radar wind observations. 
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The scatter plot of the vector differences 
between Loran and radar winds between minutes 5 
and 25 into flight can be seen in Fig.5. The 
major axis of the ellipse fitted to the random 
error distribution is aligned parallel to the 
Ejde - Lessay LOP at Long Kesh. The random errors 
in the Loran wind velocity in this direction were 
estimated to be in the range 0.7 to 0.9 m.s- 1 • 

The Loran receivers used at Long Kesh were found 
to have intermittent errors in the timing 
assigned to the tracking data. It is possible 
that these errors increased the scatter between 
the Loran and radar winds. However, the 
asymmetry suggests that the E.jde- Lessay station 
pair was providing better Loran tracking accuracy 
than the Ejde-Sylt and Lessay-Sylt pairs. 

Ryder found substantial increases in Loran 
tracking noise during static Loran monitoring at 
Stornoway. Th.is was attributed to enhanced 
skywave propagation at night. The combined 
comparison results split according to time of 
observation in Table 1 do not indicate a 
substantial diurnal variation in Loran 
observational error. The poorest agreement 
between Loran and radar winds was found in midday 
measurements, particularly at Long Kesh. 

Vaisala system faults 

Intermittent faults 
Operational testing identified several 
intermittent faults in the Loran system. 

LORAN RADAR LONG KESH On occasions, the time assigned to the 
Loran tracking data would reset to zero 
during launch preparations. This led ta a 
mismatch with the PC system times of up to 
10 minutes and winds were assigned to 
heights up to 3 km in error. Additional 
symptoms of this fault were identified so 
operators could identify when the fault had 
happened, and reinitiate the flight. 

Ellipse size : 40 per cent of data 
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In a limited number of test flights ( 
particularly at Lang Kesh, but also at 
Aughtan and Crawley> the timer in the Loran 
tracker updated tao rapidly so that by the 
end of the flights Loran times differed from 
the PC and radar times by more than 1 
minute. Vaisala claim to have identified the 
origin of this fault. No diagnostics are 
available ta warn the operator if it occurs. 

Fig. 5 Scatter plot of vector differences lm.s~] 
between Loran and radar winds at Long Kesh, 

for minutes 5 to 25 into flight. 

Communication between the Loran receiver and 
the SPUll card would often lock when 
operating with early versions of PC-CORA 
software. This has largely been overcome 
with updated software. 

System deficiencies 
As noted earlier, the system would be 
improved substantially if wind error 
estimates were derived from the Loran 
tracking data and output into the data 
archives. The operators could then recognise 
poorer quality measurements. Fault 
investigations would be eased. The tests 
have shown that Vaisala quality control 
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Table 2 
Statistics for reprocessed wind components 

[Vaisala Loran. 1 transmitter excluded] - Vaisala Loran . all stations] 

Loran !Launch !Elapsed u v 
signal lsite !time I mean s.d I mean s.d 
excluded I ! minutes I m. s- 1 I m. s- 1 l m. s-- 1 m. s·-· 1 I 
----------1---------1---------1---------1---------1---------1---------1 
Ejde IShanwell I 1 - 5 I 0.0 0.5 I 0.0 I 0.2 I 
B; !Shanwell 1 - 5 0.0 0.2 0.0 0.1 
Sylt IShanwell 1 - 5 -0.7 2.7 0.0 0.5 
Lessay IShanwell 1 - 5 -0.1 0.5 -0.1 0.4 
Soustons IShanwell 1 - 5 0.0 0.2 0.0 0.1 
----------1---------1---------!---------1---------1---------1---------1 
Ejde IShanwell I 11 20 I 0.1 I 0.3 I -0.1 I 0.3 I 
B; IShanwell 11 - 20 I 0.0 I 0.2 0.0 I 0.1 I 
Sylt IShanwell 11 - 20 0.0 1.4 0.0 0.3 
Lessay IShanwell 11 - 20 0.0 0.4 0.0 0.5 
Soustons IShanwell 11 - 20 0.0 0.1 0.0 I 0.1 
----------1---------1---------1---------1---------1---------1---------1 
Ejde IShanwell 61 - 80 I 0.0 0.3 -0.1 I 0.3 I 
B; IShanwell 61 - 80 0.0 0.2 0.0 0.2 I 
Sylt IShanwell 61 - 80 -0.1 1.0 0.0 0.3 
Lessay IShanwell 61 - 80 0.0 0.4 0.1 0.5 
Soustons IShanwell I 61 - 80 I 0.0 I 0.1 I 0.0 I 0. 1 I 
----------1---------1---------1---------1---------1---------1---------1 
Ejde !Crawley 1 - 5 0.0 0.3 I 0.0 0.2 
Sylt !Crawley 1 - 5 -0.3 1.6 0.1 1.0 
Lessay I Crawley 1 - 5 0. 1 0. 9 0. 1 1. 2 
Soustons !Crawley 1 - 5 0.1 I 0.8 I 0.1 I 1.2 I 
----------1---------1---------1---------1---------1---------1---------1 
Ejde !Crawley I 11 - 20 I 0.0 I 0.2 I 0.0 I 0.1 I 
Sylt !Crawley 11 - 20 -0.1 0.6 0.0 0.2 
Lessay !Crawley 11 - 20 0.1 0:3 0.0 0.1 
Soustons !Crawley 11 - 20 0.0 0.2 0.0 0.1 
----------1---------1---------1---------1---------1---------1---------! 
Ejde !Crawley 61 - 80 I 0.0 I 0.3 I 0.0 I 0.3 I 
Sylt !Crawley 61 - 80 -0.2 1.0 0.0 0.2 I 
Lessay !Crawley 61 - 80 0.1 0.2 0.0 0.2 
Soustons I Crawley 61 - 80 I 0. 1 I 0. 2 -0. 1 I 0. 1 
----------1---------1---------1---------1---------1---------1---------1 

' NOR\JEGIAN SLAVE 2 EXCLUDED - ALL STATIONS. FRENCH MASTER EXCLUDED - ALL STATIONS 
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Fig. 6 Vector differences [ m. E··-·1 J betN1:=;en. repro':E.·s·-=~d s1.::ir-:..v;•.?ll wi:1ds 
and the original mul tistation Loran otsen'atiClns, 

(a) Sylt excluded, (b) L-?s.say excluded. 



procedures do allow fairly large wind errors if 
Loran signal reception is poor. In the UK, poor 
Loran reception is usually caused by a faulty 
radiosonde transmitter or Loran receiver. This 
does not occur very often in practice, since the 
Vaisala radiosondes have relatively few failures. 
However, the operator needs to decide whether to 
abandon a flight and launch a replacement 
radiosonde. 

In practice , stations using Loran windfinding 
have been making more repeat flights < typically 
2 to 3 per month) than at the stations using 
radar windfinding, usually because Loran tracking 
has failed during flight. On several occasions 
Loran signals have been lost when radiosondes 
have been flying through active weather fronts. 
The origins of this signal loss are under 
investigation. 

If the radiosonde has a faulty Loran receiver, 
this does not become apparent to the operator 
until the radiosonde is launched. Then no Loran 
signals are received from the radiosonde although 
the pressure ,temperature and relative humidity 
observations are present. It would be more cost 
effective if Loran reception via the radiosonde 
antenna could be checked prior to launch and 
faulty radiosondes returned to the manufacturer 
for repair. 

During the first year of operation, each of the 
three sites using Loran has encountered problems 
with the SPLll Loran receiver supplied by 
Vaisala. The receivers seem to gradually become 
detuned from the Loran signals and so the Loran 
signal strengths detected from the radiosonde are 
not always adequate for windfinding. The reason 
for this is currently under investigation. If a 
spare Loran receiver had not been available at 
each site, Loran wind observations could not 
have been sustained. 

Reprocessed winds 

The PC-CORA system allows winds to be recomputed 
using archived Loran time of arrival data 
reprocessed by the SPLll Loran receiver. The PC­
CORA system parameter file can be adjusted to 
exclude signals from nominated Loran stations 
during the reprocessing. The necessary archives 
are available from all the test flights , but the 
reprocessing is extremely time consuming and only 
a limited sample has been reprocessed to date. 
The statistics in Table 2 compare wind 
components computed with given Loran signals 
excluded to the original computation using all 
available signals. The flights were chosen 
arbitrarily and consist of 10 flights from 
Crawley at 18.00 GMT and 10 from Shanwell at 
12.00 GMT. Data from three time bands are 
represented in Table 2. Minutes 11 to 20 were 
chosen to represent optimum Loran signal 
reception conditions, with minutes 1 to 5 and 61 
-80 expected to have poorer Loran s.ignals. 

The removal of a Loran signal that has little 
impact in the original computation produces winds 
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with a standard deviation of between 0. 1 and 0. 2 
m. s··· 1 relative to the original computation, e.g. 
see the impact of the exclusion of Soustons or Bl 
signals from Shanwell observations.The exclusion 
of Sylt signals has the biggest impact on wind 
computations at both Crawley and Shanwell. This 
indicates that the quality of operational Loran 
winds in the UK depends strongly on the 
operation of this transmitter. Fig.6(a) contains 
a scatter plot of the differences between 
Shanwell winds computed with Sylt excluded and 
the original winds. With Sylt excluded the 
increased errors in the reprocessed winds are 
aligned parallel to the Ejde-Lessay LOP at 
Shanwell. The equivalent plot for winds with only 
Lessay excluded is included at Fig. 6(b). The 
increased random errors are then aligned 
parallel to the Ejde-Sylt LOP at Shanwell. 

The redundancy in the multistation wind 
computation at Crawley means that the loss of 
any of the Loran signals apart from Sylt does 
not lead to a significant degradation in Loran 
wind quality, if the radiosondes are more than 
1. 5 km above the surface. The situation is not so 
favourable at Shanwell, where the loss of either 
Sylt or Lessay Loran signals does lead to 
degradation of Loran wind observations. It is 
undesirable for an operational system to rely 
heavily on one particular Loran transmitter for 
satisfactory operation. Thus, in the long term, 
the installation of an additional Loran 
transmitter in southern Ireland would probably 
off er significant advantages to the UK. 

Conr' 1 usions 

After extensive testing , satisfactory 
operational windf inding systems have been 
established at four sites in the UK. The quality 
of the wind observations is similar to the 
quality of winds obtained from the radar tracking 
systems that were replaced. The current Loran 
wind observations are of better quality than 
those obtained with earlier single chain Loran 
systems. Crosschain Loran operation has benefits 
at all the UK installations. Small scale 
variations in the vertical in Loran winds have 
smaller amplitude than in radar winds . The 
Vaisala system would be substantially improved if 
wind error estimates were derived from the Loran 
tracking data used to compute the winds. 
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ABSTRACT 

With the recent mid-continent expansion of 
LORAN in the United States and the worldwide 
increase in the use of LORAN in terrestrial and aviatlon 
applications, the understanding of propagation over 
land of LORAN signals has received renewed attention. 
This study focuses on two aspects of the ab111ty of a 
LORAN receiver to select the correct zero crossing to 
track. First, it has long been thought that the negative 
change in ECO ls more rapid over land than seawater. 
Recent data has shown this not to be true and one 
purpose of this study ls to develop a more accurate 
model of the variation of ECO with distance and ground 
conductlvity. As opposed to using stationary monitor 
receiver data, we use flight data covering virtually the 
entire continental United States. 

Second, with more groundwave attenuation over 
land than over seawater, skywave to groundwave ratios 
are larger and skywaves are potentially more of a 
problem. Also, in Europe, with the very large number 
of interfering signals in the adjacent LF bands, some 
receivers have very narrowband front ends which 
further complicates the skywave problem. In our study 
we have developed a highly accurate model of pulses 
from solid state transmitters which allows the isolation 
of skywave from groundwave. This allows us to collect 
statistical data on skywave to groundwave ratio, 
skywave delay, and skywave ECO. These statistics, 
together with a knowledge the frequency response of 
the receiver front end and the ECO estimation 
method, allow us to predict ECO bias: and cycle 
selectlon problems due to skywave interference. 

INTRODUCTION 

Starting in 1991, the Electrical Engineering 
Section at the Coast Guard Academy was tasked by the 
RadJonavigation Division of Coast Guard Headquarters 
to study Envelope to Cycle Difference (ECD) in the far 
field. The intent ls to shed some light on why and how 
ECD changes over land paths of varying conductivity. It 
quickly became obvious that before we could address 
validation of any theoretical models, we needed a much 
better understanding of the measurement process. At 
the 1991 Wild Goose Association (WGA) Symposium 
I l), we discussed such issues as: With present 
technology, how ls ECO measured? What are the 
statistics of the measurement? What sources of bias 
exist? In particular It was shown that cross rate 
interference could be a significant source of bias in the 
ECD measurement. In this paper we analyze ECO 
changes over land using flight data, which unlike 
monitor data, should not contain bias due to cross rate 
interference. Also, at the same meeting. David Last 
and others (2), suggested that skywave Interference In 
many cases may be the llmltlng factor in a receiver's 
ability to select the proper zero crossing for tracking. 
At the 1987 WGA Symposium, (3) we had suggested 

*Present Address: USCGC DURABLE (WMEC 628) 
c/o Coast Guard Group. 600 8th. Ave. SE 
St. Petersburg, FL 33701-5099 

methodology for systematically studying skywaves but 
we had only collected a small amount. of data. In this 
paper we present a revised method and much more 
extensive data. For an earlier and longer version of 
this paper containing many more graphs of the data, 
the reader Is referred to (4). 

GROUND CONDUCTIVITY ANALYSIS AND ECO 

One type of shape change which can cause a 
receiver to cycle slip ls the Envelope-To-Cycle 
Difference (ECO) of the pulse. One model for ECO ls a 
phenomena which results from a difference between 
the group velocity, the speed at which the envelope 
propagates, and the phase velocity, the speed at which 
the zero-crossing propagates. This difference between 
group and phase velocities ls because different 
frequencies within the LORAN band propagate at 
different phase velocities. Assuming the most 
experience In phase velocities near the LORAN band 
would be related to the DECCA navigation system, we 
contacted Mr. Alf Ramsay with RACAL DECCA. formerly 
DECCA NAVIGATOR COMPANY LIMITED and he 
provided us with an Internal DECCA memo from 1950 
(5). This contained plots of phase velocity Y§. ground 
conductivity for the various DECCA frequency bands. 

I ·•-Decca (5) .a- Sherman (6) 
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Figure I. Predicted change ln ECO per l 00 nm 
vs ground conductivity. 

Using the standard expression for group delay 
(derivative of phase with respect to frequency), It can 
easily be shown that the change In ECO per 100 nm ls 
approximately 7.27 x l0-6 µsec times the difference in 



phase velocities at 85 (Master) and 113.3 (Red) kHz In 
m/sec. Since this difference Is approximately 33.000 
m/sec over seawater. this Implies about 0.24 µsec of 
negative shift per 100 nm and agrees very well with 
the generally accepted value of 0.25 µsec. In (6), 
Sherman using Coast Guard monitor data flt this data 
to a curve Figure I compares Sherman's model (6) to 
that predicted by the curves of phase velocity In (5). 
The two curves show reasonable agreement and both 
predict much larger changes over land than over 
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seawater. It Is worth noting that the DECCA data 
suggests virtually the same rate of change for good 
ground conductivity (10 mmhos/m or greater) as for 
seawater while Sherman's data suggests faster change 
for these conductivities. In [7]. Taggart conducted 
further analysis of Coast Guard monitor and suggested a 
least squares method for the analysis and we use 
essentially his method In the analysis below. 

Anecdotal results Indicate that these models do 
not accurately predict the change In ECO over 

\ 

Figure 2. Paths of BENDIX KING flights. 

ground paths. BENDIX KING corporation provided us 
LORAN data collected from airplane flights across the 
US. These paths are shown In Figure 2. We plotted 
the ECO of these paths against the distance the 
receiver was from the transmitter to try and 
determine the rate of change of ECO. Figure 3 Is a 
typical plot plot where the data was collected over a 
ground path. This data was collected from the 
Baudette transmitter In a flight between Kansas City 
and Great Falls. 
Although the model predicts that ECO should change 
faster than .25µsec/ IOOnm. It actually changes slower. 
We noticed that few of the paths over land conform to 
Sherman's model. Using the BENDIX KING LORAN 
data and a data base of the ground conductivity for the 
United States. We partitioned the conductivity of the 
US Into 7 discrete values: I. 2, 4, 8, 15, 30, 
5000(seawater) mmho/meter. For each point along 
one of the airplane paths, we calculate the distance a 
pulse traveled over each value of conductivity. Using 
this Information and the ECO at each coordinate we 
can calculate In a least squares sense the rate of 
change of ECO for various conductivities. For example: 

Assuming ECO can be written as a function of ground 
conductivity according to the following equation: 

ECD(n) = Co+ c 1 L1 (n) + C2 L2(n) + C3L3(n) + C4L4(n) 
+ C5L5(n) + C5L5(n) + C7L7(n) + c , where 
Co = a constant 
CI -7 = rate of change of ECO for each of seven values 

of conductivity (µs/nautlcal mile) 
Li-7 =path length which ECO has traveled for each 

conductivity (nautical mile) 
n = number of each point collected 
e = vector of errors 

The vector of C values which minimize the 
length of the error vector (c) Is given by: 

C = (AT Ar 1 (AT Y). where 

L1 (I) L2(1) L3(l) L4(1) L5(l) L5(1) L10l 

A= 
L1(2) L2(2) L3(2) L4(2) L5(2) L5(2) L1(2) 

L1(n) L2(n) L3(n) L4(n) L5(n) L5(n) L7(n) 
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Figure 3. ECD In µsec ~ distance for Baudette on flight 
from Kansas City to Great Falls 

and Y Is matrix of ECD's at each point. l.e 

ECD(l) 
ECD(2) 

Y= ECD(3) 

ECD(n) 

Data was collected by BENDIX KING every 20 sec. We 
processed the data In groups of 9 samples to give us 
data every 3 min. The Individual samples were 
checked for receiver warnings. Of the valid data. the 
largest and smallest were discarded and the mean of 
the rest calculated. The conductivity data base was 
divided Into cells of 0.2° of latitude and 0.25° of 
longitude, or about 12 nm on each side. A plane 
travelling at 240 knots would travel 12 nm In 3 
minutes. We discarded data beyond 600 nm where 
significant skywave Interference could be present. We 
averaged approximately 25.000 samples to get our 
results. The program accesses a point In the pre­
processed flight data and Its averaged ECD, calculates 
the conductivity values along the path from the 
transmitter and stores the Information in the 
appropriate matrix. Using data collected across the 
United States we can solve for the vector c. the rate of 
change of ECD for the various conductivities. With 
these values we have created a new model of the 
effects of ground conductivity on the rate of change of 
ECD. Figure 4 compares our model with same data as 
In Figure l above. Using these coefficients to predict 
ECD we obtained an rms error of 0. 72 µsec compared 
to our raw data. 

Several comments about our model must be 
made. The steep slope which occurs at conductivity of 
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Figure 4. Change In ECD In µsec/100 nm Yi! ground 
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.001 mho/m may have some degree of error because 
we had limited data at that that conductivity. We also 
are at a loss to explain the results at seawater 
conductivity data of 5 mho/m which suggested virtually 
no change with distance. We went back and looked at 
all of the graphs of ECD vs distance for those paths 
over all or mostly seawater and they Indicated there 
was change with distance. We combined these Into a 
single graph (Figure 5) and calculated the slope In a 
least squares sense. The result Is the single point In 
Figure 4 (0.12 µsec/100 nm) and the straight line In 
Figure 5. 
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Figure 5. ECD vs distance for all seawater paths. 

The model also appears .to have an Inconsistent 
spike at the conductivity of .004 mho/m. This spike 
may be best explained by terrestrial rather than 



conductivity effects. Much of the conductivity in the 
US of .004 mho/m ls found in the mountainous regions 
of the United States. In these regions ECD changes 
more quickly with respect to distance. Figure 6 ls an 
example of data collected over the Rockies. This data 
ls consistent with Walter Dean's observations in (8). 
The signal strength plots for propagation over 
mountains also showed drops in strength not 
predicted by M1lllngton's method for the charted 
conductMty (also consistent with the plots in (8).) We 
feel the technology may be quickly advancing to the 
point where numerical integration of Maxwell's 
equations will be feasible to explain such phenomena. 

3.5 

3 

2.5 

2 

1.5 

0.5 

0 

,. I I ..... 
I I 

MOUNTAINS 
I I 

I I •• .. ... . ,.. .. 
I I I II 

I I 
I :..: 

D 

I 
I I .... I 

I 00 200 ~O I 400 500 600 
DISTANCE (NM) 

Figure 6. ECD of George in a flight across 
the Rocky Mountains. 

We also attempted to detennine 1f altitude has an 
affect on either ECD or signal strength. Most of the 
BENDIX KING data was collected at altitudes between 
25,000 and 28,000 feet. We were provided with time 
tagged text files containing comments such as 
"takeoff'. "landing", "IOk and climbing", "level at 26k", 
etc. By doing linear interpolation between these 
points we were able to do crude estimates of altitude 
Y§. Ume and thus ECD Y§. altitude. There appeared to 
be a slight tendency for ECD to decease about 0.5 µsec. 
from ground to 10,000 feet, but the variations in the 
data were much greater than any trends. Because the 
BENDIX KING flights would cover as much as 100 nm 
between take off and level flight, we collected our own 
data under more controlled conditions. LCDR Dick 
Hartnett of the Academy engineering faculty flew his 
own private aircraft. From ground level to his 11.500 
foot limit, we saw no variation with altitude in either 
the ECD or signal strength data. For plots of both the 
BENDIX KING and our own altitude data see (4). 

SKYWAVE ANALYSIS 

With increased usage of LORAN with overland 
propagation paths. groundwaves are more highly 
attenuated resulting in larger skywave to groundwave 
ratios when compared to propagation over seawater. 
David Last and others (2). suggested that skywave 
interference may in many cases be the limiting factor 
in a receiver's ab111ty to select the proper zero crossing 
for tracking. At the 1987 WGA Symposium, (3) we had 
suggested methodology for systematically studying 
skywaves but had only collected a small amount of data. 
The method below ls a modification of that in (3). and 
was used to collect more extensive data. The 
microprocessors in LORAN transmitters do better 
maintaining pulse shapes than earlier transmitters; as 
a result, the groundwaves are easier to model. In 
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order to separate the two, the groundwave must be 
modeled and subtracted from the skywave. We 
modeled the groundwave based on the ideal equation 
for a pulse, differentiated from antenna current to near 
far field. ECD shifted by propagation, and the transfer 
functions of our pre-amp and filter. The LORAN 
waveforms were digitized at 2.5 MHz and 8 bits. 
Averages of 2048 negative phase coded pulses were 
subtracted from averages of 2048 positive pulses. Data 
was collected on the Malone and Carolina Beach signals 
from New London, CT at 12 minute intervals from 
February 24th to March 24th (1992). Figure 7 
1llustrates a typical pulse and the basic method of 
processing the data. 

The first 40 µsec of the raw data ls used to 
estimate the TOA. amplitude, and ECD of the 
groundwave and these parameters are used to generate 
a groundwave model. This groundwave model ls 
s11btracted from the raw data and the same algorithm 
ls used on the remainder to estimate the same 
parameters on the first hop skywave . 

1-RawData - Groundwave Model I 

-RawData­
Groundwave 

- Skywave Model 

Figure 7. Processing Carolina Beach data 
for 0027 EST, 25 FEB 92. 

,1 
~ I 

In examining the data we noticed frequent cycle 
slips in our estimates of the TOA of the skywave. 
Figure 8 ls an 1llustration of this in the Carolina Beach 
data. These cycle slips were usually reflected in a 
substantial ECD shift, (Le. TOA would shift 



approximately 10 µsec but the sum of TOA and ECD 
was approximately constant.) In Figures 9 and 10 we 
used the sum of TOA and ECD (Le. the TOA of the 
envelope) to estimate skywave delay. This results in 
much more random fluctuation, but we feel the data ls 
more reliable. Table 1 summarizes our data on the 
typical delays and ratios for Carolina Beach and Malone 
for pulses which reach New London. We separated the 
data Into nighttime and daytime Intervals. and found 
the mean and standard deviation on a spreadsheet. We 
discarded any (delay) data where the skywave to 
groundwave ratio was less than 0. 7 since our ability to 
measure the parameters of relatively weak skywaves ls 
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Figure 8. Skywave delay of tracked zero crossing 

(In µsec) for Carolina Deach (517 nm). 
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Figure 11. Skywave to groundwave ratio for Malone. 

limited by the accuracy of our groundwave model. In 
this case we used 56% and 95% of the Carolina Beach 
and Malone data respectively. To obtain a more 
accurate groundwave model or to perform similar 
analysis for tube type transmitters It would be 
necessary to simultaneously record waveform data 
either In the near far field or at the transmitter. We 
expect to use near far field data In future studies. We 
are also developing a much more portable and less 
expensive system so that simultaneous data collection 
at multiple remote sites will be feasible. 

station 

Malone 
c. Beach 

Malone 
c. Beach 

mean 
sky. 
delay 
44.7 
58.9 

mean 
sky. 
delay 
32.1 
44.5 

Night 
stdev mean stdev 
sky. sky/gnd sky/gnd 
delay 
4.8 7.6 4.7 
5.2 1.2 0.5 

Day 
stdev 
sky. 
delay 

mean stdev 
sky I gnd sky I gnd 

5.5 2.6 
4.1 0.5 

Table 1. 

1.8 
0.3 

With this Information and some simple 
trigonometry we can estimate typical nighttime and 
daytime layer heights. These estimates are 
summarlred In Table 2. 

Station Delay Delay Layer ht. Layer ht. 
(day) (night) (day) (night) 

Malone 32.1 44.7 63.5 km 77 km 
µsec µsec 

Carolina 44.5 58.9 67 km 79 km 
Beach µsec µsec 

Table 2. 
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Figure 12. Comparison of Malone data to minimum 
performance specifications. 

Figure 12 compares the minimum performance 
specifications for maritime, (2) and airborne (9). 
receivers with respect to skywave delay and skywave to 
groundwave ratio for our Malone data. For similar plots 
of Carolina Beach data see (4). Notice that a significant 
drop In the skywave delay occurs during the daytime. 
During the day the layer height lowers and It takes less 
time for the skywaves to arrive at the receiver. As a 
result, we would expect skywaves to arrive earlier In 
the groundwave pulse during the day and cause more 
cycle slip errors. There Is also more variance In the 
data during the day. This variance occurs because the 
skywave signals are not as clear during the day and 
since they arrive earlier they become more difficult to 
model. 

Pulses from Malone to New London travel over an 
all land path of distance 886 nm. According to Figure 
12. receivers just meeting the minimum would not be 
able to track this station as many of the points lie 
outside the minimum specification lines. It should be 
pointed out that for reliable LORAN navigation In New 
London, tracking the Malone station Is not necessary. 

CONCLUSIONS 

By using extensive flight data provided by 
BENDIX KING we have presented a revised model of 
change In ECD as a function of ground conductivity. 
We found that for reasonable conductivities (8 
mmho/meter or more) and smooth earth the 
(negative) change Is about 0.1 to 0.2 µsec/ 100 nm and 
substantially lees than previously thought. Reflecting 
on the data after this paper Is past due, there Is the 
possibility that ECD Is like magnitude In that earth 
curvature has much more affect at longer ranges. For 
example over seawater, the ECD may change from +2.5 
µsec to 0 from 0 to 1000 nm, but It may be still +2.0 
µsec at 500 nm. Perhaps the data should be divided 



Into 0-400 and 400-600 nm ranges and a separate set 
of coefficients determined for each set of data. 

We did find substantial shifts In ECD caused by 
terrain and hope that future efforts In numerical 
modeling can provide some Insight Into the problem. 
We found no substantial evidence of variation of ECD 
with altitude. 

We presented a method of Isolating skywaves 
from groundwaves and obtained statistically significant 
amounts of data on skywave delay and skywave to 
groundwave ratios. Future efforts will focus on 
development of a much more portable data acquisition 
system allowing studies at multiple remote sites and 
on signals from tube transmitters. 
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1.0 INTRODUCTION 

This paper describes a typical high-power Loran-C transmitter station, 

and establishes site and building requirements. 

Companion papers are: 

o Loran-C Site Survey and Selection Guide 

o Loran-C Solid-State Transmitter Operation 

~ Loran-C Chain Annual Running and Maintenance Costs 

o Loran-C Chain Control 

A typical high-power solid state Loran-C transmitter station generating 

between 250 kW and 1 M watt peak power is shown in the photo in Figure 1 and 

in the layout drawing in Figure 2. It consists of a top loaded vertical 

antenna with a height of up to 220 meters, a Loran-C transmitter with between 

16 and 64 power modules (Half Cycle Generators), prime and backup power units, 

monitor receivers and inter-site communications. In the usual hyperbolic 

mode, three to five of these stations operate together in a chain. A typical 

station is unmanned, except for a caretaker or security guard, and may be 

controlled from a remote "Chain Control Center". For convenience, the Chain 

Control Center may be colocated with one of the transmitter sites. These 

components will be described in the sections below, and building requirements 

will also be discussed. 

2.0 ANTENNA 

The Loran-C transmitting antenna is a "top loaded" vertical tower or 

"mast" with a height of up to 220 meters. A typical Loran tower configuration 

is shown in Figure 3. The tower is insulated from the earth by a base 

insulator which supports the weight of the tower. Guy cables are attached 

every 120° at several heights to support the tower. Additional cables are 
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attached both mechanically and electrically to the top of the tower to give 

the system additional capacitance. These additional cables are the "top 

loading elements" (TLE) and the entire Loran-C antenna system is called a Top 

Loaded Monopole (TLM) antenna. 

Reinforced concrete blocks are required to provide a base for the antenna 

tower and anchors for the cables. The size of these blocks depends on envi­

ronmental factors at the site, particularly on wind and ice loading conditions 

and on the type and condition of the soil. Such factors are determined as 

part of the site survey process (described in a companion paper). In normal 

soil a tower base of approximately 15 cubic meters of reinforced concrete is 

required to support the dynamic load of 250 tons of a 220 meter tower. Six 

blocks between 10 and 77 cubic meters each are required to anchor the support­

ing guy wires, and twelve blocks between 5 and 18 cubic meters are required to 

anchor the top loading elements. 

2.1 ANTENNA GROUND PLANE 

The ground plane consists of up to 120 bare copper wires joined at the 

antenna base insulator and extending radially from the base to a distance 

somewhat longer than the antenna height, buried to a depth of 10 to 50 centi­

meters. The outer ends of the radials are usually connected to each other 

with a perimeter wire. The purpose of the ground plane is to improve the rad­

iation efficiency of the antenna by providing a low loss return path for the 

antenna base current. 

2.2 SITE REQUIREMENTS 

A site is selected on the criteria set forth in the companion paper 

"Loran-C Site Survey and Selection Guide''· Approximately 350,000 square 
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meters of reasonably flat land is required for a typical 220 meter high 

Loran-C antenna. 

The site must be sufficiently clear and graded to permit construction of 

buildings and installation of antenna supporting anchor blocks and the antenna 

ground plane. Access paths must be provided to permit inspections of major 

structures throughout the site. 

Fencing should be included for both security and safety. It is not 

necessary to fence the entire area; fencing can be limited to the antenna base 

and anchors. 

3.0 TRANSMITTER EQUIPMENT 

The Megapulse solid-state transmitter forms Loran-C pulses by exciting a 

pulse-shaping circuit with a sequence of Drive Half Cycles (DHC) of RF energy. 

These half cycles are produced in modules called Half Cycle Generators, or 

"HCGs". The HCGs operate in sets to produce the component half cycles of the 

pulse waveform. The HCG is the basic building block of the transmitter; it is 

the focus of operational control, pulse shaping, antenna tuning, and many 

other functions. A transmitter is rated by the number of HCGs it contains: 

the usual range for high power stations is between 16 and 64 HCGs. The 

relationship between number of HCGs and the radiated power level for a given 

antenna height is shown in Table 1. The RF assemblies of a 32 HCG Transmitter 

are shown in Figure 4. 

The Half Cycle Generators are controlled by the Pulse Amplitude and Tim­

ing Control Unit (PATCO). The PATCO controls the amplitude and timing of the 

individual HCG outputs to form extremely stable shaped pulses which conform at 

the antenna to the Loran-C specification. The PATCO is the uppermost unit in 

the Control Console's left and right cabinets (See Figure 5). The Remote 

Control Unit (RCU), located below the PATCO, allows the transmitter to be 



107 

TABLE 1. PRIME POWER INPUT REQUIREMENT AND RADIATED POWER 
(Typical Soil Conditions) 

Prime Power APPROXIMATE RADIATED 
Input POWER kw 

Use No. of 
HCGs 0 PPS 300 PPS 625 Ft. 720 Ft. 

(kW) (kW) TLM TLM 

16 6.0 38 225 260 

32 11. 5 70 450 530 
Transmitter 

56 20.5 121 780 925 

64 23.0 139 900 1060 

Control 10 kW 
Center 

Maintenance 12 kW 
Center 
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controlled either locally or remotely. It also monitors the operation of the 

transmitter and provides switchover commands in case of a transmitter fault. 

Loran pulses are transmitted in groups of eight (nine for the Master 

station) with a particular phase code to eliminate the effects of delayed 

skywave. 

The precise time of transmission for these groups is controlled by the 

Loran Timer Unit (LTU) which in turn receives precise time information from 

the cesium standard (atomic clock) and microstepper. These two units are 

protected from power failures by the battery pack. The entire control system, 

including clocks, is redundant so that in the event of a fault in the on-line 

unit the standby unit can take over control. 

The center cabinet of the control console, Figure 5, contains the Trans­

mitter Operation and Control (TOPCO) unit which monitors the entire transmit­

ter, and the Signal Distribution Assemblies (SDAs) which send control informa­

tion to the individual HCGs. 

The individual HCGs are connected in parallel to a Coupling Network which 

converts the half cycles into 100 kHz pulses. The detailed shape of the 

transmitted RF pulse is controlled by the Output Network which consists of an 

Output transformer and an Antenna Tuner. These elements are housed in a Coup-

ling Cabinet and an Output Network Cabinet. The Coupling Cabinet also con­

tains a "Tailbiter" which damps off the pulse after its useful portion to pre­

vent prolonged "ringing". The Output and Coupling Networks are redundant, the 

on line units being connected to the HCG bus and the antenna via the Switch 

Cabinet. 

A typical 64 HCG transmitter layout is shown in Figure 6. 

The transmitter is powered by the Prime Power Distribution Unit (PPU) 

which controls main power distribution to all the units of the transmitter. 
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It contains circuit breakers and a switch which determines whether the PGA 

will receive power under manual or automatic (TOPCO) control. 

Table l shows the transmitter prime power requirements for various con­

figurations and also for a Control Center and Maintenance Center which are 

often colocated with a transmitter. Table 2 also shows the cooling air 

requirements. Up to 400 kVA prime power may be required. 

Prime power is usually furnished by local utility companies and backed up 

by redundant diesel generator units located on or near the transmitter site. 

The transmitter is housed in a building requiring a floor area from 130 

to 224 square meters depending on the size of the transmitter. A typical 

floor plan for a 16 HCG transmitter is shown in Figure 7. Separate rooms are 

provided for Control Console, transmitter, and prime power. An optional unit 

level Fire Protection system is available. Storage and instrument areas and 

sanitary facilities are required. An unmanned station usually would provide a 

Caretaker house on site or quarters within the building. Utility power, 

water, telephone, sewage facilities and access roads are required. 

Civil works and construction requirements are supplied in an Interface 

Control Document (ICD) that is prepared for each site. The Interface Control 

Document identifies, defines and specifies the mechanical and electrical 

interfaces needed between the transmitter equipment and the buildings and 

civil works and between the transmitter equipment and subcontractor-supplied 

equipments. The document includes plans and engineering drawings sufficiently 

detailed to permit a contractor to prepare drawings for the construction of 

the building. A transmitter Installation Manual which gives detailed unpack­

ing and installation instructions is supplied prior to shipment of the trans­

mitter. 
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TABLE 2. TRANSMITTER HEAT DISSIPATION 

Heat Dissipation (kW) 
Use No. of Total Airflow 

HCGs (Ft3/Min) 625 Ft. 700 Ft. 
TLM TLM 

16 6,365 32 30 

24 8,365 47 43 

32 10,365 62 57 
Transmitter 

40 13,915 78 73 

48 15,915 93 87 

56 17,915 108 100 

64 19,915 123 114 

Control* 4,800 28 
Center 

Maintenance * 3' 150 23 
Center 

* This Facility can be colocated at a transmitter site. 
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4.0 CHAIN CONTROL CENTER 

The Chain Control Center is the "headquarters" of a Loran-C chain. It 

provides centralized monitoring and control of the transmitters in the chain 

and provides record keeping of chain performance. It also processes data from 

the System Area Monitor Unit (SAM) to determine whether each transmitter is 

operating within specification and whether all transmitters are precisely 

synchronous with each other. Although the Control Center may be at any 

location, it is often convenient to colocate it with the Master transmitter. 

The system hardware of a Chain Control Center is designed on a modular 

plan which provides reliability, ease of operation, simple sparing, and con­

venient expansion. Functionally, the Control Center can be designed with 

greater or lesser degrees of automation. A representative automated Control 

Center is shown in Figure 8. For each transmitter in the chain, the Control 

Center has a dedicated microprocessor linked with the transmitter's pair of 

Remote Control Units (RCUs). The RCUs send status information about the 

transmitter--including fault and fault correction indications--to the proces­

sor where it is graphically displayed on a color monitor and stored for future 

use and for hardcopy output. Other information from the transmitter site may 

also be displayed and stored, including the status of each diesel generator 

unit, and the occurance of alarms for air conditioning, unauthorized entry, 

and diesel fuel level. 

Each dedicated processor is also linked to a (redundant) common processor 

and printer. This main processor contains the chain synchronization algorithm. 

It receives data from the System Area Monitors as well as from the dedicated 

processors. Based on the data it receives, this processor constantly computes 

the micro adjustments needed to maintain the timing synchronization of the 

chain and sends adjustment commands ("Local Phase Adjustments" or "LPAs") to 
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the transmitters through the dedicated processors. The main processor also 

provides hardcopy logs and records of chain operation. 

A Control Center may also utilize strip chart recorders for maintaining 

visual records of chain timing. 

The Chain Control Center requires about 40 square meters of floor space. 

Since it is manned 24 hours per day, a day room and kitchen facilities are 

usually provided , requiring about 400 square meters of floor space. An 

advantage of locating the Control Center at a transmitter site is that no 

Caretaker facilities for the transmitter are then required. 

Low speed data communication between the Control Center and the transmit­

ter and SAM sites is required. Alternate voice channels or "data over voice" 

functions are desirable but not essential. Although communication is usually 

provided through commercial wire lines, HF radio or satellite links can be 

used if wire lines are not available. 
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LORAN SIGNAL GENERATION 

1.0 INTRODUCTION 

This paper describes the operation of the Megapulse 6500 solid state 

transmitter. The paper has three major sections: section 1 covers the requi­

red Loran-C antenna current signal, section 2 the transmitter equipment used to 

generate that signal, and section 3 system control operations. The descrip­

tions offered here are relatively brief; they provide the reader an overview of 

Megapulse 6500 transmitting equipment, and can be used as a basis for further, 

more detailed study. 

Companion papers are: 

~ Loran-C Site Survey and Selection Guide 

o Typical High Power Loran-C Transmitter Station 

• Annual Running and Maintenance Cost for a Loran-C Chain 

• Loran-C Chain Control 

1.1 TRANSMITTED SIGNAL DESCRIPTION 

Every Loran-C transmitting station emits precisely timed pulses of 100 kHz 

carrier frequency. Each pulse has an envelope which increases in magnitude to 

a maximum and then decays again to zero. The peak of the envelope is reached 

about 65 µsec after the start of the pulse. A single Loran-C pulse is shown in 

Figure 1-1 and is thoroughly described in USCG COMDTINST Ml6562.4 "Specifica­

tion of the Transmitted Loran-C Signal". 

Every transmitting station emits these pulses periodically in groups. 

Each group contains eight pulses spaced 1 msec apart in time, as shown in 

Figure 1-2. Certain transmitting stations, called Master stations, transmit a 

ninth pulse 2 msec after the eighth pulse in each group. Transmitting stations 

which transmit eight pulses per group are called Secondary stations. Each 
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pulse in a Loran-C pulse group may be transmitted with a carrier phase of 

either 0 or 180°, referred to respectively as positive (+) or negative (-) 

phase code. Standard Loran-C signals are transmitted with a fixed phase code 

sequence which extends over two successive groups of pulses and then repeats. 

Master stations use one phase code sequence, Secondary stations use another. 

Phase coding serves two purposes. First, it makes the Master station's trans­

mission distinguishable from Secondary station transmissions; this facilitates 

the signal search and acquisition process of the Loran-C receiver. Second, it 

reduces the effect on system accuracy of the unstable skywaves which under 

certain conditions interfere with the groundwave. 

The period of time between the emission of successive groups of pulses 

from a particular transmitting station is called the group repetition interval 

(GRI). The normal range of this interval is from 30 to 100 msec. Two or more 

Loran-C transmitting stations which are intended to provide navigation signals 

over a particular geographic area are called a chain. In every such Loran-C 

chain all transmitters emit groups of pulses with the same GRI. Only one 

transmitter in each chain emits Master (nine pulse) groups. All Loran-C 

chains transmit at the same 100 kHz frequency; they are distinguished by the 

use of different GRis. 

Consider that each GRI begins with the first pulse of the Master group. 

Then, relative to this start time, the emission of each Secondary transmitter 

is delayed by a time called the Emission Delay (ED) for that Secondary. The 

ED for each Secondary in a chain is unique and is coordinated with the other 

EDs to ensure that the pulse groups from the various transmitters of the chain 

will not overlap with each other anywhere within the area of Loran-C coverage. 

Typical timing of the pulse groups of a three-transmitter Loran-C chain is 

shown in Figure 1-3. 
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2.0 LORAN-C TRANSMITTER 

This section describes the assemblies in the Loran-C transmitter which 

generate Loran-C antenna current and discusses the functions fulfilled by each 

major unit of the transmitter. The equipment falls into two overall groups: 

1) the RF Transmitter Group (radio frequency pulse generation) 

2) the Control Console (transmitter timing and control functions) 

2.1 RF TRANSMITTER GROUP 

The RF Transmitter Group consists of the Pulse Generator Unit (composed 

of a number of Pulse Generator Cabinets containing four Half Cycle Generators 

each), redundant Coupling and Output Networks, and a Switch Network. These 

major elements of the RF transmitter group are shown in the block diagram of 

Figure . 2-1. 

The output waveform at the antenna is not derived from a conventional 

amplifier, but is synthesized by "impulse exciting" a double resonant network 

whose second resonant circuit includes the antenna itself. The "impulses" 

which drive the first resonant circuit in the Coupling Network are called 

"Drive Half Cycles" and are actually 5 µsec half sinewave pulses generated by 

the half cycle generators (HCGs). The outputs of up to 64 Half Cycle Genera­

tors (HCGs) are combined on the RF Buss. (The output of a single HCG is a 

current pulse of about 250 amps. This 5 µsec pulse is shaped approximately 

like a half cycle of 100 kHz sinewave. The time of its occurrence is deter­

mined by the timing of an input signal, and its peak amplitude is dependent on 

an amplitude reference input signal. These two inputs are generated by the 

Control Console's PATCO and the Signal Distribution Assembly.) Four adjacent 

firing times are used, thus providing 20 µsec of excitation to the tank 

circuits in the Coupling Network. Because this excitation is relatively short 
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compared to the total antenna current duration, the shape of the output enve­

lope is determined principally by the passive parameters of the double tuned 

networks and the result is a peak output current amplitude at 65 µsec. 

Functional descriptions of each major element are presented below. 

2.1.1 Pulse Generator Unit 

A Pulse Generator Unit may consist of from four to sixteen Pulse Generator 

Assembly (PGA) cabinets, each containing four Half Cycle Generators. The 

number of PGAs provided at a particular installation determines the transmitter 

output power. 

2.1.2 Half Cycle Generator (HCG) 

The transmitter uses the HCGs as the basic power-generating 

subassemblies. 

The HCG comprises five modules: 

• Power Supply 

• Megatron Charger 

• Megatron 

• Chassis 

o Power Transformer 

The main flow of power in the HCG is indicated by the striped arrows on 

Figure 2-2. Prime power from the AC power line is fed to the main transformer. 

The transformed AC is rectified and smoothed by the Power Supply module, and 

the resultant regulated DC is fed to the Megatron Charger module. The Megatron 

Charger under the control of PATCO transfers a precisely controlled quantity of 

energy from the Power Supply to a capacitor bank located on the Megatron 

Charger module. This transfer of energy is effected by turning on a Silicon 

Controlled Rectifier (SCR) charging switch located in the Megatron Charger. 
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When the desired amount of charge has been transferred to the capacitor bank, 

the charging switch is turned off. Then, again under control of the PATCO, the 

energy in this first capacitor bank is transferred into the Megatron module 

where it is stored briefly in a second capacitor bank. This transfer is 

effected by another SCR switch located on the Megatron Charger module. The 

final switching is accomplished by a magnetic pulse compression switch located 

in the Megatron module. Closing of this magnetic switch delivers the energy 

stored in the second capacitor bank to the output circuit in the approximate 

form of a 5 microsecond wide half sinusoidal current pulse. 

2.1.3 Positive and Negative Pulse Generation 

Half of the HCGs in the transmitter are connected to generate positive 

outputs and half to generate negative outputs. Phase coding is accomplished by 

reversing the triggering sequence of HCGs assigned to the four DHCs. Figure 

2-3 shows generation of a Loran-C pulse with positive phase code by triggering 

positive groups of HCGs in the first and third DHCs. The second and fourth 

DHCs are negative and generated by firing the group of negatively connected 

HCGs five and fifteen microseconds later. 

Similarly, a Loran-C pulse with negative phase code is generated by 

firing the groups in reverse order, the positive/negative order being replaced 

by negative/positive as shown in Figure 2-4. 

2.1.4 RF Networks 

Drive half cycle currents are delivered to the RF Networks which provide 

the energy storage, coupling, and tuning necessary to create the desired 

Loran-C antenna current pulse. These networks are contained in 3 types of 

cabinet: the Coupling Network, the Output Network and the Switch Network. 
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2.1.4.1 Coupling Network 

The principle function of the Coupling Networks is to shape the pulse 

generator output into a standard Loran-C pulse. This is accomplished by the 

following means. 

The Coupling Network consists of a parallel LC tank circuit tuned to 100 

kHz and "Tailbiter'' circuits. The input to the Coupling Network is the Drive 

Half Cycle current from the HCGs. The Coupling Network output goes to the 

transmitting antenna via the Output Network. The antenna equivalent circuit 

is a series RLC network also tuned to 100 kHz. The Coupling Network and the 

antenna equivalent circuits are shown in Figure 2-5. 

The energy in the DHC current is stored temporarily in the Coupling Tank 

circuit. This energy then transfers resonantly to the Antenna circuit. The 

antenna current, which is sinusoidal at the 100 kHz resonant frequency, ini­

tially builds up in amplitude and then decays. The values of the Coupling 

Network Tank L and C are chosen so that the amplitude of the antenna current 

reaches a peak at 65 microseconds. If no additional losses were present, an 

oscillatory exchange of energy between tank and antenna circuits would take 

place. But this would extend beyond 1 ms and interfere with the next pulse. 

Therefore, near the peak amplitude, the Tailbiter switch is closed connecting 

the Tailbiter resistance in the circuit and this causes the antenna current 

amplitude to decay rapidly and monotonically. This circuit operates without 

auxiliary power supplies and will provide a tail 60 dB down at 900 micro­

seconds so that another pulse of this group may be generated at 1000 micro­

seconds. 

2.1.4.2 Output Network 

The Output Network consists of a matching transformer and variable induc­

tor. The function of the transformer is to perform an impedance transformation 
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between the Coupling Network tank circuit and the antenna circuit. The func­

tion of the variable inductor is to tune the antenna circuit to resonate at 

100 kHz. The inductance is controlled automatically by the PATCO to maintain 

the antenna circuit resonance. 

