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Loran-C offers total all-altitude coverage for all geographic regions given
existing and proposed chains . The primary drawback is the large area and ,
hence , number of aircraft affected by single station outage. With suitable
redundancy , Loran-C could meet the civil air navigation requirements as a
primary or supp l ementary navigation system in all geographic regions .

Omega lacks adequate coverage over CONUS. Therefore, Omega and Differential
Omega are candidates only in Alaska , Alas ka Offshore and most of CONUS Offsnore .
Omega , however , does not meet the accuracy requirements for nonprecision
approaches or in high density termina l areas, whereas , Differential Omega is
expected to.
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16. Abstract (Continued)

times for maintenance becomes less of a problem . Used in conjunction wi th Omega
signals , the VLF coninunications signals will provide adequate redundancy and
usable geometry.

A potentially significant benefit offered by the candidate systems considered
is the support of non—precision approach (NPA) requirements . A separate element
of the study, which analyzed all systems considered , was devoted to this topic.
Loran-C was found to exceed the NPA requirements in all regions and Differential
Omega exceeded them in Alaska , Alaska Offshore and most of CONUS Offshore. The
other systems did not meet the NPA requirements including Differential Omega
over CONUS.

The report is presented in three separate volumes . Volume I presents the executive
sulTunary and Volume II presents the detailed technical analysis supporting this
sumary. Further supportive material is presented in the appendices which make
up Vol ume III.
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INTRODUCTION

This document represents Volume III of a three volume report

entitled , “Loran-C , Omega , and Differential Ome ga App lied to the
Civil Air Navigat ion Requirements of CONUS , Alaska and Offshore .”

Volume III presents the back ground Appendices A , B and C support-

ing the evaluation presentation of Volume II. Appendix A presents

a detailed discussion of Loran-C accuracy and coverage character-

istics. The results of the Omega accuracy analysis in the CONUS ,

Alaska and offshore regions are presen ted in Appendix B . Final-
ly, Appendix C presents the trade-off analysis for the Differen-
tial Omega configuration presented in Sec tion V I of Volume II .
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APPENDIX A

LORAN-C ACCURACY AND C0. ~RAGE

A. l INTRODUCT ION

The purpose of this appendix is to present a more detailed

discussion of Loran-C accuracy and coverage characteristics .

The material presented serves as a backup to that presented in

the main text. The organization of this appendix is as follows.

Sect ion A .4 presents some of the basic considerations in the

determination of Loran-C coverage. An example of the determir.a-

tion of the coverage range for a LF transmitter is presented ir’
Sec tion A .5. To complete the discussion of covera ge , the loca-
tion of each of the Loran-C chains is presented in A.5 .

A .2 LORAN-C GRID ACCURACY

This section presents the results of some theoretical analyses

of grid bias and data from actual field measurements o~ grid warp

in the eastern U.S. The grid bias analysis assumes the presence

of an addi tional secondary factor that is not corrected in the

Loran-C receiver/proce ssor. The grid warp effects are presumed

to have been caused by coastline effects or mountain/terrain

effects upon the Loran-C signal.

This first accuracy consideration discussed in this section

shows the results of the theoretical analysis of the grid bias
C 

error caused by the additional secondary factor in the Revised

East Coast chain. The navigation receiver was assumed to have

been programmed wi th the seawater phase correc t ion term from
Figure A . 1 (c ~~~ 5 mho/metér) while the actual propagation conditions

were assumed to be represen ted by a phase re tarda t ion corres-
ponding to the a =.O05 mho/meter curve . The results of the

analysis are presen ted in Figures A.2  through A . 5 for var ious s ta-
tion combinations .
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Grid warpage errors crea ted by conduc tivity and terrain vari-
ations along adjacent propagation paths have been investigated

theoretically and experimentally. A series of such tests is
described in Ref. 1 in which a Loran-C simulator was used to
attemp t to match “real world” data. Results of these tests are
shown in Figures A. 6 and A .7  which indica te the res idual errors

* ‘ at several locations for the Carolina Beach - Jup iter and Caro l ina
Beach - Dana time differences. The data is shown over a 20 by S
nmi grid.

Grid warpage caused by other terrain irregularitie s, such as
coastlines and mountains , has also been investigated. The U.S.
Army Electroncis Command (ECO M) has investigated coastline effects
in the Montauk Point , New Jersey area [2 1 .  The resul ts of t h i s
study are shown in Figures A.8 and A .9. The impac t of mountainous
terrain was studied by ECOM in the vicinity of Nittany Mountain
near State College , Pennsylvania [2 J .  These results are shown
in Figure A .lO.

A .3 RECEIVER DYNAMIC ERROR ANALYSIS

Airborne Loran-C receiver systems have tracking loops which
smooth the time difference information to reduce the effects of
noise on the signal Thece trarking loops can cause the receiver
output signal to lag behind the input signal. Many tracking
loops are designed as second order phase locked loops which pro-
duces zero lag as long as the aircraft is moving with constant
velocity. Aircraft accelerations or turns can cause the lag
to appear as a position error during these maneuvers. The amount
of lag error can be estimated by considering the following example.

