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ERRATA 

for Technical Repor. SA MSO TR 73-65 Volume ID, Part I 

1. Page 2-4, Residuals matrix, last three terms now read; 
"AX " 
"AY" 
"AZ" . 
Should read; "AX" 

"AY " 
"AZ" 

2. Page 3-7, first bullet item, fourth line now reads;" ... expected, but is has ... " 
Should read; " ... expected, but it has ... ". 

3. Page 3-8, para. 3. 2, second paragraph third line now reads; " · .. bias is a 
constant. ". 
Should read;"· .. bias is a line of constant slope."· 

4. Page 3-15, Figure 3-7, output of third box now reads; " . .. (FILTER COORDINATE • 
CORRECTIONS". 
Should read; "(FILTER COORDINATE CORRECTIONS)". 

5. Page 3-16, sentence following Equation 16 now reads; ;• ... matrix I * is not square 
and ( 1 *) -1 does not exist.''. 
Should read;"• .. matrix f• ls not square and ('Y*) does not exist.". 

6. Page 3-17, Equation 22, term to left of= sign now reads; UR". 
Should read; "U B". 

6A. Page 4-4, tabulation In middle of page, right column heading change "r" to "r ". 

7. Page 4-7, first paragraph, fifth Une now reads; " . . . The same phenomena occurs 
ln .•. ". 
Should read~ " ... The same phenomenon occurs In ... "· 

8. Page 4-8, Figure 4-3, lower set of curves (Oft vs Input Power Level); upper curve 
should be labeled ''HC" and lower curve "MRL". 

9. Page 4-9, explanation of terms \Older second equation, third term now reads; 

¥ = osclllat.or accuracy". 

Should read, = osclllator accuracy, Af is the fr .:quency difference between the 

airborne and gro\Dld station osclllat.ors. ". 

10. Page 4-9, ''Scintillation" paragraph, fifth line now reads;" · .. low elevation 
angles and ls estimated ... ". 
Should read; "low elevation angles and are estimated . . . " 

11. Page 4-26, ''Study State Poalt1on Error Coupling Into Velocity" paragraph, second 
line now reads; ' ... and the transmitters creates a non-negligible posltlon-velocity .. " . 
Should read; " ... and the transmitters creates a posltlon-veloclty ... ". 



12 . Pag 4- 34, head ing for first listing now reads ; " csium Test Measurement, 
anoscc". 

Should r ad; ' ' ium Test 1casurcm nt, Nanos c (Also sec Appendix )" . 

13. Pag .J-34, la t paragraph fifth and sixl!1 lines, delete expression beginning, 
"In add ition , fl.ight 23, which antennas" , and ending, "e rror in channel 4 . ". 

14 . 

15. 

16. 

17. 

1 . 

19. 

20. 

21. 

22. 

23. 

24. 

" Pag 4-36, fir;,sl quation, now reads; • i = •1. 
Should read; ♦ i O 

• 1 . . . ". 

II 

" ,; 
Page 4- 37 , tti_i rd quaJion now read ; D - 8- • i" · 
Should read; D = 8 - •i 

" Page -t - 37, d let lin b rj ni , ing , ·• • i i. the av raged value e tc:.". 

Page 4-39, " parse Range" paragraph, fou rth line now reads; "Sec Figure 4-16. " . 
Should read; "Sec Figure 4-1 3. ". 

Page 4- 40, 17th line now reads; "-14 . 2 nanosec on the e rror envelope (see 
Section 9. . I ). " . 
Should read; ''-14. 2 na nosec on the e rror envelope. " . 

Page 4-52, third paragraph fourth line now reads;" ... WSMR BET ( z = z - z BET )·"· 
Should reud; " ... \.\SMR BET (I z - z - zBET). " . 

Page 4-52, fourth para~raph third line now reads; " ... in the antenna time is 
unknown. ". 
Should read; " ... in the antenna with time is unknown. ". 

Page 4- 66, firs~ paragraph, 11th line now reads; " ... 4R = 16 f code and 4R = 0.1 
fcarrler where f code and f carrier are the phase ... ". 
Should read;' ' ... 4R = l G• f code and 411 = 0.1 • ·f carrier where• f code and 
• f carrier are the phase ... " . 

Page 4- 67, Figure 4- 41 title now rearls; "Hazeltine Carrier Loop Phase Error 
Response @ 123 dBm". 
Should read; "Hazeltine Ca rrier Loop Phase Error Response @, -123 dBm ". 