2.1.4.3 Switch Network 

The Switch Network contains motor driven switches which permit connection 

of either of the redundant coupling and output networks between the pulse gen­

erators and the transmitting antenna. Coupling and Output Network switchover 

may be commanded manually by an operator from either the transmitter site or 

the Chain Control Station, or automatically by the TOPCO when a fault is de­

tected in the on-line Coupling or Output Networks. 

2.2 THE CONTROL CONSOLE 

Figure 2-6 shows a Control Console pictorial. The left and right cabi­

nets contain the two redundant timing groups. The basic function of a timing 

group is to supply the proper timing and amplitude signals to the RF portion 

of the transmitter where the Loran-C pulses are actually generated. Only one 

timing group is on-line (i.e., controlling the transmitter) at any given time. 

The standby timing group, however, is always operating and is kept in synchro­

nism with the on-line unit. The center cabinet contains the Signal Distribu­

tion Assembly (SDA), which determines which timing group is on-line by select­

ing the timing signals from either the left or the right PATCO. Within a tim­

ing group, the modules principally involved in generating the pulse triggers 

are the cesium frequency standard, the Loran Timing Unit (LTU) and the PATCO. 
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2.2.1 Frequency Reference 

A cesium beam frequency standard and a phase microstepper provide a 5 MHz 

reference to the Loran Timer Unit. The cesium beam frequency standard is the 

source of an extremely precise and stable 5 MHz reference signal. This signal 

is obtained from a well defined quantum transition of the cesium atom. The 

cesium's frequency is very accurate but not perfect and a means of minor 

adjustment is needed. The phase microstepper within the cesium standard pro-

vides a means for fine tuning the 5 MHz reference frequency by inserting a 

constant phase change per unit time into the cesium output. 

The output of the cesium standard provides the basic reference from which 

the times of transmission of the Loran-C pulses are derived. The time differ-

ences between Master and a Secondary are measured by the chain control system 

and compared with the desired time differences. Any errors are corrected by 

adjusting the actual times of transmission. The times of transmission may be 

adjusted in the Loran Timer Unit in discrete steps of as little as ten nano-

seconds. These latter adjustments are called Local Phase Adjustments (LPAs). 

2.2.2 Loran Timing Unit (Timer or LTU) 

The timer accepts the 5 MHz reference frequency from the cesium standard 

and generates an output trigger for each Loran pulse to be generated. The 

sequence of triggers needed to make groups is called multipulse trigger (or 

MPT). The timer thus determines the desired start time for each Loran-C 

pulse. The principle inputs to the timer are listed below: 

Group Repetitiion Interval (GRI) 
Phase Code 
Master or Secondary 
5 MHz Reference 
Blink Condi ti on 
Local Phase Adjustments (LPAs) 
Triggers On or Off 
Single or Dual Rate 
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Based on these input conditions, the timer determines the proper times at 

which pulses must be generated. As mentioned in the previous section, step 

adjustments to the times of transmission of the transmitter are made by in­

serting Local Phase Adjustments into the timer, either from its front panel or 

remotely via the Remote Control Unit (RCU). Phase code and group repetition 

intervals are also controlled by the timer. 

2.2.3 Pulse Amplitude and Timing Controller (PATCO) 

The PATCO controls three parameters of the Loran-C pulses: their timing, 

amplitude, and shape. 

Pulse shape and amplitude are determined by reading front panel controls 

and generating a reference voltage for each Drive Half Cycle (DHC). Pulse 

shape is controlled by changing the relative amplitudes of each of the active 

DHCs. 

Each Loran pulse is initiated by a trigger pulse sent to the PATCO from 

the LTU. When a trigger pulse is received, the PATCO delays it and encodes it 

into a Serial Data Stream (SDS) which is sent to each Half Cycle Generator. 

Each SDS includes a start pulse, a digital number proportional to the desired 

amplitude, a second digital number for Amplitude Compensation Delay (ACD), a 

TRIG pulse, and REF pulse. 

A voltage waveform proportional to the current in each DHC is fed back to 

the PATCO. To control pulse amplitude the PATCO compares the DHC feedback 

with the reference voltage for that DHC and thus derives a HI/LO indication. 

The results of this comparision are then used to adjust the amplitude number 

sent to the HCGs in that DHC. 

Timing is controlled by measuring the time of occurrence of the DHC 

feedback pulses and comparing this time with a REF timing pulse derived from 
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the MPT. An early/late signal is then used to adjust the amount of delay 

inserted in TRIG and REF pulses by PATCO before they are sent to the HCGs. 

Amplitude Compensation Delay is a digital number (in tenth microseconds) 

which is a function of the DHC amplitude reference level. It is used by each 

HCG to normalize its firing time and helps the HCG maintain its timing 

control. 

Other functions which the PATCO performs are automatic antenna tuning and 

fault detection. 

2.2.4 Signal Distribution Assembly (SDA) 

The Signal Distribution Assembly (SDA) contains separate and identical 

distributing circuit cards for each Half Cycle Generator. A single SDA can 

accommodate up to 32 of these cards. Two SDAs are required when more than 32 

HCGs are to be driven. Input signals to these circuit cards come from both 

PATCOs, although only the signals from the on-line PATCO are used. A signal 

from the TOPCO to the SDA determines which PATCO signals are used at any given 

time. This signal controls which of the two redundant PATCOs is on line. 

2.2.5 Transmitter Operation and Control (TOPCO) 

The Transmitter OPerational Control is an assembly capable of monitoring 

many transmitter signals for Fault Detection and Control (FD&C) and has 

several basic control switches for the RF power generator such as AC power 

on-off, RF Switch Armed/Disarmed, and Side Select. 

2.2.6 Status Monitor Unit (SMU) 

The SMU and TOPCO provide the bulk of the FD&C in the transmitter. The 

System Monitor Unit is primarily responsible for scanning the HCGs for faults 

and breaker alarms. 
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Internally, the SMU is a microprocessor controlled scanner capable of 

monitoring up to 64 HCGs, of passing signals from RCU to RCU, and of control­

ling an optional printer as a station log. 

2.2.7 Remote Control Unit (RCU) 

The RCU is a Remote Control Unit whose primary purpose is to interface 

the transmitter to remote data links via an RS232 interface. 

The RCU is also able to locally initiate all remotely generated commands. 

Its front panel is shown in Figure 2-7. 

The left column of lamps display faults and alarms of the transmitter. 

The next column displays various statuses of the transmitter. The top row of 

lamps display remote message activity and the bottom digiswitches provide, 

primarily, a means of inputting local commands and requests. 
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3.1 CONTROL FUNCTIONS 

System controls can be grouped into two categories, presettable and 

operational. Presettable controls are set at installation and rarely changed. 

These include GRI, pulses per group, single or dual rate and ECD. These 

controls are located either inside or on the front panel of individual units. 

The principal presettable controls and their locations are listed as 1 through 

8 in Table 3-1. 

Operational controls are those which are likely to be utilized in every­

day operation. There are several ways by which the operational controls can 

be initiated. Some can be initiated by using front panel controls on indivi­

dual units (9 through 13 in Table 3-1). All operational controls can be 

initiated either locally by inserting an RCU command or remotely from the 

chain control station which sends a message to the RCU to initiate the 

command. The RCU then either executes the command itself or actuates the 

appropriate control lines to the individual unit which in turn executes the 

command. 

3.2 FAILURE RECOVERY 

Failures in the control system and the output and coupling networks are 

survived by switching to the redundant units. The Accufix 6500 transmitters 

also use a "fail soft" mode in which only minor output current changes will 

result from an HCG failure. 

Failure of an HCG in a 64 HCG transmitter will cause only 1/4 µsec or 

less shift in ECD. This minor change is of no consequence to the system. A 

loss in output current (about 3% or .ZdB) will also take place. Again this is 

negligible and will last only until a replacement action is taken. 

In short, failures are very seldom, and they normally do not cause 

long interruptions in transmitter service since they are easily remedied by 

simple substitutions. 
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FUNCTION OR NAME 

1. Group Repetition Interval 
(GRI) 

2. Phase Code 

3. Pulse per Group 

4. Blanking Priority 

5. Power Level 

6. Envelope to Cycle 
Difference (ECD) 

7. Adjust REF 

8. Local Phase Adjust (LPA) 

9. Group Phase Interval 
Change 

10. Blink 

11. Select Output Network 
I or II 

CHAIN 
CONTROL 

No 

No 

No 

No 

No 

No 

No 

Yes 

Yes 

Yes 

Yes 

TABLE 3-1 

TRANSMITTER CONTROL FUNCTIONS 

CONTROLLED BY 

RCU at 
TRANSMITTER 

No 

No 

No 

No 

No 

No 

No 

Yes 

Yes 

Yes 

Yes 

UNIT 
FRONT PANEL 

No 

No 

No 

No 

PATCO 

PATCO 

Cesium 

Timer 

Timer 

Timer 

TOP CO 

INTERNAL 
TO UNIT 

Switches in 
Timer 

Timer PROMS 

Switches in 
Timer 

Switches in 
Timer 

REMARKS 

30,000 µs to 99,990µs A 
or B Rate 

Loran-C Master or Sec. 

9 (Master), 8 (Secondary 
A or B Rate 

A Rate priority or 
alternating A, B 

Set percent normal output 
current A or B Rate 

Under windows on PATCO 
A or B 

Adjust REF frequency 

10 nanoseconds to 1 
millisecond A or B Rate 

Delay 1 group interval 
A or B Rate 

Master, 9th. pulse, 
secondary, 1st and 2nd 
pulse; W, X, Y, Z; A or 
B Rate 

RF Switch must be 
disarmed 



FUNCTION OR NAME 

12. RF Switch Arm or Disarm 

13. Timer Synchronization 

14. Timer Track Inhibit 

15. Select Left/Right Timing 
Group 

16. SMU Reset 

17. PATCO Reset 

18. RCU Reset 

19. Clear Faults 

20. Report Faults 

21. Report Status 

22. Operator Alarm 

CHAIN 
CONTROL 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

TABLE 3-1 
(Continued) 

TRANSMITTER CONTROL FUNCTIONS 

CONTROLLED BY 

RCU at UNIT 
TRANSMITTER FRONT PANEL 

Yes TOP CO 

Yes Timer 

Yes No 

Yes TOP CO 

Yes --
Yes --
Yes --
Yes --

Yes --

Yes --

Yes --

INTERNAL 
TO UNIT REMARKS 

-- Enables/Disables RF 
Switching 

-- Synchronizes off-line 
timer to on-line timer 

-- Stops off-line timer from 
following on-line timer 

--

SMU Restart SMU 

PATCO Restart PAT CO 

RCU Restart other RCU 

-- Clear RCU & SMU Fault 
Table 

-- Send fault summary to 
chain control 

-- Send status summary to 
chain control 

-- Turn on system alarm 
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LORAN-C RECEIVER SYSTEM TE~HQLOQI AND PHASE CQQlNG 

Walter N. Dean and Robert L. Frank 

Consultants 

~.bstract 

A Loran-C receiver is inherent! v a relative! v simn! e 
device. but a number of snecial considerations inherent in the 
svstem cali for some desian considerations which mav not be readil v 
annarent. This naner discusses manv of these snecial features. 
The multinle nulsina and nhase cadina develoned far this svstem is 
described and its characteristics analvzed. 

i_. Introduction 

This is an introduction to the essentials of Loran-C 
receivers. coverina manv. but bv no means all. of the 
considerations which make the desian of a loran receiver different 
from of other naviaation or communication devices. fundCl!'ental!v. 
a Loran-C receiver is a verv simnle device - a broadband. fixed­
tuned 100 kHz amnlifier with an outnut which can be samn!ed 
diaital Iv to nroduce time difference numbers renresentina the 
nosition of the receiver relative to the transmitters. In order 
to achieve the best accuracv of the svstem. it is necessarv to make 
nhase measurements on the 100 kHz nulses. to an accuracv of 0 .1 
microsecond or better. But a "coarse" measurement is aiso 
reauired. to assure that the measurements are beina made on the 
same nart of the nulses from each of the stations. 

The basic receiver then can be represented bv the block 
diaaram in fiaure 1-l. The antenna is almost alwavs a short 
vertica! antenna. "short" meanina relative to a wavelenath which 
is 3000 meters. The short antenna nresents a hiah canaciti ve 
:eactance at its base. so an imnedance transfonr2tion is usual!v 
recruired to match it to a cable to brina the sianals to the 
:eceiver itself. rt is usual nractice to emn!ov an active counler. 
with st:fLcient aain to overcome anv noise nicked un in the cable 
or qenerated in later amniifier staaes. 

After amnlification. the sianals are snlit into two 
channels. "nhase" and "envel one". each with its trackina servo 
loon. These servo loons are combined with the sianals from the 
timer to oroduce a time of arrival (TOA) number for the sianals 
from each of the stations. The nrocess of convertina those TOAs 
to oosition information is not a nart of this discussion. 

2. Loran Sicrnals 

The aeneration of the loran s1anals has alreadv been 
discussed in considerable de'.:aii in a orevious session. The 
transmitted oulses are maintained in a orecise envelone shane at 
each s!~atio.n. so that the onlv dif-ferences the receiver s!-1ou:d see 
3.re those Produced darina the ~r0naaation of the sianal over the 
earth. There are a couole of Possible exDlar:a:i~: . .3 :er his :iulse 
distartion. First, i.t ~ust be recocrnized t~at. a;.:~a~ah 9% of the 

FIGURE 1-1 

LORAN RECEIVER BLOCK DIAGRAM 

enerav of the loran oulse is contained in the band 90-110 kHz. that 
1% outside the band affects the oulse shane. oarticularl v the 
risina edae. Over land of ooor conductivitv. the UDDer sidebands. 
above 110 kHz. will be attenuated more than the lo~er sidebands. 
below 90 kHz. resultina in a chancre in oulse shane. 

Rao id f soatial l chancres in oulse shane have also been 
observed over rouah mountainous terrain. Ieadina to the nossible 
cone! us ion that the rouahness. comnarabl e to a wave! enath. oroduces 
multinath effects which distort the nulses. 

Siana! field strenath is another matter. Close to a 
transmitter. the loran sianal field strenath can be several volts 
oer meter. eauivalent to about J.30 dB above one microvolt oer 
meter. At the other end of the seal e. the minimum sianal strenath 
is determined bv transmitter oower. the distance :rom the 
transr.-.itter and the characteristics of the terrain over which the 
sianal orooaaates. Fiqure 2- l shows how the aroundwave field 
strenath var:. es w; th distance when nronaaated over earth of varvina 
conductivities. The curves reoresent fieid strenath tor a 
transmitted sianal oower of 250kw. which is reoresentative of a 
transmitter with a neak oower of lOOOkw. 

~ Recei..t1i.ng Antennas 

Tb.e :iseful oa~: o: ~.he : or an sicma: :irooaaates as a 
aroundwave. as a vert1cac l v oolari.zed electric wave. The simolest 
and most obtrim~s ~.vrie of ~-e~e1vina antenna is the vertical electric 
d~no:e. whi~~ ln ~ea!:": val}. anPli·:ations is reDlace~ ,by a 'rert:cai 
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II 
FIGURE 2-1 

i 
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monoooie. In either case. the "effective heiaht" of the antenna 
is one-ha! f the ohrsical heiaht. which means that a two meter 
vertical monopole in a field of one millivolt oer meter would 
Produce a sianal of one millivolt between the base of the antenna 
and around. A 17 inch whio. tvoical for a low oerformance 
aircraft. has an effective heiaht of about 0.2 meters. 

No matter how 1 ona it is. the antenna is electrical 1 v 
"short". that is. short with resoect to a wavelenath at 100 kHz. 
The 17 inch antenna measures 0. 000067 wave I enciths. so that it 
appears to the receiver as a verv small caoacitor. Since it mav 
be necessarv to locate the loran receiver some distance from the 
antenna. some method of matchina the antenna imPedance to that of 
a 1 enath of cab! e is reauired. This usual l v consists of a couol in a 
device. with active elements to Provide amPlification and imPedance 
transformation. Fiaure 3-1 shows the elements of such a coupler. 
In the diaaram. the caoacitive reactance of the antenna is shown 
shunted bv the strav caoaci tance in the antenna base. as the 
ccuoler is usua:Iv built into the antenna base. Since this acts 
as a voltaae divider on the sianal . it is desirable to minimize Cs. 
The first inductor is selected for series resonar;ce at :co kHz. 
with relative!v low 0. and the other elements orovide additional 
bandoass filterino. It is desirabie to have the c0uoler broadlv 
tu~ed at the '..nout ta re;ect strono sicmals cut af band which could 
overload subsecrue!lt active elements in the couoler. 

Signal 
voltage 

Ante'nna and cable Preamp 

Antenna Preamp Schematic FIGURE 3-1 

!t is ccrranon oractice to orovide oower to the active 
elements or. the center conductor of the coaxial cable used to carrv 
the sianals from couDler to receiver. therebv eliminatina the need 
for a seoarate Dower cable. AmPlification in the coupler needs to 
be sufficient so that the sianai is not dearaded bv oower suoPlv 
noise or other sicrnals oicked UP by the interconnectina cable. 

4. Receiver P.rnp_l i fi er 

The cable between the antenna couoler and the receiver 
orooer is tvoicallv 50-ohm coax. A transformer ccuolina to the 
first amulifier staqe is an easv wav tc qet aain and also orovide 
convenient couolincr of the de oower to the couoler. The first 
amolifier has several desicm considerations. It should be low 
noise. to avoid addina noise to weak sianals. and it must be able 
to handle the verv strona sianals received when close to a 
transmitter. This latter is a tradeoff for the desianer. If there 
wiil be no areat need for the receiver to work close to a 
transmitter. then the maximum sianai handlina reouirement can be 
reduced. Close to a transmitter. sianal voltaae is inverselv 
orooortional to dis:a!1ce. maki.!1a ca:ci.:.latio!ls auite simole. !f it 
is necessarv to hand:e strano sicrnals. the qai!l of t!!e first staae 
can be controlled. either bv siqnal-activated AGC circuits. or bv 
swit~hed aain based on ktJwledae of the ~eceiver's oosition. 

5. Ba~dDass ?i:ter 

The fuGction of the bandoass filter is tc !educe aut-o~­
bar:d Eoise and interference. therebv imorovi!la the sianal-to-noise 
ratio cf. the received lorar. sianals. Esne~iallv in ~urooe. there 
are Tanv interfenn0 soi<r~es close to :he 90-110 kHz loran band and 
~: wo~:c be desirab!e tc eiiminate them with a fi:ter which wou:d 
then nass Jnly the bran sicrnals. Unfortunatelv. even thouqh 99% 
af ~:-;= ~::,r~:-: !):1lse ene~-av li.es in t!le 90-110 kHz Cand. t.hat 
~e~2:::-:i~:'J Qr:e oerce!"!t is vital to the ooerati~n a~ t!'!e svsten:. :'he 
-:)r~b~e-~ :s skvwaves. t·::~1:_~h wi~l '.::·e d:'..sr.:issed later:..!: :nore ::e~.ail. 

AT. :one ~ana~s. over lOGO rr:i.J.es. ar.:i t'arti.c:._::ar:v at :;~2"~er 

·~~:.i._::d~s. :he rfav~~-::-\e sl.vwave ~e!av c~n he auite short. :n the 
~:-:e;:· ·:<: 3?: ::::c~·osecands. The ?AA :.r: ~he G.S. has nres(:r:.be~ tests 
"'~ ~.-f :-::~ s:;.w.;~Fe ~-~~2'.' o! ~5 :::.:·:::rase~ond.s aJd 3r:~: :t·:.~de _..Fd~. 



:'.} ·.iet.e~~.1ne the oerfcr:r.an:e 0: the recei11er with differer:': 
~.~::d-:1ass charac:e:::i.s7.ics. a aranhica! techn:.a~ie can be emPloved. 
l~ assames that the ioran ou~se can Ce :neasure~ after Deina oassed 
:.~!ro:1ah t::~ :ies: :::-ed band"Jass. e:. ther actual l v ar hv ~omouter 
Eirr:ulat:.J!:.. The :o: :ow:.n!J is an examnle. 

7o co~nare the cerformance of two filters. each with 2GkHz 
ba!;dwidth. one 2'. 4-Pcle Butterworth and the other a 5-oole 
3·;:tte:worth. first the at:enuation-freauencv characteristics are 
D:otted as ir. f1qure 5-l. This shows a sicrnificant difference in 
re-tection at frecruencies more than 20 kllz awav from the I oran band. 
The next step is to cass a standard l oran oulse throuah each of the 
fi:ters. and ,;o•. the o;itout oulse shaoe on semi-lea oaoer. 
F:aure 5-2 shows a o!ot of the leadina edae of the :oran culse from 
the 4-oole filter. and fiaure 5-3 shows the same from the 5-cole 
f:lter. 

40 

IGURE. 5-1 

' -FREQUENCY - KHZ 
50 80 100 120 150 

l'he factor which determines how hi ah on the oulse the l oran 
sianal can be safel v samoled is the oresence of the skvwave. in 
:his ins:ance. the worst case skvwave is assumed to have a delav 
of 35 microseconds and amolitude relative to the arou!ldwave of 
+lOdB. !n order to make this comparison. the !eadina edae of a 
skvwave oulse is formed on the semiloa o:ot bv cocvina the 
aroundwave o~lse shane. delaved 35 micr~seconds and raised bv a 
factor :if 3.16. 

:he latest noi~t on t~e loran nulse wh:ch can ~e used for 
trackinc is that coi!lt at which the skvwave is iust small enouah 
t~at its ef~e:~ is ~ealicri~le. For ~ost uracti:al ourooses. that 
relative amolitude is G.:i.. or -2CdB. :'o determine when t!:at 
~ccu:s. o~e searches :~e ara:-.h to fi!ld ~he time that the aroundwave 
and skvwa1re cup1es are a ~ac~or 0£ lG aoart. A~.v time later. the 
s!.~vai.re is re:ative: v crreater a~nl~_tude. and bad thinas can .harr~en. 
These o:J:nts are sh.ow!'1. :c_ ~he two fiqures. indi:a~ina that w:.. th ~he 
4-nc:e f:lte~. the ~il:se :an :e sa~~:ed at 27~ of near. a~~1i~~de. 
w~i:e with the 5-oa:e :::~er. it :!1.ust be sa~D~'=d. &t 25% or :ess to 
avo:.d .si.v':llave c~:;~.a~inat:on. ?~e ·ii~f.e~e;:ce ~ n sa:::.:i~ :.no PO~_nt is 

o~ ~~~~~e 5-2 ~~e skvwav~ ~s a:£o 3hc~~ 0:~~ a r~:a~ive 
amoli~:ide o:': +.; :3. a fiaure used i:. some SPe·::-.:i.:;:~:.o;.s. 7L.s 
?.'. :J:·is :~e :>L::se ~'J ~e ::.~r::':-?.d at 35% ~.~s:ead .:;~ : ... ~. l,ol'hi~h wou~d 

~a~:e abo:.:: : . 2 03 :.rr:nravemer;~ ir! SNR. 
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TIME MICROSECONDS 
10 20 30 40 so •o 

TIME MICROSECONDS 
10 2{) 30 40 so 60 70 

h :nterference Reiectio~ 

"''.:ere are a nurr:1:e:r. ~~ :ec-~~:-~:a::es a'..'a:.:a:.:~ ~::r'...· ~ed:..:cti'..1:. ·Jf 
t~~e effe(::s '.Jf ~~:~erfer:.r:: sia:~a:s. :'his wi: l be. j:_scilssed ir: 
d~ta~l i.!: a ~ate:- ~an~r. ~o ~-::st a t::~f. S1.l!"~!:'.a:-:-v w~:: :,~ ~ade ~e~e. 
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~·he :~:.n:!:':es~ 3.L'i D0.s.s::..b:v most reliab:e re-~e::ti~r.. cir::.lit. 
=er:::-~;::v ca::ed "Jo':ch ti:te!"" :s 4::.:e tL:.Ecd L-C ~irc!!it. t:.ir.ed ~c 
~~:2 :re~uencv t.0 be r=~e~ted. ::-. :he 0.S.A .. the relat:.ve:v smal: 
'~:-.:.:'.'.::~~- (:£ ~:t.e!:"~e!."e!:".s allows !."ecei.ver de.s:..~r:ers to use a nurr~er '.Jf 
fixe::-:u~ed notches. C0~n:ications arise when one tries to chan~e 
t.f;e :.unincr t'.J resoond :o a d.v:-~ar.".ic e::.vi.rar:ri:'.ent whic:-: i:hancres wit~ 
bet~: o:isi.:i.::r: an~ ti:ne. So:ne re:eive~·s '.i.Se t~e :=~r.tn:.:tina caPa:itv 
~~ the set t0 ~~mbir1e ~::-!aw:edcre of the ~o~at:.~~s of troublesome 
e~itters with k!!.ow:edcrt- of the re:eitrer's Position ~o control the 
f~eauencv of several notch fil~ers. Other sets have used special 
iete~t0rs to determine ~he frec-uencv and amolit:.ltie of sianals beina 
re~2ived. adiusti:a s:crnal-re~ection circuits to reduce the ~ost 
tro:.:.b: esorr.e. 

7. Sia:;a: '!'rack~. :!1 

Basic to t~e :oran receiver. bilt f!ot detailed here. is a 
tirr:incr function. oart of t!le comPuti.na Part o: the receiver. which 
nrod~ces samoiino strobes :imed to lGC ~a~oseconds or better. a~d 
has the abilitv to ~se the erro! siqnals fro~ the sa~olina orocess 
t(l "::>osition T.he strobes. The tinino of the strobes then becor.tes 
the ti~inc information which is used bv the co~Pu~er :o calc~:a:e 
D(lsitior. an-: other deritJat.:.ve ir:fonr.atio!:. 

;he bloci. diaa~a~ of a loran receiver shown :~ ficrilre 1-: 
shows the esse!"lt:.als cf two servo lcoos. "cvcle" and "enve!ooe. 
Jurina the orosess of siar.al acauisition. a Pattern of strobes is 
set uo in the Gro'.lll Reoetition Interval (GRI 1 bv the timer. w!'!ich 
is driven bv a reasor.ab;v nrecise oscillator. Cnce a loran station 
(usi;al!v the Masterl is detected. the timer is Phase-locked to the 
Master sianal s bv the cvcl e trackina servo l ooo. so that al I tir!lina 
measurements are made relative to the Haste~ station. Once Phase 
lock is achieved. all the stations in the chain can normallv be 
a~auired. The ~vcle trackina is done bv samolina a 2ero-crossina 
of !lne of the lGG kHz cvcl es of the l or an oul se. This is 
freC'uentlvdone bv hard-!imitina the lorar. si0'!1al. a'.ld :rackinC' the 
+!- tra~sitio~. This has the advantaae of beino sim,:e. 
indeoer.dent of sional amn!itude and resistant to imoulsive noise. 
A ! in ear tracki!!a l c~n is more corenl ex. but has some better 
interference reiectior. characteristics. 

Cvcl e track:..na is o~vio:.isl v onl v ~r~e st en i: t~e nr~cess (lf 
titr.i!'l.a the :oran siC'!la:. 7he "envelooe,. cir~uits are there to 
wod;:ce a sional t~ :ause the envelooe strobes to be Positioned on 
1:he oro-oer oo:nt on the ~ ea~incr edcre (lf the l or an P::~ se. 7he 
~:.::ic~ion ~ s ta st en t::.e n3tte:!l of sam!l! i!la st::-obes :~ :_1:;.i ts or 
~~:tioles of :o ~i~rosec~acs a:3nq the o~:se u~til ~he orcPer ooint 
on the n"!se er.velo~e is fo;i;;d. The means of determinino which 
poir.t is the cJrrect J~e is ~he subiect of the fol! owina section. 

~~e ~recise tiPin~ o~ a'~ the trackina s~~obes is 
cc~t~olled bv the cv~~e ~rac~i~c servo :~oo. This is tvoical!v 1 

seca~d-arder servo lean. so that :_t tracks with zero ~r~~r at 
cor.s:a!!t vel o·::i tv. The servo aains are deterr;.ir:e:! bv the C.vna:-dcs 
~= :.~e annlicati0:: i:} ;.;!;~_-:":": t~e r~ceiver is t·'.) ~e ~se:. :::~r::.al 

ar 0~~er ra~e-sensitive ino~ts have bee~ ~sed to ~er~it ~se of 
: c:::i:Jer 3t.reraa:-"..:J times :.:-; a ~a:·:e:..iver:ncr en\rirm:!:'.ent. :~e ~::ve~ :::ie 

-J~:~ <Jf :::~e ~:.:2: e::v~::J:i~ de:e~L-~:1 ~-e~::.:i'J:.:e.s det;e:~rned 
was ~~e ''derived e~ve:ope''. =~ ~his th! receive~ loran t~!se is 
ac~.·.:a:: r,r d.eteC!:e~ :r! a .5Vr~::~:0!1(l:.iS dete(:::J~. t:-:er:. Da.Ssed thr~:i.a}'; 
cir~t.:its whi~h Pr::ld:l~e :~e derivati~re ~: the nl.l:se ~ii~1c::J; .. as 
shewn :.r:. ficr::re 8- l. Subtracti!"la the derivative fr~m the ari.crinal 
p~:se nr:iduce.s a w~vefonr. with a !ero crossi::.cr wh()se ti!":'ti!":O' does 
:-.:~t varv with sic:!al arr.n:it:lde. b:.:t whi:h ca!1 !;e adiusted bv 
varvir.a the re:ative amnlitu::e of the der:.vative t.!::.c::io~. 

PULSE MINUS DERIVATIVE 

FIGURE 8-1 
DERIVED ENVELOPE TECHNIQUE 

Ft. sitr.~:er a!".i less e!oensive te:h!":iaue :.s the "delav a!"ld 
addlt. w~:~~:: ~ses :he n·.i.1se dire(!tl v. ar.d adds tc it a 5 r..icrosecond 
delaved far.C inverte:: ~~lse ~f ad..:;;.sta~:e amnlit:.ide. T~1e result 
:s il::.:s~.::-ated i;. f:~·:.::e a-:. w~e::--e the':~;..:;::::::~ !"atio :.s varied 
:ro~: l.C to :.s. 7!":~ ies~red res~:t :s t~e movi::::r J: :be noir:t o~ 
~ha.~~ :-ceversa: f~:J!:'. 8C t.J 2C mi:rcsec·:mds £~oi.: the s~art cf the 
n~:se. :-~e ~~~.e~::.':·:: o~ 7.!"le l)!;as~ reve::-sal. :s sirr:n~e :.:~: t~.eorv !;L.:~ 

a :~:::e :.~:.s!:v :=..:-~ nr2s;..~~ce i:-i 2 :::;~s.v er:v~;_!"'.JJlT~r.~ .. C~e ~ossi:le 
nr:~~e;;. is the P!'."ec:..si:-ir. rea:ii.red ::: 1:.~e : ~:i~!"JS~C:·J~~ :e::3Y. a.:: 
s~~·:iw:: :~n ~:..c:::re 8-3. ~·!hie~ shows t::a: a var~a~.iJn ~: a few neyo;ent 

wa.s ~easu.reC. bv ta~:i.::a t!:e r2~i.o of .su:.:;o::ess~ve ~.a:: :v::les '.)f the 
D:i~Se. :r:.7'!:::-e S-4 sr,~:,is h0~~~ :~:.s ~atio V2.!"jped fa!:" t~e fi~st 7C 
rr:i~r:'.)sec~!1ds of the n:;~se. Ir: the case Jf tJe 3~N-5. t~e re:eiver 
~.J..~d~r~~!t~ ;.;a;:: 7:: : . .::::... a."".~ ::a~'.~:ir..cf : .. :' :~'.e ::·.::se w.=ts a: ~,:A·e 4C 



FIGURE 8-2 VARIATION OF "DERIVED" POINT vs. CHANGE IN COMBINING RATIO 

80 
T (MICRO-SEC! 

FIGURE 8-3. EFFECT OF OWIGE IN DELAY ON DERIVED •AYEFORl'I 

~~2::?.:::c ~as beer:. ar~ar.~ :or a :~~c- t:me. anna!:'E!:.~: v !)aseC Q:~ the 
ass::.~.:lt.:~n ..... ~a'.: the :e~e~ved 'J:.::se i.E ~:_e sa;;.e as :je ':ra!!s::'.it.1::.ed 
P"...i .. se. :~e ~:-=a~:~v ~s s~~~t i!"'. :!!~ serr::-:J: P>:~t 0: :he !'.':::se 
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envelooe. ficrure 5-2. The trackina ooint selected is actuallv 60 
microseconds af:er the start of the inout oulse. Thirtv 
2icroseconds hefore that ooint. the oulse amn!itude is onlv 0.016 
of neak. wh:.ch could be considered the start o: the oulse bv a less 
critical observer. 

lC. Disolavs 

Verv little need be mentioned abocit d:.solavs for loran 
receivers. '!'!lo aeneral tvoes are used. LED and LCD. and each have 
their advantaaes and disadvantaaes. For aircraft installations. 
the hicrh-intensitv L!:J disolav is most oooular. althouah most 
ex!lensive. It is the most readable under most conditions. but ali 
will "wash out" and be unreadable in direct sur.liaht. The liauid 
crvstal diso:avs are best in briaht :iaht. but are ~arder to read 
in dit!!. ~ iaht. and. tend to be temperature se!'!si ti ve. 

MULTIPLE PCLSING AND ?HASE CODING 

';he ori.:rina~ :!:>w-~reauen~v Loran svs:e:n. whi!::h operated at 
:ac f.Sz. tra!'.ls:nit:ed s:.::cr:~ -~r.l:ses fr~~, each~~ :he .s:ave sta:.io!!s 
ar:.d a oair o: nulses fro!!l the maste!'. as a ~ea!'ls o: visual 
ident:'..fication on an oscil:oscooe. ?o~ t'.:e CYT~.C svste::i i:i the 
ear:v ~95C's. :r.~ltiole -ou:si~C" was used to raise the averaae 
trar.sr.'!itted nowe?:" withc:.it :osina the 2dva!·1:aaes of r:r:.ilse 
:ratsmissior: and time sharina. It was thus oossible to increase the 
effect:ve ranae of :te svstem witho~t increasincr the ne~k 
trar.sn-:itter newer. Phase ~o:ir~cr was i::trod:.:ced as a ~eans of 
identification and :n:er~erence reduct:oJ. 

:::. a t'~:ase-~ohere:.t. ~r svnchro;ious-dete~~:.o:-: :vPe svs':err:. 
it is -ocssible ':o i'!'.cdt:l3~.e ':~e s:c~a:s ~v s~iftir:a 1:.he n~as~ ~f :!;e 
r-: c:arrie~· wi tl:i.?: the ?:iu:se e:ive:()oe. : :.:s s:.!'!1,,:es: fonr.. this 
"nhase c~de" i!l.:dulatiC!:-:: takes the £~r~ o !lhase ~eve:sa: i:-i s~~e 

n: t!:e o:..;~s~ :::arr:.ers. ?~~ ~t:: ::D:e o:;.:s !1a a!ld nhase co~i!:a useC 
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?~as:- ~-:;d:..~c· se:::Tes .~ ?';·~:~e!." ~f :t;1rn;)ses. s~:vi:cr s~!:l.e ~f. 

t~·'? !l~~·b:e:n.s :~:r::-~·~·:e~ bv :r:·~1:::·:~ :i:.:~si:::. :} :t orovides a 
rr.eth~d ::!f ~de:'.ti:i:a~.:~~- ·Jf sicr::a~s ~'.Jr a~i:arr:at:·~ eaui:i:::~:-:t. 2) :t 
ezDedi:es t~e a:..ttoT.atis sea!"(:~ -::-r~:es.: ar;:i si~:n::fies the automatic 

31 :: so: ves a nrab:e~ ~f r:-:ul tihatt skvwave 

?he nrob:err!E o: automa~ic sear~h a:i~d :heir solution bv 
"Jr.;..::~ :':ld::!a (:a:-: b::: ::es:. :1~ders:0ad. :v cons3..derina :.n si.~:oI i.fied 
f0r.r. tt:e si:r:a: d~:ecti"Jr.: svste~ :1sed i~ t~e Lora::-.: re~eiver showr~ 
ir: fi11;.ire C-2. T~:e y-t si.::r:ial is re~e:.ved a:;d fed t'.J two ba:a::~ed 

:nod·.::ators .. ~ :cc i.!-rz re:ere~~:e si~~a: :~r:e!"a~e: :.:r: the re~ei 11er 
is ~ed i:l ·:!::adrat:~~~ t;; ":he ~wo r:.od:.::atars. :i~e :r.;.~!n:t ~f the 
ba:a!'"::ed m·Jci·1:at:Jr reDre.sents t:;e detected oulse envelooe 
multi,l:.erl bv the ~~si~e of the aJa~e between the reference a::d the 
sic!'la:. wr.~n t!!e refere:ice a!':d si:ina: are in n~ase. a oosit:ve 
nuIE~ :J:utout is :::i::ta::~e::i. and w!:e: thev are a:.:t ~f -,:.ase. a 
r.eqative ou~se results. T~:e outn::.ts c: the ba:anced mod:.!lator 
,.Jetectors" are saren~ed i:; aates co::trol:ed bv tr:..aaer.s ae1:erated 
in the recei 1Ter. These sar.lnl es are oassed ~hraucrh ~ow-Pass filters 
so that onl v the verv 2 cw freaue~cv co~nonen7.s 11et throu.crh. 
TvDical bandwidths are ir. the order of l hz far search and C.l to 
C.C3 hz durincr treckin~. 

100-ke 
ll·f PUl.SES 
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REFE~- AE\IEASING 
ENCE CIRCUIT 

REPETITION RATE ANO 
lfME-SHARING WA\IEl'ORMS 
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:~:.e :.0:-'.'arr-C tra!;s-r..iss:a11s car:s:st a: aro:;.ns ~~ eiaht :n~:ses 
trom each ~ra~a~:~te~. sra~ei :ooc ~~crose~~p~2 aDar~. with the 
~a~~-er :~a::s::-:~~:ti:'"'la- ~. :~~:.t~ :!·u:se de:ave: 2COC ~~.:'.'.:~oseo:~;;ds from 
j..· · i.. ~ -i-1· ~l"'!.i.. ..... ·s~ w::i~ :::r:..:r::.a::v :.:dei £,!. :naster 
~ ~:::.e::~~ ·-~d·~r:: ~~-~~~~!t~·;r.· --~:l ~-~-.~;:-~a::; a~e~a :ed re~e~~ ve:s :.:s:. !:~ a~ 
~s:::.::')s-:oi;ie :c:.· :i::'..::e ~:a':.:::~_::-:c. _: :s ~.0: ·:.:-:-~ ~v a:..::Qr:a:ic 
res~:.71e::.s :·.~t ::: ·:se'.~ : .. :-: s0:::~ ~ J'.'.:2::..~:-~s 2.S {l. ~ea:-.s ·:: :r!:.2~s:at~~0r. 

7:;~ :·..:.::(:~.~·;:: ~= ~:~.e ::.._2.se :~:1~:-.cr ~.:: e: ~-~.- -.,~~-~-::·: -·.:~ t:..-~_·:n 
s~··~·~.;:2Yf'. i:-~~-~:·=~~·e::-:::e ~a.:. be ~.::.:ie:8:J~::'.. ~u !'."o.:e::i:::i--<:~ :-J ::.c:.ire 
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Fi9ure C-3 - Multihop Skywave Rejection 
refere::e a::Q sic:a:s are alic-ne:: a:: the detected P:.::se e!!veloDes 
are the sa!":'.e :i~: ar:. tv. a:d ~.;rhe: sa~:): ed. w::: urod:;c:e a ~et de 
o:.::D::t. Pic:.:re C-3(!: '. ~-h'.Jws the :=oJ:ii~i:::~ :~~at ex:.sts when the 
s~~a~al is de:aved o:-~e :r:.:ise wit1 res-:>ec:t :o the refere::ce. in ether 
w~rds. the :o::d~ tio!1 res:!i tine fr:nn a l!l!i.l tih;)P s~:Ywave d.e:aved :nee 
~:cr~seconds. :~ :~:s case. the outuut nulses are bot~ ~eqative 
ar:C Positive and averacrea over the two reDetiti0!"~ :.~:erira:s s:.:."':: t~ 
~e~~. ?ia:;,re C-3 ( c ~ s~ows ~~hat zero su..~ation e:-:ists siT.il ar~ v fo~ 
a delav nf 2CCC ~icrosec~~d.s. a!:d further ar:a: v.si~ :·ii:: s~:.JW :!1at 
t?':e sarri.e ·~ate!e~:atic~ ex:.s:s fer a:I 'Joss:.:=:e ?':".:.sa:i-:r:rr_e~ts o?: al: 
am~r..:.!'";.ts 0f skv~ave cie:av. The ~aster n:.::th n;.::se is r:~: showr:. 
s::~e :.: :..s :c: sa~nled bv +..!le aut!Jr::atic ~ece~:.~.re~s. 

In the master and secondarv phase codes shown in tiaure 
C-1. each odd-numbered oulse has a fixed polaritv durina successive 
reoetition intervals. but even numbered oulses have alternatina 
oolarities durina succeedina intervals. Thus. for all cases where 
odd-numbered pulses are alianed with the reference tor even­
numbered ou!ses. the detector cutout will have an eaual number of 
olus and minus cutouts durina two reoetition intervals. the net 
out out Iii 11 be zero; it is thuS necessary to consider further only 
even-numbered oulse misalianments. 

The results of such an anal vsis are summarized in Table 1. 
The action is such that a oositive Ml*M2 search threshold sianal 
is obtained on! v for the uniaue condition of a!ianment of the eiO'ht 
master samolina aates with the eiaht master oulses. and with the 
reference coder in steo with the transmitter. It shou;d be noted 
that the Ml and M2 are onlv reiative. until a ohaselock is obtained 
bv the receiver on the master sianals. But since the oroduct is 
used as the search threshold device. the analvsis is valid tor all 
oo!arities. 

For ~1me difference measurement. the whole master arouo is 
used. as indicated in the column "Track Sianal (Ml+M2l". The 
zeroes for all ou!se samoles ahead of the correct alianment aaain 
indicate no resocnse to delaved skvwave sianals. The sourious 
resoanses when the coders are out of sten shaw whv the ~eta! 
resoonse is i~s~fficier.: for initial alicrr.ment. 



153 

TABLE l! . 
ANALYSIS OV Sii.Aii.CH AND TUCKING 

(EIGHT MASTER PULSES) 

Puloee Sampled Net Sampled Volta~• I I 

I 
Search Thn:shold Signal ~ Tracie Sigual 

(by Muter Sampler} Mi I Ml (Ml XM2) (Mt+M2} 

fl-2 

~I 
0 

1-4 0 
1~ +4 

Master +a 
1-8 

1

---

_J I i 
+64 (Correct 

Ali1nment) 16 

J-8 -4 
S-8 0 

Transmit- and Re.:eiver 7--8 0 
Coder• ill Step 

(Normal Traci< Condition} r, 0 
1-4 0 
1--6 -4 

Secondarv 1-8 0 
3-8 +4 
S--8 a 
7-8 0 

r 0 
1-l 0 
1~ 0 

Maeter 1-B 0 
3-8 -4 
S-8 0 

Coders Out ol Step 7--8 +4 
by One Rt:petltion 

Interval . r· 0 
1-4 0 
1-6 0 

Secondarv l-3 0 
' 3-8 -4 . I t: +8 

-4 

+4 
0 ·o 

0 
0 

+4 
0 

-4 
a 
0 

H 
0 

--l 
0 
0 
0 
0 

H 
H 
H 

a 
0 
0 
0 

-16 
0 
0 

0 
0 

-16 
0 

-ll'i 
0 
0 

D 
0 
0 
0 
0 
(I 
(I 

0 
a 
0 
0 
0 
a 
0 

0 
0 
0 

0 
0 
0 
a 
a 
0 
0 

+4 
0 

-" 0 
-4 

0 
+4 

-4 
+B 
H 

0 
-4 
+8 
-4 

• Summed over two repetition l11terval1, each unit repn:oents one pulae. 

Once the coder in the receiver is in step with the master. 
search for the secondary signals may be initiated using a sinale 
auadrature set of samnling gates and !ow-pass filters without a 
breakup corresnonding to Ml and M2. since getting the coder in step 
with the master aligns the secondary intervals. The analysis of the 
response with improper pulse alicrnment for the master anp!ies 
eaua!ly to the secondaries. so that a net outnut occurs onlv when 
all eiaht samo!ing aates are aligned with c~rresnondinci pulses. 
This property also Drovides for rejection of mu! tihop skrwaves in 
the secondarv signals. 

Pulse svstems basical I y have sideband freauencies separated 
from the carrier freauencv by multiples of the nulse repetition 
rate. llhen the pulses are processed by samnlina. any c-w 
interference which has the same phase as the nulses when samolina 
occurs acts iust like interferina pulses. Reduction of 
interference was the initial incentive toward develonment of nhase 
codina. llith the 8-ohase CYTAC coding. each nu!se of the arouo had 
effectivelv a different carrier freauencv. Any sina!e c-w 
interference can be svnchronous with one nulse out of eiaht. 
therefore there is an 8 to 1 or 18 dB reduction in dearadation 
:::r.::.:ia:-:d : : a:: ·~-:("~~:!d. svs':e!':".. 

a-:r.::se :-:i~ase 2-c-~'.J:.:.n :.:>!'ar:-C :~~f:. ::-;e ::~~·:"e:: :-~; !'e..;~-::i:2 

!-i3.5 re:!::.:e: =~C!~ :g ~~ '::: ~2 :,::3 '. ~ :~ ~:. s:x J£ the :2 dE =~T.es 
:!'0:: :~e ::!:ste::.:e Jf :~;~ e£f:::-tit.te ~~ec:-:.;::-:::v :a::-::::.es: ~r;e :s :cc 
:Z!-:1 ~1- S*(·~?:;' w!":e!:e S :..s 2:-:v :.:.:e~e!'.' 2.!".:3 G?~ :s t~e Gr'.):,.:n 
?ene::.::~: Rate :..!l ::e:.--:1. -:-: .. :.s :..::. :~: ::.e :r..::ses ~:.:=: ~ave - ... :. 
sa"r:e ~:.as~ :r:J::. ~~e :~0:;: ~- ':~e :.~x:. :~e :):~e!· is :ca (.~z •.'-

( 7/2 l *{ GP ... 'i l whe!'e :' is an odd i:-~:eaer. f~r ~~ls es which reverse 
ohase fr~m o~e :!'ou.n t~ the r~er.t. The other 6 dB comes from the 
ubase :-eversal 'attern w:.tbir: the aro·.:n. 7he ~eta: :2 dB 
imoroveme!:.1: :a~. be see~. i: ::,:::re C-4. w~!ere the Master c~de is 
c~oared. with two c-w interfe!'e:ces - n!1ases s~~wn at the times of 
sa!!'!n:i!:!r. 

. -

i/2GRR 

.!a~e ~! _2,.oncsi~e 

with resoect t~ ~ 

s :· '.) s s s s j°Af- ~ same 

s 

::: :!":e ·:ase o: e: :::e!" :.!:~e!:erer~:e. 
:::e:we=:: sa~e a::·: .}:OD~.:;_:.. :e :i~ases 

3/4. ~=the sa::-:nies bala~~e ~ut 
(:~:..:iared ~ J :!le : :;):a:: :ode. 

~~: ~~~~~,~:;:~:s~:~~f :~-~~~~~=e~n~HhJE::.1~~,t:~~::~=7~ if fo~lml: 
tb..e sa~.-~~e:s ~·-= ~::~ n·..:.:ses ::..:ve!"se:v a::e::e:.:. .S:.::c~ a svs:e~ 111as 
::-_r.re"'.". :e·::. ;:tr Yl=:a:~a a::~ ? ::. ~::.:is a:·1 ";15e~ ~: :~e F.X .r;.1:t-78 3."~d -85 
:o!a~ re:e~ve~s ~~::~ :: ':~~ ~:.~i-e :?6C's. 
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Atmospheric noise, EM propagation, skywaves, 
coverage, GDOP and interference -

A tutorial paper 

David Last 

Radio-Navigation Group, University of Wales, 
Bangor, Gwynedd, United Kingdom 

1 Introduction 

This set of three tutorials on Loran-C has been cunningly 
designed and by now you will have grasped the master 
plan. Simply think about the signal. Ed McGann and Bill 
Roland described how it is generated and the tricks 
which must be played upon it to persuade it to leave the 
comfort of the transmitting station and set off on its 
journey. Walt Dean and Bob Frank told you more about 
its properties and explained how the receiver deals with 
it when it arrives and how it outputs the position. 