Assume the receiver tracking circuit is a second-order phase
locked loop of the form 
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P0 (s) 2~w S  +

~ 
., = H ( s )  = 2 2i~ 
-‘ S + 2~ W

J1
S +

which can be achieved wi th the block di ag ram shown in Figure
A.ll , where

Pt (s) input position (in s-domain)

P0(s) = output position (in s-domain)

wf l  
= undamped natural frequency of the loop

= damping factor of the loop

Assuming the input is errorless for the sake of the dynamic accur-

acy analysis , the tracking error can be repres ented by the di f fe r -
ence between the output and the input

(s)
B(s) P (s) -P.(s) = p .  (s) [H(s)-li = 1

0 1 1 SL + 2~w S +w
2

n n

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~P0 (s )

Figure A.ll Rec eiver Trackin g Loop Block Diagram
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Assume that prior to time t— 0 the aircraft is flying along the

Loran-C line-of-pos ition (LOP) and at time t=O the aircraft

begins a turn in a circular arc away from the LOP wi th velocity
V and turn rate w . The posi t ion of the aircraf t with respec t

to the LOP is then

P
~~
(t)= 0 t < 0

P1(t)=~~~~( l- c o s wt) t > 0

For sma ll t the posi t ion is app rox imately

P~ (t) ~ (wt)
2 

= wV ~ - = A ~ -. 
-

where A = wV is the acceleration experienced by the aircraft in

the direction perpendicular to the fligh t path of the aircraft .

In the s-domain ,

Pt (s) =

and the resulting error is

B(s ) 2 
-A 

2S(S + 2
~~n

5 + w )

By applying the f ina l  value theorem [ 3 ] to E C s ) ,  the peak
steady state error can be found (since A is the maximum acceler-

ation experienced by the aircraft). The final value theorem

states that the ste ady state error E55 
can be found by the

following expression

- 
. -As -AE - u r n  2 —

~SS s~ o s(s + 2~w~ s + w

13
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The minus sign indicates that the output lags the input . The
term ~— is often replaced by the filter time constant -r in

which case the steady state error becomes

E5~ 
= -Ar 2

A.4 LORAN-C COVERAGE

The two factors that define the limits of Loran-C coverage
for a triad (master and two seconda ry stations) are signal avail-
ability and position determination accuracy . The signal avail-
ability factor is commonly considered to be a signal-to-noise
leve l value that permits a receiver to acquire and process the

Loran-C signals a high percentage of the t ime. At the p res ent
time , the U.S . Coas t Guard considers the l imit s of co ve ra ge for
civilian users to be a groundwave signal-to-noise level of 1:3

(-10 dB) which is available 95% of the time. The position deter-

minatiort limitations are based upon the accuracy with which two

time difference values may be converted to a geographical position

fix. This accuracy is determined by the repeatability of the time

difference measurement and the geometric dilution of precision

(GDOP) factor that relates time differences to geographical posi-

tion . The U.S. Coast Guard uses a root-mean-square radial error

(DRMS) statistic to define accuracy limits. 4 2 DRMS value of

1500 ft defines the coverage limits published by the U.S. Coast
Guard.

A.4.l Atmospheric Noise

The atmospheric noise values that are often used in coverage

calculations are defined from Ref. 4. Contours of expected noise

levels at -i MHz are presented along with curves to translate

the contour values to other frequencies from 10 KHz to about

14



20 MHz. Curves of statistical characteristics of the atmospheric
noise are also present ed for the same frequency range. Contours
are presented for four seasons in six daily time periods of four
hours each . The methods by which these noise data are used to
determine a no ise f i gure for the spec if ic ar ea of inter est is
described in detail in Appendix B of Ref . 5.

A .4.2 Signal Strength

The signal s trength of low frqeuency groundwaves was com puted
for various groun d conductivities as shown in Figure A.12. It

is evident from these curves that the ear th’ s conductivity has
a significant influence on the field strength. In addition , at
dis tances grea ter than 200 naut ica l miles , the curves deca~’ at a

rate that is considerably in excess of the classical inverse

dis tance rela t ionship normally associa ted w ith fie ld s treng th.
Conse quently in this region, boosting transmitter power will
produce only small incre ases in r ecep tion rang e.

Traditional use of Loran-C has been over sea water which has

a conductivi ty of S mhos/meter  which near ly  over l ies  the ~ =

curve in Figure A.12. The us-a of Loran-C over land areas , which
generally have conduc tivities ranging f rom a = .0001 mho/meter

to a = .0100 mho/meter , will resu lt in decreas ed signa l s trength
and conse quently reduced recep tion range as compared to sea water
appl ica tions . For ins tance, the theoretical range trom a 100 KW

transmitter in the northeastern United States is about 870 nm

over seawa ter , 790 nm over cultivated land and only 490 nm over
poor , rocky soil. Doubling the transmitter power to 200 KW

will p roduce range increases of about 10% in each case. Thus
in order to s ignificantly increase transm itter range ove r land ,

very large increases in transmitter power are required . The

alternative solution to increasing power is achieved by using

closer spaced transmitters and more ground stations .

15
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The use of Loran-C in land areas often means that the path
between the transm itter and receiver has more than one conduc-
tivity value . The analysis of s ignal streng th over the se mixed
conductivity paths requires specialized computer software to
accurately mode l the process [6] or empirical techni ques which
use the da ta associa ted wi th Figure A . 12 [ 7 ] .  Th is emp irical
approach is dis cussed in gr eater detail in Se ction A .S .