Pa~e 4-6 , Figure 4-42 title now reads ; "Predictable Effects of SC-50" . 
Should read; "Predictable Effects of SC-50 Multipath and Tropospheric Contributions 
to Velocity Errors". 

Page 4-70, Figure 4-43 title now reads; "Predictable Effects of SC-50 •. 
Should read; "Predictable Effects of SC-50 Multipath and Tropospheric Contributions 
to Velocity Errors". 



l 

25. Page 4-71, Figure 4-44 explanation of solid square symbol now reads; ''TRANS 
S 4 D ". 
Should r ad; "TRANS S/N 4 DC POWERED". 
Al o, add; 1 TE: Receiver 1 was used ln the aircraft". 

Pg 4- 72, Figure 4-47 add; ''NOT E: : Hcceiver 2 was used in the MCS." 

27 . Page 4-74, fourth paragraph, third line now reads; "· .. , for example, channel 1 4 nanosec and channel 3 -11 nanosec, are ... ". 
Should read; " ... , for example, channel 1-4 ~4 nanosec am channel 3-4 ... -11 
nanosec, are ... " . 

28 . Page 4- 9/ 90, Fig\rre 4-60 title now reads; "Flight 2 Oscillator Records". 
Should read; "Flight 20 Oscillator Records". 
Also , add;' OTE: Ve rtical scale factor is 2.5 fps / major division 

Horizontal scale factor is 100 sec/major division". 

29. Page 4-97 / 98, Figure 4-64, left margin of figure delete; "Fig. 6. 4. 5 Cal Pseudo­
Dopplers etc. " 

30. Page 5-17, top of page, second line now reads;" .. . and draw some conslualons. ". Should read; " .. . and draw some conclusions. ". 

31. Page 5-18 , Table 5-1, ''Observed Error" column 
now reads; 
-14K Feet South-

2 ft 
-4 
16 

-Mid Range-
11 
15 
11 

-14K Feet North-
1 
4 

112 

should read; 
-14K Feet South-

2 ft 
-40 

160 
-Mid Range-

11 
15 

110 
-14K Feet North-

16 
40 

112 

32. Page 6-5, top of page, fourth line now reads; "· .. end of the flight path."· 
Should read; " ... end of the flight path (figure 6-2). ". 

33. Page 6-5, second paragraph, sixth line now reads; " ••. ls tlie effect of the llnear tranfaormat101 of the .•. ". 
Should read; " ... is the effect of the linear transformation of the .•. ". 

34. Page 6-7, Figure 6-4 , explanation of scales now reads ; "ERROR VECTOR = l0FT / 
BOX". 
Should r ead; "ERROR VECTOR = 100 FT / BOX". 

35. Page 6-9/10, Figure 6-5B, ordinate of curves now reads; "CTRl' FPS and CTR3, FPS". 
Should read; " CTRl' FPS and CTR3, FPS". 



3 . Page G-1 3/ H, Figure - B, title now r ads; "B . PSEUD -DOPPLER NOISE ... ". 
Should r ad; ' '13, .PSE DO-RA. GE OISE ... " . 

37. Pag ·-I G, para .. J. -I, third paragraph, fourth lin now read ; "At t-20, the 
ai re raft. .. ". 
Should r ad; "A l t=20, th airc raft. .. " . 

3 . Page G-27, para. G- 2, third paragraph, third line now reads; "Figure 6-27 and 
G-2 how .. . ·•. 
Should r ad; 'Tigur s G- 27, G-2 and G-29 s how ... " . 

Page ·- : G Figur <i- 2G, in all th r plots d let; •~· 
2 

39 . 

-to. Page G- :J7, Fi~r (' - 27, numbe r und r ''Legend" should be ''18". 

-U. Page G- :J Figure 6- 2 number und r "Legend " should be "1 " ' • . 
42 . Page G-40 , Figure G-29, number under "Legend" should be; "18" . 

43. Page G--t2 , Figure fi -.U, number under ''Legend' ' should be; "1 ". 

44. Page 6-43, Figure G-3 .. , number under "Legend" should be; "18". 

45. Page 6-44, Figure 6-33, number under "Legend" should be; "1 " . 

46. Page G-4 6, Figure 6-35, add; ''NOTE: " I R3-1 showed no measurable error 
as a function of received power (Pr) and is therefore not presented.". 

-17. Page 6-53/ 5-1, Figur . G-41, upper left plot delete; "SC-50 CHAN 4•·. 