My job is to tell you about the part in between the 
transmitter and receiver: the propagation of the signal. In 
an ideal world the signal would travel directly from 
transmitter to receiver, suffering only the delay which 
the receiver will seek to measure and, no doubt, a 
modest degree of attenuation due to the spreading out of 
the wavefronts. The Loran-C pulses reaching the 
receiver from the various transmitters would be of the .· 
text-book shape. The receiver would merely amplify 
them, identify the correct cycle and measure the tim&-<>f­
arrival (TOA) of the appropriate zero crossings. That is 
not the way it is! 

The signal from each transmitter is attenuated, 
sometimes severely, by travelling over land. Land paths, 
and sea paths too, change the shape of the pulses and 
cause the envelope to be delayed by a different amount 
from the cycles it contains. Noise and interference are 
received along with the signal. The noise may originate 
in the atmosphere or it may be man-made. In Europe 
especially, the Loran-C signals are obliged to share their 
frequency band with large numbers of other 
transmissions. These so-called carrier-"'2te interferers 
may reach the receiver with much greater strength than 
the Loran signals. And the Loran pulses themselves will 
travel from transmitter to receiver not only via the direct 
path along the surface of the earth but also via multiple 
reflections, predominantly by the ionosphere. 

So the task of the receiver may be a very difficult one. 
To amplify the weak, attenuated signal; to extract it 
from the atmospheric noise; to reject the strong carrier­
wave interference; to distinguish the wanted signal 
which travelled via the groundwave path from the 
unwanted skywave reflections and to establish the 
correct cycle and zenrcrossing when the envelope and 
cycles are out of alignment In this presentation I will 
talk about the causes of all these propagation-related 
effects and their magnitudes. I will tell you about their 
very fascinating properties: for instance, how they vary 
with time or in space. But at the end of the day, it is 
their effects on the position measurements made by the 
receivers which matter, the seriousness of any position 
errors they may cause. It is impossible, and pointless, to 
try to isolate these propagation phenomena from the 
perf onrumce of the Loran receivers. So as I talk about 
propagation, which is my task, I will constantly return 
to the performance of the receiver, for example, by 
linking the strength of the skywave interference to the 
ability of the receiver to reject it. 

I see, too, that I am to talk about Geometrical Dilution 
of Precision. I'm going to take that as a shorthand way 
of describing the bunch of factors which link the result 
(how accurately and reliably the receiver measures 
position - which is all we are really interested in) to the 
cause of those errors, the propagation of the signal. 
That gives me licence to mention not only Geometrical 
Dilution of Precision, which we'll shorten to GDOP, 
and other related geometrical factors, but also the way 
in which receivers group stations, their opera ting 
nvdes, hyperbolic, cross-chain and so on. And finally, I 
would be neglecting my duty as the Propagation Man in 
this grand design if I didn't talk at least briefly about the 
other effect of land paths on Loran signals: the way they 
delay them and the 'additional secondary factors' or 
'fixed errors' which result. 



2 Signal attenuation 

The way in which groundwave signals, such as those of 
Loran-C, are attenuated as they travel over land and sea 
paths is very well understood. Bremmer and Norton have 
public;hed families of cwves which relate their 
attenuation to the conductivity of the ground. Put simply, 
the lower the ground conductivity, the more rapidly the 
signals are attenuated because the energy losses in the 
ground are greater. Sea water is the best. Poor land has 
much lower conductivity; it may be dry desert, or rocky 
mountains with negligible soil cover, or it may, 
surprisingly, be ice. Broadly, what's good farming land 
is also good Loran land. 

Many paths from transmitters to receivers pass over 
terrain of different values of conductivity: so-called 
mixed or inhoIIXJgeneous paths. There is a technique for 
combining the effects of the different sections of path 
(unfortunately, this is more complicated than simply 
adding them up) called MiJJ.ington 's method. You'll hear 
people talk about the whole business of field-strength 
prediction as 'Millington's method'. It isn't, Millington 
(an Englishman) just worked out how to deal with mixed 
paths. · 

The problem in predicting Loran-C field strengths is 
predominantly that we have only a limited knowledge of 
ground conductivity values. In some countries these are 
well mapped and the results are published in the CCIR 
Atlas of Ground Conductivities. In others they appear to 
be a state secret! It is possible to gather information from 
a variety of sources and where necessary even to 
estimate the ground conductivity from geological maps. 
Then, knowing the power of the Loran transmitters and 
examining the paths to the receiver, we can calculate the 
strengths of the signals. 

That gives us one of the key elements of the propagation 
picture.But the receiver is concerned about the signal-to­
noise ratio of the Loran transmissions. So now we must 
look at the question of noise - and the answer is very 
complicated! 

3 Atmospheric noise 

Atmospheric noise is caused by thunderstorm and other 
electrical discharge activity in the atmosphere. At any 
time there are many hundreds of active storm cells 
around the world and, because low-frequency signals 
propagate long distances, a receiver is subject to the 
combined effects of large numbers of atmospheric noise 
sources. The closer they are, the stronger the 
interference so, not surprisingly, the strength of 
atmospheric noise varies substantially with the time of 
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day and season of the year. The nature of these 
variations is quite well understood but, of course, we 
are dealing here with a random, stochastic process, so 
we have to approach it probabilistically. 

The CCIR publish maps which plot contours of the 
median value of atmospheric noise. They divide the day 
into six 4-hour blocks, and the year into four, 3-month 
seasons and there is a map for each of these 24 time 
periods. The variations of atmospheric noise in time and 
space range over many tens of dBs. The patterns are 
complex but, broadly, the median value is greater in 
swmner than in winter and it is higher near the equator 
than in polar regions. 

The CCIR maps show median values at the frequency of 
1 MHz. The 100 kHz values needed for Loran-C may 
be calculated from the l MHz value, but the relationship 
between them is also time and season-dependent. The 
question then arises as to what probability level to take. 
This is arbitrary, but the US Coast Guard have 
established a commonly-used reference. They calculate 
the 95-percentile value for each of the 24 time periods 
throughout the year and then average the results. The 
USCG document which defines the Loran-C signal pulse 
also describes clearly how to derive this value from the 
raw CCIR figures. 

Although we use the language of statistics to describe 
and quantify atmospheric noise, it is not trnly random in 
character. Noise from nearby thunderstorms is caused 
by specific discharges. Such noise contains spikes which 
greatly exceed the median value - and they are more 
frequent than would be the case if the distribution were 
normal. Commonly Loran-C receivers contain limiter 
circuits which remove these spikes and ·return the 
distribution of noise to something closer to Gaussian. 
The receivers then minimise the effects of the noise by 
integrating the measurements they make over periods 
which are very long compared with the duration of a 
Loran-C pulse, or pulse group. 

For a long time, atmospheric noise was regarded as the 
principal, in fact as the only, source of noise to affect 
Loran-C reception. It is the signal-to-atzmspbenC-noise 
ratio which the US Coast Guard have traditionally 
calculated when estimating the coverage of individual 
transmitting stations. The Coast Guard lower SNR limit 
is -10 dB (that is, the signal is 10 dB below the noise) 
and it is assumed that Loran-C receivers integrate zero­
crossing measurements over a sufficiently-long period 
that this limiting SNR value results in a one-sigma 
uncertainty of l 00 ns in the resulting time-difference 
measurements. 

This approach served us well until it became desirable 
to design systems to operate here in Europe. Then it 



was discovered that there was a source of noise which 
was not only stronger, but also more insidious, than 
atmospheric noise: carrier-wave interference. 

4 Carrier-wave interference 
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Carrier-wave interference ( CWI) is due to 
communications signals transmitted at frequencies within, 
or close to, the Loran-C frequency band. Now, strictly, 

Loran-C doesn't have a frequency band, not one that it 
can call its own! In general it operates subject to a 
requirement that it must constrain its transmitted 
spectrum so that less than 1 % of the energy lies outside 
the range 90-110 kHz, and it is that range which is 
popularly called the Loran-C band. 

This bandwidth limitation forces the Loran-C system into 
a series of compromises which are most easily 
understood by considering the constraints on the 
bandwidths of receivers. Ideally, receivers would have a 
sufficient bandwidth to preserve the Loran-C pulses 
undistorted; that would require them to recover ail the 
energy of the signal, both within and outside the 90-
110 kHz band, But then they would also receive other 
interferering signals. In the US, where Loran-C bas long 
been a major navigation aid, the 90-110 kHz band bas 
been protected. Other potentially-interfering 
transmissions have been kept away. And, fortunately, 
even the adjacent frequency bands, from say 50 to 
150 kHz, are little used. What interfering signals there 
are can generally be suppressed by the use of narrow­
band notch filters, with only minor degradation of the 
shape of the Loran pulses. 

The situation in Europe is profoundly different: up to a 
thousand stations are licensed to transmit in the 50-
150 kHz band! Not all of them acmall.y do so, not all the 
active ones are on the air at any time, many are of low 
power and the stations are distributed over a wide 
geographical area. And, even in Europe, all significant 
interferers have been driven out of Loran's 90-110 kHz 
band. Even so, the result is that, almost without 
exception, anywhere in the European region, carrier­
wave interference is stronger than atmospheric noise. 

Now it is important at this stage not to lose heart! Keep 
a cool head and remember that Loran-C does work, and 
work well, in Europe; but co-existence between Loran 
and these other services bas required detailed study of 
the problem leading to careful design of the system. The 
motto has been: know your enemy! And we also have a 
number of powerful defensive tools, some which have 
long been known and others which have emerged more 
recently. 

The traditional first line of defence employed by Loran 
receiver manufacturers bas been to increase the number 
of notch filters fitted to the European models of their 
products; six or eight filters are not uncommon. 
Recognising that identifying the frequencies to which 
these filters should be tuned, and setting them up, may 
be a substantial task and that the filters should ideally be 
retuned as the receiver moves through a changing 
distribution of interfering signals, some manufactureres 
have equipped their receivers with automatically-tuned 
notch filters. These receivers identify the strongest 
interfering signals and direct notches to zap them. They 
do this continuously and adaptively, always minimising 
the level of interference. Unfortunately, as we will see, 
it isn't simply the strength of the interference which 
matters. 

It bas long been recognised that the effect of any 
individual carrier-wave interferer on Loran-C reception 
depends profoundly on its precise frequency. Here's 
why: because receivers operate by sampling the pulses 
of the signal. So, in accordance with classical sampling 
theory, they behave like comb filters, responding to a 
series of closely-spaced frequencies, which exactly 
correspond to the spectral lines of the transmitted Loran· 
signals. If an interfering signal falls right on one of 
these frequencies, the receiver will obtain a consistent 
error from sampling it. There can be an offset in the 
readings which will result in an error in the 
measurement of the zero-crossing times of the Loran-C 
pulses and, hence, in the measured position of the 
receiver. And it doesn't matter over how long the 
receiver averages those readings, if the interference is 
synchronous with a spectral line of the Loran signal. 
they will all be wrong; averaging won't help. 

On the other hand, if the interference falls, say, mid­
way between two spectral lines, the signal is not 
synchronous with the sampling process. Each sample 
bas a different error, and averaging a large number of 
them allows the true reading to emerge. Loran-C 
receivers are extremely effective in attenuating non­
synchronous interference in this way. And the longer 
their averaging time, the narrower the frequency band 
around each spectral line within which they are sensitive 
to interference. This is the comb filter in action. You 
will understand then that both the strength and the 
frequency of each interferer determine the error it can 
cause in the measured position. Unfortunately, receivers 
with automatically-tuned notches at present have no way 
of dealing with this complexity and aim simply for the 
strongest interferers. There's a big push on at the 
moment to design more sophisticated automatic notch­
tuning systems. It's difficult, and interesting, and it bas 
some of our more mathematically-inclined colleagues in 
quite a frenzy of excitement! 



Now, what about using bandpass filters to pass the 90-
110 kHz Loran signals and attenuate carrier-wave 
interference? Certainly we can do that to a considerable 
degree, provided we are willing to pay the price. The 
narrower the filter, the more the risetime of the Loran-C 
pulses passing through it will be stretched. We will see 
when we come to look at skywave effects that extending 
the risetime makes the receiver less able to identify the 
wanted groundwave signal and reject the interfering 
skywaves. And there is another problem: the slower the 
rate of change of the envelope of the pulse, the more 
difficult it becomes for the receiver to identify the cycle 
which contains the correct zero crossing. So cycle 
uncertainty may also become a problem. 

Hcwever, this is all' a matter of compromise: if we are 
prepared to allow some extension of the risetimes of the 
pulses, we can certainly introduce a relatively-narrow 
and steep-sided bandpass filter at the input to the 
receiver. Such a filter can provide substantial rejection of 
inte.fc:rence at frequencies well below 90 kHz or well 
above 110 kHz. This is an approach used very 
successfully by some receiver manufacturers and it 
greatly reduces the number of strong interfering signals, 
essentially to those close to the Loran band. Filtering 
mustn't be overdone, but it is yet another weapon in our 
armoury to use against the dragon CWI. 

All these techniques have been known for a long time. In 
designing the Loran-C systems for North-West Europe, a 
novel approach has recently been adopted which can 
have a profound effect on the ability of receivers to 
tolerate interference. The idea is simple: you choose the 
Group Repetition lnterYal (GRI), carefully so as to 
minimise the effects of the actual interferers operating in 
the area to be covered by each chain. This is a technique 
which has been pioneered at Delft University of 
Technology in the Netherlands in conjllllction with our 
group at Bangor. Given that there's a bunch of 
academics involved, you won't be too surprised that the 
next bit gets a bit technical! 

To implement the technique you start with a list of all 
the interfering stations which can affect the coverage 
region. containing the location, the power and the 
frequency of each station. Then you adopt a standard 
design of receiver, specifying its bandpass filter 
characteristic and the width of the comb responses 
around each spectral line. The strength of each interferer 
is calculated at each of an array of geographical points 
covering the region of interest. The field strength is 
estimated from the transmitter power and location, taking 
groundwave attenuation into account and also estimating 
the strength of the skywave. Then, having regard to the 
frequency of the interferer, the attenuation provided by 
the bandpass and comb filters of the receiver are 
calculated. In this way we compute the strength of the 
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interference and the position error it can cause. This 
complicated process is repeated for every interferer at 
every point; not surprisingly, it uses a lot of computer 
time! 

The result is a measure of the uncertainty with which 
the receiver can expect to make Loran time-of-arrival 
measurements at each point in the coverage area. Now 
we look at the GRI. The key to understanding this 
approach to minimising interference is to recognise that 
it is the choice of GR! which determines the frequencies 
of the spectral lines of the Loran transmission and of 
course, the corresponding frequencies to which the 
comb filter lets the receiver respond - the frequencies of 
the synchronous interference. So, all we have to do is to 
repeat our large calculation using each feasible GRI and 
then choose the GRI which gives the smallest errors! 

The results are dramatic: receiversare seen to suffer 
tens of ti.mes more interference when the worst GRI is 
em.ployed than with the best. Selecting the most suitable 
GRI for use in the area tunes the comb filters of all 
receivers and greatly reduces the effects of the carrier­
wave interference. 

The method described has the additional benefit that it 
identifies the most serious remaining interferers to 
which the notch filters of the receivers should be tuned. 
If we specify a minimum number of notch filters of a 
certain performance we can finally calculate the 
additional reduction of interference which they will 
afford. 

There is one other way in which receivers reject CWI. 
A Loran-C receiver applies a pattern o~ phase reversals 
to the signals it receives so as to cancel their pbase­
coding. These receiver phase reversals also affect each 
interfering carrier, reducing its effect by some 8-16 dB. 

Carrier-wave interference is a potentially serious 
problem. especially in Europe. But by a combination of 
narrower receiver bandpass filters, judicious use of 
notch filters and careful choice of G RI it can be 
overcome. The result is that the coverage of well­
designed Loran-C chains should extend out to limits set 
by atmospheric noise and not carrier-wave interference. 

5 Skywave interference 

Terrestrial radio-navigation systems such as Loran-C 
work on the assumption that the signals travel from the 
transmitters to the receiver in a sensible fashion - via 
the shortest paths! Perversely, some signals choose to 
take longer paths, especially via refraction in the lower 
layers of the ionosphere. With increasing range from the 
t:ransmitting station the groundwave signal is attenuated. 
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The strength of these skywave components, in contrast, 
changes little with range at distances between 100 and 
2000 km from the station. Thus the sfywa w-to­
groundw.i 11e ratio (SGR) increases with increasing range. 
A long way from the station, Loran-C receivers are 
faced with the task of identifying groundwave signals in 
the presence of skywave components which may be 
substantially stronger. It is traditionally assumed that 
they do so by identifying and tracking a point 30 µs into 
he Loran pulses, which are assumed to be of the 
standard shape. They take advantage of the fact that the 
delay of the skywaves with respect to the groundwave 
always exceeds 30 µs. 

However, we have seen that, because most receivers 
employ bandpass filters which are narrower than ideal, 
the risetimes of the received pulses are extended. This 
allow later strong skywave components to intetfere with 
earlier weaker groundwaves. Skywave components which 
arrive with short delays are more serious than long delay 
ones. Clearly, it is necessary to take into account both 
the strength (the SGR) and the delay of the skywaves 
with respect to the groundwaves. The Minimum 
Performance Specifications for Loran-C receivers 
published by the RTCM and the IEC lay down limiting 
combinations of SGR and delay which receivers should 
meet. 

Both the delay and the strength of the skywave signals 
received over a path vary with the time of day and the 
season of the year, in sympathy with changing 
ionospheric conditions. Skywave strength depends with 
the intensity of ionisation in the D layer. Skywaves are 
normally stronger at night than by day and stronger in 
winter than in summer. The delay varies with the 
effective height of the ionosphere, considered as a 
reflecting surface. This is typically 73 km by day 
andVhigher by night, 91 km. So on average day-time 
skywaves are weaker, but earlier, than nighttime ones. 

Skywave propagation at frequencies in the region of 
100 kHz has been carefully observed and recorded over 
many years, not least by the Decca Navigator Company. 
Decca operates in the same frequency area as Loran-C 
and is very susceptible to skywave intetference. As a 
result of these studies we understand how skywave paths 
behave, at least in statistical terms. At any season of the 
year and time of the day in any specific region it is 
possible to state approximately therms strength of 
skywave field strength to be expected over a path of 
given length from a transmitter of known power. 
Skywave intensity is, however, subject to short-term 
nmdom variations but the probability of its exceeding 
any particular value with respect to therms can also be 
stated. In addition, because of Loran-C research we 
know the average delay values by day and night. 

This understanding enables us to design Loran-C chains 
in such a way as to minimise skywave interference. At 
any location we can estimate the field strength of the 
groundwave signal, taking path attenuation into ac;cowit. 
We can also estimate the delay of the skywave signal 
and the maximum field strength which it will not exceed 
for more than a specified percentage of the time during 
the worst time and season of the year. We can thus 
ensure that skywave conditions remain within the limits 
specified in the receiver Minimum Performance 
Specifications and so are acceptable to all receivers 
which meet those specifications. This is what has been 
done in planning the North-West European Loran-C 
chains. It has meant that the transmitter stations are a 
little closer together than is necessary simply to 
overcome atmospheric noise. But, since there is a 
carrier-wave interference problem as well, that's no bad 
thing. The result is quite a conservative design. 

6 Envelope~ycle difference (ECD) 

As Loran-C signals propagate, especially over land 
paths, an interesting effect occurs; the envelope 
apparently travels at a slightly different speed from the 
cycles. As a result, the ECD changes, in a negative 
direction. The reason for the change of ECD is that the 
velocity of propagation of groundwave signals in the 
region of 100 kHz is a weakly non-linear function of 
frequency. The velocities of the spectral components of 
the Loran-C signal thus vary non-linearly across the 
band from 90 to 110 kHz. As a result, the Group 
Velocity of the signal, which affects the propagation of 
the envelope, is slightly different from the Phase 
velocity, which affects the cycles. Thus the ECD 
changes. 

The rate of change of ECD with distance is such that, 
over an all-seawater path, the shift builds up to 
approximately -2.5 µs by the edge of the coverage area. 
Receivers are most tolerant of noise when the ECD of 
the received signal is close to its ideal value of zero. 
Thus it is customary to transmit a signal which has an 
ECD of + 2.5 µs (near to the station in the near filr­
field) so that the ECD falls so as to reach zero at the 
edge of coverage. 

Over land paths the rate of change of ECD with distance 
is greater than over seawater, but by an amount which 
is rather poorly understood. Observations are not helped 
by the localised changes of ECD which are sometimes 
observed close to steps in ground conductivity. Sherman 
has fitted an empirical curve to a large body of 
measurements and his work gives the best known 
relationship between the rate of change of ECD and the 
ground conductivity. Using Sherman's curve it is 
posstble to estimate ECD changes over specific paths or 



to map ECD contours around transmitting stations. 
Fortunately, it has been found that, since rate of change 
of ECD and rate of signal attenuation both increase with 
falling ground conductivity, the ECD value is always 
acceptable within the coverage area of a station, as 
determined by SNR considerations. 

It is important to understand and estimate these 
variations of ECD with range since doing so allows the 
ECD settings at transmitting stations to be set for 
optimum conditions in the limiting areas of coverage. 
This process has been carried out for all the stations of 
the planned North-West European Loran system. 

7 Coverage of individual stations 

The techniques described so far allow us to predict the 
coverage of individual Loran-C transmitting stations. 
Traditionally, the USCG have done this by estimating the 
field strength, using ground conductivity data and 
Millington's method, and the ab:nospheric noise in the 
region to be served. The coverage boundary is the 
contour at which the field strength of the signal has 
fallen to 10 dB below the noise. · 

It is now considered desirable, at least in Europe, to 
include considerat!on of carrier-wave interference, 
sk:ywav~ !nterference and ECD in this process. The 
lf'Ovels of carrier-wave interference are estimated using 
the same approach as for GRI selection: the list of 
interfering stations, the effects of groundwave and 
skywave propagation paths and attenuation by the 
receiver bandpass, notch and comb filters and phase 
d~..ing effects. The remaining interference can affect 
the receiver in two undesirable ways: by causing 
uncertainty in time-of-arrival measurements and by 
reducing the reliability of cycle selection. It is possible to 
show that a signal-to-interference (SIR) ratio of 
approximately 14 dB results in a TOA uncertainty equal 
to that caused by the USCG' s limiting value of 
atmospheric SNR. The way interference affects cycle 
selection also depends on frequency in a complex way. 
But generally we believe that cycle selection is not the 
limiting factor, if you look after the TOA uncertainty, 
cycle selection will look after itself. So we can use the 
signal-to-interference ratio to set a coverage limit 
equivalent to the -10 dB signal-to-atmospheric noise 
ratio. 

We've seen how to check that skywave interference is 
acceptable and to ensure that the change of ECD with 
range doesn't get out of hand. So we can predict the 
coverage of a transmitter by computing each of these 
factors at every point in a large geographical array of 
points covering the area of interest. Then, we check each 
of them against the limits we've set. If all of them are 
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within limits, the point lies within the coverage of the 
station. If not, then not. 

The final stage in any coverage-prediction process is to 
compute the coverage not of a single transmitting 
station, but of an entire chain of stations or even of a 
system comprising several chains. In order to do this we 
have to take into account both geometrical 
considerations and the way the receiver uses groups of 
stations. 

8 GOOP and geometrical 
considerations 

As you know, the Loran receiver makes time-difference 
(fD) measurements between the signals arriving from 
pairs of stations. Each TD defmes a line of position, an 
WP. The receiver uses a minimum of two LOPs, 
normally derived from three stations, to give a position 
fix. Thus the receiver obtains a fix from a triad of 
stations. All the propagation effects I've been talking 
about conspire to cause uncertainty in the timing 
measurements the receiver makes, the fundamental 
components of the fix. These give rise to uncertainties 
in the LOPs and so in the fix itself. The greater the 
signal-to-noise ratio, signal-to-interference ratio and so 
on, the more precise the fix. The factor which 
determines what fix accuracy results from a given 
accuracy in TOA measurements is the GOOP, the 
Geometrical Dilution of Precision. 

It is well-known that on the baseline between two 
transmitters a given uncertainty in the 1*ro&-difference 
measurement gives the least uncertainty in the position 
of the LOP. Further from the stations or behind one of 
them, in a baseline extension area, the GDOP becomes 
greater. Also, the closer to a right angle the LOPs cross 
one another, the smaller is the area of uncertainty and 
the greater the precision of the fix. 

A set of equations relate the fix repeatable accuracy to 
the precision of the time-of-arrival measurements. They 
incorporate these two factors, the lane expansion /ilctors 
of the two LOPs and the their angle of cut . 

The simplest way to deal with this relationship is 
probably the one traditionally adopted by the US Coast 
Guard. They assume that each of the three signals which 
contribute to the fix has the minimum allowed signal-to­
noise ratio, -10 dB. As a result, the timing uncertainty 
in each time-difference measurement has a standard 
deviation of l 00 ns. Geometrical considerations are now 
taken into account to calculate the fix repeatability at 
each point in the coverage area. The boundary of the 
coverage of the triad of stations is arbitrarily taken to be 



that contour at which the 2d""" (or 95 % probability) 
uncertainty of position reaches 0.25 nm (463m). 

A more sophisticated approach, adopted recently in 
North-West Europe, is to take account of the actual 
SNR and SIR of each signal independently and so 
calculate the resulting uncertainty in its time-of-arrival 
measurement The uncertainties of the resulting TDs are 
then calculated and, finally, the fix uncertainty, taking 
geometrical factors into account. This allows contours of 
repeatable accuracy to be drawn, which can include the 
463m limit 

9 Receiver operating modes 

Traditionally, the triad of stations which contribute to a 
Loran-C position fix are the master and two of the 
secondaries of a single chain. The master station is the 
common element in the two lines of position. This way 
of working, if it is given a name at all, is designated the 
hyperbolic mxle. 

It is sometimes advantageous to be more adventurous, 
for example, by constructing a triad using stations from 
more than one chain or by omitting the master station 
and using three secondaries. The result may be a more 
favourable geometry or improved SNR than can be 
achieved in the hyperbolic mode. 

Receivers are already on the market which operate in the 
scrcalled semi-circular mxle, employing the master and 
a secondary station from one chain together with a 
secondary from another chain. Also feasible, at least in 
principle, is the cross-chain mxle in which each LOP is 
generated bytaking a master-secondary pair from each 
of two chains. The most advanced option is the master­
independent nvde, in this there are no restrictions, the 
LOPs can be derived from any two pairs of stations, 
even taken from four chains, if required. 

Hyperbolic operation is the norm because 
synchronisation of the stations within a chain can be 
controlled very precisely. All other modes additionally 
require precise synchronisation between chains. Until 
recently this has not been achieved. Now i.t is possible 
md new systems of chains, in particular the North-West 
European system, are likely to embody sufficiently 
lccurate inter-chain synchronisation to enable receivers 
co operate in these advanced modes. 

10 Additional secondary factors 

When Loran-C signals propagate over paths of different 
values of conductivity, not only are the signals attenuated 
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by different amounts, but their velocities of propagation 
differ also. The lower the conductivity, the greater the 
attenuation and the lower the velocity of propagation, 
except under certain unusual circumstances in the near 
field region very close to the transmitter. These phase­
velocity effects are well understood and the time delay 
of the signals travelling over a path of known 
conductivity can be accurately predicted. The effects of 
the various sections of a path of mixed, or 
inhomogeneous conductivity, can be combined using an 
extension of Millington's method: the Millington-Pressey 
method. 

A Loran-C receiver, having made time-difference 
measurements, is faced with the problem of calculating 
the corresponding distance-difference values. A very 
common simplifying assumption is that all signals travel 
over sea-water paths. The additional propagation times 
occasioned by the land paths are called additional 
secondary filctors (ASFs). If ASFs are simply ignored, 
Loran·C positions may be in error by hundreds of 
metres. However, ASFs can be estimated theoretically, 
or measured. A common practice of Loran users is to 
measure the 'Loran' position of a prominent land-mark 
or sea-mark and then use any error in the measured 
position to give an adjustment which is applied to all 
fixes in the region. This is a legitimate practice since 
normally ASFs change only gradually over an area. In 
many areas the ASFs have been extensively surveyed 
and tables of values published. 

An alternative technique which has been developed 
recently is to compute a map, or table, of ASF values 
using a ground conductivity map. The resulting data 
may contain errors due to imperfection:; in the 
conductivity data which are consistent over substantial 
areas. A limited surveying operation is then carried out 
which generates a sparse data set of corrections and the 
computed data IVrce-fitted to match the measurements. 
In that way the detail in the results provided by the 
computer model are preserved while the underlying 
wi.de-area discrepancies are removed. The technique is 
the most economical way to obtain high-quality ASF 
data. 
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DIGITAL INTERFACE STANDARDS FOR NAVIGATIONAL EQUIPMENT 
NMEA 0183 AND IEC 1162 

Frank Cassidy 
Chairman, NMEA Standards Committee 

Datamarine International 
Pocasset, Massachusetts 

Abstract 

This paper describes the work of the National Marine 
Electronics Association (NMEA) and the Interna­
tional Electrotechnical Commission (IEC) in develop­
ing a common standard for use in interfacing electron­
ic navigation and sensing equipment. NMEA Stand­
ards were originally developed for interconnecting 
Loran-C receivers to other shipboard equipment and 
NMEA Standard 0183 is currently in wide use 
throughout the world for interconnecting various 
sensors, with many applications involving Loran-C and 
GPS. The Draft IEC Standard 1162 arose from the 
requirement generated at the International Maritime 
Organization (IMO) in the 1980's for a system to 
interface the various navigation equipment required 
by the Safety Of Life At Sea Conference (SOLAS) for 
the new Global Maritime Distress and Safety System 
(GMDSS). Providing vessel position data to the safety 
system is of particular interest. 

Originally intended for marine applications, these 
standards are becoming increasingly used in airborne, 
terrestrial and industrial applications - wherever 
navigation and communications are involved. 

Digital Interface Standards 

NMEA and IEC Interface Standards are intended to 
serve the public interest and add to safety at sea by 
facilitating interconnection and interchangeability of 
equipment, minimizing misunderstanding and confu­
sion between manufacturers, and assisting purchasers 
in selecting compatible equipment. The interconnec­
tion of radio navigation equipment, originally Loran­
C, and now Omega, Decca, Transit and GPS, was the 
first and is still the most frequent use for these stand­
ards. In addition to interfacing Loran-C and GPS to 
autopilots, electronic chart displays, RADAR/ ARP A 
displays and data collecting equipment, the Digital 
Interface Standard is used with a variety of communi-
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cations, meteorological and vessel instrumentation 
equipment. 

These standards define electrical signal requirements, 
data transmission protocol and timing, and specific 
sentence formats for a 4800 baud serial data bus. This 
data is in printable ASCII form and may include 
information such as position, speed, water depth, 
frequency allocation, etc. Each bus may have only a 
single talker but may have multiple listeners. Future 
standards will address multiple talker networked 
applications as well as high speed applications for file 
transfer and video data. 

NMEA Standards 

NMEA standards activities were initiated by autopilot 
manufacturers who were anxious to make use of real­
tim e navigation data available when "navigation 
computers" were added to Loran-C receivers. Realiz­
ing that the overall performance of the pilot could be 
improved by automatically correcting for wind and 
current effects, manufacturers in the NMEA suggest­
ed a standard format for providing cross-track-error 
(XTE) data. "NMEA 0180 - Standard Interface 
Format Between a Loran-C Receiver and an Autopi­
lot" was approved in February, 1980. 

This interface, and those to follow, were meant to 
have a single talker (sender, transmitter, driver) but 
could have multiple listeners (receivers). NMEA 0180 
data is a single asynchronous serial character at 1200 
Baud representing cross-track-error left or right of the 
course line in offset binary. A single bit is used to 
indicate data valid and an additional bit was reserved 
for future use to distinguish this "simple" data from 
"complex" data messages that follow. 

By 1981 manufacturers were using more sophisticated 
autopilot algorithms and proposed additional "com­
plex" characters that would provide XTE, bearing 
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angle to the waypoint, latitude/longitude and a full 
description of receiver status and waypoint arrival 
status. In March of 1982 "NMEA 0182 - Complex 
Format For Communication Between a Loran-C and 
an Autopilot" was approved. This standard calls for an 
asynchronous serial interface using the same hardware 
and Baud rate as NMEA 0180 (in fact both data types 
can be mixed on a single interface cable) with 37 
characters in printable ASCII form. 

A revision of the NMEA 0182 structure resulted in a 
more universal interface specification, with greater 
flexibility, for devices serving varied navigation and 
safety needs. This new standard "NMEA 0183 -
Standard For Interfacing Marine Electronic Naviga­
tional Devices" used the same hardware specification 
but at a 4800 Baud rate. Various data field types are 
identified and fields are separated by"," (comma) 
delimiters to allow for variable length fields. A large 
number of interface sentences are defined in detail, 
each having two characters to identify the sender and 
three characters to identify the data format of the 
fields that follow. In addition non-standard "proprie­
tary" sentences are allowed and each manufacturer 
has a unique 3-character code for use in constructing 
their own proprietary sentences. NMEA 0183 was 
first approved in February of 1983, updates and cor­
rections were made periodically resulting in NMEA 
0183 Version 1.5 which was approved in December of 
1987 and Version 2.00 in January 1992. 

IEC Standards 

An early input (1981) to IMO from Inmarsat identi­
fied the future need for a standardized data interface 
for use between navigational and communication 
equipment on the ship's bridge, and which could be 
used to provide current position information to rele­
vant equipment. In particular the proposed FGMDSS 
(Future Global Maritime Distress and Safety System -
now GMDSS) would require information for distress 
alerting, either directly via radio or indirectly via an 
EPIRB which would automatically float free, loaded 
with position and other relevant data. 

A particular problem existed with ship's heading data 
where conventional gyro compass output signals were 
in "incremental" and not "absolute" units, requiring an 
initial synchronization of any compass repeater units, 
complicating the generation of heading data for a 
multi-purpose transmission system. Ship's position 
would have to be obtained from a world-wide position-

ing aid, and there was no agreement on what this 
standard should be. 

For such applications it was clearly apparent that 
several types of equipment would be involved and the 
adoption of a standard data interface would be advan­
tageous. 

At a subsequent meeting of the IMO sub-committee 
on Radio Communications (COM 25) the seven key 
parameters for an interface were identified, and 
simultaneously CIRM established one interface group 
to give more detailed consideration to the problems 
and work involved. In the meantime IEC has generat­
ed standards for Omega, Loran-C and Decca Naviga­
tion, and is currently working on the standards for 

. maritime GPS, with GLONASS to follow. 

Since these early discussions the IEC established 
Technical Committee 80 (Navigational Instruments)­
Working Group 6 (Digital Interfaces). The first 
meeting of TC80-WG6 was held in London in 1988, 
followed by a second in July 1989. These early meet­
ings identified the main elements of this data system, 
and even at this early stage the equivalent of the 
Voyage Data Recorder was included. 

At subsequent meetings it became very clear that the 
work undertaken by the NMEA in the USA to gener­
ate data interface standards was very close to that of 
WG6. Accordingly close attention was paid to adopt­
ing common technical standards where possible and 
finally, in mid-1991 the two were aligned. 

From the IEC side consideration was given to the 
needs of the imminent GMDSS, due to be implement­
ed from February 1992, and the equipment list and 
related sentences were added to include these re­
quirements. 

Currently the work of WG6 is to convert all text in the 
NMEA 0183 Standard to the IEC format, without 
disturbing the technical alignment with NMEA 0183, 
and gaining the approval of the national committees. 
It should be noted that the systems developed so far 
cover single-talker /multi-listener systems, and the 
task of including multi-talker/multi- listener systems 
has yet to be tackled, and pressure is mounting for this 
to be covered. 
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NMEA 0183 Interface Standard hardware requirements for a 
single-talker/multi-listener ground-isolated serial data interface 

FIGURE 1 

NMEA 0183/IEC 1162 

The standard can be thought of as consisting of three 
components: 

-Hardware 
- Data Format 
- Data Content 

The following sections describe these three parts of 
the Standard. 

Hardware 

The hardware requirement specifies a single transmit­
ter, or talker, connected to one or more receiver, or 
listener, using shielded twisted-pair cable as shown in 
Figure 1 above. There is no standard connector speci­
fied and this will vary from equipment to equipment. 
For noise suppression, and to avoid ground loops, it is 
recommended that the shield be connected at the 
talker but unconnected at each listener. 

Data signals exist between the two wires of the twist -
ed-pair and ground isolation is required for each of 
the two wires at the listener. The current version of 

the standard specifies that the driver at the talker 
meet the requirements of EIA-422 (positive voltage 
signals with a differential of 2 to 6 Volts between the 
wires, the direction of the differential changes for "1" 
and "O"). Early equipment commonly used EIA-232 
drivers (negative and positive voltage signals of 6 to 12 
volts on one wire with respect to the other represent­
ing "l" and 11011

) or TTL voltage levels (0 and + 5 Volts 
representing 11111 and "O"). 

Each of these transmitter schemes will work when 
connected to a differential input listener that uses an 
opto-isolated receiver. The current version of the 
standard allows for the use of a differential-amplifier 
receiver meeting the requirements of EIA-422 for IEC 
applications that have talkers that use the matching 
EIA-422 driver. The NMEA still requires the use of 
an opto-isolated receiver for more general use in 
order to maintain compatibility with existing equip­
ment. An EIA-422 differential-amplifier receiver will 
not respond to single polarity 0 and + 5 Volt signals. 

The electrical signals transmitted are serial asynchro­
nous ASCII characters in accordance with ANSI 
standards. Each character contains 8-data bits and no 
parity and is transmitted at 4800 Baud. 



Data Format 

The data format, from the simplest element upward, is 
composed of: 

- ASCII characters 
- Fields made of characters 
- Sentences made of fields 

Each sentence, which may contain no more than 82 
characters, always starts with "$" and ends with 
<CR> < LF > . Between these characters lie fields. 
The first field is always the address field, subsequent 
fields are data fields including an optional checksum 
field. Fields are separated by delimiters which are "," 
except that "*" is used before the checksum field as 
shown below. 

"$" 
< address field> 

(","<data field>] 

(","<data field>] 

HEX 24 - Start of sentence 
Talker ID and sentence 
formatter 

Zero or more data fields 

["*"<checksum field>] Optional checksum field 
<CR> < LF> Hex OD OA - End of sentence 

Two types of sentences are allowed: Approved Sen­
tences where the meaning of each field is defined and 
Proprietary Sentences where the content of fields is 
determined by each manufacturer. The sentence type 
is determined in the first (Address) field following the 
"$". Proprietary sentences always start as "$Pxxx", 
where xxx represents a 3-character manufacturers 
code assigned uniquely to each manufacturer, with the 
remainder of the sentence defined by the manufactur­
er. Approved sentences never start with "$P" but 
rather with "$xx" where xx is the talker Identifier, LC 
for Loran-C, GP for GPS, etc. Three more characters, 
the Sentence Formatter, complete the Approved 
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Sentence address field and serve to uniquely define 
the data content of the sentence. "$LCXTE" for 
example is the start of sentence and address field for 
Cross-Track-Error data from a Loran-C receiver. 

A special case of the Approved Sentence is the Query 
Sentence where the Address Field is "xxyyQ" following 
the"$". Talker xx is requesting data from listener yy. 
The first and only data field provides the approved 3-
characte r Sentence Formatter of the data being 
requested. The listener will reply to the talker on a 
separate output port since the standard provides for a 
single talker only. 

Data fields may be numeric or alpha-numeric. Cer­
tain data fields may be defined to be a fixed number of 
characters, this is true for both alpha-numeric and 
numeric fields, while others are identified as variable 
length fields. In the case of variable length numeric 
fields, a decimal point may be included as well as 
leading or trailing zeros. The number of decimal 
places may also be variable. A field were data is either 
temporarily or permanently not available is left empty 
and appears as ",,". This is classified as a "null" field 
but it is important to note that the ASCII NULL 
character is not used. 

Data Content 

The current version of the standard provides for trans­
fer of a variety of data types between a wide range of 
equipment. Tables 1 and 2 list the talker IDs and the 
Sentence Formatters for the existing Approved sen­
tences. Entries with an "*" are designated by IEC for 
use with IMO marine electronic devices. This is the 
minimum requirement for equipment that is specified 
by IMO to meet SOLAS regulations. An example of a 
typical sentence structure and its content is shown in 
Figure 2 below. 

XTE - Cross-Track Error, Measured 
Magnitude of the position error perpendicular to the intended 
track line and the direction to steer to reduce the error. 

$--XTE,A,A,x.x,a,N*hh<CR><LF> . 

l 
l l L Units, nautical miles 

Direction to steer, L/R 
Magnitude of Cross-Track-Error 

status: v = Loran-C Cycle Lock warning flag 
A = OK or not used 

status: V 
v 

Loran-C Blink or SNR warning 
general warning flag for other navigation 
systems when a fix is not available 

Figure 2 - Typical NMEA 0183 sentence definition 
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TABLE 1 - TALKER IDENTIFIERS 

AUTOPILOT: 
General 
Magnetic 

COMMUNICATIONS: 
Digital Selective Calling 
Satellite 
Radio-Telephone (MF /HF) 
Radio-Telephone (VHF) 
Scanning Receiver 

DECCA Navigation 
Direction Finder 
Electronic Chart (ECDIS) 
Emergency Position Indicating Beacon (EPIRB) 
Engineroom Monitoring Systems 
Global Positioning System (GPS) 
HEADING SENSORS: 

Compass, Magnetic 
Gyro, North Seeking 
Gyro, Non-North Seeking 

Integrated Instrumentation 
Integrated Navigation 

AG* 
AP 

CD* 
cs• 
CT* 
CV* 
ex• 
DE 
DF* 
EC 
EP* 
ER 
GP 

HC* 
HE* 
HN 
II 
IN 

LORAN: 
Loran A 
LoranC 

OMEGA Navigation System 
Proprietary Code 
Radar and/or ARPA 
Sounder, depth 
Electronic positioning - other 
Sounder, scanning 
Turn Rate Indicator 
TRANSIT Navigation System 
VELOCITY SENSORS: 

Doppler, other /general 
Speed Log, Water, Magnetic 
Speed Log, Water, Mechanical 

TRANSDUCER 
TIMEKEEPERS, TIME/DATE: 

Atomic Clock 
Chronometer 
Quartz 
Radio Update, WWV or WWVH 

Weather Instruments 

TABLE 2 - SENTENCE FORMATTERS 

AAM - Waypoint Arrival Alarm 
ALM - GPS Almanac Data 
APB - Autopilot Sentence "B" 
* ASD - Autopilot System Data 
BEC - Brg. & Dist to Wpt, Dead Reckoning 
BOD - Bearing, Origin to Destination 
BWC - Bearing & Distance to Waypoint 
BWR - Brg. & Dist. to Wpt, Rhumb Line 
BWW- Bearing, Waypoint to Waypoint 
DBT - Depth Below Transducer 
DCN - Decca Position 
*DPT-Depth 
*FSI - Frequency Set Information 
GGA - Global Positioning System Fix Data 
GLC - Geographic Position, Loran-C 
GLL - Geographic Position, Latitude/Longitude 
GSA - GPS DOP and Active Satellites 
GSV - GPS Satellites in View 
GXA - TRANSIT Position 
*HDG - Heading, Deviation & Variation 
*HDT - Heading, True 
HSC - Heading Steering Command 
LCD - Loran-C Signal Data 
MTW - Water Temperature 
*MWV - Wind Speed and Angle 
OLN - Omega Lane Numbers 
*OSD - Own Ship Data 

RMA - Minimum Specific Loran-C Data 
RMB - Minimum Navigation Information 
RMC - Minimum Specific GPS/TRANSIT Data 
*ROT - Rate Of Turn 
*RPM - Revolutions 
*RSA - Rudder Sensor Angle 
*RSD - RADAR System Data 
RTE-Routes 
*SFI - Scanning Frequency Information 
STN - Multiple Data ID 
TRF - TRANSIT Fix Data 
*TIM - Tracked Target Message 
*VBW - Dual Ground/Water Speed 
VDR - Set and Drift 
VHW - Water Speed and Heading 
VL W - Distance Traveled through the Water 
VPW - Speed, Measured Parallel to Wind 
VTG - Track Made Good and Ground Speed 
WCV - Waypoint Closure Velocity 
WNC- Distance, Waypoint to Waypoint 
WPL - Waypoint Location 
XDR - Transducer Measurements 
XTE - Cross-Track Error, Measured 
XTR - Cross-Track Error, Dead Reckoning 
ZDA - Time & Date 
ZFO - UTC & Time from Origin Waypoint 
ZTG- UTC & Time to Destination Waypoint 

LA 
LC 

OM 
p 
RA* 
SD* 
SN 
SS 
TI* 
TR 

VD* 
VM 
vw 
YX 

ZA 
zc 
zo 
zv 
WI 



Conclusion 

This paper provides background and an introduction 
to the NMEA 0183 Standard For Interfacing Marine 
Electronic Devices and the Draft IEC 1162 Standard. 
The standards are the same in technical content and 
are meant to be interchangeable. 

The NMEA 0183 Standard has been in wide use for 
nearly a decade. The latest version 2.00 expands the 
base of applications and takes into consideration new 
equipment and requirements of equipment to be used 
in GMDSS. The Draft IEC 1162 Standard is presently 
under review by member organizations with com­
ments expected to be complete by the Fall of 1992. At 
that time minor revisions will be made to produce 
NMEA 0183 Version 2.01 to keep the two documents 
aligned. 

Follow-on work of the two Standards Committees will 
be the development of a multi-talker/multi-listener 
network. 

When implementing the standard it is necessary to 
consult the official text of the respective NMEA or 
IEC document. Information and updates on the 
standards may be obtained from: 

National Marine Electronics Association 
P.O. Box 50040 
Mobile, AL 36605 
USA 

International Electrotechnical Commission 
3, rue de V arembe 
P.O.Box131 
1211 Geneva 20 
Switzerland 
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Abstract- To ensure integrity of the Loran-( 
system during non-precision approaches, an auto­
matic blinking system should notify the user if the 
system is not functioning properly. To be certain 
that timely detection of this blinking can be guaran­
teed, one of the requirements on an airborne Loran­
( receiver is that it should flag an alert if the signal 
to noise ratio drops below -6 dB [1]. This paper ad­
dresses some simple methods of blinking detection, 
that will ensure safe operation beyond this -6 dB 
limit. 

1 Introduction 
If the Loran-C system is used to support IFR non­
precision approaches, the user would like to be sure 
that the chain timing is within its specification. There­
fore, Loran-C transmitters broadcast the pulses with 
a certain on-off ratio (blinking) if their baseline tim­
ing is out of tolerance. This means that the first two 
pulses of the involved secondary and the ninth pulse 
(if any) from the master is turned on and off with a 
certain ratio [2, 3]. 
The airborne Loran-C receiver should detect this on­
off behavior of a part of the Loran--C signal and flag an 
alarm within an integrity limit of 10 seconds [4]. If the 
receiver is unable to notify the user within the integrity 
limit, a warning should be flagged to indicate that the 
integrity of the data cannot be guaranteed. To be cer­
tain that Loran-C receivers are able to detect blinking 
and loss of signal within those 10 seconds, a -6 dB sig­
nal to noise ratio (SNR) limit is used as an integrity 
threshold [l, 5, 4]. Presumably, this limit corresponds 
with a decision threshold or a false alarm rate of a 
detection probability distribution when the Loran-C 
pulse is sampled around the standard sampling point 
(half-peakvalue). As soon as the SNR, defined accord­
ing to [3], drops below this -6 dB the receiver should 
flag a warning. 
As Carroll [l] already mentioned, using this -6 dB 
threshold is not really an unambiguous limit, because 
different receivers are known to compute different SNR 
readings. The reason for these different readings could 
be caused by the different signal processing schemes. If 

a Loran-C receiver computes a lower SNR value than 
it should according to [3], than this receiver might per­
form better under these signal conditions due to better 
signal processing. This means, that in fact using the 
SNR value computed by the receiver could provide a 
better limit than using an SNR value computed ac­
cording [3]. 
The key issue is that the certification requirement 
should not be an SNR limit, but that receiver is able 
to detect blinking within the integrity margin of 10 
seconds, and is capable of flagging a warning if this is 
not possible. In this way, more elaborate receivers are 
no longer discriminated, because now they could be 
certified for blinking detection under lower SNR con­
ditions than other receivers. 
To show that it is possible to detect blinking under 
lower SNR conditions than -6 dB, this paper will dis­
cuss a few methods, and compare them to obtain their 
relative performance. 