A .4.3 Signal-to-Noise Ratio Computations

The signal strength values that are characterized by Figure

A.12 are compared to the noise levels obtained from Ref. 4. At

poin ts where the signal-to-noise ratio is greater than 1:3

(-10 dB) from all three stations in the Loran-C triad , the sig-

nal availabili ty criteria for coverage is met. Points where the

signal- to-noise ratio is less than 1:3 are considered to be out-

side the covera ge area of the stations under cons idera t ion.

A .4.4 GDOP Cons idera t ions

The GDOP express ions determine the ratio by which time dif-

ference error is propagated into posi t ion fix error . The GDOP
value is dependent only upon the geometric relationships between

the three Loran-C stations and the point of interest. The two

terms which compose the GDOP factor are the gradients of the

LOP ’ s and the cross ing angle of the LOP ’ s. The gradient of each
LOP depends upon the user ’s posi t ion. Along the basel ine the
gradien t of the LOP is a minimum and has the value of 150 meters!

ps (492 ft/jis). Along the baseline extension the gradient is

infinitely large as there is no change in the time difference

reading anywhere along this line. As the user approaches a

baseline ex tension , the GDOP factor gets very large and an

accurate position fix cannot be determined.
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The other geometric characteristic that affects the GDOP
factor is the crossing angle of the LOP’s. The GDOP term is
inversely proportional to the sine of the crossing angle of the
LOP ’ s [8] and is thus a minimum where the LOP ’s cross at 900
and a maximum where the LOP ’ s cross a t 00 or 180° . The line on
which the LOP ’ s cross at 0~ or 180° is an extension of the line
conne cting the two secondary s tations . Thus , the areas wher e
no coverage can be expected due to GDOP factors are the baseline
extension areas from lines connecting all three stations in the
triad.

A . 5 EXAMPLE TRANSMITTE R RANGE ANALY SIS

The range of an LF transmitter is a function of the trans-
mi tter power , the conduc t ivity of the surface over which the
electromagnetic wave travels and the noise environment at the

rece iver. Ove r cons tant conduc tivity surfaces , curves such as
those shown in Figure A .l2 can~be used to compu te the f i e ld
strength of the transmi tted signal at any dis tance from the
station. In mixed conductivity regions the analysis of field

strength and transmitter range is complicated by the differing

attenuation rates of the signal as it passes over the various

conductive regions . Millington [9] as discussed in Scott [101

has developed a semi-empirical method for computing the field

strength in such areas. Let the path under consideration be as

shown in Figure A. 13.