4 . Page 6- Gl, Case 3, third line now reads;· • ... steady-state errors.". 
Should read; •1 

••• steady-state . rrors by comparison with the WSMR BET.". 

49. Page G-62, Figure 6-47 , add; ''N = 1800 for each case. " . 

50. P~qe G-G3, Figure 6-4 , add; ''N = 1 00 for each case". 
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FOREWORD 

This report dated 11 April 1973, contains the findings of a program titled 
"System 621B User Equipment Definition and Experiments Program, Phase Il Field 
Test". The work was accomplished by Grum!lllJn Aerospace Corporation (GAC), 
Grumman Data Systems Corp. (GDSC), both of Bethpage, N. Y. and the Hazeltine 
Corporation (HC) at Greenlawn, N. Y. and complies with all the requirements of 
Contract Number F04701-71-C-Ol 76. In addition to the receivers which were designed 
and built under this contract, the Air Force provided an additional receiver designed 
and built by the Magnavox Research Laboratory (MRL) of Torrance, California which 
was also flight tested. 

System 621B ls a concept for a global satellite - based precision navigation sys­
tem designed to meet the requirements of land, sea and air military forces in an 
adva11tageous cost effective manner. One of the most important elements in this sys­
tem is the user recelv,er. This report summarizes a serlea of filght and ground tests 
conducted at the White Sands Missile Range to evaluate the performance of a four­
channel receiver in typical OJ.gilt and field environments in order to soltdify confidence 
in the predicted performance of System 621B receivers. 

The report ls published in three (3) volumes and bears the Air Force report 
number SAMSO-TR 73-65. Volume I is an Executive Summary, presenting in concise 
form a description of the program, the ground and flight equipment and an overview of 
the test results. Volume Il contains the detailed program history, equipment descrip­
tion and data processing approach. Volume Ill contains a detailed presentation of the 
data taken during the program and a discussion of the results and conclusions to be 
drawn therefrom. 

Grumman wishes to aclmowledge the assistance of Lt. Col. V. L. Denninger, 
Program Manager, and Capt. D. Wilson, of the Air Force Space and Missile Syatem 
Organization and of Messrs. W. Melton, F. Butterfield, T. Connor, A. Gillogly, W. 
Feess, Dr. J. Clifford, and Dr. L. Hagerman, of the Aerospace Corporation. 

This report was prepared by Messrs. J. Courtney, R. Labo, I. Kadar , P. 
Richards, M. Moore, M. Neglia, I. Shulman, E. Graber, L. Pangburn, R. Latham, 
E. Burke of Grumman, R. Regis of Hazeltine, and B. Glazer of Magnavox. 

Edward 
Special 

Publication approval of this technical report does not constitute Air Force 
approval of the report's findings or conclusions. It is published only for exchange and 
stimulation of ideas. 

Valentine L. Dennlnger, 
Program Manager 
System 621B 
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ABSTRACT 

System 621B ls a concept for a global sateWte-bued precision navigation 
system designed to meet the requirements of land, sea and air military forces ln an 
advantageous cost effective manner. One of the most important elements ln thls 
system ls the user receiver. 'Ible report summarizes a series of fllght and ground 
tests conducted at the Whlte Sands Missile Range to evaluate the performance of a 
four-channel receiver ln typical fUght and field environments ln order to solldlfy 
confldence lu the predicted performance of System 621B receivers. 
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SE TION I 

DATA PRESE TATION PPROACII 

The field te t conducted at the White Sands Mi"sile Range (WSMR) consisted 
of Area nvigation te t to determine navigation ystem performan e, Instrument 
Landing S) stem (ILS) type appro:tches and 1:rn lings, and Ground User Multipath tests. 
The field operation took place during January to December 1972 and included 23 area 

navigation flight , eight I LS flights and multipath effects testing at four different locations. 

The test.data results in this volume are presented in three major groupings. After 
summarizing the overall results of the field tests, the first major section presents the test 
results generically according to error source. Error sources considered are random, 
steady state and systematic periodic components. The error sources are related to the 
test system configuration and their impact on the system performance is evaluated. 

\ 

The second group of e tlons pre ents the flight test chronologically in accor­
dance with the various test objectives and system configurations of the test program. 
It is instructive to present the data within the broad chronology since there is a 
definite relationship between the quality of the test data and the decisions to change 
system configuration and testing techniques at various stages of the test program. 