2 Standard blinking detection 
In this paper, standard blinking detection means that 
the Loran-C pulse is only sampled around the stan­
dard sampling point (SSP), and that these samples 
are used for detection of blinking. The amplitude of 
the envelope at this 25µs point determines by defini­
tion the power of the Loran-C pulse. Normally, the 
half cycles in the neighborhood of this point are used 
for cycle identification, thus using cycles with an am­
plitude approximately half of the Lora.n-C pulse peak 
amplitude [3]. For simple comparison with the other 
blinking detection methods, the amplitude of the en­
velope at the SSP is defined as unity (0 dB), and thus 
the Loran-C peakvalue will be equal to 2 (6 dB). 
Although the signal used for blinking detection is a fil­
tered signal, taking filtering into account is not really 
necessary in this case. This approach will slightly favor 
the standard detection method, since nonlinear phase 
filtering causes the rising edge of the Loran-C pulse to 
become less steep and more straight, thus the ampli­
tude of the pulse at the place where the skywave will 
start will be lower in reality. Another reason for not 



using filtered signals is that the amount of noise and 
distortion depends on the filter used. Since there are 
many different filters to choose from, it would be wiser 
to concentrate on the input signals. Regardless of the 
type of filter used, all receivers apply their processing 
to the same input signals. This strategy will be suf­
ficiently simple and useful for the relative comparison 
to be made. 

3 Groundwave peak blinking 

detection 
Although only the carefully controlled beginning of the 
pulse is normally used to obtain reliable timing data, 
there is no real reason to use only this part of the 
Loran-C pulse for the detection of blinking. Blinking 
detection does not require a very precise defined and 
controlled part of the Loran-C pulse. It is sufficient if 
a decision can be made about the presence of a pulse 
with a certain reliability. 
The best way to make this decision is to observe the 
Loran-C signal at the place where it is the strongest, 
thus at the top of the pulse. Because the envelope at 
the SSP was defined as 1 (0 dB), the peakvalue of the 
Loran-C pulse will be equal to 2 (6 dB). This results 
immediately in an increase in SNR of 6 dB, thus in­
stead of detecting blinking upto a limit of -6 dB, the 
receiver will be able to detect blinking upto a limt of -
12 dB with exactly the same reliability. Unfortunately, 
skywaves present in the real world can interfere with 
the groundwave, althus reducing the available signal 
power if they have the opposite phase. To find the 
worst case skywave interference, the skywaves should 
be subtracted in-phase from the groundwave. Accord­
ing to the IEC specifications [6], a receiver must be 
able to function properly with 12 dB stronger skywaves 
arriving 37.5 µs after the beginning of the ground­
wave, upto 26 dB stronger skywaves arriving 60 µs 
later. All the specifications are quite silent about resis­
tance against long delayed skywaves [3, 7, 6]. Another 
problem is that there are no minimum and maximum 
skywave levels specified, only levels which the receiver 
should be able to sustain. Therefore it will be impossi­
ble to define real worst-case skywave interference, since 
more powerfull (or earlier arriving) skywaves might ex­
ist. 
To show the benefit by using peakvalues, the peak­
value of the groundwave Loran-C pulse is computed 
after in-phase subtraction of worst case skywaves. The 
resulting peakvalue is plotted in dB's relative to the 
undisturbed halfpeak amplitude for different skywave 
arrival times figure l. It is clearly shown that even 
under the worst case skywave interference the peak­
value is still 3 dB larger than the half peak value. 
Although skywave strength increases by increasing ar­
rivaltime, the influence of skywaves decrease due to 
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the greater time delay betwee ground- and skywave. 
One should remember that skywave delay decreases, if 
the distance to the transmitter increases. The small 
steps in the curve are not caused by the finite changes 
of the arrival time, but are a result of the detection al­
gorithm. The detection algorithm looks for the maxi­
mum peakvalue, not for the maximum envelope value 
in the groundwave dominated part of the composite 
signal. The jumps in the curve are thus the amplitude 
differences of succesive halfcycles. 
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Figure 1: Groundwave peakvalue versus skywave ar­
rivaltime 

4 Skywave peak blinking detec-

tion 
As shown in the previous paragraph, extra. signal 
power can be obtained by sampling in the top of the 
Loran-C pulse. By this method, skywave interference 
can cause a peformance degradation of 50 % com­
pared to the maximal possible value. The reason for 
sampling at the top was that only the presence of a 
pulse had to be detected. Since the skywave can be 
much stronger than the groundwave, using the sky­
wave for blinking detection can give even better per­
formance. The skywave is nothing more than a delayed 
replica of the ground wave, thus as a ground wave-pulse 
blinks the skywave-pulse will blink too. Since there are 
no mimum or maximum skywave levels specified, the 
strongest skywaves receivers have to cope with succes­
fully as specified in [6] are used. 
Although the result might be rather optimistic, it will 
show clearly the capabilities of this method. One 
should notice that using worst-case skywave intensi­
ties according to [6], wil mean in this case using best­
case signal strengths. Since even best case skywave 



signals can suffer from groundwave interference, the 
groundwave is subtracted in-phase from the skywave. 
Figure 2 shows the obtainable improvement relative to 
the half peak value of the standard Loran-C pulse. For 
comparison, the obtainable result by using the ground­
wave peak is plotted as the dotted line in the same 
figure. 
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Figure 2: "Best case" skywave peakvalues with worst 
case groundwave interference 

Groundwave signal levels will normally decrease 
with increasing distance to the transmitter due to the 
limited conductivity of the earth and spacial expan­
sion. Skywaves do not suffer from the limited con­
ductivity of the earth, and the amplitude of skywaves 
might increase relative to the groundwave over dis­
tance [8]. That means that in fact the real power 
of the skywave increases with decreasing arrivaltime! 
The nice aspect of this behaviour is that not to far 
from a transmitter one has strong groundwave signals 
and thus an high SNR. At larger distances where one 
could suffer from the poor SNR, the skywave intensity 
is relatively strong and using the skywave for detection 
of automatic blinking can really improve the receivers 
blinking capabilities. Something not discussed in this 
article, is the use of more than one sample per Loran-C 
burst. Increasing the amount of (uncorrelated) sam­
ples will even further improve the capabilities of blink­
ing detection. More over taking multiple samples per 
Loran-C burst can be found in [9]. 

5 Conclusions 
It has been shown that there are different ways of de­
tecting automatic (aviation) blinking beyond the -6 
dB limit. Therefore, it would be better and more fair 
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to require only timely detection of blinking and flag­
ging of a warning as soon as the receiver isn't capa­
ble of detecting blinking within the integrity limit of 
10 seconds. The result of this more fair and flexible 
requirement is that some airborne Loran-C receivers 
could be certified for non-precision approaches to oper­
ate under conditions where other receivers would fail. 
The disadvantage of this more fair and flexible certifi­
cation requirement is that the certification procedure 
itself becomes more complex. Instead of applying a 
signal 6 dB below the noise level and a simple check 
if a warning is flagged, testing should be based now 
on a wide range of signals and more statistical meth­
ods. For certification of non-precision approaches at 
airports however, this method wouldn't be very prac­
tical, since a SNR threshold cannot be used at all. 
The most important item for certification of non pre­
cision approaches should be the reachable accuracy 
due to intersection of the lines of position (HDOP) 
of the Loran-C stations and possible propagation dis­
turbances due to conducting structures in the area 
of operation. If the signal to noise ratio should be 
taken into account somehow, than it might best be 
done by classification of the Loran-C receivers accord­
ing to their performance, and certfy the approaches 
for those specific classes. Allthough the -6 dB limit is 
not very useful for receiver certification, such a limit 
might be useful for Loran-C system design. If most of 
todays airborne Loran-C receivers function properly 
up to this threshold, then a requirement in case of de­
signing or expanding a Loran-C system could be that 
at (specific) airports at least an SNR of e.g. -6 dB [5) 
should be provided. 
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ABSTRACT 

In this paper, a new LORAN-C receiver structure is 
proposed that is capable of reducing the influence 
of multipath and interference. Additional, it has 
the advantage of fast acquisition, since all the 
estimation processes are performed simultaneously 
instead of sequentially. A brief explanation is 
given of the theory behind the new structure, 
followed by a discussion how to implement it. 
Finally, some simulation results demonstrate the 
considerable improvements that can be obtained. 

1 INTRODUCTION 

One of the main tasks of any navigation receiver 
is to measure propagation delays of received 
signals. In order to estimate these delays, 
receivers employ several tracking loops, which 
synchronize locally generated signals to the 
received signals. The structures of these tracking 
loops is often derived from maximum likelihood 
equations [l]. However, a number of assumptions 
and simplifications in the derivation results in a 
certain performance degradation. 

Digital signal processors make it possible to 
avoid some simplifications by a direct calculation 
of the maximum likelihood equations. However, they 
can do more than just replace the conventional 
tracking loops; digital signal processors open the 
way to new techniques to combat all kinds of 
disturbances like multipath, interference and 
dispersion. If a certain model of these 
disturbances is available, it is possible to 
design a receiver that estimates the unknown 
parameters of the model, thereby eliminating its 
deterious effects on the estimates of the wanted 
signal parameters like the propagation delay. 

2 LORAN-C MAXIMUM LIKELIHOOD ESTIMATES 

The received LORAN-C signal can be written as: 
M "' 7 

r(t) = l l l aipcjl(t-ri-jTo-cGRI)cos(wot+6i) 
i-o c--ai j-o 

K 
+ I bk cos(wkt+¢k) + n(t) 
k=l 

= s(t) + n(t) , To = 1 ms (1) 

l(t) 

l(t) 

(t/tp)
2 

exp(2-2t/tp) 

0 

t ~ 0 

t < 0 , tp = 65 µs 

where M is the number of skywaves, each with a 
different amplitude ai, delay Ti and phase 6i, 
respectively. The LORAN-C signals consist of a 
puls train with puls shape l(t). These pulses are 
multiplied by a phase code pcj, which can take 
values of {+l,-1), and repeats itself every 2 
Group Repetition Intervals. Further, the presence 
of K carrier wave interference (CWI) signals is 
assumed, together with a noise signal n(t). 

Out of the received signal r(t), a receiver has to 
estimate the delay ro and phase 80 of the LORAN-C 
groundwaves. Usually, these estimates are provided 
by tracking loops, which consist of a certain 
detector that measures the difference between the 
desired parameter of the input signal and that of 
a locally generated signal. A loop filter is used 
to filter the measured differences and control the 
local signal in such a way that the difference is 
driven to zero. 

2.1 OPTIMUM ESTIMATES 

The maximum likelihood estimates of ro and Oo are 
those values that maximize the logarithm of the 
conditional probability density function (pdf) 
p(r(t)ls(t)). Under the assumption that n(t) is 
white Gaussian noise, and that the desired 
parameters can be regarded as constants during a 
measurement time T, the equation that has to be 
maximized can be written as [1]: 



L[r(t)] -f 
0 

T 
2 

[r(t) - s(t)] dt (2) 

where s(t) is the deterministic part of the input 
signal of equation (1). So for Gaussian noise, 
the maximum likelihood method is equal to the 
least squares method; both minimize the mean 
square error of an input signal r(t) minus an 
estimated signal s(t). In reality, however, the 
noise is not completely Gaussian, causing a 
certain degradation in the estimation errors. This 
degradation can be minimized by introducing a 
certain nonlinear operation on the input signal 
r(t), like explained in [2]. 

The estimates that maximize L[r(t)] are those for 
which all partial derivatives are zero. By writing 
out these derivatives, one can find the 
expressions for the desired estimates. The delay 
estimates rn of the groundwave (n=O) and skywaves 
for instance, are given by: ' 

T 
M c 
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Concluding, the optimum estimator is difficult to 
realize in practice. Therefore, it is desired to 
make some simplifications that ease the 
realization, while the major advantages are 
maintained. The derivation of such a suboptimum 
estimator is the subject of the next section. 

2.2 SUBOPTIMUM ESTIMATES 

In order to simplify the estimation procedure, two 
steps can be taken. First, the correlation with 
the local Loran-C signal can be performed prior to 
all other operations. In this way, the correlation 
function becomes a new input signal from which all 
desired parameters can be extracted. The major 
advantage of this step is the elimination of all 
asynchronous CWI signals, since the correlation 
acts like a comb filter, greatly reducing signals 
that have a frequency spacing of more than l/T 
Hertz with a Loran-C spectral line. An additional 
advantage is that the correlation function repeats 

/\ 
rn max f 

r 
[r(t) I I pcj l(t-~i-jTo-cGRI) cos(wot+~i) 

0 
i=o c=o j=o 
i,.n 

7 

(3) 

K /\ C 
- I ~k cos(wkt+ik)] I 
k=l c=o 

l pcj l(t-r-jTo-cGRI) cos(wot+~n) dt 
j=o 

where C is the number of GRis within the 
observation interval T. 

In words, to get the maximum likelihood estimate 
of for instance the groundwave delay ro, first the 
estimated interfering signals -all skywaves plus 
CWI signals- have to be subtracted from the input 
signal. Then, the resulting signal has to be 
correlated with a locally generated groundwave 
signal. The delay ~o that maximizes this 
correlation is the desired estimate. 

Looking at equation (3), it is clear that the 
calculation of the optimum estimates gets quite 
complicated. In a practical implementation, the 
input signal should be sampled and stored for a 
period of T seconds. Then from these samples all 
unknowns - a total of (M+K+l)·3 - have to be 
calculated by solving the same number of 
equations. The time T should be large enough to 
get an acceptable error due to noise in ro and Bo 
the delay and phase of the Loran-C groundwave. O~ 
the other hand, T has to be small enough to assure 
the parameters stay approximately constant, in 
order to track receiver movements. Therefore, T 
should be equal to practical Loran-C loop 
bandwidth values, ranging from about one to tens 
of seconds. For a practically achievable sampling 
rate ~f 50 kHz ,

6 
this gives an amount of samples of 

50 · 10 up to 10 . 

itself every 2 GRI. Therefore, it is necessary to 
store only 2 GRI of data instead of T seconds by 
simply adding all samples that have a relativ~ 
delay of a number of 2 GRI. 

Secondly, it is not necessary to correlate with an 
exact replica of the Loran-C signal. Such a 
correlation is equal to using a very narrowband 
filter, with the result that the Ground-to-Skywave 
Ratio (GSR) in the leading edges of the Loran-C 
pulses worsens. Instead, a more wideband filter 
may be used, in order to profit from the improved 
GSR which allows a much more simpler way to 
estimate the groundwave parameters; Instead of 
searching for the maximum of the pulse, one can 
search for a certain point on the leading edge 
which is free from skywaves. Most Loran-C 
receivers use this technique [3], at the cost of a 
decreased Sign~l-to-Noise Ratio (SNR) in exchange 
of a greatly simplified estimation technique as 
compared to the maximum likelihood solution of 
equation (3). However, CWI signals are more 
difficult to combat. Till now, receivers only use 
notch filters for these kind of disturbances. 
Unfortunately, notch filters distort the shape of 
the Loran-C pulses, thereby introducing an extra 
source of errors. Further, receivers normally do 
not have the possibility to check if disturbances 
are properly eliminated; They simply assume that 
the signal after filtering is clean, with the 
consequence that certain errors due to residual 



CWI signals or skywaves may not be detected, or 
·only after a very long time. Therefore, in the 
following description of an advanced receiver 
structure, the emphasis is on the elimination of 
CWI signals, together with a detection criterion 
to see if the residual powers of skywaves, noise 
and CWI signals has an acceptable level. 

So the first step of the suboptimum estimator is a 
bandpass filtering of the input signal r(t). To 
reduce the sampling rate, it is desirable, though 
not necessary, to perform an in-phase and 
quadrature downconversion. After this, the signal 
can be sampled and averaged over 2 GRI, so samples 
with a relative delay of 2i GRI (i=l,2, .. ) are 
accumulated and stored in memory. This means that 
for a sfmpling rate of 50 kHz and a GRI of 100 ms, 
only 10 (complex) samples have to be stored, 
independent of the total averaging time T. Note 
that the same concept of averaging over 2 GR! is 
used in (4]. where the main goals were a fast 
acquisition time and an extended tracking range by 
using skywave correction (without explaining what 
kind of correction). 

In figure 1, an example of the averaged signal is 
drawn. For clearness' sake, only 4 Loran-C pulses 
are shown. Before downconversion, the signal is 
bandpass filtered by a third order Butterworth 
filter with a bandwidth of 30 kHz. 
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The next step is to add all individual Loran-C 
pulses within the averaged 2 GRI interval by 
correlating the averaged signal with 

1 7 
l l pcj 6(t-~n-jTo-cGRI) (4) 

c=o j=o 

where L is 2GRI/To, i.e. the number of 
milliseconds within 2 GRI. 6(t) is the Dirac 
function. In a sampled system, the Kronecker delta 
function would be used, but for simplicity of 
notation, time continuous signals will be assumed 
in the rest of the paper. 

The correlation is easy to perform, since the 
signal of (4) only has 16 nonzero values. The 
resulting correlation function x(T) can be 
described as: 

M 
X(T) = l ai lf(T-Ti) exp(j8i) 

i=o 
K 

+ l bk exp[j ((wk-wo)T+ef>k)] + nf(T) (5) 
k=l 

Note that the parameters bk and ¢k in general will 
be different from the original parameters in (1), 
because of the filtering and correlation 
operations. 

2 3 4 

Figure 1: Loran-C signal after filtering, downconversion and averaging 
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Figure 2: Signal of figure 1 after correlation 

As an example of the resulting signal x(r), the 
signal of figure 1 is shown after the correlation 
operation in figure 2. 

Now, the maximum likelihood estimates of the 
unknown parameters of equation (5) are: 

It is assumed that the CWI angular frequencies wi 
are known, or estimated by calculating the FFT of 
the averaged signal x(r), or by a more 
sophisticated method like described in [5,6]. 
These spectrum methods are also useful to estimate 
the number of CWI signals K. 

K 
~o =max Re[ x(T) - L ~k exp[j((~k-wo)T+~k)] exp(-j~o) } 

T k=l 

K 
~o = arg[ x(~o) - L ~k exp[j((~k-wo)~o+~k)] 

k=l 

K 
~o =Re[ ( x(~o) - L ~k exp[j((~k-wo)~o+ik)] ) exp(-jOo) } 

k=l 

T1 

~i =Re{ _l_ f 
T1-To 

To 

K 
X(T) - ~o lf(T-To)exp(j8o) - L ~k exp[j ((~k-wo)T+ik) J l 

k=l 

T1 

~i = arg( f X(T) - ~o lr(T-ro)exp(j0o) 

To 

b-<i 

K 
l ~k exp[j((~k-wo)r+~k)] 

k=l 
k?'i 

· exp[-j(~i-wo)T] dT J (6) 



In equation (6), To and T1 define a certain 
window, which includes at least the leading edge 
of the Loran-C pulse, but excludes skywaves and 
Loran-C pulses from other transmitters. To 
demonstrate especially the CW! insensitivity 
of the algorithm, skywaves are left out in the 
following examples. In this specific case, the 
interval can be chosen such that it contains the 
major part of the Loran-C pulse. 

Because of the nonlinearities in the 
equations of (6), they have to be solved 
iteratively. To check if the calculation was 
successful, the Signal-to-Residual Ratio (SRR) can 
be calculated according to equation (7). If the 
SRR is significantly smaller than the expected SNR 
of the averaged signal, then the errors of the 
estimates will also be larger than expected. So by 
calculating the SRR, a receiver can immediately 
detect the occurrence of large errors, thereby 
greatly enhancing the integrity. In words, the SRR 
is the estimated signal power of the Loran-C 
groundwave at the standard sampling point, divided 
by the power of the residuals which remain if the 
estimated Loran-C signal plus CW! signals are 
subtracted from the averaged signal x(r). 

T1 
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Figure 3 focusses on one millisecond out of the 
total of 2 GR!. For simplicity, only the in-phase 
part of the signal is drawn. In this millisecond, 
there is one Loran-C pulse present. Its top has a 
delay of about 0.2 ms. Also present are two CW! 
signals, which result in a Signal-to-Interference 
Ratio (SIR) after the whole averaging process of 
0 dB. Further, noise is present with a 
Signal-to-Noise Ratio (SNR) of 30 dB after 
averaging. This means that for an input SNR of 
0 dB, 1000 Loran-C pulses have to be averaged to 
reach an SNR of 30 dB. For a GR! of 100 ms, this 
corresponds to an averaging time T of 12.5 
seconds. Both SNR and SIR values are using the 
Loran-C power at the standard sampling point, as 
defined in [ 7]. 

Figure 3 is an example of extreme synchronous CW!, 
since the correlation with the phase code 
attenuates synchronous CW! signals by about 12 dB 
[5]. Thus the input SIR in the case of figure 3 is 
-12 dB, far worse than specified in the Minimum 
Performance Standards (7]. When a conventional 
algorithm is used to estimate the delay and phase 
of the Loran-C pulse -equal to solving equation 
(6) with K set to zero- a phase error of -230 

(7) 

T1:To Re{ I {x(r)-~o 
To 

K 
lf(r-ro)exp(jUo)- L ~k exp[j(([;k-wo)r+~k)] J2

dr } 
k=l 

1.0 

-E-x 0.5 

-0.5 
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- T [ms] 
Figure 3: Averaged Loran-C signal plus CWI signals 



meters and a delay error of 20 km occur in this 
case, so it is impossible to identify the correct 
cycle. When the maximum likelihood estimates are 
calculated according to equation (6) for K=2, 
phase and delay errors of 8 m and -293 m are 
achieved, respectively. The SRR for this case is 
29.7 dB, which is nearly the same as the SNR, 
meaning that all signals were properly 
reconstructed. This specific example shows the 
advantage of using a certain knowledge of 
disturbing effects in order to minimize their 
influence. For Loran-C, this means that in 
principle it is possible to estimate the errors 
caused by all kind of interferences like skywaves 
and CW! signals, and even propagation effects -ECD 
and ASF [8]- as long as a general model of the 
disturbances is available with some unknown 
parameters that have to be estimated. 

By estimating interfering signals, like the 
previous example of figure 3, it is possible to 
achieve nearly the same variance in the delay and 
phase estimates as in the case of noise only; the 
SNR determines the absolute lower bound of the 
resulting error variances. As a result, Monte 
Carlo simulations with similar signals as in 
figure 3 gave standard deviations in the phase 
measurements in the order of ten meters for 
SNR = 30 dB (after averaging) and tens of meters 
for SNR = 20 dB, corresponding to practically 
achievable error levels in the absence of strong 
interference. 

3 Positioning aspects 

In the previous analysis, the main parameters of 
interest were the delay To and phase 80 of the 
Loran-C groundwave. Because of the downconversion 
of the input signal, the zero crossings one is 
used to are no longer visible, however, the 
principles remain the same; the delay estimate To 
should have an error less than 1.5 km in order to 
resolve the phase ambiguity correctly. If one 
wants to perform a hyperbolic position fix, the 
desired time differences between two different 
transmitters a and b are given by: 

/\ /\ ~a-~b ~a-~b 
Td = [ Int{(Ta-n- 2,..fo )fol + ~ ]/fa [s] (8) 

In equation (8), fa denotes the Loran-C carrier 
frequency (fo=lOO kHz) and Int(·) means rounding 
to the nearest integer. So the first term of (8) 
gives the time difference between a and b in whole 
cycles, while the second part adds a fractional 
part of a cycle. Note that if ECD and/or ASF 
correction values are known, they can be 
subtracted from the measured delays and phases 
prior to the calculation of (8). 
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CONCLUSIONS 

An advanced Loran-C receiver structure was 
proposed, especially focussing on the elimination 
of CW! signals, although skywaves and even 
propagation errors like the ECD and ASF could also 
be included. 

By calculating the Signal-to-Residual Ratio, a 
receiver can detect unacceptable errors in real 
time, e.g. cycle identification errors, thereby 
greatly enhancing its integrity. This detection 
method can also be used if only the Loran-C 
groundwave parameters are estimated. 
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Abstract- In the presence of synchronous interference, 
cycle identification is the most critical part of the Loran­
( receiver since cycle slips may easily occur and imme­
diately result in range errors of multiples of 3 km. This 
paper will discuss a pulse matching cycle identification 
technique, and compare this technique with a conven­
tional method. 

Introduction 
One of the major problems in Loran-C operation in 
Western Europe is the presence of interference. Es­
pecially synchronous interference, that is when the 
frequency of an interference signal coincides with a 
Loran-C spectral line [I], is utmost annoying because 
it produces an offset in range measurement and might 
even lead to cycle slips. 
Since the phase of a synchronous interference signal is 
the same on sample moments spaced 2 Group Rep­
etition Intervals {GRI) apart, the distortion of the 
Loran-C pulse will be exactly the same as the pulse 
transmitted 2 GRis before. Therefore, the long inte­
gration times {multiple GRis) of cycle identification 
loops, although increasing the signal-to-noise-ratio 
{SNR), will not increase the signal-to-synchronous­
interference-ratio (SSIR). The only reduction of these 
unwanted signals is caused by averaging over the { dif­
ferent phase coded) pulses within 2 GRI. This sup­
pression will be generally somewhere between 9 and 
24 dB [2], dependent on the frequency of the inter­
ference and the phasecode used as is pointed out in 
figure 1. 
For simplicity, phase coding and pulse repetition will 
not be dealt with any further, since the major topic 
is the basic comparison between two cycle identifica­
tion techniques. Phase coding only reduces the level of 
synchronous interference, it does not change the way 
of interaction significantly. 
With a conventional cycle identification algorithm, 
only a small part of the Loran-C pulse is used. Thus 
only a part of the information available is used. With 
the proposed pulse matching technique, more of the 
available information is used, resulting in an improved 
performance with respect to (synchronous) interfer­
ence. In section 1 will be explained in more de-

0 
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Figure 1: Part of the line spectrum, resulting from 
the Master phasecode pattern for a GRI of 7777 and 
a frequency span from 90.0 to 90.5 kHz 

tail how conventional cycle identification algorithms 
are affected by synchronous interference. Section 2 
will present an improved cycle identification algorithm 
with respect to interference, based on a pulse match­
ing technique. Section 3 will discuss how properties of 
the input signals influences the proposed cycle identi­
fication technique. 

1 Conventional cycle identification 
There are two common cycle identification algorithms 
which are basically the same [3). One is based on de­
termining the ratio of successive half cycles, the other 
one is known under the name delay-and-add. In the 
first case, the sampling clock is in lock and samples the 
Loran-C pulse on the peaks of the half cycles. Then, 
the ratios of successive halfcycles a.re calculated and 
the ratio closest to the expected ratio at the standard 
sampling point (SSP) [1) determines the cycle to be 
selected. By the second method, a 5µs delayed ver­
sion of the received pulse is added to the attenuated 
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received pulse. If the attenuation factor is equal to 
the ratio of the successive half cycles around the SSP, 
the proper cycle can be identified by locating the zero 
crossing of this composite signal. Since the attenua­
tion factor is linear dependent on the half cycle ratio, 
the latter method is in fact the same as the first one. 
Due to the distorted envelope of the Loran-C pulse, 
the zero crossing identifying the SSP after the delayed 
pulse is added, will be shifted in time. As soon as this 
zero crossing is shifted more than 5µs, the proper cy­
cle can no longer be identified and the wrong cycle will 
be selected for tracking. 
Computer simulations have been carried out, per­
forming a conventional cycle identification on a single 
Loran-C pulse in the presence of interference. The 
simulated interference signals are sine-waves with a 
frequency varying between 75 and 100 kHz. At each 
frequency, the initial phase of the interference is ro­
tated over 7f radians to find the ultimate worst case 
interference, and the amplitude is increased in small 
steps until the detection algorithm failed. The level 
of interference the receiver was just not able to deal 
with successfully, is plotted against the interference 
frequency in figure 2. 

-22 

-32 -1-~~~-.-~-.-~-.-....-.-.-....-.-.-...,-,-.-...,.....,,........., 
75 80 85 90 95 100 

interference frequency [kHz] 

Figure 2: Interference levels at which the ( conven­
tional) cycle identification just failed 

Although the results of this simulation are a "little" 
too depressive because the interference is always syn­
chronous and its influence is not reduced by phase 
coding, this method is applicable for comparison with 
other cycle identification methods. One should no­
tice that the presence of envelop-to-cycle discrepancy 
(ECD) can even reduce the maximum level of success­
ful sustainable interference. 

2 Pulse matching cycle identification 
As already mentioned in the introduction, the per­
formance of the cycle identification algorithm can be 
improved, by using more of the already available in­
formation. Thus instead of matching two successive 
half cycles, a larger part of the received Loran-C pulse 
should be matched with a reference pulse to estimate 
the time of arrival (TOA) within ±5µs. This match­
ing can be done by locking the sampling clock to the 
Loran-C signal, and sampling the incoming signal at 
the same positions as the samples of a reference pulse. 
Ideally, if the reference pulse is subtracted from the 
incoming Loran-C pulse, the sum of all the squared 
errors (SSE) will be zero. As soon as the mismatch 
between the reference pulse and the incoming pulse 
increases, the sum of the squared errors will increase. 
The only thing the receiver has to do is to sample the 
input Loran-C signal at the predefined sampling posi­
tions, subtract the reference pulse form the received 
pulse, and compute the sum of the squared errors. 
This process is repeated for every sample within acer­
tain window, limiting the possible TOAs. The most 
likely TOA can be obtained from the position of the 
minimum of the SSE-curve. 
The remaining question is which part of the Loran-C 
pulse can be used for the estimation of the TOA. One 
restriction is that the first two half cycles are small 
compared to the other halfcycles at the front of the 
pulse (respectively 1% and 8% of the pulse peakvalue), 
and probably buried in the noise. Therefore, the choice 
has been made to start the reference interval at the 
top of the third half cycle, where the signal value is 
already 19% of the peak value. Long integration times 
might be useful to extract these small half-cycles out 
of the noise, but the integration time is limited by per­
formance requirements as response time and receiver 
dynamics. Using these small cycles will therefore not 
be considered in the rest of this paper. 
A second restriction on the usable part of the pulse is 
the presence of skywaves. According to [4], skywaves 
can arrive with a minimum delay of 37.5µs. Thus 
at first glance, the usable part of the Loran-C pulse 
is limited to the 25µs starting at 12.511s. The IEC­
specifications [4] however, specify the skywaves the re­
ceiver should be able to cope with successfully. It does 
not specify the skywaves a receiver normally encoun­
ters during operation. If one examines the graphs of 
the skywave delay versus distance, one should notice 
that there is a large part in the coverage area where 
the skywave arrives later than the 37.5µs [5]. The 
receiver should thus be able to estimate the TOA of 
the skywave, to determine the maximum usable in­
terval for pulse matching and reach optimal perfor­
mance. Although a little skywave influence is not im­
mediately destructive, it will limit the usable signal 
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interval. Compensation of the skywave might reduce 
this limit and will improve the performance. 

40 .. 
0 .. .. 
"' "C 30 
"' .. 
OS = C' 

"' E 20 = "' 

10 

0 100 200 

relative timeshift [micro sec] 

Figure 3: Sum squared error versus relative timeshift 

Figure 3 presents the SSE versus time shift of the input 
signal relative to the reference pulse. The real arrival 
time of the pulse is zero. Because the part of the pulse 
used for matching stretches from 12.5µs to 42.5µs, the 
minmum SSE will occur at 12.5µs. The samples are 
taken synchronous with the Loran-C signal at a rate 
of 400 kHz for reasons explained in [6] and [7]. 

To show the improvement possible relative to the con­
ventional algorithm, simulations have been carried out 
to obtain the interference levels the pulse matching 
cycle identification algorithm is just not able to deal 
with successfully. The interference amplitude limiting 
the cycle identification is really worst case interference: 
At each amplitude level at each frequency the phase 
is altered to apply an interference signal with a worst 
case phase. Since the simulations are performed using 
only one pulse, all frequencies are very synchronous. 
The obtained interference levels are plotted in figure 4 
against the interference frequency for several lengths of 
the reference pulse interval. All reference pulse parts 
start at 12.5µs. For comparison, the result of the ear­
lier used conventional cycle identification method is 
plotted in the same graph. The improvement is clearly 
shown, especially with regard to interference frequen­
cies further away from the Loran-C band and increas­
ing reference pulse length. The smaller differences in­
side of and at the edge of the Loran-C band are caused 
by the high correlation between the interference and 
the Loran-C signal. 
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Figure 4: Interference levels at which the cycle identi­
fication just failed 

3 Correlation m input signals 
As briefly mentioned in paragraph 2, correlation be­
tween the interference and the Loran-C signal limits 
the improvement of the pulse matching cycle identifi­
cation algorithm. Correlation is not limited between 
interference and Loran-C signal only. If white gaus­
sian noise is filtered, then successive noise samples will 
show correlation if the time between the samples is 
small. To get an impression of the time over which 
the correlation of the noise extends, one can regard 
the rise time of a filter, that is the time a filter needs 
to rise from 10% to 90% of the final value. If a noise 
spike is applied to a filter, it will take about the rise 
time of the filter before the filter output of the filter 
is back to its original value. The rise time for a first 
order low-pass filter is given by formula 1 [8]. In our 
case, the input signal is bandfiltered with a 128 tabs 
finite impulse response (FIR) filter of about 20 kHz 
width, thus B should be equal to 10 kHz. 

0.35 
Tstep = B (1) 

In practice, the rise time will be slightly larger than 
the 35µs found with formula 1, because a high order 
bandfilter is used instead of a first order low-pass fil­
ter. 
It will be clear that if a sample is taken every 2.5µs 
( 400 kHz), the noise of two succesi ve samples will be 
correlated. Thus doubling the amount of samples will 
not improve the SNR with 3 dB as one might expect. 
The SNR can be increased however by averaging the 
samples of multiple pulses before the pulse matching 
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technique is applied. Since the influence of noise de­
pends on the filter used and the major topic is the 
resistance against interference, all simulations are con­
ducted with the absence of noise. 
Except from correlated (colored) noise, there is an­
other reason for not increasing the sampling frequency 
indefinitely. The interference is narrow banded, and 
sampled with a frequency far above the Nyquist rate. 
Ergo, increasing the sampling frequency will not yield 
extra information. 
Figure 5 shows the performance of the pulse match­
ing cycle identification for various sampling frequencies 
between 400 kHz and 2.5 MHz. The reference inter­
val used stretches from 12.5µs to 52.5µs. As is clearly 
shown, there is almost no extra gain in using very high 
sampling frequencies as long as one only considers the 
resolution of ±5µs required for the cycle identifica­
tion. If one would use this algorithm for phase track­
ing however, it might be useful to use asynchronous 
sampling and increase the sample frequency to obtain 
better time resolution. 
If the input signal has an ECD shift, the pulse match­
ing will result in a larger minimum error. This ECD 
will influence the performance of the cycle identifica­
tion algorithm. If this ECD shift can be predicted 
however, the reference pulse can be adjusted to repre­
sent the expected received pulse. This will improve the 
matching to the level of the non-distorted pulse. 
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Figure 5: Interference level at which the pulse mat~h­
ing cycle identification just failed for various samplmg 
frequencies 

4 Concluding remarks 
Loran-C pulse matching will provide a better cy­
cle identification than the conventional delay-and-add 
technique with respect to interference. One can expect 
that the pulse matching algorithm leads to a (slightly) 
different shaped line spectrum, representing the re­
ceivers sensitivity for signals with those frequencies. 
With respect to noise, the improvement possible with 
the pulse matching technique will be limited, since the 
noise after filtering is correlated. 
The same algorithm can be used for tracking too, ifthe 
sampling speed is high enough to obtain the required 
time resolution. 
The presence of skywaves will limit the part of the 
pulse suitable for pulse matching. If the skywave de­
lay is rather constant, then one might use the TOA of 
the skywave to support the cycle identification. The 
estimation of skywave delay can be done by applying 
the same pulse matching technique to the skywaves. 
The major advantage is that now a signal can be used 
for cycle identification that is generally much stronger 
than the groundwave, hence reducing the influence 
of interference and increasing the SNR significantly. 
If necessary the groundwave groundwave can be sub­
tracted first to reduce the influence of ground wave in­
terference. The resolution required for this compensa­
tion should be better than the ±5µs of course. 
Searching for the minimum value of the sum squared 
errors for every sample within a certain window is 
of course a processing power consuming job. A less 
processing power consuming implementation might be 
based on correlation, which is basically the same as 
searching for the minimum sum squarred error [9]. 
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Abstract 

This paper provides an in-depth review of the rapidly 
expanding Loran-C high-technology, nanosecond accuracy 
system that is being used for aircraft navigation, HHE, 
restricted waterway navigation, and numerous overland nav­
igation applications. Significant technological and operational 
changes and improvements that have occurred in the past 15 
years are highlighted. Temporal and spatial errors are presented 
in quantitative terms. Most important, existing and proven 
compensation techniques for Loran-C sources of error are 
defined that causes the system to be a high accuracy 
nanosecond precision system. Models and test data are 
presented to illustrate Loran-C performance and prediction. 

Introduction 

The objective of this paper is to define the maximum potential 
accuracy and resolution achievable with the Loran-C radio­
navigation system and describe techniques for achieving this 
capability in a harbor navigation environment. 

Over the last several years, the FAA, U.S. Coast Guard, and 
the marine community have been investigating techniques for 
using Loran-C for precise navigation. These investigations 
include analytical studies supplemented by field tests in selected 
ports, overland, and the airspace to develop performance and 
operational data. The FAA and USCG desires to assimilate the 
base of knowledge on Loran-C precision navigation and present 
this information in a form that will encourage and stimulate the 
i.ndustry to exploit the full capability of the Loran-C system. 

This paper includes a compilation of research information on 
Loran-C performance and operational capabilities from 
Government and industry studies, analyses, tests, and exper­
iments to characterize the maximum potential accuracy and 
resolution achievable with the Loran-C system used by marine 
vessels in a typical harbor environment. Specific attention has 
been given to: 

1. Description of the Loran-C error sources and means to 
compensate. 

2. Description of geographically dependent effects, espe­
cially the land/sea interface. 

3. Definition of Loran-C coverage contours. 
4. Definition of various differential Loran-C concept 

alternatives, including: automatic corrections, manual 
corrections, initiate and go, and on-the-fly corrections. 

5. Definition of receiver performance specifications and 
iimitations, with particular attention to resolution and accuracy. 

6. Provides necessary data for Loran-C simulation. 

A definition of the Loran-C navigation system is provided. The 
literature includes numerous Loran-C navigation descriptions; 
also highlighted are significant technological and operational 
changes and improvements that have occurred in the past 15 
years. These new Loran-C system features are summarized in 
Table 1. 

Table 1. Loran-C System Features. 

Improvement Tech no- Opera- Impact 
loo I cal tlonal 

Loran-C Pulse Control x x Textbook shape 
pulse (leading 
edge) 

Solid State Transmitters x x 99.9 percent 
time availabilities 

Improved Chain Control x x Increased chain 
Equipment (positioning, stability, 
processing, and comrnu- reliability 
nications) 

Improved Chain Control x Increased chain 
Procedures stability (better 

compensation 
for temporal 
fluctuations) 

Increased Automation x x Reduced labor 
and increased 
reliability 

Improved Loran-C Survey x Improved com-
Methods pensation for 

land-sea bound-
arychanges 
(CCZ) and spa-
tial effects 
(bridges, 
islands, etc. 
within harbors) 

Improved Planning x Improved 
(GOOP considerations) accuracy 

User Equipment x x Improved resol-
ution, autorna-
tion, and 
reliability 
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Summary 

We also define, in quantitative terms, the source and magnitude 
of Loran-C temporal and spatial errors. Transmitter timing 
fluctuations, propagation (temporal and spatial), noise 
(atmospheric), and frequency interference are presented in 
quantitative terms. Descriptions of the compensation tech­
niques that can be used to minimize Loran-C errors are 
provided. Compensation techniques for temporal and spatial 
fluctuations are presented. Since noise, frequency interference, 
receiver error, and cycle selection problems are reduced or 
eliminated by good receiver design practices mitigation 
techniques for these are presented. 

The error sources, causes, and proven compensation techniques 
that are dealt with herein are summarized in Table 2. A few 
important observations referring to items listed in Table 2 
should be made. 

1. (Items 1,2,3) Data includes examples of very large 
errors caused by both temporal and spatial errors. We no 
longer care how large these errors are since there is a proven 
compensation technique for each error source. Of course, 
knowing the origin of these errors is a requiremenL 

2. (Items 4,5,6) Limitations may actually be associated 
with the user equipment. Two differential Loran-C tests have 
shown 25- to 50-foot accuracy is achievable. When examining 
the raw test data it is obvious these values are in the receiver 
noise. This is a definite challenge for the Loran-C 
manufacturers. 

3. (Items 2,3) A compendium of test data has been col­
lected over the past 15 to 20 years and presented. A clear 
distinction has been drawn between spatial and temporal effects 
(terrain elevation, effects of structures, time varying effects 
such as surface impedance, refractive index changes, etc.). This 
distinction is of great importance when recognizing the 
limitations of techniques such as PLAD or positioning reference 
systems used for Loran-C surveys. These techniques strictly 
provide a calibration of spatial effects. Differential Loran-C 
methods or variations thereof are required to compensate for 
temporal fluctuations. 

4. (Item 2) Automatic differential systems appear more 
practical than manual due to the frequency update (correction 
interval) requirements for most harbor and river areas. 

5. To compensate for spatial changes requires a Loran-C 
grid survey. Both the visual aid and position reference systems 
are defined. Issues associated with grid survey standardization 
are summarized. 

Functions and requirements for radionavigation aids vary 
depending on harbor, river, seaway dimensions (depth and 
width of the channel), vessel type and size (cargo, pleasure 
craft, and several other categories), and equipment performance 
characteristics associated directly with the electronic navigation 
system being used. Similar considerations are true for airspace 
applications. The remainder of this paper focuses on the Loran­
C electronic navigation system--a proven system for Coastal 
Confluence Zone, restricted (harbors, rivers, and seaways) 
waterway navigation, and airspace applications. 

Loran-C Navii:;ation System Definition 

Loran-C is a low-frequency, radionavigation aid operating in 
the radio spectrum of 90 to 110 kHz. Although primarily 
employed for navigation, transmissions are used for time 
dissemination, frequency reference, and communications. 

Table 2. Loran-C Error Sources and Compensation 
Techniques. 

Error Source Cause 

1 . Transmitter Cesium, timer, and trans-
timing milter variations 

2. Temporal 
fluctuations 

3. Spatial 
effects 

4. Noise 
(atmospheric 

andman­
made) 

5. Frequency 
Interference 

6. Receiver 

Refractive index changes 
along propagation path. 
Surface impedance 
variation along propaga­
tion path 

Bridges (such as Golden 
Gate); buildings; terrain 
elevation (islands, penin­
sulas in vicinity of harbor, 
river, etc.) 

Electrical discharges in 
the atmosphere and 
power generation equip­
ment 

ln·band 90-100 kHz 
Near-band 70-90 kHz 
Out of band 70 & 130 kHz 

Error measurement tech­
nique 

Compensation 
Techntaue 

Accurate and stable 
time base frequency, 
phase fluctuations 
adjustments on short­
and long-term basic, 
cycle compensation 
loop 

Differential Loran-C and 
variations of this 
method 

Conduct grid survey. 
Reflect warpage in grid. 
his is a one-time fix. 
Use position reference 
system or visual grid 
survey methods 

Band limiting and 
switched 0 in the 
receiver. Linear: filter­
ing done at low level 
ahead of amplifier and 
clipped linear amplifier. 
Hard limiter: all linear 
processing at low-level 
output has square 
wave shape. Signal 
processing filters to 
minimize effects of in­
terference and noise, 
shape the envelope, 
and minimize un­
wanted distortions. 
Narrow-band switching 
of the filters is provided 
to gain SNR. 

Band limiting. Interfer­
ence filters (notch fil­
ters) number depends 
on operational area. 
Filter the analog signal 
or change cross-corre­
lation process to elimi­
nate synchronous in­
terference 

Linear and hard limiter 
amplifiers have wide­
band amplifier with low 
internal noise 

These other applications of Loran-C do not affect the navigation 
.:iccuracy. The Loran-C system consists of transmitting stations 
in groups forming chains--a coverage area specific to each 
chain, receiving equipment, a propagation medium between 
transmitters and receiver, and methods of application. At least 
three transmitter stations make up a chain. One station is 
designated master while others are called secondaries. Chain 
coverage area is determined by the transmitted power from each 
station, the geometry of the stations, including the distance 
between them and their orientation. Within the coverage area 
propagation of the Loran-C signal is affected by physical 
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conditions of the earth's swface and atmosphere which must be 
considered when using the system. Natural and manmade 
noise is added to the signal and must be taken into account. 
These physical conditions and noise effects can be troublesome 
and impact Loran-C signals. However, as will be demonstrated 
later, all known error sources can be minimized by using 
existing error compensation techniques and good receiver 
design practices. Receivers determine the applied coverage area 
by their signal processing techniques and can derive position 
velocity and time information from the transmission. Methods 
of application provide for conversion of basic signal time of 
arrival to geographic coordinates, bearing and distance, along 
track distance and cross error, velocity vectors, and time and 
frequency reference. 

All transmitters in the Loran-C system share the same radio 
frequency spectrum by sending out a burst of short pulses and 
then remaining silent for a predetermined period. Each chain 
within the system has a characteristic repetition interval between 
the pulse bursts that enables receiving equipment to be uniquely 
synchronized thereby identifying the chain and stations within 
the chain being employed. 

Over the past 15 years, the U.S. Coast Guard has introduced 
present day technology into the Loran-C system as follows: 

1. Use of solid-state transmitters. 

2. Better chain control procedures. 
Improved algorithms to provide corrections 
Automated unmanned control monitors 

• Increased number of monitors and strategically locating 
the control monitors 

Use of microcomputers 

3. Using present day grid calibration techniques (position 
reference systems) for Loran-C surveys. Charts are now 
eflecting real-world data rather than pure predictions. 

4. Increased redundancy and back-up procedures to provide 
continuous service. 

5. Good chain planning is now resulting in shorter base lines 
and higher signal-to-noise ratios. 

6. Transmitting antenna improvements. 

7. Improved communications control between stations. 

Results of the above can be stated quantitatively in terms of the 
traditional gauge of performance (i.e., the percentage of usable 
time the service is available each month). The availability and 
reliability of Loran-C systems throughout the world continues 
to improve [1]. 

The worldwide Loran-C chains have provided 99.9-percent 
service (less scheduled outages). Periods of scheduled off-air 
are linked to the same deficiencies which that plagued Loran-C 
chains for years (i.e., maintenance of the towers, transmitters, 
and couplers that are part of third- and fourth-generation 
equipment). The new chains are displaying a significant 
decrease in off air time due to the installation of solid state 
transmitters and dual antenna couplers. 

Coverage Area. The coverage area of a chain is usually 
defined in terms of signal strength and geometry of the 
transmitting stations with respect to each other, as they will 
support a specified position accuracy from a Loran-C receiver 
having certain minimum performance characteristics. Coverage 
area as defined herein is the term applied on charts prepared by 

the U.S. National Ocean Survey and the U.S. Defense 
Mapping Agency and in the Loran-C implementation plan by 
the Coast Guard. 

Loran-C coverage now encompasses over 20-million square 
miles around the U.S. (including Hawaii and Alaska), Japan, 
Canada, Pacific Ocean, Atlantic Ocean, Mediterranean Sea, and 
the Norwegian Sea. Loran-C interest is growing rapidly in 
Europe. The Commonwealth of Independent States has used 
Loran-C for years. 