Transmitter Rece iver

ci cT2 03 
~~~~~~~~~~~~~~~~~~~~ ~

d0=o d LI LI dm_2 dm_ i dm

Figure A.l3 Propagation Path with Mixed Conductivities
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Le t E(a ,d) represen t the field s trength func tions as shown
in Figure A.l in terms of attenuation in dR’ s. Millington ’s
method assumes that the field strength of the transmitted signal
at point dm is the geometric mean of the path from d0 to
dm and the reciprica l path from dm to d0. The forward path
may be compu ted as

EF 
= E(a1,d1)+ [E(a 2,d1) -E(a2,d1) ]+ [E (a3,d3) -E(a3,d2)]

+ . . . +

+ [E( am~dm)aE(o m~dm 1 )1

and the backw ard path may be computed as

ER 
= 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

+ . . . + [E(a 2 , dm~di)~ E(a 2~
dm~

d2 ) ]

+ [E( a 1, d - d ) - E ( a 1, d - d 1 ) 1

and the mean field strength, E , can be found by averagin g EF
and EB since both are in terms of decibels

E = -
~ 

(EF + EB)

Millington ’s method was applied to several points in Alaska in
order to determine the range of the Loran-C signal. Conductivity

values were taken from a map (Figure A.l4) prepared by Stanley

[11] as found in Ref. 12. Attenuation values were computed by

fitting the data represented in Figure A.l (as found in Ref. 8)

to a second degree polynomial of the form E A + Bd + Cd2 where
d is in nautical miles and E is measured in terms of dB rela-

tive to hr/meter. The curve fits for the various conductivities
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were accurate to about 2 dB in the 60-80 nm range and the accur-

acy improved to less than 0.5 dB error in the region beyond 800

nm. The errors in all curves were similar in value and of the

same sign at the same distance values so that error cancellation

would occur at the shor ter ranges due to the formulation of
Millington ’s method.

Three paths were chosen for detailed evalua tion. The se
paths are :

A - St. Paul Island to Demarka t ion Point
B - Tok to Point Barrow
C - Port Clarence to Demarkation Point

The following conductivity-distance values were used in the

analysis:

Path A Path B
Seg. d a Seg. d a

1. 303 5 mho/m 1 53 0.002 mho/m
2 764 0.002 2 106 0.0005
3 876 0.001 3 202 0.001
4 1067 0.0005 4 276 0.0005

5 329 0.001
6 4 14 0.000 5
7 446 0.001
8 574 0. 05

Path C
Seg. d a

1 79 0.0005 mho/m
2 147 5.0
3 305 0.05
4 645 0.0005
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The computation of the field strength produced the following
data:

Path Field Strength (dB above 1 v!m)

A 2 4 . 9 d B
B 51.5 dB
C 41 .6 d B

The noise level used by the Coast Guard for range calculations
in the Gulf of Alaska Chain is 42 dB above 1 vj’meter in a 20 kHz
bandwidth. The resulting signal-to-noise ratios are:

Path S/ N

A -17. 1 dB
B + 9 . 5  dB
C -0.4 dB

The path A S/N falls well below the Coast Guard threshold value

of -10 dB for civil systems . Paths B and C are well above the

-10 dB threshold. Thus Demarkation Point is outside of the

coverage area for St. Paul Island while Pt. Barrow is within the
coverage of Tok and Demarkation Point is within the coverage of
Port Clarence.

.A.6 LORAN-C CHAINS

The coordinates , station function , coding delay , baseline
length and radiated peak power of each of the Loran-C chains are

presented in Tables A .1 through A .9. These include the U.S.

Wes t Coas t chain, West Canadian chain , North Pacific chain , Gulf
of Alaska chain, U.S. Eas t Coas t chain, Gulf of Mexico chain ,
Great Lakes chain , mid-con tinent chain and current Alaskan chain.

The operational date of each of the chains is also noted for

reference.
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Table A.l

U.S. West Coast Chain (Operation 1/77) - Rate 9940

Station Coordinates Station Coding Radia~~~Func tion Delay & Peak
Latitude & Baseline Power

______________ 

Longitude Length

Fallon , 39-33-06.38N Master --- 400 kW
Nevada 118-49-45.20W

George, 47-03-47.90N W 11 ,OOO~s 2.0 MW
Washington 119-44—39.38W Secondary 2796.92us

Middletown , 38-46-56.76N X 27,000~s 400 kW
California 122-29-44.30W~ Secondary 1094.5Ous

Searchlight , 34-19—18.11N V 40,000~s 1.0 MW
Nevada 114-48-17.35W Secondary 1967.28i.is

Table A . 2
Wes t Canadian Chains (Oper ation 1/ 7 7) - Ra te 59 90

Station Coordinates Station Coding Radiated
Function Delay & Peak

Latitude & Baseline Power
Long itude Length

Williams Lake 51-57-58.70N Master --- 400 kW
BC, Canada 122-22-02.50W

Shoa l Cove , 55-26-20.68N X 11 ,000iis 1.0 NW
Alaska 131-15-19.69W Secondary 2343.58us

George , 47-03-47.90N V 27,000us 2.0 MW
Washington 119—44-39.38W Secondary 1927.37us

23



Tab le A . 3 *

North Pacific Chain (Reconfigured 1/77) - Rate 9990

Station Coordina tes Station Coding 
— 

Radiated
Function Delay & Peak

Latitude & Basel ine Power
Longitude Length

St. Paul Is., 57-08-09.80N Master --- 300 kW
Pribiloff Is., 170-14-59.84W
A laska

Attu , 52-49-44 .96N X 1l ,000jis 300 kW
Alaska 173—lO-42.31E Secondary 3875.32~js

Port Clarence , 65-14-40.06N V 29 ,000us 1.0 MW
Alaska 166-53-14.47W Secondary 3069.O9us

Narrow Cape , 57-26-20.48N Z 43,OOO~S 400 kW
Alaska 152—22—11.98W Secondary 3590.06~s

Table A .4

Gulf of Alaska Chain (Opera tion 1/77) - Rate 7960

Station Coordinates Station Coding Radiated
Function Delay & Peak

Lati tude & Baseline Power
______________ 

Longitude 
____________ 

Length 
_________

10k, 63-19-42.70N Master --- 1.0 MW
Alaska 142—48—33.30W

Narrow Cape , 57-26.20 .48N X 11,000~s 400 kW
Alaska 152-22-11.98W Secondary 2804 .40~s

Shoal Cove , 55-26-20 .68N V 26 ,OOO~5 1.0 MW
Alaska 131-15-19.69W Secondary 3651 .18~s
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Table A.5

11.5. East Coast Chain (Reconfigured 7/ 8) - Rate 5930

Station Approximate Station Cod ing Radiated
Function Delay & Peak

Latitude & Baseline Power
Longitude Length

Seneca , 42-42-53N Master --- 1.0 NW
New York 76-49-35W

Caribou , 46-48-27.90N W ll ,OOO~5 700 KW
Maine 67-55-37.97W Secondary

Nantucket, 41— 15— 11.84N X 25,000~.js 300KW
Massachusetts 69-58-39.09W Secondary

Carolian Beach , 34-03—45.96N V 39 ,000pS 350KW
N. Carolina 77—54—46.76W Secondary

Table A . 6
Gulf of Mexico Chain (Operational 7/78)

Station Approximate Station Coding Radiated
Function Delay & Peak

Latitude & Basel ine Power
Longitude - Length 

__________

Malone, 30-59-38N Master --- 1.0 MW
Florida 85-10-11W

Gran gev i l le , 30-43-34N W 11 ,000i,s 1.0 MW
Louisiana 90-49-41W Secondary

Raymondville, 26-31-54N X 23,000i.~s 400 kW
Texas 97-49-58W Secondary

Jupiter , 27-0l-58.42N V 4l ,000~s 300 kW
Florida 80—06-53.52W Secondary

Carolina Beach , 34-02-45.96N Z 59,000pS 350 kW
N. Carolina 77-54-46.76W Secondary 

___________ __________

:
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Table A. 7

- Great Lakes Chain (Operationa l 2/SO) - Rate 9960

Station Approximate 
- 

Station Cod in g Ra di a ted
Function Delay & Peak

Latitude & Baseline Power
Long i tude Len gth

Dana , 39-5l-07 .46N Master --- 400 kW
Indiana 87- 29- 12.14W

Malone , 30-59-38N W 11 ,000~s 1 .0MW
Florida 85-10-1 1W Secondary

Seneca , 42-42-53N X 28 ,000~.~s 1 .0MW -
New York 79-49-35W Secondary

Int. Falls , 48-36N V 44 ,000pS 1.0MW
Minnesota 93- 22W

Table A . 8
U.S. Mid-Con tinent Chain (Proposed)

Station Approximate Station Coding Rad iated
Function De lay & Pea k

Latitude & Baseline Power
____________ 

Longitude Length

Springfield , 37-25 N Master 1.0MW
Colorado 102-39 W

Harlem , 48-31 N Secondary 1.0MW
Montona 108-49 W

Terl i ngua , 29-18 N Secondary 400 kW
Texas 103-38 W
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Table A .9

Current Alaskan Loran-C Chains

North Pacific Chain 
______________________

Station Coordinates 
~~~~

‘t?~ n ~~~~
St Paul Is 57-09-09.80N Master 300 KW

170-14-59,84W
Attu 52-49-44 .96N x Secondary 300 KW

173-10-52. 3lE
Port Clarence 65-l4-40.06N y Secondary 1.0 MW

166—53-14. 47W
Narrow Cape 57-26-20 .48N z Secondary 400 KW
______________ 

152—22-11.98W 
______________________

Gulf of Alaska Chain 
____________ ________

Station Coordinates Station Peak
______________ ________________ 

Function Power
b k  63— 19-42 .70~l Master 1.0 MW

142-48-33.30W
Narrow Cape 57-26-20 .48N x Secondary 400 KW

152—22— 11.98W
Shoal Cove 55-26-20.68N y Secondary 1.0 MW
_____________ 

131-15—19.69W 
____________ ________
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APPENDIX B

OMEGA ACCURACY

The purpose of this appendix is to present the results of the
Omega accuracy analys is in the CONUS , A laska and offs hore reg ions.
The results are presented as a series of tables describing the
primary d imens ions of the error el lip se at var ious latitude/
longi tude grid points. In these tables , dimens ion A is the semi-
major axis , dimen sion B is the semi-minor axis and 4(PHI) is the
bearing rela t ive to Nor th, of the- semi-major axis. The axes

dimens ions are given in nautical mil~~~ and the bearing is given

in degrees. -

Table B.1 represents the results for the pessimistic

coverage case where , for the major par t , only three stations

are available . In the optimistic coverage situation more stations

are available. Hence , it is desirable to determine achievable

accuracies for various station combinations. Table B.2 shows

the situat ion when al l stat ions are opera ting and being us ed
according to the optimistic predictions. Loss of a single station ,

taken seque ntially , is shown in Tables A .3 through A .7. Finally,

for the optimistic coverage situation , Tabl es A . 8 through A.l 7

show the expected accuracies in the event of the loss of two
stations simultaneously.

The next accuracy computations of interest are for Omega

utilization in the p/p mode . This mode requires the addition

of an accurate onboard clock. Clock errors are not included in

these computations and would have to be added. Table A .l8

indicates the expected accuracies for the p/p mode using stations

C and D only. Advancing to using all dual combinations of Omega

when more than two are available the accuracies are determined

to be those g iven in Tables B.l9 through 8 .27. Using combina t ions
of these the accuracies are given in Tables 8.28 through 8.37.

Tables B.38 through B.42 show p/ p  accuracies for combinat ions of

four and Table B.43 shows the expected accuracy when five stations

are available and being used.
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The expec ted accuracies for the pessimistic coverage predic-

tion for Alaska and Alaska offshore are shown in Tables B. -~4
through B.59 Table B.44 shows the accuracies for five Omega

stations , Tables B.4 5 through B.4 9 show the accurac ies for
comb inations of four out of the possible five and Tables B.50

through 8.59 show the accuracies when two of the five available
stat ions are not being used. Final ly , Table B.60 and B.6l indi-

cate the accuracies for all stations available for the optimistic

coverage prediction in Alaska.
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TABLE B.l
ACCURACIES FOR CONUS PESSIMISTIC COVERAGE PREDICTION

~~T~~BLE LAT LON A (NMI) B(NM I ) PHI (D EG)

CDH 49 105 1.612 . 64
115 1.536 . 766  lS b .3
1 5  1.143 .775 145.0

4 5 105 1 . 7 9 2  . ; 8 L  157 .5
115 1 . 66 2  . 76~ l53 . -~123 1 . 5 3 6  .~~~~~~ 1 4 3 . 5

40 105 3 . 0 4  . 8~~5 1~~2 . 3
115 1 . 9 h 3  . 1-~9 .  —

125 1. 40 . 14 5 .
35 105 3 . 9 2 7  . ~5-’ 155 . S

115 .88~ . 8b  1 h 5 . L
3 0 105 4 . ñ 6 1. 021 153 .