New chains are being designed to provide high accuracy (well 
below 500 feet). Privately-oW'ned Loran-C chains are being 
considered in the Arctic (p.orthern frontiers of Canada) and 
other areas. The applications are requiring accuracies better 
than advertised for the Coastal Confluence Zone (CCZ), 
particularly in the national airspace (NAS). NAS considerations 
will greatly enhance CCZ and restricted waterway navigation 
accuracy. To achieve higher accuracies for harbor, restricted 
waterway navigation, offshore applications, etc. augmentation 
techniques (such as differential Loran-C) and Loran-C mini­
chains have been demonstrated. 

Loran-C Error Sources 

The U.S. Coast Guard has conducted numerous efforts to 
determine the source, magnitude, and statistics of Loran-C error 
sources. These error sources are significant in terms of 
magnitude and frequency of occurrence; however, in each case 
there is a compensation technique. Fortunately the Loran-C 
system has matured over the years and proven compensation 
techniques have been developed. Additionally, Loran-C today 
includes the use of high technology and good design practices 
developed from many years of experience for both Loran-C 
transmission and user equipment. Estimates for each category 
of error source will be provided based on a review of tests 
conducted over the past 15 to 20 years. A description of 
compensation techniques and good receiver design practices 
will follow. 

Sources of Fluctuations in Transmitted Signals. 
Predicted transmitted error in terms of timing synchronization, 
pulse shape control, phase control, and parameter drift will now 
be estimated. 

Timing Synchronization. The time when each pulse is 
transmitted is controlled by a cesium beam frequency standard 
that provides stable and accurate time base frequency of 5 MHz 
and l MHz which are used as inputs to the Loran-C timer set. 
Together these two equipments form a "Loran-C clock." Syn­
chronization of the clocks at all the stations in a chain is 
accomplished by LPAs (Local Phase Adjustments) on a short­
term basis and frequency and phase adjustments on a long-term 
basis. 

The frequency standard used at Loran-C stations is a Hewlett­
Packard Model 5061A Cesium Beam Atomic Frequency 
Standard. The setability of these standards is ±10-n. In other 
words, the fractional frequency offset between two 5061A 
standards cannot be reliably reduced below this level. A 
fractional frequency offset of 7 x 10-n corresponds to 60-
nanosecond gain or loss of time per day between the two 
clocks. If the frequency of the two clocks remained constant 
after being set then three 20-ns LP As per day would correct for 
this drift and the maximum error during one day would be ±10 
ns. However, the frequency of cesium beam oscillators 
changes with time in an unpredictable manner. In addition there 
is phase noise and the timer certainly adds some additional 
phase noise or jitter and the information used to derive LPAs is 
corrupted by all the other temporal fluctuations. 
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In the short term, most of the fluctuations due to frequency 
standard instability are due to phase noise since the longer term 
frequency effects are removed by LPAs. Thus we estimate that 
the short-term variations are about 5-ns rms. Due to the fact 
tha.t the timer has a quantization level of 6 ns, we roughly 
estimate an rms error of about 10 ns due to the Loran-C timer 
set. 

No~ all of the flu~tuatio.n~ in the transmitted signal are due to 
cesmm standard mstab1hty. The transmitter itself is also a 
source of signal fluctuation. However the transmitter is 
maintained in ph~se lock with the 5-MHz ~utput of the cesium 
standard to within ±20 ns by the cycle compensation loop. 
Plots produced at Loran-C transmitting station Middletown, CA 
(the X-seco_ndary on the West Coast USA Loran-C chain), have 
been examined that show these slight adjustments [2]. The 
c:ycle compensation loop ~unction is recorded continuously and 
the recor~ .are saved. T~1s loop compensates for changing bias 
lev~ls within the transffiltter and changing delay times. It is 
estimated that because of the fact that the cycle compensation 
loop only makes 20-ns corrections, fluctuations in the signal 
due to the transmitter are roughly estimated to be 6 ns. 

The rss of the cesium variations, the timer variations, and the 
transmitter variations yield an equipment error of 

Loran-C Temporal Timing Fluctuations 

There are three categories of important error sources that can 
cause tim~ dif~erences (TD) Loran-C timing fluctuations. These 
are: rece1ver-mduced, transmitting equipment, and propagation 
fluctuations. To determine the magnitude and source of Loran­
C transmitting induced timing fluctuations it would be 
necessary to locate receivers near (50 to 70 km) two or more 
transmitters in a service area. Through simple addition and 
subtrac?on of TDs significant propagation and equipment 
fluctuauons could be separated as long as the fluctuations are 
larger than receiver error (typically 25 ns). Specifically, this 
measurement configuration requires the following assumptions: 

1. The propagation fluctuations in a signal traveling in one 
direction over a given baseline are equal to the propagation 
fluctuations in a signal traveling in the opposite direction. 

2. Propagation fluctuations over the short paths are small 
compared to other timing fluctuations. 

3. Receiver-induced fluctuations are small compared to 
chain and propagation fluctuations. 

4. Chain fluctuations are the same for all receivers in the 
5ervice area of interest (i.e., chain fluctuations are not spatially 
dependent). 

We have been able to separate equipment and propagation 
induced fluctuations. 

TD and TOA measurements have been conducted over a large 
area in the Southern Triad of the West Coast, USA [3]. One of 
the West Coast experiments was aimed at determining the 
stability of Loran-C signals. No Loran-C timing fluctuations 
could be attributed to large atmospheric changes even though 
numerous cold and warm weather fronts (parallel and 
perpendicular to the propagation paths) passed over the various 
propagation paths. The timing fluctuations were typically 
below 35 ns (rms, standard deviation) each week for 12 weeks. 
Propagation fluctuations (rms, standard deviations) were below 

20 ns and masked by receiver noise. Additionally, two 
receivers (LC204 and BRN-5 linear) were colocated at Ft. 
Cronkhite (near San Francisco) monitoring TDX and TDY for 
ten continuous months. The propagation paths ranged between 
50 nmi and about 475 nmi. The mean values over the entire 10 
months (that included winter--the most severe fronts cross the 
paths) did not change more than 60 ns and standard deviations 
w~re <35 ns. The Ft. Cronkhite measurement site is only 100 
m1~es north of the control monitor (located at Point Pinos, CA). 
This. shows good control when the receiver (user) is near the 
momtor. 

The West Coast results show a very stable (Southern Triad) 
Loran-C sys~em that was not significantly affected by frontal 
systems passing ove~ the propagation paths. Additionally, the 
results at Ft. Cronkhite show good control when the user is in 
the vicinity of the control monitor. 

Prev_ious Experiments on the East Coast. The expectations, 
based on earlier East Coast data collections that weather 
phenomena might change the groundwave phas~ by as much as 
0.5 to 1 ms or more were not borne out in any of the data 
collected on the West Coast (USA) and more recently in the 
Canadian Great Lakes region. 

Di~rnal fluctuations. measured over a propagation path (753 
nm1) between Carolina Beach and Dana have revealed 1-ms 
changes in the winter and 0.5-ms changes in the summer [4]. 
The propagation paths in the Great Lakes experiment are as 
long as the Carolina Beach-Dana path (in both cases typically 
550 to 650 nmi). There is a difference in conductivity of about 
a fact~r <?f 2 which ~hould not have significant impact. These 
large Uffilng fluctuauons have been attributed to the passage of 
frontal systems. Attempts to explain the above changes in 
Loran-C TDs based on meteorological (i.e., changes in 
temperature occurs the same time as the change in TD) 
explanations have been attempted by several researchers 
[5,6,7]. Even though the Loran-C data compares well with a 
specific weather parameter (temp.), the fact remains that diurnal 
TD timing fluctua-tions are about 4 to 5 times as great as can be 
explained by simple calculations using expected changes in the 
index of refraction. 

Temporal Fluctuations Summary. Tables 3 and 4 show Loran­
C temporal timing fluctuations measured over the past 10 to 15 
years. Several observations can be made about this tabulation: 

1. The largest peak-to-peak temporal fluctuations have 
occurred in the winter season. 

2. These effects in the Northern areas may be related to 
surface impedance changes (snow, ice, and freezing 
conditions). 

3. These fluctuations are all smaller than reported before 
approximately 1973 (perhaps improved chain control, better 
geometry, shorter baselines, higher SNR, and careful 
placement of control monitors are impacting these new results). 

4. Reports produced by the sponsoring/performing orga­
nizations have explained these computations reasonable well 
and have demonstrated the means to compensate for temporal 
errors. 

Spatial Error. The time-of-arrival of a Loran pulse depends 
on the electrical properties of the earth's surface over which 
these signals propagate. These electrical properties include the 
impedance or conductivity of the ground, the roughness or 
terrain variations of the surface, the refractive index of the 
atmosphere at the surface, and the lapse rate or rate of change of 
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Table 3. Test Results Showing Temporal 
Fluctuations. 

Sponsorlna Oraanlzatlo11 

Canadian Hydrographic Service 

U.S. Coast Guard 

U.S. Coast Guard 

U.S. Navy 
highly 

Systems Management 

FAA/TSC 

U.S. Coast Guard 

U.S. Coast Guard 

Results 

TD fluctuations vary from 0.05 to 
0.3 µspeak-to-peak over two 
to three days depending on 
location with regard to control 
monitor. Weather fronts 
produce 0.05 µs TD change 

Seasonal TD variations 0.06 µs 
at ft. Communication weekly TD 
variations are typically 0.035 µs 

Weekly TD variations are 0.3 µs 

Seasonal TD variations are 
correlated with refractivily. 

Weather fronts reported to 
induce large TD variations 

Seasonal variations in Vennont 
at 0.8 µs peak-to-leak (largest in 
winter) 

Seasonal TD variations in St. 
Marys River Chain are 0.4 µs 
peak-to-peak and largest in 
winter. Diurnal TD variations are 
0.04 µs peak-to-peak 

Differential Loran-C errors of 1 
µs reduced using Differential 
Loran-C. 50-foot accuracy 
demonstrated 

refractive index with altitude above the surface. Spatial 
variations of the transmitted Loran signal are primarily 
influenced by the nonhomogeneous surface impedance and by 
variations in terrain elevation. 

Temporal Effects. Temporal effects may be produced _by 
time changes on these spatial features but are more easliy 
influenced by the surface refractive index and the lapse rate of 
the refractive index of the earth's atmosphere, which are known 
to change diurnally and with changing weather conditions as 
discussed earlier. 

Spatial Effects Testing. One of the objectives of the Loran-C 
Signal Analysis Harbor Navigation project conducted by the 
U.S. Coast Guard was to improve the accuracy and control of 
I ..oran-C through a better understanding of Loran-C signal 
characteristics. An important step in achieving this objective 
was to better define the predictability of the Loran-C signal 
phase and amplitude characteristics and to explain differences 
between observed IDs and predicted TDs using current 
prediction and calibration techniques with emphasis on terrain 
and surface impedance behavior. 

Four groundwave propagation prediction models or techn!ques 
have been reviewed and tested against each other and agamst a 
carefully controlled experimental database [8]. This work has 
been instrumental in understanding the behavior or spatial 
effects on Loran-C. Therefore, the prediction models used to 
explain the experimental results will be discussed. The four 
techniques are: 

I. Homogeneous Spherical Earth--A well researched 
technique that includes comprehensive published literature. 

2. Millington's--A semi-empirical technique currently used 
for system calibration. 

3. Wait's Multisegment Spherical Earth--A theoretical 
model to account for inhomogeneous earth. 

4. Integral Equation Solution--A computer program to 
calculate signals over irregular inhomogeneous terrain. 

The following paragraphs include comparison between 
Millington and integral equation predictions, and the measured 
database to better explain the significance of spatial and surface 
impedance effects on Loran-C signals. Comparisons have also 
been conducted using the flat-eanh homogeneous spherical 
earth, and Wait's multiple segment techniques in [8] will not be 
shown here. 

Experimental Configuration. Measurements of phase time 
difference and signal arrival times (TOA) were taken at eight 
sites over a period of 60 days, as nearly as possible along the 
Yankee to San Francisco Harbor path, between Searchlight, 
NV, and Ft. Cronkhite, CA. The main reason for these 
measurements was to compile a comprehensive experimental 
database for comparison with predicted results from prediction 
techniques previously mentioned. Analysis and interpretation 
of the differences between measured and predicted data were to 
lead to a better understanding of Loran-C signal characteristics. 

The Searchlight/Ft. Cronkhite path was selected for the 
experiment because of its extremely variable terrain and 
demonstrable history of short-term weather fluctuations. The 
assumption was that irregular terrain and variable surface 
impedance along the path would produce experimental results 
that differed significantly from simple model predictions and 
therefore would provide a database for thoroughly testing 
models that account for irregular terrain and impedance. 

It was also expected that weather variations typical of the time 
of year might occur during data collection periods along the 
path. If large variations in measured data occurred concurrently 
with significant weather phenomena, then the data could pro­
vide additional guidance to improve models of weather 
produced variations in the prediction codes. 

Before proceeding with the experimental results a discussion of 
modeling techniques used to analyze the test data is in order. 

Model Intercomparison. Classical Techniques. This 
idealized technique will not produce phase delay estimates with 
useful accuracy for irregular paths (such as defined in [8]). 
However, because the classical technique is embedded in other 
techniques, the numerical procedures should be considered. 

The general classical theory solution results in an infinite series 
representation for the complex groundwave loss function. The 
series converges rapidly for long paths but requires many terms 
for paths less than 100 km in length. Two short-path 
approximations are available, one for high surface impedance 
and the other for low surface impedance. 

The evaluation of the classical theory determined the required 
number of terms in the series for a specified path length and 
level-of-accuracy, and also defined appropriate distances to 
switch from the accurate series solution to the short-distance 
approximations [8]. 

Millington's Technique Compared to Wait's Multiple Segment 
Technique (MULSEG). Both these techniques account for 
inhomogeneous impedance along the path. The results 
produced by these two techniques have been compared for 
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Table 4. Test Information. 

Sponsoring/Performing Completion L.orai-C #of Test 
OrQanizations Data Chain Sites Duration Measurements 

Canadian Hydrographic 1978 Northeast US 3 3wk TDW,TDX 
Service 

US Coast Guard 1978 U.S. West Coast 18 10mo TDX,TDY 

US Coast Guard/Magnavox 1977 U.S. East Coast 3 3mo TOAN 

US Coast Guardllntemav 1973 U.S. East Coast 8 2mo TDY,TDZ 

US Navy/Sperry Systems 1971 U.S. East Coast 3 1 yr TDM,TDY 
Management 

FAA/TSC 1980 Northeast U.S. 3 14mo TDW,TDY,TDX 

US Coast Guard/T ASC 1980 St. Marys Riwr 3 1 yr TDX,TDY,TDZ 

several hypothetical cases. One example is shown in Figure 1 
for a five-segment path. The results are typical of results 
obtained for a number of other cases [8]. As a result of this 
comparison, we concluded that the prediction differences are 
small compared to errors caused by the neglect of terrain 
variations. 

Millington's Technique Compared to the Integral Equation 
Solution. Results from Millington's technique and the integral 
equation technique have been compared for two cases: one 
where terrain effects are important, and one where terrain 
effects are suppressed. These comparisons were made during 
the process of comparing experimental and predicted results and 
are discussed later. 
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Figure 1. Comparison of MULSEG and Millington for a 
Five-Segment Path (Sea to Land). 

Data 
Data Sample Dara 

Location lnlet'Vaf Size Aoolication Qualitv Motivation 
(Approx) {µsec) 

Great lakes 100 sec Oct80 to Great lakes 0.02 Temporal effects and 
Region Noveo Navigation relation to chain 

control 

West Coast 100 sec Aug nto HM>or 0.02 Temporal fluctuation 
(Southern Triad May 78 Navigation evaluation and means 

to compensate 

Fort Wayne, IN 15min Feb 77to Loran-C 0.02 Cause of Diurnal TD 
Newark, NJ Apriln System variations 
Washington DC Support 

Delaware River 100 sec Jul 73 to Harbor 0.02 Differential Loran-C 
Aug 73 Navigation evaluation 

Nantucket, MA 15min Oct65 to Strategic 0.01 Potential improvement 
Carolina Beach Sep 68 Submarine afforded by propaga-
Jupiter, FL Navigation tion corrections 

Burlington, 3 hrs Aug 79 to CivilA/C 0.1 Seasonal, diurnal 
Newport, and Oct SO Navigation variations in TD grid 
Rutland, VT bias 

Northern 15min May 79to Ore carrier 0.02 Month-to-month TD 
Michigan May SO navigation of variations 

St. Marvs 

Data Preparation. All methods considered require an accurate 
definition of geodetic path length as input. Also, all methods 
currently use a single value for the effective earth radius along 
the path. The classical approach requires a single value of 
surface impedance for the entire path. Millington's technique 
and MULSEG require surface impedance data for as many 
segments as are required to account for inhomogeneity along 
the path. The integral equation requires inhomogeneo~s 
impedance data for segments along the path and terram 
variations relative to a smooth spherical reference. 

Path Length. For accurate prediction, path length needs to be 
determined within a few tens of meters. Phase prediction errors 
resulting from path length error are approximately 3.3 ns per 
meter. Accurate size position surveys and geodetic distance 
calculations using Sodano's technique provided path leng!h 
accuracy that should limit the phase error to less than l 0 ns m 
this experiment 

Effective Earth Radius. An effective earth radius, ae (usually 
larger than the earth's actual radius, a), is used to approximately 
account for the refractive effects of the lower atmosphere. 
Approximate relationships defining the effective radius in terms 
of surface refractive index are provided in [9] and elsewhere. A 
ratio of a to ae of 0.85 was used in the calculations reported 
here. 

Surface Impedance. Crude estimates of surface impedance can 
be obtained from existing surface conductivity maps or from 
maps providing general surface and top~graph!c feat~res. 
These estimates are usually adequate for Millington s technique, 
where the typical application is to adjust o:iginal estimates of 
surface impedance to match selected expenmen_ta~ data before 
using the surface impedance values to make pred1cnons. 
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To make more accurate predictions, surface impedance is 
estimated using best available data defining geophysical and 
electrical properties of surface and subsurface layers. The 
availability and detail of these data depend strongly on location. 

Figure 2 shows (thin lines) the best estimate of the surface 
impedance along the propagation path, using geophysical data 
from the U.S. Geological Service and the California and 
Nevada Bureaus of Mines. Data were obtained at various 
locations for one, two, three, or four layers and processed 
using a multilayer surface impedance model. The details of the 
data and processing are provided in [9]. Figure 2 shows 
amplitude data only. the surface impedance phase in all cases 
was very close to 45 degrees. 
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DISTANCE (km) 

Figure 2. Approximation to the Surface Impedance for a 
Millington Calculation. 

Also shown on Figure 2 (heavy lines) is a twelve-segment 
approximation that was used later in comparing Millington's 
rechnique calculations to the integral equation results. 

Terrain Data. Terrain data are required only for the integral 
equation approach. For many areas of the world, digitized data 
are available that provide more detailed definition of terrain 
variation than can be used in the computations. Proper 
automation of data search and smoothing routines can reduce 
this data preparation task to a reasonable computer effort. 

In the experiment described here, digitized data were not 
available over the entire path and terrain variations were 
obtained from the most detailed topographic maps available. 
Digitizing the data from the maps and subsequent verification of 
the data took 2 to 3 manweeks. Data preparation for the integral 
equation technique can be a formidable task unless a digitized 
database and associated software to scan and select appropriate 
data are available. 

The original data defining terrain along the propagation path are 
plotted in Figure 3. The detail shown in the figure is more than 
is required in the integration equation and some data smoothing 
was applied. Phase predictions shown later used terrain data 
that were smoothed by averaging data over a 3-km interval. 

Comparison Between Predictions and Experimental Data. One 
primary goal of this effort was to compare pure predictions 
(i.e., no tuning of input data using measured signal phase or 
amplitude data) with measured data. Figure 3 shows the pre-

dieted secondary phase (signal phase lag in excess of the free 
space phase lag) for the integral equation results and 
Millington's technique results. The integral equation results 
were obtained using the detailed impedance estimates shown in 
Figure 2 and the terrain variations shown in Figure 3 (after 
smoothing). The Millington results were obtained using the 
twelve-segment approximation to the detailed impedance 
estimates shown on Figure 2. 

I 
~ 
" lH 

~ 
~ 
~ 
> 
~ 

... 

... 
3.0 

... 

1.0 

0.5 

-0.5 

RAW DATA 

• NOICATES MEASUREMENT 
PCINTS 

l 
~ m ~ ~ = ~ = - m ~ 

DISTANCE (km) 

Figure J. Original Worst Case Path Terrain Data. 

The experimental results are shown on Figure 4 by the bars 
above the measurement sites. The length of the bar indicates 
approximate bounds on experimental error as defined earlier. 
Since only relative (not absolute) secondary phase 
measurements were obtained, a reference point for the data 
must be selected. In this comparison we chose to equate 
predicted and measured secondary phase at Tecopa, the site 
nearest Searchlight. The origin could also be selected to 
minimize mean rms difference between measured and predicted 
values. However, it can be observed from Figure 4 that no 
origin selection can be made that will remove all large prediction 
and measurement differences. The maximum difference as 
shown on the figure between integral equation predictions and 
measurements is about 0.5 µs. 
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and Millington's technique results. 
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It can also be noted from Figure 4 that the integral equation 
results produce better agreement with the measured data than 
Millington's results (i.e., inclusion of the terrain effects 
provides an apparent improvement). 

!o verify that the differences between the Millington and 
integral equation predictions are due to terrain effects a second 
calc~lation was performed with the integral equation', but with 
terra1~ effects suppressed. These results, with Millington's 
techmque results repeated, are shown in Figure 5. The 
agreement ~etween predic_tions is very good and provides 
confidence. m t~e comput3:U<?nal models. The results provide 
further venficauon that M1lhngton's technique is useful when 
terrain effects are minimal. 
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Figure 5. Comparison of Millington's Technique with 
the Integral Equation Technique (with Terrain Variations 

Suppressed). 

Additional Comparison. Two additional sets of calculations 
were. performed to provide a crude measure of sensitivity of 
predicted versus measurement difference to input parameters. 
We believe that terrain data is adequately defined and input 
value errors would most likely be the surface impedance 
defi~it~on. Figure 6 shows the original integral equation 
predictions, the measurements, and a new integral equation 
prediction made with the conductivity of all segments along the 
path decreased by a factor of 2 (this increases the surface 
impedance by approximately a factor of 2). Note that the two 
predictions now almost bracket the measured data. It is clear 
that selective adjustment of the conductivity of different 
segments by a factor of approximately 2 could produce good 
agreement between measured and predicted values. These 
adjusttnents were not performed because of the computer costs 
for repetitive calculations with the integral equation program. 

Also shown on Figure 6 by the filled-in circles are results 
obtained with Millington's technique with the impedance of the 
twelve-segment approximation adjusted to approximately 
minimize the rms difference between Millington's predictions 
and measurements. Impedance values had to be generally 
increased to compensate for terrain effects and/or errors in the 
original impedance values. The results obtained by varying the 
impedance values indicate that the impedance values need to be 
known much better than a factor of 2 for accurate (100 ns) 
predictions over long overland paths. 

Clearly it has been demonstrated that deterministic prediction 
techniques alone are not adequate for precise navigation. 
However, a careful balance between predictions and measured 
data (empirical models) may have some merit. 

Predicted Weather Effects. Except for one isolated incident, no 
significant weather-produced fluctuations were observed during 
the West Coast experiments. As a result, little emphasis was 
placed on prediction of weather effects. One example of 
predicted weather-produced fluctuations was produced using 
surface weather data from a station (Reno, NV) near the Master 
transmitter. The atmospheric pressure in millibars, the 
temperature and dew point temperature were taken at Reno. 
These values were used to compute the surface refractive index 
and a corresponding value of effective earth radius. Phase 
fluctuations, which are the sum of the primary and secondary 
phase fluctuations, were computed for path lengths of 100, 
300, 500, and 700 km. 
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Figure 6. Comparison of Measurement of Millington and 
Integral Equation Predictions After Surface Impedance 

Adjustment. 

The predicted phase fluctuations were small, showing a 
maximum value of 15 ns. These values agree in order of 
magnitude with the experimental observations during the Loran­
C Signal Analysis West Coast Experiment with one exception, 
where it is postulated that a larger change was produced as a 
result of precipitation-induced surface impedance changes. A 
discussion of this exceptional case was provided in [10). 

Conclusjops 

Detailed conclusions and recommendations are provided in [8). 
A summary of the discussion in [8) is provided below. 

1. For a smooth, inhomogeneous earth, Millington's tech­
nique and Wait's multiple segment technique produce nearly 
identical results. Therefore, Millington's technique should be 
used in preference to Wait's because of its greater simplicity 
and shorter running time. 

2. Millington's technique and the integral equation technique 
give nearly identical results for a path with highly 
inhomogeneous impedance when the terrain variations are sup­
pressed for the integral equation calculations. 

3. The integral equation calculations show that both terrain 
and surface impedance variations are important in predicting 



secondary phase. Our numerical computations indica~ed that 
the terrain can be defined with sufficient accuracy with data 
points spaced at approxima~ly an inte~ti~n st~p s~ze of 1 km. 
Our experimental observations and predictions indicate that to 
obtain prediction accuracy on the order of 100 ns or better, the 
surface impedance uncertainty must be much less than a factor 
of 2 for overland paths. 

4. The effect of terrain variations (in this case elevations 
greater than one wavelength above the ~ean g~oid)_ was to 
increase the secondary phase. Thus, matching cal1brat1.on data 
with impedance variations alone requires ~igher than actual 
impedance values to compensate for the terrain effects. 

5. Data preparation for the integral equation method is a 
formidable task. The hand preparation of the data for the 
worst-case path required an effort of about 1 !Dan month. 
Digital terrain data tapes for the path were not available .. Hand 
preparation of data for a coverage area would not be pracncal. 

6. The highly variable terrain and surface impedance along 
the worst-case path and the differences between predicted and 
measured values indicate the need for more closely spaced 
measurement points to adequately calibrate phase chan~e along 
the overland portion of the path from an expenmental 
standpoint. On the other hand, measurements made beyond the 
region of major terrain variations can be used to c?mpensate for 
the integrated effects of terrain-induced fluctuauons .. ~ good 
example is the match between measurements and_p~ctJ.ons at 
Ft. Cronkhite shown in Figure 4. Ft. Cronkhite is t~e last 
measurement point along the path and is located m San 
Francisco Harbor. 

7. Compensation techniques exist for each type (tem.I?~ral 
and/or spatial) of error causing Loran-C to be a ns preclSlon 
system. 
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Abstract 

The LF band used for LORAN-C navigation is susceptible to the 
effects of atmospheric noise. The two main components are 
background Gaussian noise and impulsive lightning noise. As 
the FAA continues in its efforts to incorporate LORAN-C into 
the National Airspace System for use as a supplementary 
navigation aid for nonprecision approaches it is necessary to 
develop a better understanding of the effect of atmospheric 
noise on the accuracy, availability, and integrity of LORAN-C. 
A simulation facility including the capability to create three 
different noise models, has been developed which provides a 
controlled, repeatable and realistic noise environment for the 
calibration and testing of LORAN receivers. This paper 
describes the noise models, how they are created, calibrated and 
used in the evaluation of LORAN receivers. In addition, the 
Center has analyzed how current calibration methods and 
performance requirements influence the design of receivers. 

1. Introduction 

Natural noise in the LF band at approximately 100 kHz 
consists of two components: 1) a low level white Gaussian 
component attributable to the background continuum of signals 
and 2) a high dynamic range non-stationary impulsive 
component due to the noise from individual lightning strokes 
which are capable of propagating great distances. One of the 
main works in characterizing atmospheric noise at LF was the 
1972 doctoral dissertation of Donald Feldman at MIT [1]. 
Feldman described the design of an instrumentation system to 
measure the key statistics of the VLF and LF noise process at 
several frequencies. Data were collected during the summer of 
1971. Three noise scenarios were considered in the analysis: 1) 
quiet conditions, in which the impulsive component due to 
individual lightning events was relatively low, 2) tropical noise 
conditions typical of those in the summer at middle latitudes in 
which impulsive lightning noise from numerous thunderstorms 
is propagating over long distances, but without local activity, 
and 3) frontal conditions in which lightning is occurring at close 
range associated with a squall line or local thunderstorm. 

Measurements were made at 14, 65, and 80 kHz. These 
measurements provided the basis for the comparison between 
noise models and data. Feldman characterized the noise not only 
in terms of first order statistics and probability density functions 
but in terms of temporal correlation and frequency correlation 
properties. Feldman then searched for a mathematical structure 
which provided the best match to the observed data over the 
three scenarios. His analysis of the data indicated that the basic 
mathematical structure first discussed by Kapp and Kurz [3 ], 
which consisted of two components, one multiplicative to 

simulate the lightning, and an additive ba~kground compone~t, 
provided a good starting point for a canomcal atmospher.1c n?1se 
model. The general form of the Kapp and Kurz model 1s given 
by 

y(t) =n1(t) +A(t)n2(t) (1) 

where nl(t) represents the Gaussian background component, 
A(t) is a time varying multiplicative intensity function, an~ n1~t) 
is a second independent Gau.ssian noise ~o~rc~ which 1s 
modulated by the intensity funct10n. 1:he mult1~hcat1ve form for 
the impulsive noise component was first d:;scnbed by Hall [2] 
and is referred to as the "Hall Component . Hall proposed to 
generate the multiplicative noise component A(t) from the 
inverse of a Chi process with m degrees of freedom given in 
equation (2) as 

(2) 

where bi(t) are samples from statistically independent Gaussian 
low pass processes. 

Feldman showed that a noise model based solely on the Hall 
model without the additive Gaussian component provided a 
relatively good representatio.n o.f t~e. observed ~oise .proba~il~ty 
density function when there 1s s1gmficant local hghtnmg activity 
(frontal scenario); however, it tended to lose accuracy as the 
level of local lightning activity decreased. ~en t~e level of 
activity was low, the background Gaussian nmse process 
became more significant. While. t.he mod~I suggested ~y 
equation (1) did match the probab1hty density of the .nmse 
observed by Feldman, there was a significant difference m the 
time correlation properties of the channel between the measured 
and modeled noise processes. 

To improve accuracy of the time structure of the new mod.cl, 
Feldman proposed that the "Hall" component ~f the nmse 
should be randomly switched on and o~f to s1m~late the 
impulsive nature of lightning induced nmsc. 1:he improved 
channel noise model attributed to Feldman consists of three 
independent components, the X(t) switching fun~~ion, t~e 
A(t)n2(t) "Hall" component, and the background add1t1ve ~h1te 
Gaussian noise term nl(t). The form of the combmed 
Feldman/Hall/Kapp noise model implemented is given by 
equation (3) as 

y(t) =n1 (t) +X(t)A(t)n2(t) (3) 
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where X(t) is a two state [O, 1] random process whose purpose 
is to switch on the "Hall component" for short periods of time 
to simulate the impulsive nature of lightning noise. 
The processes X(t) combined with A(t) provides additional 
degrees of freedom to synthesize the complicated time structure 
of lightning-induced noise. The times of occurrence, duration, 
and intensity of noise bursts are random and non-stationary. The 
nl(t) and n1(t) are conventional normal N(O,o) random noise 
processes. A model of this form lends itself readily to both 
computer and real time hardware implementations using 
conventional uniform and normal random variables as the basis. 

The Feldman/Kapp/Hall model (3) generates the switching 
function X(t) from a Markov-Markov process. The process X(t) 
is a two-state function with states "O" corresponding to off and 
"1" corresponding to on. Two transitions are associated with 
this Markov process: the transition from the "O'' ->" 1" and the 
transition from the "1" ->"0". For a generalized Markov 
process, the times for the transitions 0-> 1 and 1->0 are 
generated from independent Poisson processes (exponentially 
distributed transition times). Let A.01 and A.10 be the Poisson 
parameters for the 0->1and1->0 transitions respectively. For a 
Poisson random variable, the probability that the transition time 
T exceeds tnext is given by 

(4) 

where A. is the Poisson parameter associated with the process 
and u(t) is the well known unit step function. For a first order 
Markov process, the transition parameters would be constant. 
For the double Markov process used in the Feldman noise 
model, the transition parameter A.01 is drawn from an 

independent Poisson random process. The parameter A.1 o is 
constant. The random nature of the first parameter provides the 
non-stationary time structure of the impulsive noise. Figure 1 
redrawn from Feldman shows how the model in equation (3) 
can be synthesized. 

The first step in the synthesis of atmospheric noise is to 
generate the X(t) switching function. This function is double 

Markov with transition parameters A.01 and A lQ. X(t) in the "1" 
state takes on value 1 while in the "O" state it is 0 indicating that 
the impulsive component is off. The parameter A.10 is a constant 
and is chosen to synthesize the short term time correlation of 
A(t). A simple transformation given in equation (5) is used to 
map a uniform U[0,1] random variable into an exponentially 
distributed Poisson random variable. Feldman observed that 
A.10=850 Hz provides good correlation to experimental data. 

The parameter A.01 which drives the 0-> 1 state transition is 
itself stochastic and is used to control the time intensity of the 
non-Gaussian excursions of A(t). In the Feldman model, the 
parameter A.01 is generated from a second independent two­
state Markov process W(t) in which the "1" state corresponds 
to the parameter P=p/ and the "O" state corresponds to the 
parameter P= Pxs in the Feldman thesis. The two-state Markov 
process W(t) has two transition parameters µ01 and µ 10· The 

µ10 rate is constant and is chosen to provide long time 
correlation associated with multiple lightning discharges. The 
µ01 rate is constant and is chosen to simulate the intensity of the 
noise switching function. Thus the Markov process W(t) 
drives a second Markov process X(t) leading to the 
nomenclature Markov-Markov process. The transition times 
tnextlO and tnextol for the W(t) process are generated by 
independent Poisson processes. The mathematics of Markov 
processes, though complicated, are well developed. Feldman 
presents an analysis of the probability density function fy(Y) 
based on the X(t), W(t), and A(t) processes. 

Having generated the random numbers for the W(t) random 

process which creates the A.01 transition parameter, X(t) is 
generated. The binary Markov process X(t) is used to multiply 
(or switch on and off) the impulsive Gaussian noise component 

,A(t)n2(t). Both the occurrence and duration of X(t) are 
independent Poisson random processes. Each time X(t) 
switches from the 0->1, a new multiplicative noise term A(t) is 
generated. The A(t) process is synthesized according to inverse 
Chi statistics shown in equation (2) by taking m independent 
N(0,1) Gaussian random variables, squaring the output, and 
summing. We then take the square root and the inverse to 
produce the A(t) scale factor. The function is scaled by an 
intensity parameter to complete the calculation. The process A(t) 
is used to scale an independent Gaussian noise source to form 
the "Hall" component. The "Hall" component is summed with 
an independent Gaussian noise source nl(t) to form the 
composite atmospheric noise output y(t). The percentage of 
power which resides in the Hall and background noise 
components can be adjusted parametrically. 

The C60b Atmospheric Noise Model 

The current standard "atmospheric noise" model used for 
testing LORAN-C receivers is described in FAA Technical 
Standard Order TSO-C60b. It can be viewed as a distant cousin 
of the more realistic and complicated Feldman/Hall/Kapp model. 
Like the Feldman noise model, the C60b "atmospheric noise" 
model consists of two independent components, one designed 
to simulate the background noise and one designed to represent 
the effect of impulsive lightning bursts in a narrow band system. 
The form of the noise model is given by equation (5) as 

YC60b(t) = P(t)sin(21t100kHz t +<I>)+ n(t) (5) 

where n(t) is a low level bandpass Gaussian noise component. 
P(t) is a fixed amplitude train of 30 msec pulses which occur 
randomly according to first order Poisson statistics with an 
average rate of 50 pulses per second, and sin(21t100kHz t +<I>) 
represents the carrier frequency of the LORAN-C signal. The 
random variable <I> is uniform over [0,21t] and randomizes thi;: 
phase of the pulses. Thus after complex baseband demodulation, 
the component looks like a complex fixed amplitude pulse train. 
According to the specifications, 15.85 percent of the noise 
power is in a Gaussian component which has been filtered by a 
simple LC filter with 30 kHz 3 dB bandwidth and 100 kHz 
center frequency. The remaining 84.15 percent of the total 
noise power resides in the impulsive component. The ratio of 
the total power in the signal to that in the Gaussian component is 



8 dB. The rms amplitude of the sine wave is 59.5 times that of 
therms Gaussian noise component. The ratio of the power in 
the impulsive to Gaussian components is about 5 dB. The 
significance of these numbers will be discussed subsequently 

The C60b atmospheric noise model does not simulate the 
variations of the amplitude structure of the impulsive component 
or its time structure which are characteristic of real atmospheric 
noise. But it is one step more sophisticated than a simple 
additive Gaussian noise process in that it does have a random 
impulse-like component. Because the amplitudes of the pulses 
are fixed, the probability density function of the C60b 
"atmospheric noise" does not match the atmospheric noise data 
collected by Feldman. 

2 Hardware Implementations of Noise Models 

The first step in developing a more realistic technique for 
calibrating, characterizing, and evaluating LORAN receiver 
performance is to create real time implementations of the 
different noise models: 1) simple Gaussian noise, 2) the 
atmospheric noise model described in TSO-C60b and finally 3) 
an advanced noise model synthesized from the Feldman thesis. 
These become external noise inputs to a LORAN-C simulator 
which resides at the Volpe Center. Performance of LORAN 
receivers at constant signal-to-noise ratio using the various noise 
models can be evaluated and the difference between the way 
they perform in the presence of different noise conditions can be 
observed. 

The )Jasic approach used for implementing the noise models 
was to build the noise simulator from off-the-shelf equipment 
which could be controlled by computer to minimize both total 
cost and implementation time. The key element of the noise 
simulator is an HP-8904 waveform synthesizer which consists 
of four internal waveform synthesizers along with internal 
multipliers and summers. The instrument has the capability to 
synthesize Gaussian noise in addition to classic waveforms such 
as sinusoid, triangle, square, and pulses, and can be controlled 
via the IEEE-488 bus, keyboard, or a special external bus. 
Figure 2 shows the basic architecture of the LORAN-C 
evaluation system. 

To simplify the design of the software for the control 
computer, a technique known as stored channel simulation was 
used for generation of the switching times for X(t), and for A(t). 
Using this technique, all times and coefficients are generated in 
advance and stored on disk prior to commencing the simulation. 
This has two advantages: 1) the exact conditions of the 
simulation are repeatable and 2) the real time tasks of the 
computer are limited to reading from memory the transition 
parameters and accurately controlling the times of the transitions. 
A totally real time simulation would have required a 
sophisticated multi-tasking, multi-layer operating system and 
would have significantly added to the cost and development time 
of the model with little additional benefit. 

Synthesizing the Feldman/Hall/Kapp noise model in the 
waveform generator required all 16 of the fast hop addresses to 
represent the A(t) values. This becomes the amplitude scaling 
factor of one Gaussian noise source. Fifteen of the 16 waveform 
channels are programmed to Gaussian noise with different 
values while the 0 address is reserved for the off state. A second 
Gaussian noise source provides the background component. 
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While only 4-bit quantization of the A(t) values is provided, 
increased dynamic range is provided by using logarithmic 
quantization. Using this technique a 40 dB dynamic range on 
A(t) is provided. The maximum dynamic range is limited by that 
of the synthesizer. Memory (16 MBytes) was added to the high 
performance 33 MHz 80486-based computer to allow 
simulations of 1 hour duration without repetition of the 
sequence. 

The Feldman thesis calculates parameters used for 
creating the various noise scenarios including quiet, tropical, and 
frontal conditions. Parameters used in the simulating the various 
conditions are presented in Table 1. 

Calibration of the model consisted of calibration of timing 
loops within the control computer and of measuring the total 
RMS power within the 30 kHz standard filter using a true rms 
meter. For the Feldman noise models, the ratio of the power in 
the Gaussian component to the impulsive component varied 
from scenario to scenario. Using the tropical noise parameters 
from Table 1, the ratio was measured at approximately -17 dB 
so that a greater portion of the total power resides within the 
impulsive component than for the C60b noise model. For the 
frontal noise parameters the ratio (magnitude) was on the order 
of 20-23 dB. When evaluating noise one must keep in mind both 
the total absolute noise power and the ratio of the noise in the 
two components. For each of the noise scenarios and different 
noise models, calibrations to absolute rms signal amplitude 
(dBµv) within the filter bandwidth at the output of the LORAN 
simulator were developed. These are being used in the 
evaluation of different receivers. 

Table 1. Parameters used in Different Noise 
Scenarios 

Condition 0 M Pxf PxS Pw µ10 "10 
Tropical 1.26 1 0.99 0.27 0.66 0.6 850 
Frontal 3.50 1 0.99 0.15 0.89 0.2 850 
Quiet-night 1.34 2 0.75 0.25 0.50 1.0 850 
Quiet 2.22 2 0.11 0.11 xxx xxx 850 

Figure 4 shows in the time domain typical plots of the noise 
waveform for the different noise models. In each of the figures, 
the amplitudes and time scales of the digital oscilloscope were 
set constant and the rms noise power in the 30 kHz filter 
bandwidth was also set constant. Figure 4a plots a bandpass 
Gaussian component, Figure 4b plots a TSO C-60b atmospheric 
noise output in which the very narrow pulses of carrier are 
observed and Figure 4c plots a typical Feldman atmospheric 
noise waveform in which different amplitude and time duration 
bursl'i of lightning noise are observed. Note in the figure that 
some of the noise bursts are very short duration while others are 
relatively long duration. 

3 Calibrating and Measuring Signal-to-Noise Ratio 

Definition of Signal-to-Noise Ratio 

TSO-C60b, which is the standard for certifying LORAN-C 
receivers for nonprecision approach, describes the precise 
procedure for measuring signal-to-noise ratio (SNR). Noise 
power is calculated from the true rms voltage measured at the 
output of the 30 kHz bandpass filter. Signal power is determined 
by 1) determining the amplitude at the standard sampling point 



or 2) adjusting a sinusoid until it has the same amplitude as the 
peak of the LORAN signal and then scaling by 0.506 and 
measuring therms value. 

. LORAN manufacturers calculate SNR in a variety of 
d1ffere.nt ways and for this reason in this and all subsequent 
analysis, we refer back to this technique as establishing the true 
SNR for comparison to that calculated by different receivers. 

The "Infamous" 8 dB Noise Scaling Factor 

Feldman showed that depending on the noise scenario (i.e., 
!ropica!, frontal, quiet, etc.) the ~atio of the noise power in the 
1mpuls1ve component to that m the background Gaussian 
component could range from 5-20 dB or more. Designers of 
LO~-C ~avigation receivers have incorporated sophisticated 
no!llmear signal processing to mitigate primarily impulsive 
nmse. A number of nonlinear signal processing techniques are 
~.including clipping, noise blanking or hole punching, hard 
hm1tmg, and other proprietary techniques; Kalman filtering is 
also used. 

Feldman showed that in a theoretical sense, either hard 
limiting or idealized nonlinear filtering could eliminate most of 
the effect of impulsive noise. It was shown that the 
improvement due to the nonlinear processing could range from 5 
to 20 dB over ordinary Gaussian noise with the same power. 
Looking at the figures in his thesis, 8 dB appears to be a 
median value. This 8 dB scaling factor has taken on almost 
mythical proportions. Recall that the ratio of the total noise 
power to the background component in the C60b atmospheric 
noise model is also 8 dB. 

The certification procedure which is based on being able to 
detect BLINK or signal outage within 10 seconds at a minimum 
SNR allows LORAN manufacturers to test their receivers using 
one of two different noise models 1) the TS0-60b atmospheric 
noise model, or 2) Gaussian noise in which they are allowed to 
add 8 dB to the measured SNR. The premise of the 8 dB 
scaling on the Gaussian noise is as follows: Assume that the 
C60b atmospheric noise is used with approximately 84% of the 
noise power in the impulsive component and 16% in the 
background Gaussian component. An ideal receiver is assumed 
capable of removing completely the effect of the spikes so that 
only the background component is there. Now in theory, this 
background Gaussian component, 8 dB below the true rms 
level of the noise, represents the effective noise power and 
manufacturers can use this value. Gaussian noise sources are 
inexpensive and readily available, unlike the more specialized 
atmospheric noise models. 

Any receiver which does anything less than perfect removal 
of the spike noise benefits by using the second (Gaussian + 8 
dB) noise technique rather than the atmospheric noise model. 
Advanced receiver techniques are designed to eliminate the high 
dynamic range excursions due to the impulsive lightning noise. 
Thus depending on the nature and percentage of noise power 
which is impulsive and its dynamic range, much of the noise 
powe~ could be eliminated by the receiver processing. Some 
techmques come closer to removing 100% of the spike noise 
than others. The greater the percentage and the more dynamic the 
nature of the impulsive noise, the greater the benefit of the 
sophisticated signal processing. 
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4 Observations on LORAN Receiver Performance 
with Different Noise Models 

Signal-to-noise ratio is a commonly used measure of 
LO~ perfor~ance, es~ially in the process of certification 
of aviation receivers. To illustrate how different noise models 
and different ways of computing SNR have different effects, in 
terms of the SNR presented to the user, two receivers were 
test~ using diffe~e~t noise. m~els. Brand A was designed 
s~1fically for av1at10n apphcat10ns and computes the signal to 
n?ise. quah~y measure at the output of its non-linear processing 
Clf~Ults ~h1ch tend~ to wea~ly mitigate the effect of impulsive 
nmse. S1gnal-to-n01se rat10 1s calibrated using Gaussian noise at 
the ou_tput o~ the hard limi~er. It is a true rms estimate only for 
Gaussian noise. Brand B 1s a modified marine receiver which 

c col!lputes signal-t?-noise ratio (SNR) using a true rms noise 
estlma~ taken.at times whe~ the signal is not present and from 
the estimated signal strength m each of the channels. The SNR is 
therefore computed from the dB signal level minus the dB noise 
estimate and represents an estimate of the true rms SNR. This 
is a true estimate of the snr and does not take into consideration 

Both receivers were connected to the LORAN simulator. 
Feldm~n at~ospheric. noise, TSO-C60b atmospheric noise, or 
Gaussian nmse were mput to the external noise channel of the 
simulator. Data logging devices were connected to both 
receivers to access signal strength in three channels M, W, and 
X, and a true rms !loise estimate at the output of the antenna 
filter, and the receiver calculated SNR in each of the three 
channels. 

Figure 5 compares measured signal-to-noise ratios for 
both Brands A and B for the three different noise models 
(Feldman, Gaussian, and TSO-C60b), at the output of the M 
channel. When the noise source is purely Gaussian, the SNR 
values presented by Brand B (true rms estimate) and Brand A 
~pr~sed but calibrat~ using Gaussian noise) appear close to 
1dent1cal as expected. Signal level estimates from the receivers 
were within ±2 dB of the calibrated output of the LORAN 
simulator. 

Wi~h the C60B noise, Brand A's processed SNR was 
approximately 4-5 dB greater than that computed using true rms 
SNR as measured by the Brand B. This indicated that Brand A 
was removing much but not all of the effect of the spike noise. 
The SNR improvement factor was on the order of 5 dB rather 
than 8 dB. Note that because of this it would be in the 
manufacturer's best interest to use Gaussian + 8 dB rather than 
the TSO-C60b atmospheric noise model. 

With the Feldman type noise using the tropical scenario in 
Table 1, the ratio of the background noise to total noise power 
was on the order of -17 dB. The SNR improvement observed 
on the processed SNR of Brand A ranged from about 8-16 dB at 
high signal-to-noise ratios, indicating that the nonlinear 
processing was providing significant improvement. 

~n the next e;xperiment, the scenario was changed from 
tropical to frontal m Table 1 and the SNR difference between the 
Brand B and Brand A was calculated. In this mode the 
improvement was greater by several dB since the ratio of the 
background noise to total noise power was reduced less than -20 
dB. 



The next experiment used the tropical scenario and gradually 
increased the background noise component. Since the Gaussian 
component was very small relative to the total noise power, 
small increases (6-12 dB) had little effect on the total noise 
power. The SNR measured in Brand B changed little. The SNR 
measured on Brand A degraded by approximately 6-8 dB and 
began to approach that of the Brand B as the Gaussian noise 
power was increased. 