BCD 45 75 56 .252 .
_
~07

35 11.988 . O S
40 ~3 S . 0 ~’3 . 7 1 4  14 . 9

ABCD 40 75 1.135 .59 113. 0
BCD 40 75 6.195 . 1  16.1
ACD 40 75 3.756 .923
ABD 40 75 1.663 . 3 2 0  1~~S . 1
ABC 40 ~5 1 . 3 8 7  . 8 2 3  111 . 0
CDF 25 75 1 . 2 8 4  . 9 3 3  7 3 . S

SS 1 . 3 0 9  . 8 6 0  85.1
95 l .3 4  .96 1SÔ. fl 
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APPENDIX C

DIFFERENTIAL OMEGA CONFIGURATION TRADE-OFF ANALYSIS

C.1 INTRODUCTION

Several different schemes are available for the implementa-

tion of the Differential Omega concept. The differences are

primarily in the form of the data l ink fro m the ground mon itor
station to the a irborne rece iver. The da ta link elemen ts include
the content and format of the correction data to be transmitted

to the aircraf t, and the uplink transmission frequency (UHF, VHF ,
LF , for example). The alterna tives availab le for these data link
elements are discussed in more detail in the following .

C .2 DATA MESSAGE CONTENT AND FORMA T

The content and format of the differential Omega corrections

have not been established . This section discusses those factors

which bear on the content and forma t of the different ial Ome ga
uplink message. For each of these factors , sev eral opt ions are
available for suitable specification of the differential Omega

correction messages. These factors include phase correction

reference , phase correc t ion range and resolu t ion , interv al
between uplink messages , and use of predicted propagatioa cor-

rections (PPC’s).

C.2.1 Phase Correction Reference

Uplinking of LOP corrections requires coord ination of LOP

selection between the ground and the air. Two choices of uplink-

ing exist: either transmit all possible LOP ’s; or require the

user equipment to determine appropriate LOP corrections from
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those corrections transmitted . Neither of these choices is

attractive due to the excessive data to be transmitted for the

former or excessive requirements on user equipment for the latter.

Uplinking of ind ividual Omega station phase corrections ,

which are referenced to a clock synchronized to the Omega system ,

is the mos t desirable op t ion . This  opti on service s al l Ome ga
users , regardless of station selection or operating mode , and
requires only a simple subtraction for generating LOP corrections.

This me thod also allow s rho/rho users to synchronize their clocks

to the Omega network .

Differential Omega using individual station phase correc-

tions referenced to an unsynchronized local time standard allows

a simpler groun d system to be used because an atomic time ‘stand-

ard is not required. This approach would be satisfactory tnr

LOP mode users but could cause a loss of potential accurac~ to

rho/rho mode users .

C.2.2 Phase Correction Range and Resolution

The range (maximum value) and resolution of the differen-

tial Omega corr ections specify the length and data raLe require-

men t of the differential uplink message. Due to the increasing

capabilit ies and decreas ing cos t of digital hardware , it is

assumed for this study that the differential Omega uplink will

be digital. In order to correc t for all pro pagat ion anomalies ,
the differential correc t ion messages mus t be able to atta in
sufficiently large values (positive and negative). Allowing for

+1 cycle of correction for predictable anomalies , and +1 cycle

for unpred ictable anomalies , a range of +2 cycles is required.

This value is used as a nomina l value for the study , but proper
selection of the range of differential Omega corrections will

require an examination of maximum observed deviations .
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If the resolution of the phase correction is 6 bits (1/64

cycle), the ent ire phase correc tion can be incorpora ted into one
8 bit word , a leng th comp at ibl e wi th many m icro p roc essors .

Extending the resolution to 8 bits (1/256 cycle) allows the dif-

ferential uplink error to be smaller than the instrumentation

error. (Omega receive rs typically measure phase to only 0.5 or

1 centicycle [13]). Reasonable choices for the phase correction

message , therefore , are word lengths of 8 or 10 bits.

A potential problem with the differential Omega concept is

uplinking a correction when the ground station cannot receive

sufficiently strong signals to make a phase measurement. This

could cause the aircraft receiver to make navi gational errors.

To avoid this , either the largest or smallest phase correction

value can be assi gned an implicit meaning that the differential

correc tion is invalid or erroneous , and is not to he used.

This provides a convenient feature at little cost in data rate.

C.2.3 Selection of Omega Stations and Frequencies to be Corrected

The number of Omega s tat ions (or LOP ’s) and f r e quenc ies f or
which differential Omega corrections are to be provided must be

determined. Two options are available: (1) uplink information

for all Omega stations in a predefined pattern , or (2) identify

uplink correc tions for only cer tain Omega st ati ons . Up l i n k in g
information for selected Omega stations or LOP ’s requires that

the s tations (or LOP ’s) be identified by additional data bits.
Depending upon the uplink messa ge length and uplink interval ,
the data rate may have to be increased to transmit the addi-

tional information. This could degrade the potential data rate

savings achievable through transmitting only some phase correc-

tions.
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The selection of Omega frequencies for which differential

Omega corrections are to be transmitted must also he specified.

Since almos t a ll Omega rece ive rs use 10.2 kHz. . differential
corrections for 10.2 kHz Omega signals will certainly he included

in any differential Omega scheme . Probably the next most

important Omega frequency is 13.6 kHz , so a second alternative

is to uplink phase corrections for both the 10.2 kE-Iz and 13.6 kHz

Omega signals. Other opt ’ include uplink of four Omega fre-

quencies , various difference frequencies , and assortments of

Omega and difference frequencies. The cost of uplinking more

differential corrections could conceivabl y be the requirement

for a higher data rate. Tri e potential advantage of upl inki ng

differential corrections at more frequencies are the same as

those of multifrequency Omega: ability to perform lane resolu-

tion , ability to use whatever Omega signals are available , and

possibly better accuracy because more measurements are utilized

in the position solution.

Differential Omega can be made to work with any of the above

approaches . However , a recommended method is to transmit correc-

tions for all stations at all four frequencies. This provides

the greatest amount of correction information in the differential

Omega uplink , and allows for one standard forma t to be used.

C.2.4 Data Uplink Interval

The choice of interval between differential uplinks is a

trade-off betw€en accuracy and the required data rate to trans-

mit all of the information , tha t the up l ink  med ium mus t be able
to support. The more often that differential corrections are

sent , the grea ter the required data ra te. Howeve r , the less

frequent ly the differential upl inks are sen t , the greater pos-

sibility exists that the Omega Phase characteristics can change

before being corrected . Differential corrections need not be

sent more frequently than every 10 seconds , which is the
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commutation period of the Omega transmission protocol. Differ-

ential corrections should be sent at least every five minutes ,

so that the effects of the quickly changing Omega propagation

phenomena are minimized [14]. The range of reasonable uplink

intervals is 10 seconds to S minutes.
S

C.2.5 Predicted Propagation Corrections

Differential Omega involves the uplinking of differences

between measured phase values and nominal phase values . Nominal

phase values can be either charted LOP ’s , which are time invari-

ant , or nomina l phase values varying with time of day and day of

year. These time varying nominal phase values are usually gert-

erated by Predicted Propagation Correction (PPC) programs. If

differential Omega uplinks are referenced to charted LOP ’s ,

rather than PPC outputs , less sophisticated airborne receivers

will be able to use differential Omega in place of PPC programs.

If differential Omega uplinks are referenced to PPC’s, however ,

less sophisticated Omega receivers (without PPC’ s) will he

denied the benefits of differential uplinks . Therefore , PPC’ s

should not be used in differential Omega.

C.2.6 Required Uplink Data Rate

The data rate required for transmission of differential

corrections depends upon the length of the individual message

• and the time intervals between these messages . For a differen-

tial station transmitting different ial upl inks for e ight Omega
stat ions wi th ten bit s of messa ge per s tation, at a rate of one
message every five minutes , the required data rate is about 1/4

bits/second , exclus ive of t iming , framing , parity, and station

identification bits. For differential corrections at 4 Omega

frequencies for al l 8 stati ons , uplinked every 10 seconds , the

data rate for the message itself is 32 bits/second. This easily
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achievable data rate allows a maximum amoun t of information to

be up linked, and is recommended.

C .3 DIFFERENTIAL OMEGA UPLINK MEDIA

There are many choices for the uplink medium for differen-

tial Omega corrections . Table C.l shows these choices [15],

which can be broken down into three general classes: satellite

relay of di fferen tial Omega corr ecti ons , ground-based line of

sight propagation (VHF-UHF) transmitters , and ground-based non-

line of si ght (HF-LF-VLF) transmitters.

The tradeoff in differential Omega imp lementation is total

message content versus required bandwidth. As more complete

messages are sent more frequently from more differential Omega

stations , the required system bandwidth increases. This require-

ment for increased system bandwidth can be met by using more

channels of fixed bandwidth , or higher bandwidth channels at

higher frequencies. User equipment costs , ground equipment

installation (or modification) costs , and system operating costs

all mus t be determined for various bandwidth requirements in

order to make a justifiable choice of uplink medium.

C.3.l Satellite Uplink

Satellite relay of differentia l Omega corrections is one

me thod for di fferen tia l Omeg a ope ra ti on. For this form of
differential Omega , a satellite(s) in an appropriate orbit is

required. The satellite transmitter should accommodate low-

cost receivers to provide for user acceptance of the differen-

tial Omega system . A network of ground stations is required to

gather differential Omega corrections from a number of sites

and convey this information to the satellite.
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C.3.2 VHF/UHF (Line-of-Sight Limited ) Uplink

Line-of-sight (VHF/UHF) groun d transmitters are usable for

differential Omega. Specific possibilities are UHE data link ,

VHF data link on the navigation frequencies (108.0-117.95 mHz),

VHF data link on the communication frequencies (118.0-135.975

mHz) , Digi tal Data Broadcast System (DDBS- -essentially a data

link interleaved with TACAN and DME replies), and the Discrete

Addre ss Beac on Syst em data link (DABS) . VHF/UHF data link is

an attractive option for differential Omega uplink because the

technolog ies required are already well known and in production.