. This raises an interesting question. Many manufacturers use 
Gaussian noise to evaluate their receivers since it is very simple 
to generate. Most read the C60b specification as allowing them 
to add 8 dB to the SNR based on the assumption that the 
impulsive component could be totally removed. While using the 
Gaussian noise might actually represent a worst case with the 
sophisticated non-linear signal processing, the changing of the 
processed SNR by 8 dB would only be valid if 1) their receiver 
were capable of removing the entire effect of spike noise and 2) 
the ratio of the power in the background noise to the total noise 
is 8 dB. If the mix is different, the results will be different. The 
more realistic atmospheric noise model would greatly benefit the 
more sophisticated receiver designs. 

5 Conclusions 

In this phase of the ongoing effort we were successful in 
implementing the Feldman noise model in real time, and in 
conducting realistic tests on selected LORAN receivers. This 
provides us a tool with which to characterize LORAN 
performance more accurately. Several recommendations become 
clear in light of the analysis to date. 

1) The C60b specification should include effects of insertion 
loss in the description of the filter used for calibrating signal to 
noise ratio. 

2). In all tests, signal-to-noise ratio should be calibrated 
carefully externally using the definition in TSO-C60b rather than 
internally using the estimates of the receivers. 

3) With the current atmospheric noise model in C60b, there is 
no incentive for manufacturers to elect the atmospheric noise 
model. In fact, it tends to punish the more sophisticated 
algorithms by allowing manufacturers to assume 100% spike 
removal (this is what is done when Gaussian + 8 dB is used). 

4) A more realistic noise model which provides both time- and 
amplitude-varying impulse noise would provide a more accurate 
assessment of LORAN performance and would tend to 
encourage manufacturers with novel advanced signal processing 
techniques which can remove a greater portion of the effects of 
impulsive noise. Use of a model of this type which can be 
synthesized with relative ease will show the sophistication of the 
different design. 

5) The use of the Gaussian + 8 dB model should be 
reconsidered. 

6) Depending on the robustness of the individual algorithms, 
receiver manufacturers should be able to set their thresholds at 
which they will flag results as not reliable. 
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Abstract 

Sharing a large part of the mechanical and electrical cost 
of the set allows a combined LORAN/GPS to cost little 
more than a GPS set. Additionally, the powerful CPU 
and accurate reference oscillator, needed for GPS, allow 
a very high performance LORAN function. 

From the starting point of a very economical GPS design, 
the extensions for LORAN are outlined, being solely an­
tenna, preamp and filter for the LORAN signal, and a 
switch to select GPS or LORAN signals in the baseband 
gain path. 

The extended algorithms for noise reduction by long term 
correlation are discussed, made feasible by the accurate 
clocks and powerful CPU. 

The main benefit of the combined set is to cover out­
ages in each system, so the two functions must not be 
interdependent. However access to a single GPS satel­
lite allows clock calibration for LORAN, and range/range 
working. 

Introduction 

The combined LORAN GPS set originates from three 
major requirements ... .lack of console space in the ves­
sel, the requirement of fishermen to preserve LORAN 
derived positions, and a desire to move to the latest and 
greatest (GPS) while not entirely trusting its availability, 
so wishing to remain with the tried and tested LORAN. 

The console space argu ment is a lot deeper than it 
appears, as it saves the need to learn another set of 
commands and buttons, and saves on installation costs 

The economies 

The economies are in a single case, display, controls, 
power supply, whatever the implementation. Addition­
ally, where the GPS and LORAN implementations are 
sympathetic, part of the radio circuitry, the AID convert­
ers, the reference oscillators and the processor can all 

be shared, completely if the system, is time multiplexed, 
or partially if LORAN and GPS run simultaneously. 

The cross benefits 

The cross-benefits of combined set are several. At the 
simplest, if either system is operating, the other can have 
a good estimation of initial position without searching. 
Additionally, the application of a 32-bit processor allows 
greatly enhanced LORAN performance, as does the ac­
curate TCXO, and when the GPS is running, the 0.1 ppm 
clock, and the 1 oons absolute time. The benefits are dis­
cussed separately below. The security of being able to 
use either system, and to check one against the other, 
is a desirable feature, whilst the ability of LORAN sig­
nals to penetrate forest and city environments that GPS 
signals cannot is of great interest to land-mobile users. 
(beware of neon signs for city LORAN !!!) 

GPS system outline 

My GPS design was revolutionary when proposed in 
1988, in that it used a very simple radio, as frequency 
stability and amplitude control were not a problem, and 
performed all the correlation and signal processing in 
software in the CPU. This meant that a very powerful 
CPU was used, and when not acquiring GPS satellites 
(the major load) this CPU can be applied to other tasks ... 
like map handling, or LORAN processing. Thus the en­
tire GPS system consists of an Antenna, Radio, CPU 
(with ROM and RAM), user interface, PSU and case. 

The radio has to amplify the microwave signal, mix it 
down to a convenient frequency, and amplify it again, 
with filtering at both frequencies. The L-band filteri~g 
is easily done with ceramic filters. The ba~eba~d fil­
ters have been made very simple by converting directly 
to baseband, and using low pass filters on lowcost op­
erational amplifiers. The total gain required is around 
150dB, including LNA. By providing half of it at base­
band, the system is greatly simplified. 



The output of the op-amps is sampled at a 2MHz rate, 
and packed 8 samples to the byte, and passed up the 
transputer link into internal memory. This uses negligible 
CPU time as it cycle-steals on the 50nS internal bus 
every 16 microseconds. 

When the input buffer is full, every millisecond, the input 
is diverted into a second buffer and the CPU works on 
the data in the first buffer. This switching repeats each 
millisecond. 

The main signal processing task is the de-spreading of 
the spread-spectrum signal by mixing with a synchro­
nised, locally generated copy of the spreading code used 
in the satellite. 

The software then mixes the signal down to a few kilo­
hertz from whatever the radio provided (up to 2 MHz), 
filters it through an 8 KHz wide filter (to allow for Doppler 
shift), then mixes it down in I and Q to less than 200 Hz, 
which is synchronously demodulated in a S/W phase­
locked loop, and the satellite orbit data extracted. 

When positioning, 4 satellites are tracked simultaneously, 
but the demodulation is no longer required, the data hav­
ing already been received. 

In volume, the radio can be built for under 50 dollars, 
and the CPU card for about the same, so a black box 
GPS can be built for around 100 dollars. 

(for further detail see ref [1]) 
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Figure(1) GPS Signal (frequency domain) 
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LORAN system outline 

This paper is prepared for a LORAN conference, so the 
audience know better than I the internals of a LORAN 
receiver. The radio for a LORAN receiver must receive 
the 1 OOKHz signal, in a wideband fashion as being a 
pulsed signal , its bandwidth is large. Conventionally 
many manual or automatic notch filters are provided to 
kill interfering transmitters, especially the Decca naviga­
tion transmissions found in Europe. Apart from these 
filters, the LORAN radio is not usually expensive. 

The particular cycle of the LORAN signal to be tracked 
is the third cycle of each pulse ... any later and one risks 
pollution by sky-wave versions of the same signal. This 
-is usually detected by ratioing the successive waves, un­
til the ratios indicate that the correct cycle has been de­
tected. 

A LORAN receiver can be built with an 8085 or similar 
8-bit processor.... it is not a major computational task. 
However, if a powerful processor is available, the hard­
ware can be greatly simplified. This was demonstrated 
in 1987/8 (refs [2],[3]) in the USA, but was not wonderful 
in Europe for two reasons. Firstly although the system 
could pull out the first and second cycles from thermal 
noise, to identify the third, in Europe the predominant 
noise was man made, and thus not random, and tended 
to capture the limiter of the 1-bit A-D converter. Sec­
ondly, the accuracy of the reference clock was such that 
integration was limited to a group of eight pulses (ie 7 mil­
liseconds), as to reach the next group, some 50-100ms 
later, was too inaccurate in phase. 

(for further detail see ref [2] and [3]) 
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Figure(2) LORAN Signal (time domain) 



Conventional LORAN limitations 

The accuracy of a LORAN system is largely limited by 
the signal to noise ratio, (atmospheric noise), and man 
made interferers. The interferers that cause most in­
terference are those that are synchronous.(see ref (4)). 
This is because the interferer energy pulls the phase of 
the LORAN waveform in the same direction every cycle 
and everv oulse. so even Iona intAar::itinn c::innnt rP.mnvA 
the effect. Long integration can of course pull the signal 
out from random noise. 

Benefits of 10ppm clock and 20 MIPS 32 bit 
CPU 

The 10 ppm clock allows the integration of consecutive 
pulse groups. 

LORAN repetition rates are roughly 50 to 1 OOms, and 
with the different phase inversions in alternate frames, 
this is an effective 100-200ms. To integrate effectively 
over this period, means that the carrier must not have 
significant phase error after 200ms. 1 Oppm allows 2 
micro-seconds drift, which is 72 degrees of phase at 
1 OOKHz, so even at worst case on the slowest chains, 
3 pulse groups (2 intervals), and thus 24 pulses, can be 
successfully integrated. 

Oscillator chain 

Figure (3) GPS Architecture 
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The LORAN set described in ref (2) could only integrate 
over 8 pulses, as the intrinsic oscillator error defeated 
the 16 pulse version. 

It should be noted that for slow ( ie surface) platforms, a 
simple LORAN set can calibrate its clock from a single 
strong LORAN transmitter, and use that calibration to 
handle the weaker transmitters in the chain. This is often 
not done, however, as the CPU power of a low cost 
LORAN set is inadequate. 

The powerful CPU provided for GPS reasons easily over­
comes the processing limitations of the usually 8-bit LO­
RAN sets. In addition, it can filter the signal, not just 
by integration, but also by notching out unwanted fre­
quencies. With the same 2 MHz sampling frequency, 
or a lower sub-harmonic if required, the LORAN sig­
nal is greatly oversampled. After integration of several 
pulse groups, an FFT can be performed, certain output 
bins deleted, and then the reverse FFT performed prior 
to correlation with the desired envelope shape 1 OOKHz 
synthetic carrier in the amplitude domain. A simpler ver­
sion simply takes the amplitude and phase of the signal 
in the 100.000KHz bin. 

Alternatively, the desired enveloped carrier can be stored· 
in the frequency domain, and a sliding correlation done 
with it to find the best match. 
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Figure (4) LORAN Architecture 
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These and many other processing options are open when 
one has a processor that can do a 1024 point complex 
FFT in 30ms. For example, even before acquiring LO­
RAN transmitters, the hardware filters can be set up by 
monitoring the incoming spectrum, adjusting a filter to 
remove the nastiest spike, and repeating the operation. 

Benefits of a 0.1 ppm clock and 1 OOns ab­
solute time 

Once locked to a GPS satellite (even only one), with 
an approximate position, the user on a surface plat­
form can integrate over 200 rather than 2 GRl's .... ie 
20 seconds, in acquiring even the first LORAN signal. 
The limitation is now user velocity, rather than clock er­
ror. This extra 1 OdB of margin (* 100, = 20d8, S= 1 OOs, 
N=n*SQRT(100)) allows acquisition on extremely weak 
signals. 

Once the difference between UTC(GPS) and UTC(LORAN 
is established, the 100nS absolute time accuracy avail­
able from the GPS system allows LORAN positioning 
on only two transmitters, and these can even be from 
different chains. 

Until the time errors are guaranteed, this facility is only 
likely to be used to continue positioning after a particular 
LORAN transmitter has been lost. 

Another use for the accurate time is to resolve, when 
using very weak LORAN signals, whether one is using 
groundwave or skywave, to enable rejection if the latter 
is all that is found. 
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Implementation of a combined set. 

As shown in Figure (5), the combined set has minimal 
duplication.... everything is shared except the two RF 
front-ends. Note that some hardware notch filters may 
still be required in the LORAN front end, because if a 
local interferer saturates the high-gain section of the ra­
dio, the desired signals cannot pass through, whatever 
the filtering capabilities of the software. 

The signals from the two front ends are selected via an 
analogue multiplexer, then passed down the baseband 
gain chain to the sampler. As the 1 OOKHz +/- 30 KHz 
LORAN signal is so much narrower than the GPS signal, 
any filters provided here for GPS can be left in circuit. 

The processor then controls the multiplexer as required .... 
note that during GPS data-download, LORAN access is 
limited to during those frames whose information is not 
required (or is already held). During initial LORAN acqui­
sition, continous access is not required, as integration is 
always performed on a GRI basis, so between the slid­
ing GRI trial windows, plenty of time is available for GPS 
access to the signal path. 

Care must be taken that there is not a DC offset be­
tween the two multiplexer inputs, as this would require 
a long settling time on the op-amps after each switch­
ing operation. This is achieved by DC blocking them, 
and coupling them together via two high value resistors 
whose centre point is decoupled to ground. 

Baseband Amplifiers 

TRANSPUTER 
I Keyboard/ I I Screen 

I 

ROM 

Figure (5) Combined Architecture 



Conclusions 

An economic means of providing both GPS and LORAN 
in the same equipment has been described, operating 
quasi-simultaneously, ie the user will not detect that the 
processor is being shared. Both functions are indepen­
dent, allowing each to cover for the other in the event 
of a control/space segment failure of either system, but 
each system can benefit from the presence of the other 
in normal operation, the LORAN gaining the most. 

With LORAN sets at a few hundred dollars, one would 
not expect GPS to be added. However the additional 
cost to add LORAN to the already low-cost GPS design 
is a very beneficial proposition, with major performance 
benefits for Land-Mobile use, when forests or high-rise 
city buildings cause masking of the GPS signal. 
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Abstract- Recently, integration of different ra­
dio navigation systems has become very popular, 
since it improves system integrity, availability, ac­
curacy and reliability. This paper discusses a new, 
flexible and cost-effective approach to system inte­
gration, centered around a single-chip Application 
Specific Processor (ASP). An overview of Collum is 
presented and the application of the ASP for the im­
plementation of a six-channel GPS, OMEGA, Loran­
( and M LS receiver is given. The ASP is currently 
being implemented on a 180,000 transistor 2 µm 
CMOS Sea of Gates chip, and is expected to run at 
100 MHz clock speed. 

1 Introduction 
This paper presents a description of the Collum inte­
grated navigation system. As opposed to conventional 
integrated air navigation systems, which consist of a 
number of separate sensors and a navigation computer, 
we integrate all essential functions into one concept, 
based on a single-chip high-performance digital pro­
cessor. 

The Gollum system covers all modes of air navi­
gation. As stated in (1], hybrid GPS/Loran-C has the 
potential to serve as a sole means of navigation system 
non-precision approaches. It can also be used for area 
navigation. OMEGA can serve as a backup system 
for Loran-C in areas where Loran-C is not available. 
GPS/OMEGA could also provide data for en-route 
navigation. Including a receiver for the Microwave 
Landing System (MLS) in our system will also make 
precision approaches possible. 

Our goal is to build a low-cost system for small air­
craft. MLS normally needs a Precision Distance Mea­
suring Equipment (DME/P) transceiver, which would 
significantly increase the cost of the total system. In 
our system we use the combined GPS/Loran-C posi­
tion fixes to replace DME/P. 

The central component of our system is an Applica-

tion Specific Processor (ASP). The ASP performs sig­
nal processing tasks for a six-channel C /A code G PS 
receiver, OMEGA and Loran-C receiver, and an MLS 
receiver. To further reduce the number of external 
components, it also contains analog interface circuitry. 

Combining the functionality of these navigation sys­
tems purely in hardware on a single chip results in a 
very complex design, which is difficult to debug and 
not very flexible. Therefore, wherever possible, signal 
demodulation tasks are implemented as software run­
ning on the ASP. These tasks include Loran-C ,input 
filtering and spectrum estimation, GPS signal acqui­
sition and multipath detection/estimation, phase-lock 
tracking loops and Kalman filters. 

In this paper we focus on the design of the ASP, its 
environment and some of the Digital Signal Process­
ing (DSP) functions it performs. Section 2 describes 
our approach to partitioning. Section 3 introduces the 
ASP architecture and implementation. Sections 4 con­
tains brief descriptions of the various systems to be 
implemented. 

2 Design partitioning 
Our design objective is to share hardware resources 

between receiver functions as much as possible. This 
means that similar signal processing functions of differ­
ent systems should be performed by the same modules. 
This is especially true for the digital signal process­
ing functions, which are performed by the ASP under 
complete software control. It is therefore important to 
convert the signals from all subsystems to a form in 
which they can be processed by the ASP in a uniform 
fashion. Other ASP tasks include position calculation 
overall system control. 

The Gollum system contains receivers for GPS, 
OMEGA, Loran-C and MLS. Some signal character­
istics of these navigation systems are summarized in 
Table 1. From this table it is clear that GPS and 



MLS have similar characteristics, while Loran-C and 
OMEGA are also quite similar. 

I subsystem II transmission band 

Cf A code GPS 1,574.4 - 1,576.4 MHz 
MLS 5,043.0 - 5,090.7 MHz 
Loran-C 90 - llO kHz 
OMEGA 10.2 - 13.6 kHz 

Table 1: Signal characteristics 

Contrary to the conventional multi-sensor system of 
Figure 1, which consists of several physically separated 
modules, the Gollum system is partitioned across sub­
system boundaries (see Figure 2). 

GPS MLS Omega Loran-C 

navigation computer 

position,heading,ground speed 

Figure 1: Conventional design partitioning of multi­
sensor radio navigation systems 

GPS MLS 

ASP 

Loran-C/Omega 

pr earn plifier 
input filter 

position, heading.ground speed . 

Figure 2: Design partitioning of the Collum system 

Partitioning decisions are made on the basis of cen­
terfrequency and bandwidth. First, GPS and MLS sig­
nals are converted to baseband, after which they can 
be processed simultaneously by the same demodula­
tion module (the ASP) as the Loran-C and O:MEGA 
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signals. Functions with similar properties can be iden­
tified and implemented on ASICs of appropriate tech­
nology. 

Greater hardware utilization is achieved by time­
sharing functional units of the ASP between different 
tasks under complete software control. These tasks are 
not limited to position calculation and system control, 
but also include real-time digital signal processing, for 
instance FIR filtering, spectrum analysis, signal acqui­
sition, tracking and demodulation algorithms. 

Peripheral analog circuits, like A/D converters, are 
included on the chip for further reduction of exter­
nal components and interconnections. Only the exter­
nal discrete RF circuitry is dedicated to specific sub-

. systems. 

3 A Navigation Specific Pro-

cessor 
Processor architecture 

To process signal flows from all subsystems in real­
time, the Collum processor should have high through­
put. The scalable Move architectural framework [2] 
is very suitable for embedded applications requiring 
high performance. Our navigation computer is based 
on this framework. 

In conventional computer architectures operations 
are specified explicitly, and data transports result im­
plicitly from these operations. Conversely, in a so­
called move machine these data transports are speci­
fied, and operations are performed as their side-effects. 
This transport-triggered programming model allows a 
very simple and clean processor organization, which 
can easily be tailored to a particular application. The 
processor structure is shown in Figure 3. 

FU FU ••• GU 

transport network cu 

FU FU ••• RU 

Figure 3: Structure of a move machine 

A move machine consists of a number of functional 
units (FUs), a transport network connecting these 



FLs. and a control unit (Clf) 1 supervising data traf­
fic through the transport network. The functionality 
and performance of a. move machine can be adapted to 
the particular application by including the appropri­
ate Fl's and the proper connectivity in the transport 
network. 

Functional units communicate with the transport 
network through a uniform interface, which is visible 
to the programmer as a number of dedicated regis­
ters. This separation of data transport and operations 
allows for individual optimization of the transport net­
work and functional units, which improves hardware 
utilization and maximum attainable clock speed. Cir­
cuit simulations have shown that a clock frequency of 
100 MHz is possible using conventional 2 µm CMOS 
technology. 

Programming a Move machine 
The performance of modern high performance com­

puters depends highly on optimizing compilers capable 
of detecting and exploiting fine-grain parallelism in the 
application program [3]. Because of its programming 
model, a move machine has greater code scheduling 
freedom for such a compiler. Therefore, more FUs can 
be kept busy, which speeds up program execution. 

An FU typically has three connections to the trans­
port network: an operand input register, a trigger in­
put register and an operation result output. To per­
form a binary operation, the first operand is moved to 
the FU operand register. The operation is then initi­
ated by moving the other operand to the trigger regis­
ter. Depending on the latency of the FU, the result of 
the operation is available at the result output after one 
or more clock cycles. This result can again be moved 
to the input of another FU or stored temporarily in 
the Register Unit (RU). 

If one physical trigger register is mapped onto dif­
ferent register addresses, an FU can perform differ­
ent types of operations, depending on the particu­
lar address through which the register is accessed. 
For instance, we can map the trigger register of an 
add/subtract unit onto addresses x and y. Writing an 
operand to address x initiates an add operation, while 
writing an operand to address y initiates a subtract 
operation. 

The guard unit (GU) evaluates boolean expressions 
of one or more operands, the so-called guards. These 
guards allow conditional execution of individual move 
operations within an instruction. 

Unconditional/ conditional branches and jumps, 
that change the fl.ow of control of a program, are per­
formed through unconditional/conditional moves to 

1 also called the Instruction Fetch unit (Ifetch) 
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the Program Counter (PC), which is just another reg­
ister connected to the transport network. 

ASP implementation 
FUs a.re not pa.rt of the instruction execution 

pipeline. This pipeline consists of only three stages: 
Instruction Fetch (IF), Address Decode (AD) and 
Data Move (DM). The processor cycle time is limited 
by the slowest of these 3 stages. If code is properly 
scheduled, FU latency has little effect on performance. 
Therefore, to minimize cycle time FUs can have many 
pipeline stages. 

The transport network of the ASP consists of four 
32-bit move buses. There is a single 32-bit instruction 
format, which has a dedicated, fixed instruction field 
for every move bus, ea.ch consisting of a source address, 
a destination address, and a guard specifier (see Figure 
4). 

I guard1 i src1 dst1 • • • I guardn ! srcn ! dstn I 
Figure 4: The ASP instruction format 

For economical reasons the external memory bus, 
which is used for both data and instructions, has a 
width of 16 bit. This means that data and instructions, 
which are 32 bit, have to be fetched and stored in two 
memory cycles. If the fastest static RAMs currently 
available are being used, these cycles take at least 20 
ns [4]. Consequently, the presence of a fast on-chip 
instruction cache is crucial to the performance of our 
ASP, especially where DSP code is concerned. 

A new instruction can be issued every clock cycle, 
but only if this instruction is already present in the 
instruction cache. DSP algorithms, for instance digital 
filters, are usually tight loops, iterated many times. It 
is precisely this code, that needs to run at maximum 
speed. Therefore the instruction cache needs to be 
only large enough to contain the biggest DSP loop. 
A cache containing 16 instructions is sufficient for our 
DSP code. 

4 The Gollum subsystems 
4.1 GPS 

GPS serves as Gollum's primary navigation a.id. 
Therefore the G PS subsystem is crucial to overall sys­
tem performance. This has led to the choice of a multi­
channel G PS quadrature receiver structure with full­
time early-late code tracking loops. Figure 5 shows a 
typical example of such a demodulator, which is usu­
ally replicated N times in an N-channel receiver. 

Although it is possible to perform the necessary sig­
nal processing entirely in software (5], this option was 
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ditions simultaneously, but still has almost the same 
latency as the original, non-pipelined adder. 

By introducing these processing elements in a feed­
back loop, the desired multiplexing operation is in­
troduced automatically, with dwell time equal to the 
pipeline latency. This principle is illustrated in Figure 
6. 

I 
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Figure 5: GPS demodulator structure 

dismissed, because the computational burden (amount 
of data transports) is too high to allow time-sharing 
of the ASP with the other subsystems. Therefore, the 
ASP has a dedicated GPS FU, which can simultane­
ously process Ll C/ A code signals of up to six satel­
lites. The current version may be extended to eight­
channel operation, once we have determined the full 
functionality of the ASP. Acquisition can be performed 
completely in software, but only for a limited number 
of satellites at a time. Software demodulation can also 
be used for detection and correction of multipath er­
rors. 

The GPS FU consists ofa novel pipelined multiplex 
Ll C/A code correlator/demodulator [6]. It utilizes 
the excess speed of the ASP to increase the number of 
satellite signals that can be processed in parallel. It 
occupies the area of approximately two single channel 
demodulators, but it has performance comparable to 
a conventional six-channel system. In our application 
compactness is very important, because the chip on 
which the whole system must be realized, does not 
allow the use of much dedicated hardware. 

A single signal sample is correlated sequentially 
with 6 different local codes and their respective deriva­
tives (difference of early and late codes). The effective 
signal sampling rate is 100 MHz/ (6 + 6) = 8.33 MHz, 
which is well beyond the minimum required sampling 
rate for a C/ A code signal. 

The necessary throughput can be achieved through 
the use of pipelined processing elements. For instance, 
the throughput of an N-bit ripple-carry adder can be 
improved by approximately a factor M, if the addition 
is divided in M-bit chunks and distributed along N/M 
pipeline stages. The adder can now perform N/M ad-

multiplexed 
correlation 
samples 

Figure 6: Pipelined multiplex correlator 

Every pair of pipeline stages contains the current 
demodulator state for one satellite channel. The num­
ber of pipeline stages is twice the number of satellite 
channels. Therefore no intermediate results need to be 
saved and restored, while other satellite channels are 
being processed. 

The G PS FU is easily integrated into the ASP 
framework. It processes the satellite signals without 
much interaction with the transport network. To re­
duce interrupt overhead, signals from all subsystems 
are decimated to a common sampling frequency of 50 
kHz, where they are further processed in software. 
This uniform sampling rate simplifies interrupt han­
dling in the software kernel controlling systems tasks. 

4.2 OMEGA 
OMEGA consists of eight ground-bases transmit­

ting stations located throughout the world. Each of 
stations transmits a time-multiplexed signal of 10.2, 
11.05, 11.33, 13.6 kHz and one additional frequency 
unique to each station [7]. 

Input signal filtering can be performed using ana­
log or digital bandpass filters. In the case of analog 
filtering, there would be four n-th order bandpass fil­
ters, one for each OMEGA frequency. The output of 
each of these filters should then be converted to digital 
form for further digital processing. This means that 
four A/D converters are needed, but no processor cy­
cles are consumed for signal filtering. On the other 
hand, silicon area is consumed for the filters, which 
are dedicated only to the OMEGA subsystem. This 
is not consistent with our design philosophy, so we do 
not favor this option. 

In the case of digital input filtering, the raw input 
signal is first converted to digital form, and then fil­
tered with IIR bandpass filters. We need only one 
A/D converter, which can be shared with the Loran­
C subsystem. The filters can be run under software 
control. Therefore they can share hardware resources, 



like adders, multipliers and registers/memory, which 
is what we wanted to achieve. The main disadvantage 
is the existence of round-off errors, which complicates 
the design of stable recursive filter structures. Nev­
ertheless, using digital input filters appears to be the 
best choice for our system. 

11.05 kHz 

13.6 kHz 
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amplitude 
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Figure 7: Block diagram of the OMEGA subsystem 

The OMEGA receiver structure (Figure 7) is quite 
simple and can be implemented in our navigation sys­
tem without much difficulty. The input signal from 
the on-chip A/D converter provides digitized signal 
samples at a rate of 50 kHz. These samples are fil­
tered using digital bandpass filters centered at the 
four OMEGA frequencies. The outputs of these filters 
are used to drive 32 software quadrature phase-lock 
loops (PLLs), one for each combination of frequency 
( 4) and transmitter (8). Such a PLL, including the 
input bandpass filter, is shown in Figure 8. These 
PLLs share hardware and code, but each of them has 
their own pool of data, such as input filter coefficients, 
carrier phase and frequency, state of the Integrate & 
Dump (I & D) filters, the loop filter, the Numerically 
Controlled Oscillator (NCO) and values of the signal 
envelope. 

envelope 

Figure 8: Block schematic of OMEGA PLL 

4.3 Loran-C 
The Loran-C receiver to be implemented should be 

resistant against high levels of (synchronous) interfer­
ence as present in Western Europe. Recently, several 
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techniques have been developed to meet this require­
ment. First of all, a sharp cut-off Finite Impulse Re­
sponse (FIR) filter of 128 taps can be used to sup­
press as much of the interference as possible, without 
introducing too much pulse distortion [8]. Second, a 
weighted spectrum analysis [9] can be applied to esti­
mate the frequencies of the more harmful interference 
signals, after which notch filters can be adjusted to 
suppress these signals. Third, a pulsematching cycle 
identification method can be used [10], which is less 
sensitive to (synchronous) interference than conven­
tional cycle identification algorithms. 

Too make all of this possible, the Loran-C signal is 
sampled at a rate of 400 kHz. This frequency is suit­
able for the pulsematching technique and high enough 
to prevent aliasing problems. Furthermore, the sam­
ples can be easily decimated to 50 kHz, decreasing the 
amount of samples processed during spectrum analy­
sis [8, 9]. 

Considering the computationally intensive tasks, 
like spectrum analysis and FIR filtering, it is worth­
while to optimize the ASP for these tasks by providing 
special hardware support. The implementation of the 
algorithms will be discussed in more detail in [11]. 

We use a 128-taps direct form FIR filter, that con­
sists of a tapped-delay line of which the weighted tap 
outputs are accumulated to form an output sample 
(see Figure 9). The tap weights (filter coefficients) 
correspond to the impulse response of the filter. This 
filter operation is the same as taking the inner product 
of a vector with input samples and a vector with filter 
coefficients. Therefore, hardware support exists of two 
vector registers of length 128. 

x ·········~ ... 

............. --4- y 

Figure 9: Direct form FIR filter implementation 

The high resolution spectrum analysis, required for 
weighted detection of narrowband interference [9], also 
needs hardware support. The data could be processed 
by means of three Fast Fourier Transforms (FFT) on 
small segments of about (worst case) 10,000 points, 
but since the FFT does not access data points in a se­
quential order, the required memory bandwidth will be 
too high. Therefore, spectrum analysis is implemented 
with a single Discrete Fourier Transform (DFT) with 
a modified frequency step size. This DFT can be split 
in small loops, which can be programmed to use the 
vector registers. 



4.4 MLS 
The Microwave Landing System provides guidance 

signals by periodically transmitting horizontal and ver­
tical scanning beams, which are detected and con­
verted to azimuth/elevation information by an MLS 
receiver in the aircraft. There are 200 different MLS 
channels in the 5 GHz band, and the ground transmit­
ting equipment is assigned one of these channels. 

Gollum's MLS subsystem consists of a data pro­
cessor and an angle processor. It selects the proper 
MLS channel by setting the frequency synthesizer to 
the channel frequency. The front end and IF sections 
then convert the received signal to baseband. The 
data processor demodulates and decodes the DPSK2 

data, and forwards this information to the angle pro­
cessor. The angle processor interprets the data that 
indicates which information will be transmitted next 
by the ground equipment. 

The angle processor and data processor each have 
different inputs. The former needs a compressed en­
velope signal, while the latter needs a limited carrier 
signal. A simplified block diagram of the MLS angle 
information and data receiver is given in Figure 10. 
Both functions are performed in software at a sam­
pling rate of 50 kHz. After the angle signal is con­
verted to digital form, the time delays between the 
TO and FROM scanning beams are calculated, from 
which azimuth and elevation data can be determined. 

IF 

200 channel 
synthesizer 

data processor 

angle processor 

azimuth/elevation 

Figure 10: Simpified block diagram of MLS angle and 
data receiver 

Precision DME (DME/P) is an integral part ofMLS 
guidance equipment [12). It provides a precision rang­
ing function to complement the MLS azimuth and ele­
vation guidance functions. The DME/P, however, con­
tains a 1 GHz transmitter, which increases power con­
sumption, cost and volume of the complete system. It 
can also interfere with other on-board receivers, and 

2 Differential Phase Shift Keying 
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therefore complicate integration of the total system, 
for instance antenna placement. 

For these reasons we chose not to implement 
DME/P in our system. Instead, we will use positioning 
information from GPS/Loran-C or GPS/OMEGA to 
replace the DME/P ranging function, similar to [13). 
Differential positioning techniques could be used, with 
a reference station located in the vicinity of the run­
way. Differential positioning can be as accurate as 
DME/P, and MLS's auxiliary data channel could be 
used to transmit diffentential positioning data to all 
aircraft within the MLS coverage area. 

5 Conclusions 
This paper discussed some aspects of the design of 

the Gollum integrated navigation receiver. It is not 
partitioned by subsystem, as is normally the case in 
integrated radio-navigation systems, but by required 
functionality of the components within these subsys­
tems. This approach results in a significant reduc­
tion of hardware volume and cost. The heart of the 
system consists of an Application Specific Processor 
(ASP) performing various tasks, ranging from real­
time DSP to calculation of positions and general re­
ceiver control. Receiver functions for four navigation 
systems - GPS, OMEGA, Loran-C and MLS - were 
discussed, as well as ASP customization for some of 
these functions. Specifically, hardware support was de­
scribed for a six-channel C/ A code GPS receiver and a 
high-performance Loran-C receiver. The ASP is cur­
rently being implemented on a 180,000 transistor 2 µm 
CMOS Sea of Gates chip. 
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A High-End Gollum Loran-C implementation 
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Abstract- This paper describes some of the design 
considerations for the Loran-( subsystem of the Gollum 
navigation receiver. The main component of the Gol­
lum hardware platform is an application specific processor 
(ASP), which provides support for digital signal process­
ing of GPS, Omega, Loran-( and MLS signals. Real­
time digital signal processing functions are executed on 
the ASP in a time-shared fashion. We discuss how es­
sential functions of a high-end Loran-( receiver can be 
implemented on this platform. 

1 Introduction 
With the advent of modern RISC processors and pro­
grammable Digital Signal Processors (DSPs), more 
computationally intensive DSP tasks can be performed 
at low cost. As described in [1], we use these devel­
opments in the design of an multi-system integrated 
navigation receiver. An Application Specific Processor 
(ASP), based on the transport-triggered Move archi­
tecture framework [2], is being designed for efficiently 
handling specific DSP tasks for four different radion­
avigation systems: GPS, Omega, Loran-C and MLS. 
The major distinction between the Gollum approach 
and conventional integration of navigation systems is 
that the different systems are integrated in a single 
piece of equipment, significantly decreasing weight, 
size and cost. 
Navigation and signal processing tasks are performed 
mainly in software. Receiver characteristics, like e.g. 
filter coefficients and bandwidth of tracking loops, can 
be easily changed by altering some parameters in the 
software. An additional advantage is that the software 
for a specific navigation system need not be perma­
nently resident in the high-speed memory of the pro­
cessor. If one of the navigation systems is not used for 
some reason, the "software receiver" does not consume 
any CPU time. Furthermore, code for similar tasks of 
different systems can be shared (e.g. tracking loops for 
OMEGA and Loran-C), reducing the overall amount 
of software. 
This paper will not focus on the final characteristics 
of the Loran-C receiver subsystem, but on the hard­
ware support required to perform the basic operations 
on the Loran-C signals in real-time. Because this op­
timization of the processor for computationally inten­
sive real-time processing tasks is independent from the 
higher level parameters (e.g. filter coefficients), there 
is no loss in flexibility. 

The Loran-C receiver should be resistant against the 
high interference levels present in Western Europe. 
Therefore, a linear digital receiver structure, as de­
scribed in [3, 4], was adopted (see figure 1). 

Spectrum 
Analysis 

Cycle 
Identification 

Phase 

Tracking 

Figure 1: Block diagram of a digital Loran-C receiver 

In a linear digital receiver the input signal should be 
quantized with an adequate number of bits to ob­
tain sufficient resolution over the total dynamic range. 
A/D conversion, capable of handling the high dynamic 
range of the Loran-C signal, is discussed first in Sec­
tion 2. Section 3 describes some design alternatives 
for implementation of a FIR bandpass filter, required 
for suppressing interference outside the Loran-C band. 
Further interference suppression is achieved through 
the use of notch filters. Strategies for realizing notch 
filters, analog and digital, are presented in Section 4. 
Finally, the implementation of high resolution spec­
trum analysis is discussed in section 5. 

2 A/D Conversion 
According to the RTCA Minimum Performance Stan­
dards [5], the airborne Loran-C receiver should be 
able to cope with signal strengths between 30 and 120 
dB/µV/m and differential signal strengths of 80 dB 
or less. To handle signals with relative amplitude of 
80 dB, at least 14 bits are required. 
According to IEC performance standards [6], the dif­
ference between the smallest signal level (25 dB) and 
the minimum noise level (12 dB) is 13 dB. Although 
values specified for marine and airborne receivers dif­
fer, we use this value to estimate the number of of bits 
required to detect the weakest signal with sufficient 
resolution. 
The Signal-to-Quantization-Noise-Ratio (SNq R) of 
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the weakest signal should be of the same order as the 
Signal-to-Noise-Ratio (SNR) of the input signal. For 
SNq R's not too small, formula 1 can be used to esti­
mate the number of bits (v) required to reach an SNqR 
of~ 13 dB [7]. It can be found that 2 bits are suffi­
cient. The total number of bits required for sampling 
the input signal is thus 14 + 2 = 16 bits. 

SNqR=4.8+6·v (1) 

Several options are open to obtain the required dy­
namic range: 

Logarithmic ADC 
The first option is to use a logarithmic ADC. The prob­
lem lies in the fact that an anti-log operation is needed 
to make the front-end linear again before FIR filtering 
takes place. 

Controlled-gain ADC 
Another possibility is to use an amplifier with a gain 
adjustable in powers of 2. If the signal strength is 
determined at the output of the ADC, the amplifier 
can be adjusted such that the maximum range of the 
ADC is used. This configuration more or less the same 
as an Automatic Gain Control (AGC). In case that a 
weak signal follows a strong signal, the "AGC" should 
be adjusted from a low gain to a higher gain. 
Because the transmitters of a Loran-C chain are broad­
casting in a strict time scheme, it is predictable when 
the next strong or weak pulses will be received. There­
fore, the AGC can be adjusted just before the Loran-C 
pulses arrive. If only the pulses are sampled and pro­
cessed, the switching time can be as large as one mil­
lisecond, because the spacing between pulses from dif­
ferent transmitters is at least one millisecond or more. 
If samples are taken continuously however, the switch­
ing time should be less than the time between two 
samples. A negative aspect of this approach is that 
an accurate, adjustable, and fast-settling amplifier is 
required. 

Floating-point ADC 
The extreme case of this keyed AGC is a floating-point 
ADC. It is using non-linear quantization like is the case 
with the controllable amplifier. Only now, successive 
samples can have different scale factors instead of sam­
ples of successive bursts. The main disadvantage of 
this approach is that the ASP needs arithmetic oper­
ations supporting a peculiar floating-point format. 

Linear ADC 
The last option is to use a linear ADC with sufficient 
range. From a systems point of view, this option is 
preferable, since it provides the required resolution and 
dynamic range, without prior detailed knowledge of 
signal strength and reception pattern. Therefore this 
straightforward solution was selected. 
The ADC should operate at 400 kHz, providing pre­
cise quadrature samples for spectrum analysis. If the 
receiver is not within the Loran-C coverage area, this 
ADC might even be used for conversion of OMEGA 
signals. 

3 Input filter implementation 
Choice of the input filter 
A Finite Impulse Response (FIR) filter of20 kHz band­
width is used to limit the influence of noise and out­
of-band interference. Unlike most other filters, a FIR 
filter can be designed to have a constant group delay 
(linear phase response) in the pass band. Therefore, 
the phase response does not cause pulse distortion, as 
is the case with a steep analog filter. The only dis­
tortion introduced is caused by the suppression of the 
small frequency components outside the 90 to 110 kHz 
band. To obtain a bandwidth of 20 kHz and 80 dB sup­
pression for all frequencies outside the 75 to 125 kHz 
band, a 128 taps FIR filter is sufficient [3]. 
Figure 2 presents the direct form structure of a FIR 
filter. Every input sample is shifted through a delay 
line. The output of each delay is multiplied with a 
filter coefficient, after which the multiplied output is 
summed. The ASP architecture is extremely simple. 
Its only addressing mode is direct addressing. Con­
sequently, any address calculation must be performed 
using the general-purpose arithmetic units. This over­
head would make real-time FIR filtering of the Loran­
C signals impossible. As discussed in [8], the FIR fil­
ter can be implemented efficiently using on-chip vector 
registers, since this eleminates the address calculations 
and the memory bottleneck. 

Figure 2: Direct form FIR filter 

Vector registers 
The vector registers consist of a FIFO queue with local 
feedback from the head to the tail through a 2-input 
multiplexer. The FIFO rotates one position when the 
head element is read, and the head element is written 
back into the FIFO at the tail position. The register 
does not rotate when the tail element is written di­
rectly from the system bus. The block diagram of the 
vector register is shown in Figure 3. 

~ rrrr=---=TI; 
datablLS • --·----=··------· 

Figure 3: Vector register 

FIR filter implementation alternatives 
Straightforward direct form FIR filter 

The FIR filter operation is identical to the calculation 
of an inner product of a vector of filter coefficients and 
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a vector of signal samples {see figure 4). To store all fil­
ter coefficients and data samples these vector registers 
should have a length of 128 words. 

D127 0126 ·· 

Figure 4: Direct form 128-tap FIR filter 

The pseudo-code for the calculation of one output sam­
ple looks like: 

OutSample = 0 
for i = 0 to 12 7 

Outsample = Insamplefi} • Weight[ij + Outsample 
Shift new Insample in DataRegister 

Because an instruction is issued every clock cycle, cal­
culation of one output sample take at least 128 cycles, 
that is 1.28 µs with an 100 MHz clock. The output 
of the FIR filter can be decimated by a factor N by 
calculating only one output sample for each N input 
samples. 

Linear phase FIR filters 

Vector registers consume significant chip area. For a 
linear phase FIR filter this area can be reduced, due 
to the symmetry of the filter coefficients. This can 
be achieved if one of the registers can rotate in both 
directions {see figure5). 

Figure 5: 128 taps FIR filter with reduced (vector) 
register length 

In this case, the pseudo-code for calculating one output 
sample looks like: 

OutSample = 0 

for i = 63 to 0 
Temp Val = InSample[i} + InSample[l 27-i} 
OutSample = Temp Val • Weight{i} + OutSample 

Shift Backward DataRegister_l 
Wi·ite lnSamplef6J,} in DataRegister_J 
Shift new InSample in DataRegister_2 

Both registers are rotated, summing two data sam­
ples before multiplication with the filter coefficients. 
This will cost an extra addition, but it saves the extra 
multiplication otherwise needed (64 additions and 64 
multiplications against 128 multiplications). If both 
registers are completely rotated, the last sample ( D64 ) 

is written in the upper register, discarding sample D0 • 

Unfortunately, we expect that altering the vector reg­
isters in such a way that they can rotate in two di­
rections will consume even more silicon area than a 
full-size implementation. Writing the head value of 
the lower data register at the tail position of the up­
per data register is not a solution, because then the 
upper data register has to be rotated 63 times after 
every write. 
To solve this problem, one vector register should run 
virtually backward, that is, after a complete rotation 
it needs an extra shift to be aligned again with the 
other register. Although there are in total 128 storage 
words in the registers, we effectively use only 127 of 
them, creating a 127-tap FIR filter. 
As an example, figure 6 shows an implementation of a 
127-tap FIR filter with 64-word vector registers. First, 
sample D63 is written at the tail of the upper regis­
ter, and also multiplied with coefficient W53. D62 and 
D64 are now at the head of the registers. They are 
read simultaneously, then summed and finally multi­
plied with W52 etc. The same goes for D61 and D6s, 
D6o and D66, etc. These operations are repeated 63 
times. D63 is now at the head of the upper register, 
followed by D62 , D61 , etc. This is exactly the order 
needed for the next filter iteration. 

Figure 6: 127 taps FIR filter with reduced (vector) 
register length 

Now, the code for calculating one output sample will 
look like: 

OutSample = 0 

Temp Val = lnSample/63} 
OutSample = Temp Val * Weight/63} 
Write Temp Val in DataRegister_l 
for i = 62 to 0 

Temp Val = InSamplefi} + lnSample/126-i} 
Shift new InSample in DataRegister_2 

In theory, two data samples are now processed per pro­
cessor cycle, provided that the processor has enough 
arithmetic units and buses to transport these data 
samples, and a filter coefficient once per processor cy­
cle. This means that the total execution time of the 
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filter can be 64 cycles instead of 128, excluding loop 
overhead. 
One disadvantage of this method is that the initial fill 
of the registers will cost 63 · 62 ... 2 · 1 = 2016 cycles, 
because the upper register has to be rotated 63 times 
before a new value can be written into the register. 
These extra cycles are inherent to the filter operation, 
and they are not necessary when the output samples 
are calculated continuously. Another disadvantage is 
the fact that the additional communication bandwidth 
and arithmetic capability of the ASP may eliminate 
the chip area advantage of the reduced vector register 
storage. However, This additional capability may also 
be used for the benifit of other processing tasks. 
Our choice is to implement the FIR filter in the di­
rect form because of its straightforward implementa­
tion. With the direct form a wide variety of processing 
schemes can be realized without the problems other­
wise encountered. E.g. a decimating FIR filter can be 
realized easily, the filter can be "switched off" between 
the Loran-C bursts and the parameters can be changed 
to obtain an asymmetrical frequency response. 

4 Notch filter implemention 
There are several ways of implementing notch filters: 
analog or digital, fixed tuned, automatic and level­
sensitive or automatically adjusted after the receiver 
has performed a spectrum analyses. 
Using fixed tuned notches is very rigid. The notches 
are only properly adjusted for a specific area, and not 
for other areas where the receiver might be used. 
Level-sensitive notches have the disadvantage that 
they will be adjusted towards the strongest interfer­
ers, not necessarily the more harmfull ones [4]. These 
filters are only useful for suppresion of powerful, front­
end overloading interference signals. If the center fre­
quency of these filters can be determined during op­
eration, then a pulse matching cycle identification or 
tracking loop, can calculate the distortion the refer­
ence pulse should have to establish an optimal match. 
The third way to implement notches is to analyze 
the spectrum and decide which frequencies should be 
suppressed[4]. This has the advantage that no notches 
are used unnecessarily, and that they are always ad­
justed optimal. The notches can be implemented ana­
log and digital adjustable, or completely in software. 
The first has the advantage of suppressing harmful in­
terference signals before the A/D conversion but needs 
dedicated hardware. The software method has the ad­
vantage that depth and width can be easily changed, 
and that it can be implemented without dedicated 
hardware. 
If analog notches are implemented, the signals cur­
rently being suppressed are not noticeable in the anal­
ysed spectrum. Consequently, the notches have to be 
switched off every now and then to check if they are 
still suppressing the more harmful signals. Software 
notches can be implemented as Infinite Impulse Re­
sponse (IIR) filters after the FIR filter, thus after the 
place the spectrum analysis obtains its input signal. In 
that case the FIR filter should calculate output sam­
ples with a constant and sufficiently high rate 

The best solution is probably a combination of con­
trolled and automatic notches. The automatic level 
sensitive notches will suppress strong front-end over­
loading signals, the software notches will suppress the 
remaining harmful (near-) synchronous interference 
signals. 
If the frequency of the level sensitive notches can be ob­
tained, the phase and envelope distortion can be taken 
into account in the tracking and cycle identification 
loops. This distortion is normally quite small [9], and 
whether or not compensation is necessary, depends on 
the sensitivity of the loops for these disturbances. 

5 Spectrum analysis 
The receiver performs a high resolution spectrum anal­
ysis to obtain the necessary information about the 
presence of interference signals. With this informa­
tion, notch filters are adjusted to suppress the more 
harmful interference signals. 
The spectrum analysis algorithm [4], applies a Chirp 
Z-transform (CZT) on segments of data, and is there­
fore called Segmented Chirp Z-transform (SCZT)(see 
figure 7). The transformed segments are summed and 
then the frequency bins (samples) are rotated to can­
cel ghosting effects, caused by digital quadrature sam­
pling. After these operations, the obtained spectrum is 
searched for harmful interference signals (see figure 8). 
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Figure 7: Segmentation in time domain 

Segmented Chirp Z-transform 
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Figure 8: Frequency analysis on total spectrum 

Although this algorithm might be "easily" imple­
mentable with a dedicated processor and a lot of 
(preferably fast) memory, using only a dedicated ASP 
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with a (cheap) 16 bit data bus and a limited amount 
of memory gives extra constraints. Especially when 
other algorithms should run on the same processor 
and use the same memory. Because the processor is 
heavily pipelined and runs on a clock frequency five 
times higher than the clock frequency of the memory, 
it might be expected that the memory usage is the first 
limit that will be encountered. 