Conven tion al tel ephone l ine da ta fo rmats , using existing a~.5~l~~-

tude modulation receivers and transmitters , may prove adequate.

Alternatively, multi path resistant coding could he employed to

substantially reduce the transmitter siting problems often

encountered with VOR siting. DDBS , as a subset of TACAN , is

less attractive as a DDBS/differential Omega system implies

a redundancy of navigation systems . DABS data link is another

alternative , but use of DABS would compromise the traditional

separation of navigation and surveillance functions.

C.3.3 HF/MF/LF/VLF (Non-Line-of-Sight) Uplink

Non-line-of-sight propagation methods are attractive because

increased low altitude coverage can be provided without terrain

limitations . HF uplinks may not be desirable since these ratio

• signals are subject to skipp ing and fading, and may be too
unreliable for a differential Omega uplink . LF/MF stations are

candidates , but the LF and MF bands are crowded with commercial

AM broadcas ts , aeronau t ical beacons , and marine beacons. As
wi th VHF/UHF , data links on AM or FM subcarriers at voice fre-

quencies is an attractive alternative , using existing beacon
transmitters and receivers . Differential Omega using dedicated

VLF transmitters is possible but the low data rates obtainable

5 
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at VLF would negate the advantages of supply ing differential
corrections over wide areas . Transmission of differential cor-
rections by Omega stations during the 0.2 sec dead time between
transmissions would suffer from the same limitations.

The recommended approach is to use existing aeronautical
and marine beac on by adding a sidetone for the  data link .

I

101. 

~~~~~ . -~~~~~~~ -- -~~~~~- - -



REFERENCES

1. Eggers , T.H. , “An/GRM-99 Loran/Inertial Simulator Validation
Repor t on the Second Phase Tes t Resul ts ,” Mi tre Technical
Report No. MTR-3093 prepared for USAF-ESD at Eglin AFB ,
Florida , June 1975.

2. Anderson , C.W ., III , et al., “Coastline Induced Loran-C
Anomalies ,” U.S. Army ECOM , For t Monmo u th , N.J., February

* 
1973.

3. D’Azzo and Houpis , Contro l Sys tem Analyses and Synthesis ,
McGraw-Hill Book Comp any , New Y o r k , 1969.

4. World Distribution and Characteristi cs of Atmospheric Radio
Noise , Report No. 322 , Documents of the Xth Plenary Assembly
of the Internationa l Radio Consulative Committee at Geneva ,
1963 , International Telecommunication Union , Geneva , 1964.

S. Jog lekar , A. ,  et al., “Evaluation of Loran-C for Domestic
Air Navigation,” Mitre Metrek Division , MTR-7l80 , Oc tob er
1976.

6. Johler , J.R. and Berry, L.A. , “Lor an-D Phase Corrections Over
Inhomogeneous , Irregular Terrain ,” Report No. IERS9-ITSAS6 ,
DOC-ESSA-ITSA , November 1967.

7. Scott , R.E., “Errors in Hyperbolic Systems ,” Modern Nav iga-
tion Sys tems - Fundamentals and App lica tions ,” Univer sity
of Mich igan Engin e e r i n g  Summer Con f e r e n c e s, Ann Arbor ,
Michigan, July 1968.

8. Johier , J.K ., Keli ar , w . J .  and Waiters , L.C ., h phase of the
Low Radio Frequency Ground Wave ,” National Bureau of Stand-
ards Ci rcular 573, U.S . Dept. of Commerce , Wash ington , D.C.,
June 26, 1956.

9. Millington , C., “Ground-Wave Propagation Over an Inhomogeneous
Sinoothe Earth ,” Proc. lEE, Vol . 96, Par t III , 1949.

10. Scott , R.E., “Low Frequency Propagation ,” Modern Navigational
Sys tems , Fundamentals and Applications , Univers ity of Michigan
Engineering Summer Conference , Ann Arbor , Michigan, July 1968.

11. Stanley, G . M . , “Studies of Ground Conductivity in the
Territory of Alaska ,” Geophysical Ins titute of Al aska ,
University of Alaska , 1958..

12. Hoekstra , P. , “Electrical Ground Impedance Measurements in
Alaskan Permafron t Regions ,” Report No. FAA- RD-75-25 , DOT-
FAA-SRDS , April 1975.

_ _ _ _  

1 
_ _103 _________ 

-
-
~~~~~ ~ I1,T-11’r I’*~IU



13. Swanson , E.R. , Adrian , P.J., and Lev ine , P.H., “Differential
Omega Navi gat ion for the U.S . Co astal Confluence Re gion ,”
Naval Electronics Laboratory Center , San Die go , CA 1974.

14. Wischmeyer , C.E., “General Avia tion Omega Navigation in the
National Airspace Sys tem,” Ph.D. Thesis , MIT Flight Trans-
portation Laboratory , 1975.

15. Miller , H.G.,  “Differential Omega in the Air Traffic Control
Environment ,” presen ted a t ION Second Ome ga Sympos ium,
Washington , D.C., 1974.

104 14