The algorithm uses 3 Fast Fourier Transforms (FFT) 
to calculate the frequency bins coinciding with the 
spectral lines of the Loran-C signal. If the size of the 
segments is small, the algorithm will approximate a 
standard Discrete Fourier Transform (DFT) and will 
be of the order 3 · n 2 with regard to complex multi­
plies. If the segmentsize is large, the algorithm will be 
of the order 3·n1og(n). If we disregard the amount 
of memory required and use only one large segment, 
which will be computatially the most efficient, an in­
dication of a possible memory bottleneck can be easily 
obtained. 

The number of samples required is 250 · 103 , which 
resulted from quadrature sampling with 50 kHz for a 
period of 5 seconds. The number of complex multipli­
cations to be performed is thus 3 · 250 · 103 • 2 log(250 · 
103 ) = 1.34 · 107

. If the twiddle factors of the FFT 
are computed in real time on the chip itself 1.34 · 107 

complex numbers have to be fetched from and stored 
in memory! Storage of one complex value will take 
at least 6 cycles, and a read at least 4. Since the 
bus runs on a clockspeed of 20 MHz, the time it 
will take for the memory transport will be at least 
1.34 · 107 . 10 · 0.05 · 10-6 = 6. 72 seconds. This is 
more than the 5 seconds it took to acquire the samples. 
Ergo, it is not possible to perform real time spectrum 
analysis with this system in this way using smaller 
segments. Using the largest segment is not a solution 
either, because this will require at least 2 MB of mem­
ory, in the case that the FFT can be performed with 16 
bit numbers. This will conflict the design goal, which 
was a low cost receiver with low power consumption. 

Because of this heavy memory usage, it is more useful 
to use the algorithm based on a DFT with a mod­
ified stepsize. Althou~h this Segmented Chirp-DFT 
(SCDFT) is of order n instead of 3 · n · 2 logn, there 
is only memory needed for temporary storage of the 
frequency bins. The algoritm itself can be efficiently 
implemented by using vector registers. Regarding the 
number of complex multiplications, this will be the 
number of datasamples times the number of frequency 
bins, which is 2.5 · 109

. With a 100 MHz clock, and 
assuming that one complex multiply can be performed 
within 4 clock cycles, it wil take about 100 seconds to 
process 5 seconds of data samples. The only way to 
process the samples in real time and using a limited 
amount of memory, is estimate only a small part of 
the spectrum at a time. If 100% of the processor cy­
cles can be used, the total spectrum can be divided 
in 20 segments, and each of the hese segments can be 

analyzed in real time (see figure 9). 
For the elimination of ghosting effects, 2 frequency 
segments lying symmetrically around the center fre­
quency should be processed simultaneously, as shown 
in 9. Estimation of the frequency spectrum in seg­
ments from the center frequency towards the edges of 
the FIR filter, has the advantage of detecting the least 
suppressed interference signals first. 
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Figure 9: Frequency segments 
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6 Conclusions 
This paper presented design considerations and solu­
tions for the implementation of processing hardware 
supporting the basic signal processing tasks of Gol­
lum's Loran-C receiver. To obtain a maximum flexi­
bility, the Finite Impulse Response (FIR) filter is im­
plemented in the direct form in full length. Because 
of its simplicity, a linear 16 bits ADC will be used. 
The notch filters, used to suppress harmful interferers, 
will be implemented in software as well as in hard­
ware. The hardware notches are automatic and level 
sensitive, and prevent the receiver against front-end 
overloading signals. 
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Abstract 

The hybrid use of Loran-C with the Global Positioning 
System (GPS) has been shown capable of providing a sole­
means of enroute air radionavigation. By allowing pilots 
to fly direct to their destinations, use of this system is 
resulting in significant time savings and therefore fuel 
savings as well. However, a major error source limiting 
the accuracy of GPS is the intentional degradation of the 
GPS signal known as Selective Availability (SA). SA­
induced position errors are highly correlated and far 
exceed all other error sources (horizontal position error: 
100 meters, 95%). Realtime mitigation of SA errors from 
the position solution is highly desirable. This paper 
discusses how that can be achieved. The stability of 
Loran-C signals is exploited to reduce SA errors. The 
theory behind this technique will be discussed and results 
using bench and flight data will be given. 

Introduction 

The hybrid use of Loran-C with the Global Positioning 
System (GPS) has been shown to be capable of providing 
a sole-means of enroute air radionavigation [l]. 
Standardization committees such as the RTCA are 
currently working on developing minimum operational 
performance standards for this system. By allowing pilots 
to fly direct to their destinations, use of this system will 
result in significant time savings and therefore fuel savings 
as well. By not confining all aircraft to a small portion of 
the airspace (which results when using the Victor airways), 
the risk of collision undoubtedly will be reduced as well. 

However, a major error source limiting the accuracy of 
GPS is the intentional degradation of the GPS signal 
known as Selective Availability (SA). SA manifests itself 
in the form of erroneous orbital data broadcast by the 
satellites and in dithering of the satellite clock. The result 
is position determination which, according to the 
Department of Defense (DoD), will be in error by one 
hundred meters 95 % of the time in the horizontal plane. 
Previous work performed at Ohio University showed that 
SA-induced position errors are highly correlated [2]. Since 
the correlation time is on the order of minutes, it follows 
that the error falls well within the passband of the 

aircraft's dynamic response. The result is that the aircraft 
will follow the deviations induced by SA. 

Realtime mitigation of SA errors from the position 
solution is highly desirable. This paper discusses how that 
can be achieved. The stability of Loran-C signals is 
exploited to reduce SA errors. In the typical hybrid use of 
Loran-C and GPS, the Loran-C signal stability is not 
exploited. This stems from the relatively poor absolute 
accuracy of Loran-C (relative to GPS). However, it is 
possible to use the stability of Loran-C positioning to 
reduce SA-induced GPS positioning errors. The theory 
behind this technique will be discussed and results will be 
given. First, the phenomenon of SA will be described. 

Selective Availability 

As mentioned in the introduction, SA is an intentional 
corruption of the GPS signal by the DoD to limit the 
accuracy available to the public. The degradation is 
achieved in two ways. First, false satellite orbit 
parameters are broadcast to the users. This results in 
incorrect positioning of the satellites in the navigation 
solution. Secondly, code and carrier tracking errors are 
induced through dithering the satellite clock (carrier 
frequency). The erroneous orbit parameters lead to 
position errors which vary slowly throughout the satellite 
pass. Code-phase and carrier-phase errors due to the 
dithering of the satellite clock are random but also are 
highly correlated. Correlation times of several minutes are 
typical. As a result, simple filtering schemes are not 
effective and aircraft will follow the deviations. Virtually 
all of the information available to date about SA has been 
gathered through data collection efforts by civilian 
organizations. The DoD, however, has stated that SA 
shall be instituted in such a way as to yield horizontal 
position errors at a 95 % level of 100 meters [3]. 

Mitigation Methodology 

The heart of the mitigation scheme lies in the differences 
between Loran-C and SA-induced GPS position errors. 
Loran-C position errors in general are biased and noisy. 
The level of noise depends upon the receiver architecture 



and specifically upon the tracking loop bandwidth. 
However, noise levels on the order of 5 to 10 meters can 
be achieved for airborne applications. The Loran-C 
position bias is primarily composed of unmodeled 
additional secondary phase factors (ASF). In general the 
bias does not remain constant over any given flight path 
but the variation is usually quite slow in comparison to the 
clock component of GPS SA error. This phenomenon is 
what makes Loran-based SA mitigation possible. The 
long-term stability of the Loran-C measurements is 
exploited to smooth the SA-induced variations in the GPS 
measurements. 

Conceptually, the mitigation scheme works as follows. 
The Loran-C sensor computes the horizontal position of 
the aircraft. A vertical input is needed and is supplied by 
the barometric altimeter (again, a sensor which is biased 
but stable). The combination provides a three­
dimensional position of the aircraft. Range values are 
computed from the GPS satellites to the Loran­
C/altimeter position. These range values are then the 
reference against which the measured GPS pseudoranges 
are filtered. 

Note that the technique depends upon the assumption that 
SA error is composed only of high frequency components 
relative to the Loran-C bias error variations. Strictly 
speaking, this assumption is not valid since the orbital 
component of SA error is slowly varying. However, as was 
shown in [2], the clock component of SA error has periods 
on the order of five to ten minutes. As such it is a high 
frequency error source relative to the non-noise 
component of Loran-C error. Although this has not been 
rigorously proven, flight data (to be shown later) supports 
the conclusion. Thus, the technique is able to reduce the 
clock component (or roughly speaking, the variance) of SA 
error. 

The filtering is accomplished by complementary Kalman 
filters which are applied to each pseudorange 
measurement (4,5]. The inputs to each filter are the given 
GPS pseudorange measurement and the corresponding 
range computed from the satellite to the Loran­
C/altimeter position. At each measurement epoch 
(current time given by the index k), the complementary 
Kalman filter is executed as follows: 

(1) 

(2) 

k = _!_!___ 
I; -

(3) 
Pt +r 
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(4) 

(5) 

where the subscript represents the time index. The 
superscripts ' - 'and '+'represent predicted and estimated 
quantities respectively. •ct+• represents the estimated 
pseudorange with variance q. 'z' represents the measured 
pseudorange with error variance r. Note that r is due 
primarily to SA. 'L' represents the range computed from 
the satellite to the Loran-C/altimeter position. 'p' 
represents the prediction or estimation error variance. 'k' 
is the Kalman gain. In equation (1), the current 
pseudorange prediction is computed by updating the 
previous pseudorange estimate with the difference 
between the current and previous Loran-C/altimeter 
ranges. The prediction error variance is computed in 
equation (2) and is used to compute the Kalman gain in 
equation (3). The difference between the measured and 
predicted pseudoranges is weighted by the Kalman gain in 
the computation of the current estimate (equation 4). 
Finally, the current estimation error variance is computed 
(equation 5). 

Position Solution 

Given at least four GPS pseudoranges, position may be 
computed. As will be shown in the next two sections, 
significant reduction in SA-error may be achieved when 
using the mitigation technique just described. 

For both the simulation and flight test results (to be shown 
later), the ordinary least-squares (OLS) estimator is used 
to determine position and clock bias from the 
pseudoranges. In the absence of measurement errors, the 
relationship between satellite location, receiver location, 
clock bias and pseudorange is given by: 

Ri = J<x;-x)2 +(yi-y)2+(zi-z)2 + b (6) 

where R; is the pseudorange to the ith satellite, (x;,y;,z;)are 
the coordinates of the satellite, (x,y,z)are the coordinates 
of the receiver and b is the receiver clock bias (converted 
to units of distance through multiplication by the speed of 
light). Since the receiver coordinates and clock bias must 
be solved for simultaneously, at least four measurements 
are required. 

However, instead of attempting simultaneous solution of 
non-linear equations, the standard technique is to solve 
iteratively a set of equations which have been linearized 
about an initial estimated position and clock bias 



(x0 ,y0 ,z0 ,b0 ). This is achieved by forming a Taylor series 
expansion and retaining the zeroth and first order terms: 

aR aR. 
R. = R. + (6x)-1 I + (6y)-' I 

I ID ax 1'.,.1.,Z. ay %.,.1_.7.. (7) 
aR aR. 

+ (6z)-1 I + (6b)-' 
ay "...,.-r-. ab 

where ~0 is the range from the satellite to the initial 
position estimate. 6x, 6y, 6z and 6b represent the 
corrections to the initial estimates. If the initial estimate 
is close to the truth, no iterations are required. However, 
if the initial estimate is not close, the corrections are used 
to update the initial estimate and the process is repeated. 
Convergence is declared if the magnitudes of the 
corrections are below a desired threshold. 

The partial derivatives are evaluated as follows: 

aR, = x0 -x 
ax R b = 1111 

i- 0 

aR1 = 
Yo-y -- = «12 

ay Ri-bo 

aR1 = 
zo-z 

= 
az R.-b 

IXiJ 
I O 

1 = «u 

(8) 

(9) 

(10) 

(11) 

Substitution of equations (8) through (11) into (7) yields: 

6R1 = (6x)uil + (6y)ui2 + (6z)uiJ + (6b)a14 (12) 

where: 

(13) 

Four pseudorange measurements allow for the following 
simultaneous set of equations: 

6R1 IX 11 «12 IX 13 IX 14 

··1 
6Ri 1121 «22 1123 1124 6y 

6~ 1131 «32 11 33 11 34 6z 

6R4 1141 1142 1143 «44 6b 

(14) 

which may be rewritten more succinctly: 

l! = H.{l (15) 
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The presence of measurement errors may be accounted 
for by the addition of an error vector: 

l! = Hji. + e. (16) 

The ordinary least-squares solution is then given by: 

(17) 

After one iteration then, the position and clock bias 
estimate is given by: 

j 

i 

6 

(18) 

[

6x 

6y 
+ 

6z 

6b 

Simulation 

To determine the feasibility of the technique, a simulation 
was performed. A simple flight-path was modeled with 
the aircraft traveling to the east for 900 seconds at 100 
meters/second, followed by a 2g tum and then returning 
to the west (figure 1). For the sake of simplicity in the 
calculations, a static satellite constellation was modeled. 
In order to focus on the effects of SA, all other GPS error 
sources were assumed to be zero. The Loran-C/altimeter 
errors were modeled in the position domain by a constant 
200 meter bias on each axis. 

The SA model was obtained from collected data using the 
System Identification procedure described in [2]. In order 
to model SA rather than the combination of SA and 
receiver noise, integrated Doppler data (rather than 
pseudorange data) were used. The System Identification 
procedure yielded a 16th order autoregressive (AR) filter. 
When Gaussian white noise (of proper variance) is input 
to this filter model, the output is statistically equivalent to 
the collected SA data. An example of the output is given 
in figure 2. 

The positioning errors resulting from the SA corruption 
are given in figures 3 and 4. Both the east and north 
components of the position error exhibit similar 
characteristics to the SA error on the pseudorange 
measurements. As discussed earlier, the errors are highly 
correlated and reach up to 100 meters. However, use of 
the Loran-C/altimeter data in the complementary Kalman 
filter yields significant reduction of SA error (figures 5 and 
6). 
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Figure 5. Complementary Kalman filter results. 
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Flight Test 

Although extremely encouraging, the simulation results 
were obtained using a simple model for Loran-C position 
errors. In order to verify the robustness of the technique, 
actual flight data was used. This is necessary since Loran­
C position error bias is spatially dependent. 

The flight data employed here were collected during a trip 
from Cleveland to Athens, Ohio in Fall of 1990 (figure 7). 
It may be recalled that SA was temporarily turned off at 
that time because of military use of civilian GPS receivers 
during Operation Desert Shield [6]. As a result, the GPS 
horizontal positioning accuracy is on the order of 10-20 
meters [l]. For this flight, the GPS-derived position was 
therefore used as a rough truth reference. 

SA was generated by the model described earlier and 
added to the raw GPS pseudorange measurements (figure 
8). As expected, the Loran-C position error is biased but 
the bias is not constant with position (figures 9 and 10). 
As was done earlier, altimeter error was modeled as a 
constant 200 meter bias. Raw SA-induced position errors 
are as expected with large excursions and high correlation 
(figures 11 and 12). Again, position errors after smoothing 
are significantly reduced (figures 13 and 14). It is 
important to note that even in the face of spatially varying 
Loran-C position errors, the mitigation scheme continues 
to perform well. 

Conclusions 

A technique has been described whereby the stability of 
Loran-C signals are exploited to reduce SA-induced GPS 
position errors. The viability of the technique has been 
confirmed using simulations as well as actual flight data. 
Future work will consider the possibility of realtime SA 
model identification. 
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Abstract 

It is conventionally assumed that Loran-C receivers 
avoid skywave contamination by processing only sam­
ples taken prior to the arrival of the first skywave com­
ponents, typically 35-60 µs after the groundwave. The 
technique has significant limitations, however, when 
implemented in receivers of finite bandwidth, since such 
receivers increase the risetimes of the Loran-C pulses 
and substantially reduce the amplitudes of the ground­
wave signals at the 30 µs point. As a result, many 
current receivers are designed to take samples later 
in the pulse and consequently suffer skywave errors. 
This paper will briefly examine the consequences of 
this practice. It will then propose a new class of tech­
niques which allow the onset of skywave signals to be 
detected so that the sampling point may be adjusted 
accordingly. Novel algorithms to distinguish skywaves 
from the groundwave will be presented. Their bene­
fits will be assessed, together with the cost, in com­
puting resources, of implementing them. The paper 
will also include theoretical analyses, simulations and 
Monte Carlo experiments to demonstrate the perfor­
mance of the techniques. 

1 Introduction 

The ability of receivers to resist skywave contamination 
is a major advantage of Loran-C over continuous-wave 
navigation aids. As a result, a single chain of Loran-C 
transmitters can provide coverage of a large geograph­
ical area. The skywave rejection principle is simple: 
skywaves travel via longer paths and so arrive at least 
35 µs after the groundwave; hence they can be avoided 
by processing only the first 30 µs of the groundwave 
signals. The 30 µs timing point, the 'standard zero­
crossing', is the third positive-going zero-crossing of the 
100 kHz carrier. 

In practice, Loran-C receivers are limited in their im­
munity to skywave errors by the finite bandwidths of 
the front-end filters required to attenuate noise and in­
terference outside the allocated Loran-C band, 90-110 
kHz. Unfortunately such filters increase the rise-times 
of Loran-C pulses and reduce the amplitudes of the 
groundwave signals at the standard zero-crossing (Fig. 
1). To compensate, many receivers take samples later 
in the pulse and so suffer skywave errors. 

Choosing the optimum sampling point is a compromise. 
The later the sampling point in the pulse, the less is the 
noise error but the greater the skywave error. Feldman 
studied this trade-off in terms of the filter bandwidth 
[1]. He concluded that skywave delay is more significant 
than amplitude in causing timing measurement errors. 
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Fig.1 Groundwave {solid} and skywave (dashed} sig­
nals out of bandpass filter. Zero time is the start of the 
input (groundwave) pulse. The bandpass filter is a 5th 
order Butterworth with £0 kHz pass band and 100 kHz 
centre frequency. The amplitude { + 1£ dB} and delay 
(37. 5 µs) of the skywave relative to the groundwave are 
limiting 11alues specified for minimum Loran-C recei11er 
performance. 

Loran-C measurements show that skywaves may arrive 
with delays between 35 and 500 µs depending on the 



timeof day and season of the year (2,3). The Minimum 
Performance Standards (MPS) specifies the range of 
skywave parameters within which receivers must work 
correctly [4,5]. If the receiver always times its phase 
samples to cope with the limiting skywave conditions , 
a heavy price is paid in SNR under more typical condi­
tions. To reduce the time-of-arrival (TOA) uncertainty 
due to skywave interference to 0.5 µa, the sampling 
must be set to 65 µa. The strength of Loran-C sig­
nal at the sampling point is then only about 0.1 of its 
peak value and poorer SNR results. If the samples are 
taken later the SNR will be higher but cycle-locking 
problems may occur (6]. An adaptive receiver which 
adjusted its sampling point according to the skywave 
interference conditions would be attractive. This would 
require a technique for measuring the skywave param­
eters quickly, accurately and continuously. Unfortu­
nately, little development has been carried out to this 
end, either by theoretical analysis or in receiver prac­
tice. 

Section 2 will briefly review the current state and lim­
itations of skywave identification techniques. The for­
mulation of the problem employing a mathematical 
model of the received signal with groundwave and sky­
waves components, will be presented in Section 3. Sec­
tions 4 and 5 will propose the principle of skywave delay 
measurement by spectral or cepstral analysis. The per­
formance of these techniques in noisy conditions will 
be demonstrated by computer simulation in Section 6. 
Section 7 will discuss the implementation of these tech­
niques in receivers. 

2 Current techniques 

Current Loran-C receivers cannot identify or monitor 
skywaves. Some receivers do check for an incorrect sky­
wave lock by means of a guard sample; for example, the 
Austron 5000 Loran-C Monitor Receiver takes such a 
sample 37.5 µa before the zero-crossing sample (3]. If 
the receiver is correctly tracking the 30 µa point no 
signal should be detected by the guard sample. If it 
is, the receiver may be tracking the skywave, or syn­
chronous carrier-wave interference. Although this tech­
nique may detect the cycle-slips caused by skywave, it 
cannot measure the skywave parameters when tracking 
the correct 1ero-crossing, even when experiencing intol­
erable phase-tracking errors. Neither can the technique 
distinguish skywave from carrier-wave interference. 

Peterson and Dewalt have recently studied the problem 
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of skywave interference and measured skywave param­
eters (6). They first modelled the groundwave, assum­
ing that it was an ideal Loran-C pulse distorted during 
propagation and by the front end filters of the receiver. 
A least-squares best fit to the leading edge of the re­
ceived groundwave revealed its parameters. Then the 
groundwave was subtracted from the composite signal 
to disclose the skywave. The same least-squares proce­
dure was then applied to the skywave to determine its 
parameters. It is believed that this method works well 
when the skywave delay is long but it may be difficult 
to apply to short-delay skywaves when relatively little 
of the groundwave is available on which to attempt the 
least-squares fit. 

Lievin and others have measured skywave parameters 
in Europe [7], also by modelling the groundwave and 
subtracting it from the received signal to reveal the 
skywave. They pointed out that accurate modelling of 
skywave parameters depends on an accurate knowledge 
of the groundwave. They measured the groundwave, 
free of skywave contamination, close to the transmit­
ter. However, this still begs the question of how to 
model the groundwave accurately, or measure skywave 
parameters, in a receiver. 

3 Formulation of the problem 

In this subsection we set up a signal model which will 
used later when we attempt to identify skywave pa­
rameters. Loran-C receivers must process signals that 
contain the groundwave and skywaves, plus noise and 
interference. These components are added together at 
the receiver antenna. The composite signal received is: 

:z:c(t) = :z:9 (t) + :z:, (t) + e(t) (1) 

where :z:9 (t) and :z:,(t) represent the groundwave and 
skywaves, and e(t) the total noise and interference. 

The skywave signal may contain many components 
which have arrived via different paths. Let us as­
sume that these all have the same shape as the ground­
wave signal; they may then be viewed as delayed and 
linearly-scaled versions of the groundwave. Using Delta 
function notation, these skywave components may be 
represented as the groundwave signal convolved with a 
train of impulses which describe the start time of each 
component. That is, 

N 

:z:,(t) L kn:i: 9 (t - Tn) 
n=l 
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N 

= :i:1 (t) *I: kncS(t - 'Tn) (2) 
n=l 

where N is the number of skywave components and kn 
and 'Tn represent the amplitude and delay of the n-th 
skywave component relative to the groundwave. Hence, 
equation (1) can be rewritten as: 

:z:.(t) = :z:1 (t) • h(t) + e(t) 

where the function h(t) is defined as 

N 

h(t) = c5(t) + L [kncS(t - 'Tn)] 
n=l 

(3) 

(4) 

Equations (3) and (4) constitute the basic model which 
will be used in developing the process for estimating the 
skywave parameters to be described in the following 
sections. 

4 Spectral analysis method of 
skywave detection 

Equation (3) represents the composite received signal 
as the groundwave signal :z:1 (t) convolved with the func­
tion h(t) which characterises both the groundwave and 
the delay times and amplitudes of the skywaves. The 
methodology used for isolating the skywave is to sepa­
rate, or deconvolve :z:1 (t) and h(t), and hence estimate 
the skywave delay from h(t). In general, such deconvo­
lution is difficult in the time domain. However, it will 
be shown to be possible in the frequency domain pro­
vided the structure of the spectrum of the groundwave 
is known. 

Since the Fourier Transform converts convolution into a 
multiplication, take the Fourier Transform of equation 
(3) to obtain its equivalent in the frequency domain: 

x.(f) = x,(f) H(f) + E(f) 

= x,(f) [ 1 +~kn ei 2
"/T,. l + E(f) (5) 

where x.(f), X1 (1), H(f) and E(f) represent the 
Fourier Transforms of :z:.(t), :i:1 (t), h(t), and e(t), re­
spectively. If the spectrum of the groundwave signal is 
known, then H(f) should easily be obtainable by di­
viding X.(f) by :i:1 (1). In general, :z:1 (/) is not known 
before the separation of ground wave from skywave com­
ponents. However, if the distortion of the groundwave 

pulse can be ignored, then at least its spectrum x,(f) 
is known, apart from the amplitude scaling factor: 

X 1 (1) = k1 Xo(f) (6) 

where X 0 (/) is the spectrum of the well-defined, nor­
malised standard Loran-C pulse, and k1 is a constant 
related to the amplitude of the groundwave. Substitut­
ing equation (6) into (5) and then dividing x.(f) by 
X 0 (1), we get 

x.(f) = k [1 + t k e)2w/T,.l + E(f) (7) 
Xo(f) 1 n=l n Xo(/) 

Taking the inverse Fourier Transform of both sides: 

p-1 {X.(f)} 
Xo(f) = k1 [cS(t) +~kn c5(t - 'Tn)] 

+ p-1 { E(f) } (8) 
Xo(/) 

This equation shows that a complete knowledge of 
the groundwave spectrum, x,(f) is unnecessary, but 
the method does require the structure of X 1 (/) to be 
known if the function h(t) is to be recovered. The 
first term on the right of side of (8) clearly shows that 
any skywave delay time may be found from the cor­
responding impulses caused by that skywave compo­
nent, when we take the inverse Fourier Transform of 
~~m. Ignoring noise for the time being, the strengths 
of the groundwave and skywave components may also 
be found from the heights of these impulses. Fig. 2 
shows a sample result to demonstrate the principle. 
The performance of the technique in noisy environ­
ments will be discussed in section 5. 

1..--~~~~~~~~~-.-~~~~-.-~~ 
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Fig.2 Skywave detection using the spectral analysis 
technique. Skywave parameters: skywave delay=50 µs, 
skywave-to-groundwave ratio = 12 dB. 

5 Cepstral analysis 

In this section we present a theoretical tool, cepstral 
analysis, which is new to Loran-C, and explain how it 
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may be used to detect skywave delay. The technique 
does not require any a priori knowledge of the ground­
wave. 

Cepstral analysis is a nonlinear processing technique 
for analysing data that contain an arbitrary unknown 
signal and its echoes. The effectiveness of the technique 
is due to its superior ability to detect the presence of 
certain features hidden in the original time data, when 
compared to time domain analysis. 

The concept of the 'cepstrum' was introduced by 
Bogert, Healy, and Tukey in a paper with a rather 
unusual title (9]. They showed that the logarithm of 
the power spectrum of a signal containing an echo had 
an additive periodic component due to the echo, and 
demonstrated that the Fourier Transform of this log­
power spectrum exhibited a peak at the echo delay. 
The log-power spectrum they termed the cepstrum, a 
play on the word spectrum, because: "In general, we 
find ourselves operating on the frequency side in ways 
customary on the time side and vice versa" (9]. 

Cepstral analysis has been applied to many diverse 
fields [10 and its references, 11-14]. Childers and others 
have provided an excellent tutorial on cepstral process­
ing techniques in [10] and introductory material on this 
subject may also be found in (15] .Some of the variety of 
forms of cepstrum which have been defined will now be 
considered and applied to the Loran-C skywave mea­
surement problem. 

5.1 The Power Cepstrum 

The power cepstrum of a signal g(t) is defined as 

gp(r) = p-1{ZnlG(f)I} (9) 

where G(f) is the Fourier Transform of g(t), ln rep­
resents the natural algorithm operation, and p-l the 
inverse Fourier Transform operator. Notice that the 
power cepstrum is a function of r, which has the units 
of time, but is termed "quefrency" in the literature to 
distinguish it from normal time. 

To illustrate how the power cepstrum can be used to es­
timate skywave parameters, consider a signal that con­
tains only the groundwa.ve and a single skywave com­
ponent: 

:i:e(t) :l:g • h(t) 
:i:9 (t) • [6(t) + k16(t - ri)] (10) 

To calculate the cepstrum of this signal, we first calcu­
late its log-power spectrum 

lnlXe(f)I lnlX9 (/) [1 + k1 ei 2r/Ti] I 
lnlX

9
(1)1 + lnJ,....1_+_k-~-+-2k_1_co_s_2_1f'T-1 

1 
= lnlX9 (1)1 + 2zn(l + k~) 

+Zn (1+ 1 ~~~cos(27r/ri)) (11) 

The last term of this log-power spectrum may be fur­
ther expanded into a power series (except for the point 
values k1 = 1 and cos(27r/ri) = ±1) as: 

ln ( 1 + 1 ~~~ cos(7rfr1)) 

00 

( 1r+i [ 2k ]m = L - 1 + -
1 

1k2 cos(7r/ri) (12) 
m=l m + 1 

This log-power spectrum exhibits ripples whose ampli­
tude and quefrency (their frequency) are related to the 
amplitude k1 and delay r 1 , respectively, of the skywave 
component. Consequently the cepstrum of the signal, 
which is the inverse Fourier Transform of the log-power 
spectrum, has peaks at quefrencies r 1 and its multiples. 
The skywave delay can be obtained simply by noting 
the quefrency of the first peak in the power cepstrum 
domain. In principle, the amplitude of the skywave 
may also be estimated from this impulse peak by in­
tepretating equation (8) in the cepstrum domain. 

The necessary condition for the skywave delay to be 
detectable is that its corresponding impulse should not 
be buried under the cepstrum. of the ground wave sig­
nal. This requires that the cepstra of :i:9(t) and h(t) 
should occupy different regions of the quefrency axis, 
or, at least, that the cepstrum of :i:9 (t) should be fairly 
smooth in the region occupied by the cepstrum of h(t). 

5.2 The Complex Cepstrum 

The complex cepstrum of a signal g(t) is defined as the 
inverse Fourier Transform of the complex logarithm of 
the spectrum of that signal. That is 

g(r) = p-1{ZnG(/)} (13) 

Here ln represents the complex logarithm operation 
which is defined as 

lnG(f) = lnlG(f)I + j <Pa(!) (14) 



where IG(f)I and ~G(/) are the amplitude and phase 
functions of G(/), which satisfy the relation: 

G(f) = IG(f)I · eJ +a(J) (15) 

The complex and power cepstra are closely related. 
From their definitions, it can easily be shown that the 
power cepstrum is actually the real part of the com­
plex cepstrum. However, unlike the power cepstrum 
whose phase information is disregarded, the complex 
cepstrum retains the phase information of the compos­
ite signal. Because of this, it has many applications 
where the power cepstrum fails [10]. A very impor­
tant application is in homomorphic deconvolution or 
homomorphic filtering: these allow the basic wavelet 
(the ground wave here) to be separated from its echoes 
(the skywaves), the echoes to be separated out in the 
cepstrum domain, and the original wavelet recovered 
[10,15]. 

To show how, in principle, that the complex cepstrum 
may be used to identify skywave parameters, we calcu­
late it for the composite signal :z:c(t) in equation (6): 

:llc(T) = F- 1{ln{F{:z:1 (t) • h(t)}}} 
= :ll1(T) + F-1{ln{F{h(t)}}} (16) 

where F represents the Fourier Transform, and the con­
tents of the outer braces of the last term equal 

ln{F{h(t)}} = ln{F{8(t) + k18(t - T1)}} 

= ln{l+k1el21rfTI} (17) 

When k1 < 1, this term can be further expanded into 
a power series: 

oo ( l)m+l 
ln{l + k1eJ2,..JT1} = E - m (kreJ2,..JmT1) (18) 

m=l 

Thus the complex cepstrum becomes: 

00 (-1r+1 
ic(T) = i 6 (T) + E m kr8(T - mTi) (19) 

m=l 

When k1 > 1, the right side of equation (17) may be 
expanded into another power series: 

ln{l + k1el 21rfTi} 

= ln{k1e;2,.-JT1(1 + _!_e-;2,.-jT,)} 
k1 
oo ( l)m+l 

= lnk1 + j27r/T1 + L: -mkm e-;2,..JmTi (20) 
m=l 1 

243 

After removing the linear term j21r f Ti, the cepstrum 
yields 

Zc(T) = i 1 (T) + (lnki)8(T) 

00 (-1r+1 
+ L: mkm b(T + mTi) (21) 

m=l 1 

In both equations, (19) and (21 ), the complex cepstrum 
of the composite signal containing a skywave will al­
ways have peaks at the skywave delay and its multiples. 
However, if the skywave amplitude is greater than the 
groundwave, these peaks occur at negative rather than 
positive quefrencies. 

5.3 The Phase Cepstrum 

The phase cepstrum of a signal is the counterpart of 
its power cepstrum in that it is defined as the inverse 
Fourier Transform of the phase function of the complex 
logarithm of the original signal. Using the same nota­
tion as in equations (12) and (13), it is formally defined 
as: 

(22) 

By definition, Uc(T) = Up(T)+9<1>(T). As with the com­
plex and power cepstra, we can show that a signal con­
taining a skywave will yield peaks at the skywave delay 
in its phase cepstrum. In practice, however, the phase 
cepstrum is less useful than the power cepstrum in esti­
mating skywave delay times, since reliable computation 
of the unwrapped phase is exceptionally difficult [10]. 

6 Performance evaluation under 
noisy conditions 

Sections 4 and 5 explained the principle of using spec­
tral and cepstral techniques to estimate skywave delay. 
For simplicity, the noise and interference terms were 
ignored. A computer simulation, employing a Monte­
Carlo method, will now be employed to estimate their 
performance when noise is present. 

6.1 Simulation arrangement 

All simulations were written using the advanced soft­
ware package Pro-Matlab [16) and run on a Sun Work-



station. Fig. 3 shows a functional block diagram of the 
simulation program. 

Program Control And 
htltial Parameter Setup 

........................... 
: Groundwave : 
! Generator i ........................... 
.................................... , 
: Skywave : 
! Generator ! .................................. 

............................ 
: White Noise : 
i Generator i ................................. 
.... .................................. , 
i SAN i 
i Generator i ............................... 

Receiver Front End 
Simulator 

....................................... ~~~!~!-!~.~.i.~~-~.I?-~~-~-~---

Skywave Detection Algorithm 

CRT Output 

Fig.9 Functional block diagram of programs which 
simulate the operation of the proposed skywave detec­
tion techniques under noisy conditions. 

The Program Control block controls the operation of 
the functional blocks and sets up the initial parame­
ters for the other blocks. These parameters include 
the strength of the groundwave and skywaves, the sky­
wave delay, the strength and bandwidth of the noise, 
and the bandwidth used in the Receiver Front End 
Simulator block. In accordance with MPS practice 
[4,5]. Simulated Atmospheric Noise (SAN) is generated. 
This noise is added to the separately-generated Loran­
C groundwave and skywaves, and fed into the Front 
End Simulator block. Then the Skywave Detection Al­
gorithm block estimates the skywave delay. 

Many special problems arise in computing the various 
forms of the cepstrum of the composite signal in the 
presence of noise. A common problem is that the non­
linear logarithmic operation magnifies substantially the 
noise in those parts of the Loran-C spectrum where 
the signal energy is low. Our solution was to design 
a window which suppresses the log-spectrum in the 
frequency bands, outside 90-110 kHz, where the noise 
power density exceeds that of the groundwave signal. 
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Experience has shown that a substantial improvement 
of estimation accuracy may be achieved by using this 
technique, especially when the SNR is below 40 dB. 

Other problems associated with cepstrum calculation 
include reliable phase unwrapping for the complex and 
phase cepstra, the effects of notches in the spectrum, 
oversampling, aliasing, and the need to append ze­
roes to increase the resolution in the frequency and 
quefrency domains. Interested readers are referred to 
[10,13, 15,17,18] 

-----.1 
l'eot n..cdCll :....._ 

I ! 
1-.. -····-···-··-··--····--·--·-···---····················-----·-... -----···: 

Fig.4 Implementation of skywave detection algorithm 
by power cepstrum method. 

A block diagram of the implementation of the power 
cepstral analysis method is shown in Fig.4. The spec­
trum of the composite signal is calculated by calling the 
Fast Fourier Transform (FFT) routine provided by Pro­
Matlab, which uses a radix-two algorithm if the length 
of the signal is a power of two, and a mixed radix algo­
rithm if the length is not a power of two [15,16]. 

6.2 Results of the Simulation 

'° 100 ISO 200 250 300 
Quofioncy (µ•) 

(b) 

Fig.5 Examples of the proposed skywave detec­
tion techniques in operation, (a) the spectral analysis 
method (section 4), (b) power-cepstral method (section 
5.1). SNR = £4 dB. 

Simulation programs for all four methods described in 
sections 4 and 5 have been developed and extensive sim-



ulations performed. Table 1 summarises the results of 
100 simulations of the spectral analysis (Section 4) and 
the power cepstral analysis (Section 5.1) algorithms. 
Sample outputs of these simulations are shown in Fig. 
5. The phase calculation in the phase and complex cep­
strum methods turned out to be very sensitive to noise 
due to the phase-unwrapping errors and, consequently, 
it was decided not to pursue these methods. 
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Fig. 6 shows the block diagram of a receiver in which 
an additional channel for skywave detection is added 
to a conventional receiver. 

l Bj#.c;• 
Signal Proceolina 
[!(~ 

clo Scleclion 
I 
1------------------------------J I : .----------------:::::::::::::::::: ...... : 

Delay time SGR Spectral method Power cepstral 
Skywave~cm 

(µs) (dB) Mean SD Mean SD 
37.5 12 38.0 0.0 40.34 2.2 
60 26 60.0 0.0 60.1 3.6 

Table 1. Mean and standard deviation of the estimation 
of skywave delay time, in µs, for 100 simulations of the 
spectral and power cepstral algorithms. 

Fig. 5 and Table 1 show that both the spectral and 
power cepstral methods sucessfully detected the sky­
wave at an SNR of 24 dB. It is also seen that the cep­
stral method is more sensitive to noise than the spectral 
method. Computer simulations show that, as the SNR 
falls below a threshold, the performance of both the 
spectral and power cepstral methods degrades rapidly, 
and the techniques lose their ability to detect skywaves. 
These threshold values appear to be about 14 dB for 
the spectral method and 21 dB for the power cepstral 
method. 

It should be noted that these SNR values are the values 
after integration of the Loran-C pulses. The thresh­
old SNR for skywave detection by the more noise­
sensitive power cepstral method, 21 dB, corresponds 
to a standard deviation (SD) uncertainty in time-of­
arrival (TOA) measurement of approximately 140 ns. 
Two signals of this SNR would yield a time-difference 
SD uncertainty of approximately 200 ns. This is twice 
the value the US Coast Guard employ to set their min­
imum SNR value of -10 dB at the input to a receiver 
in predicting the coverage of Loran-C chains. Thus 
the power cepstral technique appears to operate suc­
cessfully at values of SNR 6 dB below the minimum 
specified by the USCG, and the spectral technique at 
13 dB lower. 

7 Implementing the algorithms 
in receivers 

The algorithms developed in the earlier sections offer 
the possibility of receivers' detecting and monitoring 
skywave delays continuously and so minimising errors. 

Fig.6 Block diagram of Loran-C receiver with skywave 
detection capability. 

Signals entering the skywave channel are sampled to 
generate an accurate spectrum in the frequency band 
where the Loran-C signal is dominant. The sam­
ples are fed to the RAM/ Accumulator block which 
accumulates or averages the received Loran-C pulses 
to improve the SNR of the composite signal before 
the spectrum is calculated. A high-speed analog-to­
digital (A/D) sampler of approximately 1 MHz sam­
pling rate is required. The maximum update time for 
the RAM/Accumulator would be 1 µs. The memory 
requirement is modest, however, since only the out­
puts of the RAM/ Accumulator need be stored. The 
processing power required for the cepstra calculation is 
mainly that needed for the Fourier and inverse Fourier 
Transformations. The number of multiplication opera­
tions required in a radix two FFT or IFFT is Nlog2N, 
where N is the number of samples transformed [15). 
For example, doing an FFT on 2048 samples would 
requires 22,528 multiplications. Therefore the mem­
ory and computing resources required for implement­
ing the techniques proposed in this paper may easily 
be satistied by the current state of the art. 

8 Conclusions 

Skywave interference commonly affects Loran-C re­
ceivers. Current designs of Loran-C receiver are not 
optimal in rejecting skywaves because they lack tech­
niques to identify and monitor them. A group of new 
algorithms which use spectral or cepstral analysis have 
been proposed for this purpose. The performance of 
these algorithms has been evaluated by computer sim­
ulation. It has been shown that even under poor signal­
to-noise ratio conditions, the time delay of the skywave 
may be measured successfully. The implementation of 
these algorithm in receivers has also been discussed. 
These requirements appear to be well within current 
hardware capabilities. 
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The following are Resolutions adopted by the General Assembly 
of the Wild Goose Association at its 21st Annual Convention. 

Resolution 1. 

The Wild Goose Association having concluded its 21st Annual Convention and Technical Symposium in Birmingham, 
England with the theme "Loran-C/GPS Mix - Sharing the Future" over the period 24-27 August 1992, the General Assembly 
considered recent international Loran-C developments. 

Noting: 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

Noting Further: 

Recognizing: 
(1) 

(2) 

The continuing rapid expansion of the Loran-C and Chayka radionavigation 
systems throughout many parts of the world and in particular: 

That the North West Europe Loran-C Agreement between Norway, Denmark, 
Germany, Ireland, France and The Netherlands to adopt the Loran-C system was 
signed on August 6, 1992; 
That China, The Republic of Korea, Japan, and the Russian Federation will sign an 
Agreement in September 1992 to provide a Far East radionavigation service using 
Loran-C and Chayka; 
That in India the Decca Navigator Systems at Calcutta and Bombay have been 
replaced by Loran-C systems; 
That the littoral states of the Mediterranean Sea are pursuing the retention of the 
present Loran-C chain, the provision of Loran-C coverage of the Iberian Peninsula 
and means of linking with the Chayka chain covering the Black Sea; 
That joint Loran-C/Chayka chains are being discussed for the Barents Sea, Baltic 
Sea and Bering Sea; 
That coverage of the land mass in addition to the Coastal Confluence Zone of the 
United States and Canada has now been completed. 

That the United Kingdom and Iceland withdrew from the North West Europe 
discussions before the Agreement was signed. 

The Policy of the International Association ofLighthouse Authorities on Terrestrial 
Navigation Services; and, 
The decision of the Council of European Communities dated 25 February 1992 on 
Radionavigation Systems for Europe. 

Recognizing also: That the full potential of the Loran-C and Chayka systems is only achieved by 
validating system performance in conjunction with the use of receivers employing 
modem digital techniques. 

Resolves: 

Recommends: 

That Administrations in areas covered by theLoran-C and Chayka systems be urged 
to: 

(1) Recognize these systems as being acceptable for providing a Radionavigation 
Service in their area. 

(2) Consider becoming signatories to the appropriate Agreement where one exists. In 
particular that the United Kingdom and Iceland reconsider their decision regarding 
the North West Europe Agreement. 

(3) Promulgate a means for timely notification of the Radionavigation System opera­
tional status. 

This resolution be brought to the attention of all administrations in areas covered, 
or to be covered by the Loran-C and Chayka systems. 
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Resolution 2 

The Wild Goose Association, The International Loran Radionavigation Forum, at its 21st Annual Convention and Technical 
Symposium held in Birmingham, England, considered international developments in terrestrial and satellite radionavigation 
systems. 

Noting: 

Recognizing: 

Resolves: 

Recommends: 

(a) The continuing rapid expansion of the Loran-C and Chayka radionavigation 
systems throughout many parts of the world; 

(b) The increasing development of satellite navigation capabilities including GPS and 
GLONASS, leading toward a Global Navigation Satellite System (GNSS) service; 

(a) That while each of the terrestrial and satellite radionavigation systems individually 
provide benefits to users, the complimentary use of these systems will significantly 
enhance the navigational information available. 

(b) That the highest practicable degree of navigational information should be used for 
the maximum possible benefit to marine, aeronautical and land users, including all 
safety, economic and environmental applications. 

That administrations and authorities responsible for navigation in their areas be 
urged to promote the complementary use of Loran-C and Chayka with Global 
Navigation Satellite Systems, as they become available, as a means of providing the 
most complete and accurate navigational information to marine, aeronautical and 
land users, and 

That Administrations, Authorities, Navigational Institutions and Associations 
worldwide: 

(1) Take due notice of this resolution of the Wild Goose Association; 

(2) Support the complementary use of terrestrial and satellite radionavigation systems; 
and 

(3) Publicize widely information on the specifications, characteristics, benefits, status 
and plans of these systems. 
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Kobayashi, Masamitsu 1 

1. Report presented by Norman Matthews 
2. Paper presented by Clyde Watanabe 
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Authors 

Last, David 
Matthews, Norman F. 
Mattos, Philip 
McGann,Ed 
Nash,J 
Nieuwland, Andre 
Oakley, T .J. 
Peterson, B. B. 
Qianzi, Wei 
Roland, William F. 
Rubiola, Enrico 
Serie, Mark 
Stenseth, Andreas 
Thrall, William J. 
van Nee, Richard DJ. 
Watanabe, Clyde 
Weitzen, J.A. 
Wuwei,Bao 
Xin,Guo 

1 

2 

1 
1 
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WGA President 
Robert W. Lilley 

Opening Ceremony 

Convention Chairman 
John M. Beukers 

Welcome Address from the Right Worshipful 

Chief Executive, Birmingham 
Convention and Visitor Bureau 
Philippe Taylor 

the Lord Mayor of Birmingham, Councillor Peter J. P. Barwell MBE 

European Commission 
Directorate of Transportation 
Jacques de Dieu 

Technical Chairman 
John D. Ill gen 

Convention Co-Chairman 
Maurice J. Moroney 



Session Chairmen and Speakers - 1 

Left to right: 

Richard van Nee 
Frank Cassidy 
Maurice Moroney 
Vladimir Denisov 
Andre Nieuwland 
Eric Aardoom 

Left to right: 

Frank Cassidy 
Soo Braasch 
Stuart Ruttle 
Yi Bian 

Many contributed to the Technical Sessions and some were 
unable to avoid our photographers. Here is a sampling, with 

apologies to those we missed. 

Left to right: 

Durk van Willigan 
Andre Nieuwland 
Jim Carroll 
John Illgen 



Session Chairmen and Speakers - 2 

Left to right: 

Andre Nieuwland 
Laura Charron 
Rolf Johannessen 
Eric Aardoom 
Philip Mattos 

Left to right: 

Maurice Moroney 
Walter Blanchard 
(luncheon speaker) 
Peter Ryder 
Jacques de Dieu 

Left to right: 

John Butler 
Walter Dean 
Robert Frank 
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1992 Convention Awards 
1992 Awards Committee Chairman: James Van Etten 
Committee Members: Frank Cassidy, Vernon Johnson 

The WGA Constitution authorizes the presentation of a number of non-monetary awards to further the aims and purposes 
of the Association. The Medal of Merit and the President's awards were presented at the Civic Dinner held in the Birmingham 
City Council House; the remainder were presented at the second Convention luncheon held in the Copthorne Hotel. 

Medal of Merit - Norman Matthews 

The Medal of Merit is awarded for a particular contribu­
tion of outstanding value to the development or fostering of 
loran. This award is given only after the exceptional nature of 
the contribution is clearly recognized. 

The Medal of Merit was awarded to Norman Matthews, 
Secretary General of the International Association of Light­
house Authorities (IALA), in recognition of his dedicated 
efforts in fostering and coordinating Loran-C radionavigation 
policies oflALA Member States throughout the world. 

President's Award -Andreas Stenseth and Kjell Enerstad 

The President's Award is given to persons or organiza­
tions designated by the President of the Association. This year 
two awards were given. 

One of the President's A wards was presented to Andreas 
Stenseth as Chairman of the North West Europe Loran-C 
Policy Group. Under his leadership Loran-Chas been adopted 
for the European coastal waterways. 

The second President's Award was presented to Kjell 
Enerstad as Secretary of the North West Europe Loran-C 
Policy Group. His support of member interests contributed to 
the adoption ofLoran-C for the European coastal waterways. 

Best Paper Award - David Last, Richard Farnworth and Mark Searle 

The Best Paper A ward is given to a person or persons for 
the best paper published on any aspect of loran. 

The Best Paper Award went to David Last, Richard 
Farnworth and Mark Searle from the Radionavigation Group, 
University of Wales, for their presentation of "Ionospheric 
Propagation & Loran-C Range -The Sky's the Limit" at the 
Twentieth Annual Technical Symposium and published in 
the Proceedings of that event. 

Best Student Paper Award -Andre Nieuwland 

The Best Student Paper Award is given to a bone fide 
student for the the best paper published on any aspect ofloran. 

The Best Student Paper Award went to AndreNieuwland 
of Delft University of Technology, The Netherlands, for the 
publication of the paper entitled "Weighted Spectrum Analy­
sis in Loran-C Receivers" presented at the Twentieth Annual 
Technical Symposium. 
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Convention Awards continued ...... . 

Outstanding Service Awards 

Service A wards are given to the persons who distinguish 
themselves by service to the Association 

Elijah "Zeke" Jackson - For service as General 
Chairman of the Twentieth Annual Convention held in 
Williamsburg, Virgina, October 1991. 

David C. Scull and David L. Olsen - For service as 
Technical Chairman and Technical Co-Chairman respec­
tively, of the Twentieth Annual Technical Symposium held 
in Williamsburg, Virginia, October 1991. 

Robert L. Frank-For service as Awards Chairman for 
the period 1980 to 1991. 

Robert W. Lilley - For service as Editor of the WGA 
Newsletter The Goose Gazette for the period 1989 to 1991. 

Industry Reception Sponsors 

Bendix-King. Inc 
Beukers Technologies, Inc. 
Cambridge Engineering, Inc. 
Coastwatch, Inc. 
Datamarine International 
Illgen Simulation Technologies, Inc. 

Jet Electronics and Technology, Inc. 
Megapulse, Inc. 
Navcom Systems, Inc. 
Northstar 
Synetics Corporation 
Trimble Navigation, Inc. 

Hospitality Suite Sponsor 

This year the Hospitality Suite was sponsored by the Wild Goose Association's treasury. 

Industry 
Beukers Technologies, Inc. 
Datamarine International 
II Morrow, Inc. 
Jet Electronics and Technology, Inc. 
Megapulse, Inc. 
Navtech Seminars, Inc. 

Exhibitors 

Institutions 
Commissioners of Irish Lights 
Delft University of Technology 
International Association of Lighthouse Authorities 
North West Europe Loran-C Policy Group 
Northern Lighthouse Board 
Norwegian Defence Comm. & Data Services Admin. 
Ohio University College of Engineering 
Trinity House Lighthouse Service 
United Kingdom Meteorological Office 
University College of North Wales 
Volpe National Transportation Systems Center 



Best Paper Award 

David Last (center) 
Richard Farnworth 
(not shown) 
Mark Searle (right) 

Best Student Paper 

Andre Nieuwland (left) 

1992 Convention A wards 

Breaking with tradition, the Service and Best Paper 
Awards were given at one of the luncheons. The 

Medal of Merit and President's awards were 
presented at the banquet. 

Service Awards 
Left to right: 

Elijah "Zeke" Jackson 
Robert Frank 
David Scull 
Robert Lilley 



Civic Dinner Invitation 

The Traditional Convention Banquet 
was hosted by the City of 

Birmingham in the form of a 
Reception and Civic Dinner held in 

the City Council House. 

!Yk!liid~ofPA~ 
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That's one headline 
we won't be writing 

A Birmingham City Council 
employee came across a rather 
unusual entry In the Lord Mayor's 
diary the other day. 

It read: "The Lord Mayor will be 
welcoming delegates to the 21st 
annual convention and technical 
symposium of the Wild Goose 
Aseoclation." 

"I can see the newspaper headline 
now," he chuckled; "Lord Mayor Goes 
on Wild Goose Chaser 

Courtesy: 
The Birmingham Post 



Civic Dinner Preliminaries 

Reception in the 
Lord Mayor's Parlour. 
Left to right: 
WGA President Robert Lilley, 
Ellen Lilley, The Lord Mayor, 
Marilyn Beukers, The Lady Mayoress, 
and Convention Chairman John Beukers. 

Preparing to leave 
for the Civic Dinner from 
the Copthorne Hotel. 

The Head Table is 
announced into the 
Banquet Hall. 



Reception in the Council House 

Enjoying a glass of wine 
and a chat before dinner. 

The Russian Delegation 
headed by Vladimir Denisov (left) 
with the Lord Mayor in 
ceremonial attire. 

Formal dress for the Dinner 
made for a truly elegant evening. 
Left to right: 
Astrid and Paul Johannessen, 
Pauline Moroney, 
Wilfred (Bill) St. John White. 



Speeches and Presentations - Civic Dinner 

Engraved Glass Vase 
presented to the WGA by 
the Lord Mayor on behalf 
of the City of Birmingham. 

WGA President Robert Lilley 
receives a gift (below) from the 
Lord Mayor of Birmingham. 

The Lord Mayor receiving 
an Engraved Plaque from 
the WGA President. 



A wards Presentation - Civic Dinner 

WGA President Robert Lilley 
presenting one of the two 
President's Awards to 
Andreas Stenseth, 
Chairman of the North West 
Europe Loran-C Policy Group. 

Awards Committee Chairman 
James Van Etten (right) 
presenting the 1992 
Medal of Merit to 
Norman F. Matthews (left), 
as President Robert Lilley looks on. 

WGA President Robert Lilley 
presenting the second of the 
two President's Awards to 
Kjell Enerstad, Secretary 
of the North West Europe 
Loran-C Policy Group. 
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Civic Dinner Address by the Lord Mayor of Birmingham 
Councillor Peter J. Barwell M.B.E. 

Lady Mayoress, Mr. President, Mr. Conference Chair­
man, Distinguished Guests. 

I have a confession to make. In the course of my civic 
duties as Lord Mayor of this great City of Birmingham, I am 
called upon to make many speeches. My genius in this area is 
very limited, and has already been fully exercised in the 
preparation of certain standard texts. 

So, I have a speech for visits by Government Ministers, 
a speech when I meet Community Workers, a speech for 
officially opening new buildings - and I opened a new wing 
to our Winson Green Prison (Penitentiary) the other day and 
managed to get out! These speeches are all environmentally 
friendly, they are recycled. But of course I have one for 
welcoming honoured guests who are holding conferences in 
our city. 

You were to be treated to this speech extolling the virtues 
of Birmingham and its achievements and its future. 

Unfortunately, a good friend of mine and yours, Mr. 
Philippe Taylor stole this speech when he addressed you 
yesterday and even my prowess at re-cycling is now ex­
hausted. I may say Mr. Taylor used to be a very good friend 
of mine. 

To compound this felony, as you have heard, Mr. Taylor 
happens to have a degree of knowledge and acumen in your 
line of work, fully appreciating the benefits or otherwise of 
Loran-C. I have none, so to resort to puns or jokes about 

Birmingham steering its way through choppy waters of eco­
nomic change or needing to change course to meet our long 
term target, will pail into insignificance besides the speech 
that Philippe should have made. 

Thus Mr. President, this speech is a unique one but none 
the less most sincere. 

As a Birmingham born person of nearly 3 score years I 
have lived through many changes in my City. I have seen 
changes both good and bad, but in Birmingham there is 
always change. As a City we have always responded swiftly 
to economic and social pressures. Part of this response has 
been our proud record of welcoming people from all over the 
world into our multicultural city as resident Brummies and 
now this City of ours is on the threshold of welcoming guests 
at Conventions and exhibitions from all over the world as in 
the jargon - BUSINESS VISITORS. 

We pride ourselves on our friendliness and hospitality. -
I hope you have experienced this. 

We pride ourselves on our efficiency - and I hope you 
have experienced this too. 

Mr. President, they say that genius is found in simplicity. 
My speech has consequently been a simple welcome. But to 
succeed in life one needs more than genius to be practical. I 
shall be practical, I now have another speech to re-cycle but 
first may I present your Association with a non-recyleable 
momenta of your visit to our great City of Birmingham. 

At this point the Lord Mayor presented WGA President Dr. Robert W. Lilley 
with an English Crystal Vase engraved and decorated with the City of Birmingham 
Coat of Arms and the Wild Goose logo with the following text: 

On the front sweeping down around and below the 
Birmingham Coat of Arms and returning upwards -

"Presented by the Right Worshipful The Lord Mayor 
of Birmingham, Councillor Peter J. Barwell M.B.E. on 

26th August 1992" 

and on the rear in reversed print to be viewed through the 
glass sweeping up, above and around the reverse etched 
WGA logo and returning downward -

"on the occasion of the 21st Annual Convention and 
Technical Symposium of the Wild Goose Association" 

The art work was executed at the Lord Mayor's printing 
company and work on the vase was performed by visually 
impaired students at the Queen Alexandria College. 
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Response by the President of the Wild Goose Asociation, Dr. Robert W. Lilley 

My Lord Mayor, Lady Mayoress, City Councillors, 
Ladies and Gentlemen -

In the United States, as in England, I understand, one's 
twenty-first year is the year in which one comes of age and 
takes up the responsibilities of the adult world. This is the 21st 
Annual Convention of the Wild Goose Association and the 
first that we have held beyond the shores of the United States. 
It is also the year that loran comes of age internationally. 

Let me explain to our hosts and guests that loran stands 
for Long Range Navigation and that the name of our Associa­
tion was chosen in recognition of the legendary navigational 
skills of the Canada Goose during its migration. No, we are 
not a wild life conservation group although that mistake is 
sometimes made, and the name always prompts some smiles 
and lively discussion. 

The loran system of radionavigation evolved from Brit­
ish developments during World War II. Later, it was refined 
by the United States Department of Defence and then, in 1974 
as Loran-C, it was handed off to the United States Coast 
Guard for civilian control and use. 

Hundreds of thousands of water, land and air vehicles 
make use of Loran-C for positioning and navigation. Today 
we are going one step further with the international navigating 
community taking ownership and local operating responsi­
bility for the system. For several years a committee known as 
the Northwest Europe Policy Group has worked hard and long 
to resolve the radionavigation future of this area There have 
been disappointments and frustrations along the way but I am 
pleased to be able to report to you that an international treaty 
was signed by six of the original nine countries just three 
weeks ago. 

The United Kingdom was not one of the signatories 
having backed away from the agreement I would be remiss 
not to say that we, in the WGA, have some difficulty with the 
basis for the U.K.'s decision to withdraw from the group. 
However, we are encouraged by the positive indications that 
the UK and the remaining original members may reconsider 
their positions and eventually become signatories to the 
agreement. 

Two years ago the WGA looked into its crystal ball and 
speculated that the agreement would be in place and decided 
to hold its Convention in Europe, bringing with it some of the 
fathers of loran. Europe is a big place and deciding upon a 
venue could have become time consuming. Fortunately, one 
of our directors with a British heritage, John Beukers, took on 
the Chairmanship of the Convention, and sold the WGA 
Board of Directors on holding the convention in the Heart of 
England. 

He approached the Birmingham Convention and Visitor 
BureauandcameacrossonePhilippeTaylor,theorganization's 
chief executive. John Beukers tells me that after stumbling 
though the usual speech about the WGA not having anything 
to do with wild life and explaining that we would like to hold 
ourconventioninBirmingham,PhilippeTaylorreplied"That's 
great, and we can help you but now tell me about the Global 
Positioning System and loran." By remarkable coincidence 
Philippe runs a sailing school and is particularly interested in 
what navigation equipment he should have on board. Perhaps 
that has something to do with why we are here tonight. 

We are impressed with the City of Birmingham and the 
progress being made to provide the City with a new face. The 
recent full length feature article that appeared in the U.S. Wall 
Street Journal accurately portrayed the City's image and the 
results being achieved by a forward looking council. We 
congratulate you and wish you further success with these 
projects. 

My comments would not be complete ifl did not refer to 
the beauty and history of the country surrounding the City. 
While we, as delegates, are required to sit inside attending to 
our convention, our spouses and guests are thoroughly enjoy­
ing the day trips to some of England's finest attractions - just 
a few miles from the City's center. 

My Lord Mayor, we are honored and feel privileged to be 
hosted by the City of Birmingham and on behalf of our 
Association we wish to thank you for your hospitality and 
present this plaque as a token of our appreciation. 

At this point the President presented the Lord Mayor with an engraved plaque 
containing the Wild Goose Logo with the following words inscribed: 

"The Right Worshipful The Lord Mayor of Birmingham, 
Councillor Peter J. Barwell M.B.E. 

In recognition of the hospitality shown by the City of 
Birmingham on the occasion of the 21st Annual Convention, 

Birmingham, 1992." 



CITATION on the Award of the MEDAL OF MERIT to 

NORMAN MATTHEWS 

The Medal of Merit is awarded to Norman Matthews, Secretary General International AllSOCiation of Lighthouse Authorities (IALA), in 
recognition of his dedicated efforts in fOtltering and coordinating Loran-C radionavigation policies of IALA member states throughout the world. 

In his role, first as Deputy Secretary General and since 1989, as Secretary General of IALA, Mr. Matthews has been the driving force behind 
the activities of IALA to ensure, as far as practicable, that Loran-C continues to be available to shipping, and with extended coverage if possible, after 
the withdrawal of support for the system by the USCG in December 1994. 

In 1987 IALA initiated a Special Radionavigation Conference in London to review the requirements and future of radionavigation in general 
and Loran-C in particular. It was noted that several 1overnmenta would together consider the possibility of extending the Loran-C coverage in NW 
Europe; IALA then undertook to pursue the pouibility of extending Loran-C coverage along the Iberian peninsula and into the Mediterranean. After 
preliminary discussions with Mediterraneancountriea, the tint meeting to consider this extension of coverage was convened by IALA in January 1989. 
Initially these multi-national meetings were chaired by Mr. Matthews. More recently he has acted as Secretary with IALA providing full secretarial 
support to the group. 

In 1990 Mr. Matthews chaired a technical workshop in Japan called "Radionav Far East 90. • A technical working group was established to 
develop a Radio Navigation Service based upon Loran-C and Chayka. At the next (fourth) meeting of the group (scheduled for September 1992), it 
is expected that representatives of Authorities from Japan, the Russian federation, the Peoples Republic of China, and the Republic of Korea will sign 
a formal agreement to provide this Far East Radionavigation Service. All meetings have been convened by IALA and chaired by Mr. Matthews. 

Mr. Matthews initiated the development in IALA of its policy on terrestrial navigation systems which urges Authorities to support and 
encourage cooperative efforts between member nations to expand and improve Loran-C and Chayka coverage throughout the world. 

The Wild Goose Association believes Mr. Matthews' contributions have had a most favorable effect on the stature of the Loran-C system and 
its expanded use throughout the world, and for this we are forever grateful. 

Awarded this 26th day of August 1992. 



Left to right: 
Christopher (an endangered species 
of Flying Tigers' fame), 
and Lee Barrett, 
Pauline Moroney, 
Grace and founding WGA member 
Jim Van Etten. 

Socials - 1 

The Rolands return from Hawaii. 
Good to have you back on 
the Mainland, Elena and Bill. 

Norman Matthews visibly 
surprised and overcome by 
his Medal of Merit award 
while Mary Matthews 
looks on approvingly. 



Sing Up! 

Pianist and avionics expert 
Robert Lilley 
with singers: (left to right) 
Bill Roland, Marilyn Beukers, 
Marty Poppe and Pauline Moroney. 

"We must go where the Wild Goose goes ... " 

Socials - 2 

Jim Culbertson - looking great; 
Carolyn McDonald -
thanks for your help;, 
and Jo Anne Culbertson. 

Shirley and founding member 
Walt Dean - a father of 
and significant contributor 
to loran. 



Mary and Elijah "Zeke" Jackson -
We're sorry you missed so much 
of the Convention. 

Socials - 3 

Ingrid and President's 
Award recipient Kjell Enerstad -
a true statesman 
and negotiator. 

Left to right: 
Joyce Malkmes of the 
Ninety Nines Women Pilots 
Association, Marilyn Beukers, 
Bahar Uttam of Synetics, and 
Cathy Beukers who flew in 
from Mainz, Germany. 



We must be doing 
something right! 
International smiles from 
(left to right) 
John Morgan, South Africa, 
Dave Olsen, U.S.A., 
George Preiss, Norway, 
Frank Holden and 
Basil D'Oliveira, U .K. 

Socials - 4 

Ann and Marty Shuey -
Pleased to have AOPA 
representation. 

Marilyn and Convention Chairman 
John Beukers. 
It was fun, but we think 
we will wait a couple of years 
before doing it again! 



Pauline and Convention 
Co-Chairman, U.S.A, Mike Moroney. 
Thanks, Mike, and great to have 
DoT's Volpe National Transportation 
Systems Center represented. 

Socials - 5 

Bob and Marie McKeown 
with their granddaughter Dina. 

Ruth and ION Executive 
Director Dave Scull -
Keep reminding the ION 
there are navigation systems 
other than GPS, like loran! 



Delegation of the Russian 
Internavigation Committee 
headed by Vladimir Denisov 
(2nd from left) with 
interpreter (right) - popular 
participants of the 
hospitality suite. 

Socials - 6 

Patty Alexander and 
Joyce Malkmes obvious! 
talking politics with 
the Lord Mayor, 
Peter Barwell. 

Technical Chairman, 
John Illgen 
with wife Suzanne and 
daughter Anne -
great program, John, and 
thanks for pulling 
it together. 
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Spouse and Guest Program - 1 

Four days of tours were enjoyed by some 25 spouses and guests, and the 
Convention got off to a flying start with an Ice-breaker Mediaeval Banquet at historic 
Coombe Abbey for everyone on Monday. The evening of revelling and entertainment 
gave weary travellers from the U.S. a second breath and helped overcome the 
unavoidable jet lag. 

Monday, being an open day, some delegates elected to join the coach trip to 
Blenheim Palace, the boyhood home of Winston Churchill. Our professional Blue 
Badge guide provided a lesson in English history on our journey to the Palace, and we 
were then conducted on an interesting tour of the Palace's interior. A late return to the 
hotel, due to a major accident on the Motorway, left little time before we were whisked 
off to Coombe Abbey for the 14th century style banquet. 

Stratford-upon-Avon and a tour of the four Shakespearean properties was on the 
agenda for Tuesday. We visited Shakespeare's birthplace, his paramour Ann 
Hathaway's Cottage, the Nash House and Mary Arden's Farm. The remainder of the 
day was spent shopping in Stratford with a stop for a pub lunch - some of us risking 
refreshments at The Slug and the Lettuce, a Stratford pub of fame! 

Wednesday saw us on the coach again to ancient Warwick Castle. By special 
arrangement we were guided through the State Rooms and experienced the flavor of 
living there enhanced by the life-like wax figures by Madame Tussauds in scenes 
illustrating preparations for a party. After yet another pub lunch, this time at the Nasty 
Cheese, an early start back was required to allow plenty of time to get dressed for the 
formal Civic Dinner being thrown by the City of Birmingham for the WGA. 

The weather had held up for us until our tour of the Cotswold countryside on 
Thursday. While the rain was wet, it certainly didn't dampen our spirits and interest. 
Stops at Broadway and Stow-in-the-Wold allowed us to do some shopping and see that 
the 14th century Cotswold villages remain unspoiled. We ended our tour, somewhat 
bedraggled, at East Ridge in Longborough, the England home of the Beukers', where 
we enjoyed a magnificent lunch and had a chance to dry out before returning back to the 
Copthorne hotel. 

This was a most enjoyable four days that we are sure will hold memories for many 
of us in the years to come. 

Reponing: Joyce Malhnes 
Ninety Nines 

With just a knife to eat a 
soup-to-nuts banquet, Joyce Malkmes 
and John Beukers demonstrate 
how to eat the main course of 
lamb ribs, baked potato and vegetables. 
Baroness for the evening, 
Pauline Moroney, wife of Baron Mike, 
sneaks in the picture at the left. 
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Spouse and Guest Program - 2 

Lunch at the Beukers' home, 
East Ridge in Longborough, 
after a rainy tour of 
the Cotswold area 
with stops at Broadway 
and Stow-on-the-Wold. 

Lunch break and a well 
earned pint at the 
Nasty Cheese pub 
after the tour of 
Warwick Castle. 
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Spouse and Guest Program - 3 

Some of the tour participants 
relaxing in the Copthorne 

hospitality suite after a 
full day of activities. 

Left to right: Marilyn Beukers, 
Astrid Johannessen, Pauline Moroney, 

Suzanne Illgen, Joyce Malkmes 
and Anne Illgen. 

Ann Hathaway's 
cottage in 
Stratford-upon-Avon. 
One of the four 
Shakespearean locations 
visited on the tour 
to Stratford. 
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Contact Information 
for the 

Delegates, Guests and Supporters 
to the 

21st Annual Convention and Technical Symposium 



Eric Aardoom 
Delft Univ. of Tech., EE Dept. 
Mekelweg 4, PO Box 50-31 
2600 GA Delft, 
The Netherlands 
Phone: 31-15-782845 
Fax: 31-15-786190 

Namir Al-Nakib 
40 Mellon Street 
London, NWl 2EG 
United Kingdom 
Phone: 071-728-1000 
Fax: 071-728-1044 

James 0. Alexander 
3262 Tigertail Drive 
Los Alamitos, CA 90720 
U.S.A. 
Phone: 310-4 31-0244 
Fax: 310-436-5661 

David Amos 
Synetics Corporation 
540 Edgewater Drive 
Wakefield, MA 01880 
U.S.A. 
Phone: 617-245-9090 
Fax: 617-245-6311 

Jo Apa 
Lancaster House 
7 Church Street 
Slough, Berks SLl 1 TL 
United Kingdom 
Phone: 0753-538025 
Fax: 0753-824633 

Paul Barker, Curator 
Warwick Castle 
Warwick, CV34-4QU 
United Kingdom 
Phone: 0926-495421 
Fax: 

Christopher S. Barrett 
11210 S. Tropical Trail 
Merritt Island, FL 32952 
U.S.A. 
Phone: 407-773-5624 
Fax: 
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Kim Bate, Conference Officer 
Birmingham Conv. & Visitor Bur. 
National Exhibition Centre 
Binningham, B40 INT 
United Kingdom 
Phone: 44-21-780-4321 
Fax: 44-21-780-4260 

John M. Beukers 
East Ridge 
Long borough 
Moreton-in-Marsh, Glos. GL56-0QX 
United Kingdom 
Phone: 44-04 51-870777 
Fax: 44-04 51-870222 

Cathy Beukers 
Linotype Hell 
Mergenthaler Allee 55-75 
Eschborn, bei Frankfurt 6236 
Germany 
Phone: 49-6196-982-2288 
Fax: 49-6196-982-790 

Yi Bian 
School of Elec. Eng. Science 
University of Wales 
Bangor, Gwynedd LL57 lUT 
United Kingdom 
Phone: 0248-351151 
Fax: 0248-361429 

Jacqueline Bickerstaff 
1, The Firs 
Daventry, Northan ts NNH SPX 
United Kingdom 
Phone: 0327-705258 
Fax: 0327-705258 

Walter F. Blanchard 
The Trundle 
Tower Hill 
Dorking, Surrey RH4 2AN 
United Kingdom 
Phone: 44-0306-884-359 
Fax: 44-0306-884-359 

Alan C. Botsford 
Northstar Avionics 
30 Sudbury Road 
Acton, MA 01720 
U.S.A. 
Phone: 508-897-6600 
Fax: 508-897-7241 

T. M. Boyd 
Commissioners of Irish Lights 
16 Lower Pembroke St. 
Dublin 2, 
Ireland 
Phone: 353-1-682511 
Fax: 353-1-768619 

Soo Y. Braasch 
Avionics Eng Ctr/Ohio University 
231 Stocker Center 
Athens, OH 45701 
U.S.A. 
Phone: 614-543-1527 
Fax: 614-543-1604 

Michael S. Braasch 
Avionics Eng Ctr/Ohio University 
231 Stocker Center 
Athens, OH 45701 
U.S.A. 
Phone: 614-593-1522 
Fax: 614-593-1604 

Milton Braasch 
c/o Avionics Eng Ctr Ohio Univ. 
231 Stocker Center 
Athens, Ohio 45701 
U.S.A. 
Phone: 
Fax: 

John Butler 
Regional Mgr. Telecom. & Elect. 
PO Box 1300, Canadian Coast Gd 
St. John's, Newfoundland AlC 6H8 
Canada 
Phone: 709-772-5187 
Fax: 709-772-2454 

Ronald Campbell 
Aircraft Owners & Pilots Assoc. 
50A Cambridge Street 
London, SWlV 4QQ 
United Kingdom 
Phone: 44-71-834 5631 
Fax: 44-48-335839 

James V. Carroll 
124 Rowley Bridge Road 
Topsfield, MA 01983 
U.S.A. 
Phone: 617-494-2908 
Fax: 617-494-2628 



Frank Cassidy 
Datamarine International 
53 Portside Dr., PO Box 1030 
Pocasset, MA 02559 
U.S.A. 
Phone: 508-563-7151 
Fax: 508-564-4707 

Robert J. Charles 
Highway Master 
16475 Dallas Parkway, Ste 170 
Dallas, TX 75248 
U.S.A. 
Phone: 214-250-2666 
Fax: 214-250-0182 

Laura G. Charron 
U.S. Naval Observatory 
34 50 Massachusetts A venue NW 
Washington, DC 20392-5 
U.S.A. 
Phone: 202-653-1529 
Fax: 202-653-8776 

James F. Culbertson 
15781 Exeter St. 
Westminster, CA 92683 
U.S.A. 
Phone: 714-531-7974 
Fax: 714-531-5688 

Jo Anne Culbertson 
15781 Exeter St. 
Westminster, CA 92683 
U.S.A. 
Phone: 714-531-7974 
Fax: 714-531-5688 

Basil D'Oliveira 
41 Arbor Lane, Winnersh 
Wokingham, Berkshire RG 11 SJE 
United Kingdom 
Phone: 0734 784515 
Fax: 0734 772717 

Colin Day 
Lighthouse Depot 
Harbour Road 
Dun Loaghaire, Co Dublin 
Ireland 
Phone: 3531 2801996 
Fax: 3531 2807954 
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Walter Dean 
8060 Sacajawea Way 
Wilsonville, OR 97070 
U.S.A. 
Phone: 503-639-8496 
Fax: 503-639-1934 

Vladimir I. Denisov 
Intemavigation Committee 
69 Prospekt Mira 
Moscow, 129110 
C.I.S. 
Phone: 7-095-132-0822 
Fax: 7-095-132-0822 

Steve Douglas 
Brookes & Gatehouse, Ltd. 
Int. Marine House, Abbey Park 
Ramsey, Hampshire S051 9AQ 
United Kingdom 
Phone: 0794 518448 
Fax: 0794-518058 

Cathy Dukes 
The Lord Mayor's Parlour 
The Council House 
Birmingham, B 1 IBB 
United Kingdom 
Phone: 021-235-2040/1/2 
Fax: 021-235-4809 

Kjell Enerstad 
NODECA 
Langkaia 1, Oslo Mil/Akershus 
N-0015 Oslo, 
Norway 
Phone: 47-2-40-2619 
Fax: 47-2-41-2391 

Donald Feldman 
BP Europe 
Boterbloeman 14 
Moorcel-Terruren3080, 
Belgium 
Phone: 
Fax: 32-2-767-4630 

Steve Ferguson 
University of Central England 
Baker Building, Franchise St. 
Perry Bar, Birmingham B42 2SU 
United Kingdom 
Phone: 021-331-5650 
Fax: 

Boerje Forssell 
Norwegian Inst. of Technology 
Div. ofTelecomms. NTH 
Trondheim, N-7034 
Norway 
Phone: 47-7 592?53 
Fax: 47-7-944475 

Robert L. Frank 
30795 River Crossing 
Birmingham, MI 48010 
U.S.A. 
Phone: 313-645-9848 
Fax: 

Sally Frankish, Complex Mgr. 
Birmingham Conservatoire 
Paradise Place 
Birmingham, B3 3HG 
United Kingdom 
Phone: 021-331-5909 
Fax: None 

Robert L. Gazlay 
USCG Activities Europe 
Hanover Court, Fourth Floor 
5 Hanover Sq., London WlR 9HE 
United Kingdom 
Phone: 071-872-0943 
Fax: 071-872-0939 

Tony Good 
Modular Displays Ltd. 
19A Water Lane 
Wilmslow, Cheshire SK9 SAE 
United Kingdom 
Phone: 0625-533555 
Fax: 0625-526965 

Russell Griffith 
Prestige Photography 
328 Stratford Road 
Shirley, Solihull B90 3DN 
United Kingdom 
Phone: 021-733-6303 
Fax: 021-733-1470 

Peter Healey 
Meteorological Research Flight 
Royal Aerospace Establishment 
Farnborough, Rants GU14 6TD 
United Kingdom 
Phone: 0252-24461 x5739 
Fax: 0252-376588 



James Hegarty 
Bord Iascaigh Mhara 
Crofton Road 
Dun Laoghaire, Co. Dublin 
Ireland 
Phone: 
Fax: 

Bruce Hensel 
JET Electronics & Technology Inc 
5353 52nd St SW 
Grand Rapids, MI 49588-0873 
U.S.A. 
Phone: 616-285-4396 
Fax: 616-949-0165 

Francis J. Holden 
Trinity House Lighthouse Service 
East Cowes 
Isle of Wight, P032 6RE 
United Kingdom 
Phone: 0983-292651 
Fax: 0983-294317 

R. G. Horton 
MOD(NAVY) 
Hydrographic Office 
Taunton, Somerset T Al 2DN 
United Kingdom 
Phone: 0823-337900 X618 
Fax: 0823-284077 

Alexandre V. lakovlev 
Internavigation Committee 
69 Prospekt Mira 
Moscow, Russia 
C.I.S. 
Phone: 7-095-132-0822 
Fax: 7-095-132-0822 

John Illgen 
Illgen Simulation Technologies, 
250 Storke Road, Suite #10 
Goleta, CA 93117 
U.S.A. 
Phone: 805-968-8661 
Fax: 805-968-1311 

Elijah, "Zeke" Jackson 
NavCom Systems 
7203 Gateway Ct. 
Manassas, VA 22110 
U.S.A. 
Phone: 703-361-0884 
Fax: 703-361-0535 
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Dr. Rolf Johannessen 
BNR Europe Ltd. 
London Road 
Harlow, Essex CM17 9NA 
United Kingdom 
Phone: 0279-429531 X3446 
Fax: 0279-441861 

Paul R. Johannessen 
Megapulse, Inc. 
40 Tyler Road 
Lexington, MA 02173 
U.S.A. 
Phone: 617-275-2010 
Fax: 617-275-4149 

Dale Johnson 
Suite 208 
3899 Produce Road 
Louisville, KY 40218 
U.S.A. 
Phone: 
Fax: 

Barry Jones 
Lancaster House 
7 Church Street 
Slough, Berks SU ITL 
United Kingdom 
Phone: 0753-538025 
Fax: 0753-824633 

Peter E. Kent 
38 Stanbury Road 
Thruxton, Andover, Ramps. SPI I SNS 
United Kingdom 
Phone: 0264-772191 
Fax: 0264-773031 

Jae Kuk Kim 
Aids to Navigation Division 
KMPA, 112-2 Ineui Dong 
Jongro-ku, Seoul, 
South Korea 
Phone: 82-2-744-4 739 
Fax: 82-2-744-9591 

Keith Kirtland 
The Print Room 
Unit I Rear of 536 Hob Moor Rd 
Yardley, Birmingham, B25 8TN 
United Kingdom 
Phone: 021-784-3376 
Fax: 021-789-7740 

Valeri I. Kukharkin 
Internavigation Committee 
69 Prospekt Mira 
Moscow, Russia 
C.I.S. 
Phone: 7-095-132-0872 
Fax: 7-095-132-0872 

Norman E. Langstone 
Smiths Industries 
9 Kent Close 
Churchdown, Glos. GL3 2HX 
United Kingdom 
Phone: 0242-669119 
Fax: 0242-661790 

Marigold Lankester 
Bilthoven 
1253 Stratford Road 
Hall Green, Birmingham B28 9AJ 
United Kingdom 
Phone: 021-777-3324 
Fax: 

J. David Last 
University of Wales 
School of Electronic Eng. Sci. 
Bangor, Gwynedd LL57 IUT 
United Kingdom 
Phone: 44-0248-351151 
Fax: 44-0248-361429 

Kevin Legg 
Midland Red Coaches 
Spencer House, Digbeth 
Birmingham, BS 6DG 
United Kingdom 
Phone: 021-622-600 I 
Fax: 

Robert W. Lilley 
Ohio University 
College of Engineering 
Athens, OH 45701 
U.S.A. 
Phone: 614-593-1514 
Fax: 614-593-1604 

Ellen Lilley 
150 South Plains Road 
The Plains, OH 45780 
U.S.A. 
Phone: 614-592-1282 
Fax: 614-592-1282 



David Limbert 
Vaisala (UK) Ltd. 
Cambridge Science Park, 
Milton Road, Cambridge CB4 4GH 
United Kingdom 
Phone: 0223-420112 
Fax: 0223-420988 

KeithMaby 
The Old Chapel House 
Long Compton 
Shipston-on-Stour, CV36 5JS 
United Kingdom 
Phone: 0608-84251 
Fax: 0608-84873 

Joyce Malkmes 
3 Maple Avenue 
Stony Brook, NY 11790 
U.S.A. 
Phone: 
Fax: 

Ben Marcelo 
II Morrow Inc. 
2345 Turner Road SE 
Salem, OR 97302 
U.S.A. 
Phone: 503-581-8101 
Fax: 503-375-9165 

Ron Marsh 
II Morrow Inc. 
2345 Turner Road SE 
Salem, OR 97302 
U.S.A. 
Phone: 503-581-8101 
Fax:: 503-375-9165 

Norman Matthews 
Tepekee, St Lawrence Drive 
St. Lawrence Bay 
Southminster, Essex CMO 7NH 
United Kingdom 
Phone: 0621 778132 
Fax: 0621 778295 

Philip G. Mattos 
INMOSLtd. 
1000 Aztec West, Almondsbury 
Bristol, Avon BS 12 4SQ 
United Kingdom 
Phone: 0454-616616 
Fax: 0454-617910 
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Carolyn P. McDonald 
Navtech Seminars, Inc., 
2775 S. Quincy St. Suite 610 
Arlington, VA 22206-2204 
U.S.A. 
Phone: 703-931-0500 
Fax: 703-931-0503 

Edward L. McGann 
Megapulse, Inc. 
8 Preston Court 
Bedford, MA01730 
U.S.A. 
Phone: 617-275-2010 
Fax: 617-275-4149 

Robert V. McKeown 
RVM Industries, Inc. 
27 Waterbury Road 
Upper Montclair, NJ 07043-1739 
U.S.A. 
Phone: 201-746-5737 
Fax: 201-746-5746 

Jen Mesa 
USCG Activities Europe 
Hanover Court, Fourth Floor 
5, Hanover Square, London WIR 9HE 
United Kingdom 
Phone: 071-872-0943 
Fax: 071-872-0939 

T. J. Morgan 
DECCA Contractors (SA) (PTY) Ltd 
PO Box 225 
Ottery, Cape 7808, 
South Africa 
Phone: 27-21-739400 
Fax: 27-21-739410 

Mark Morgenthaler 
Trimble Navigation 
650 N. Mary Avenue 
Sunnyvale, CA 94088 
U.S.A. 
Phone: 408-730-2900 
Fax: 408-730-2082 

Pauline Moroney 
21 Greenbrook Road 
South Hamilton, MA 01982 
U.S.A. 
Phone: 508-468-2665 
Fax: 

Maurice J. Moroney, DTS-52 
VNTSC/USDOT 
Kendall Square 
Cambridge, MA 02142 
U.S.A. 
Phone: 617-494-2026 
Fax: 617-494-2628 

John Nash 
U.K. Meteorological Office O(op) 
London Road 
Bracknell, Berkshire RG 12 2SZ 
United Kingdom 
Phone: 0344-856619 
Fax: 0344-856412 

Andre Nieuwland 
Delft University of Technology 
Mekelweg 4 P.O. Box 5031 
Delft, 
The Netherlands 
Phone: 31-15-782045 
Fax: 31-15-786190 

Kevin O'Hara 
Bendix/King, Inc 
400 North Rogers Road 
Olathe, KS 66062-1212 
U.S.A. 
Phone: 913-719-6010 
Fax: 913-782-0345 

Dave Olsen 
DOT/RSP A/DRT-20 
400 7th St. DRT-20, Room 9402 
Washington, DC 20590 
U.S.A. 
Phone: 202-366-4354 
Fax: 202-366-3272 

Mr. Terry Page 
Editor, The Birmingham Post 
28 Colmore Circus 
Queensway, Birmingham B4 6AX 
United Kingdom 
Phone: 44-21-236-3366 
Fax: 44-21-233-3958 

Lois Parteger 
Coombe Abbey 
Brinklow Road, Binley 
Nr. Coventry, CV3 2AB 
United Kingdom 
Phone: 0203-452406 
Fax: 



Ben Peterson 
U.S. Coast Guard Academy (de) 
15 Mohegan Avenue 
New London,, CT 06320-4195 
U.S.A. 
Phone: 203-444-8541 
Fax: 203-444-8546 

Dieter Pohle 
Balthasar-Neumann Str. 5 b 
5400 Koblenz 1, 
Germany 
Phone: 49-261-9819-220 
Fax: 49-261-9819-156 

Martin C. Poppe 
Cambridge Engineering, Inc. 
PO Box 3099 
Burlington, VT 05401 
U.S.A. 
Phone: 802-860-7228 
Fax: 802-860-7183 

Dorothy Poppe 
Cambridge Engineering, Inc. 
233 Van Patten Pkwy 
Burlington, VT 05401 
U.S.A. 
Phone: 802-860-7228 
Fax: 802-860-7183 

G. Preiss 
Norwegian Geodetic Institute 
NMA (S tatens Kartverk) 
N-3500 Honefoss, 
Norway 
Phone: 47-67-18393 
Fax: 47-67-18101 

Joseph Puntino 
USCG Activities Europe 
Hanover Court, Fourth Floor 
5 Hanover Sq., London WlR 9HE 
United Kingdom 
Phone: 071-872-0943 
Fax: 073-872-0939 

Jay .T Purvis 
Bldg 856 TASS 
Wright-Patterson AFB 
Ohio 45433-6508 
U.S.A. 
Phone: 513-257-4113 
Fax: 
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Steen N. Rasmussen 
Philips Radio Communications Sys 
Jenagade 22 
2300 Copenhagen S, 
Denmark 
Phone: 45-3288-3650 
Fax: 45-3288-3930 

Helen Relihan 
The Copthome, Birmingham 
Paradise Circus 
Birmingham, B3 3HJ 
United Kingdom 
Phone: 44-021-200-2727 
Fax: 44-021-200-1197 

Paul Ridgway 
3, The Green, Ketton 
Stamford, Lines. PE9 3RA 
United Kingdom 
Phone: 0780-721628 
Fax: 0780-721980 

Robert Rines 
Rines & Rines 
81 North State Street 
Concord, NH 03301 
U.S.A. 
Phone: 603-228-0211? 
Fax: 603-228-0201 

William Roland 
Megapulse, Inc. 
8 Preston Court 
Bedford, MA 01730 
U.S.A. 
Phone: 617-275-2010 
Fax: 617-275-4149 

Gerard Ruaro 
MORS CD 14 La Confrerie B.P 22 
13610 Le Puy Ste Reparade 
France 
Phone: 33-42-33-86-00 
Fax: 33-42-61-85-31 

E. Rubiola 
Polit. di Torino, Dip. de Elett. 
C-SO Duca degli Abruzzi, 24 
I-10129 Torino, 
Italy 
Phone: 39 11 5644011 
Fax: 39 11 5644099 

Stuart Ruttle 
Commissioners of Irish Lights 
16 Lower Pembroke St. 
Dublin 2, 
Ireland 
Phone: 353-1-682511 
Fax: 353-1-618094 

Peter Ryder 
Director of Services, 
U.K. Met Office, London Road 
Bracknell, Berkshire RG 12 2SZ 
United Kingdom 
Phone: 0344-854608 
Fax: 0344-854412 

Ichiro Sato 
Calona Ltd., 3rd Fl, Broadway Hs 
112-134 The Broadway 
Wimbledon, London SW19 IRR 
United Kingdom 
Phone: 081-543-1116 
Fax: 081-543-1008 

M.A. Savill 
Northern Lighthouse Board 
84 George St. 
Edinburgh, EH2 3DA 
Scotland, UK 
Phone: 031-226-7051 
Fax: 031-220-2093 

David C. Scull 
7897 Wellington Drive 
Warrenton, VA 22186 
U.S.A. 
Phone: 703-683-7101 
Fax: 703-683-7105 

Mark Searle 
University of Wales 
School of Electronic Eng. Sci. 
Bangor, Gwynedd LL57 1 VT 
United Kingdom 
Phone: 0248-351151 
Fax: 0248-361429 

S. Sharma 
c/o Training Office RARDE 
Chobham Lane 
Chertsey, Surrey KTIG OEE 
United Kingdom 
Phone: 0684 895761 
Fax: 0344-28690 



Martin W. Shuey 
Aircraft Owners & Pilots Assoc. 
421 Aviation Way 
Frederick, MD 21701-4 798 
U.S.A 
Phone: 301-695-2209 
Fax: 301-695-2375 

Inger-Lize Sogstad 
Royal Norwegian Ministry of Fish 
Postboks 8118 DEP 
0032 Oslo, 
Norway 
Phone: 47-02-34-64-28 
Fax: 47-02-34-95-85 

Laurence H. Somers 
U.S. Coast Guard, Act. Europe 
Hanover Court, Fourth Floor 
5 Hanover Sq,, London WlR 91-IE 
United Kingdom 
Phone: 071-872-0931 
Fax: 071-872-0939 

Hans E. Speckter 
German Fed. Waterways Admin. 
W einbergstrasses 11-13 
D-5400 Koblenz, 
Germany 
Phone: 49 261-9819-250 
Fax: 49 261-9819-156 

Neil Statham 
Racal Survey Ltd. 
118 Burlington Road 
New Malden, Surrey KT3 4NR 
United Kingdom 
Phone: 081-942-2464 
Fax: 081-942-0835 

Andreas Stenseth 
NODECA 
Langkaia 1,0slo Mil/Akershus 
N-0015 Oslo, 
Norway 
Phone: 47-2-402403 
Fax: 47-2-402415 

Andrew Stratton 
39 Salisbury Road 
Farnborough, Rants GUI 4 7 AJ 
United Kingdom 
Phone: 0252-542514 
Fax: 0252-542514 
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Philippe Taylor 
Birmingham Conv. & Visitor Bur. 
9 The Wharf, Bridge Street 
Birmingham, BJ 2JS 
United Kingdom 
Phone: 44-021-643-2401 
Fax: 44-021-643-5001 

Bahar J. Uttam 
Synetics Corporation 
540 Edgewater Drive 
Wakefield, MA 01880 
U.S.A. 
Phone: 617-245-9090 
Fax: 617-245-6311 

Ed Van Bremen 
Rykswaterstaat 
P.O. Box 5023 
2600 GA Delft, 
The Netherlands 
Phone: 
Fax: 015-618962 

James P. Van Etten 
230 Rutgers Place 
Nutley, NJ 07110 
U.S.A. 
Phone: 717-775-6253 
Fax: 201-575-5467 

Viacheslav I. Volkov 
Intemavigation Committee 
69 Prospekt Mira 
Moscow, Russia 
C.I.S. 
Phone: 7-095-132-0822 
Fax: 7-095-132-0822 

Nicholas Ward 
Trinity House Lighthouse Service 
Trinity House Depot 
East Cowes, Isle of Wight P032 6RE 
United Kingdom 
Phone: 44-0983-292651 
Fax: 44-0983-294 317 

Clyde Watanabe 
Commander (Atl) c/o USCG ONSCEN 
7323 Telegraph Road 
Alexandria, VA 22310-3998 
U.S.A. 
Phone: 703-866-3819 
Fax: 703-866-3866 

Wilfred St. John White 
901 Raleigh House 
Dolphin Square 
London, SWI 
United Kingdom 
Phone: 798-8199 
Fax: 798-8819 

Des Workman, Commercl Officer 
Central Library 
Chamberlain Square 
Birmingham, B3 3HQ 
United Kingdom 
Phone: 021-235-286& 
Fax: 021-233-4458 

Eli Zuckerman 
Hypertek 
7 yhabub St. 
Peteach-Tiqwa, 49417 
Israel 
Phone: 972-3-9245097 
Fax: 972-3-5485480 

A.C. de Bruin 
Minnaertweg 78 
3328 HN Dordrecht, 
The Netherlands 
Phone: 31-78-174833 
Fax: 

Jacques de Dieu 
Directorate Gen. for Transport 
Rue de La Roi 200 
Bruxelles, 1040 
Belgium 
Phone: 32-2-296-8374 
Fax: 32-2-236-9066 

Richard D. J. van Nee 
Delft University of Technology 
PO Box 5031 
2600 GA Delft, 
The Netherlands 
Phone: 31-15-782397 
Fax: 31-15-781774 

Durk van Willigen 
Delft University of Technology 
Dept of EE PO Box 5031 
2600 GA Delft, 
The Netherlands 
Phone: 31-15-786186 
Fax: 31-1829-6094 
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Convention Staff and Credits 

Function Individual Position 

Convention John Beukers Convention Chairman 
Mike Moroney Convention Co-Chainnan (U.S.) 

Technical Program John Illgen Technical Chairman 
David Last Technical Co-Chairman (Europe) 
Frank Cassidy Technical Co-Chairman (U.S.) 
Carolyn McDonald Technical Program Manager 
Session Chairman 
Speakers 

Luncheon Speaker Walter Blanchard Radionavigation Consultant 

Awards Committee Jim Van Etten Chairman 

Exhibition John Beukers 
Tony Good Modular Displays 

Spouse and Guest Program Marilyn Beukers 
Pauline Moroney 
Jo Anne Culbertson 

Hospitality and Industry Liaison EdMcGann Megapulse, Inc. 

Publicity Paul Ridgway 

International Liaison Nonn Matthews Secretary General IALA 

Copthorne Hotel Helen Relihan Sales Manager 
Madelyn Reservations 
Paul Barnett Conference & Banqueting Manager 
PeterDomom Food & Beverage Manager 
Judi Nock Rooms Development Manager 
Bar Tenders 
Bell Capt & staff 

Birmingham Convention Philippe Taylor Chief Executive 
& Visitor Bureau Kim Bate Conference Officer 

Christine Naylor Office Manager 
Sabine Registration 
Antonia & others Registration 

NEC printer 

City Library Des Workman Supervisor 
Security staff 
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Convention Staff and Credits (continued) 

Function Individual Position 

Cine Equipments Ltd. Microphone Rental 

Birmingham Conservatoire Sally Frankish Complex Manager 
Alan Smallman Supervisor 
Steve Ferguson & staff Catering Service (Coffee and Tea breaks) 

Printing 

Photographers 

Keith Kirtland 
Rebecca Biehl 

Carolyn McDonald 
Prestige Photography 

City Council Cathy Dukes 

Gareth Lewis 

Coach Company Kevin Legg 
Colin Sheppard 
Other drivers 

Coombe Abbey 

Warwick Castle 

Blenheim Palace 

East Ridge Caterers 

Flight Line 

Vi Warren 
Lois Parteger 

Paul Barker 
Mc Garry 

Marigold Lankester 

Keith Maby and Staff 

Heathrow Supervisor 

The Print Room (Registration, Program etc.) 
Omnipress (Proceedings) 

Civic Affairs Officer 
Calligrapher 
Photographer 

Midland Red West 
Spouse/Guest program driver 

Curator 
Guide 

Blue Badge Guide 

Spouse Program Caterers 