Lastly, the results of the multipath testing are treated. The multipath data are 
presented by considering each test environment and the resulting measurements 
separately according to the characteristics of the reflected signals. The receiver 
test performance relationship to theoretical expectations is shown as well. 

Additional material i pre ented which supports the test results and clarifie the 
sy tern operation, The mathematical aspects of the experiment program implementa­
tion are examined prior to the detailed discussion of the error source . This pro­
vides a foundation upon which the significance of errors can be established and clar-· 
ifies the rationale for the test system configuration. 

Equipment reliability for the field test is reviewed. The performance is shown 
to be adequate for the test program. 

Some measure of the qualit of the WSJ'vffi reference data is also presented 
in order to help interpret the performance of the test system. The generation of the 
WSMR data and of our navigation solution is quite different as are the types of errors 
which are typical of each system. This fact, together with observations made by 
WSMR personnel, are joined inn discus ion of the bas ic tra jector data sets in order 
to place the primary topic of the test system accurac on a firm foundation, 

The test results are generall presented from two differont viewpoints. One 
set of conclusions can be drawn by observing the behavior of the residuals obtained 
from a comparison of WSMR reference trajectory with the test sytsem navigation 
solution. 
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The other major set of conclusions is drawn from examining the behavior of 

the test system data alone. 

This volume is intended to be used with Volume n. Only where the t~st results 

must be related to specific configurations or procedures is a detailed discussion of 

these aspects of the test program presented in Volume Ill. Generally, the system 

hardware descriptions, measurement techniques, test procedures, and data handling 

procedures are described in Volume II and should be referred to as required. 



SECTION II 

TEST SUMMARY 

The field test program consisted of 31 _1lights at White Sands Missile Range (WSMR) 

and four ground user multipath tests. Useable test data were collected on 21 of the 

flights and on all of the multipath tests. WSMR has provided matching reference 

trajectories for the 21 flights. The test program goals and objectives are summarized 

in the following paragrarhs and are related to the test results. General conclusions 

about the experimental navigation system performance are presented at the end of this 

section. 

2.1 TEST PROGRAM OBJECTIVES AND RESULTS 

The principal objective of the test program was to evaluate the performance of 

a four-channal receiver in typical flight and field environment•. From this objective, 

a set of speclflc test objectives were derived. These test objectives were: 

Flight Test Objectives 

• Establish the range and range-rate accuracy of a four-channel receiver in an 

airborne environment 

• Determine the effects of the aircraft flight environment on the receiver and 

airborne antenna performance 

. • Determine the effects of various aircraft-to-transmitter geometries on sys­

tem performance including acquisition 

• Evaluate the effects of different signal power levels on system performance 

• Evaluate the system vertical positioning and sink rate accuracy during land­

ing flare out 

• Evaluate system capabilities to provide runway heading information during 

landing roll-out 

• Evaluate the general system performance for landing navigation using a 

''typical" operational system configuration. 

Ground User Multipath Test Objectives 

• Evaluate the sensltlvity of receiver accuracy to multipath signals 

• Establish the receiver accuracy while operating in typical multipath environ­

ments 

• Verify the theoretical understanding of multipath effects on the receiver by 

qualltative comparleon of test results with predicted performance. 
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To accomplish the night test objectives , an area navigation and an aircraft final 
approach and landing test program evolved. The area navigation portion of the test 
program was accompliahed on ntghts 1 to 23, and the Instrument Landing System (llS) 
portion on fli ghts 24-31. 

To accompli sh the ground use r multipath test objectives, a test program using 
e lect d gr01.U"d sites at WSMR rcpresentati v of vari ous typica user environments, 

wa d vi d. 

The fli ght and ground test program designed to realize these test objectives was 
synthes ized by defining each test condition and test procedure in great detail. A 
planning device called a test point, was usec! to establish the detailed prpcedures. 
A tes t point may be thought of as the totality of necessary equipment configurations 
and operational instructions required to ~valuate a single spectftc aspect of test sys­
te:n behavior. For exa le, the requirement to evaluate the navigation receiver 
range rate nccuracy when the received power level is -123dbm, the aircraft ts at 
34,000 feet MSL traveling at 700 fps, and the system geometry is similar to a Y 
satellite configuration centered over CONUS might define a test point. Test points 
similar to this were established for area navigation, IlS, and ground multipath test­
ing. A tabular summary of these are contained in Ref. 20. 

2. 2 BRIEF HISTORY OF FIELD TESTS 

A brief history of the field test program from flight 1 to flight 31 ls presented 
herein as an aid ln the readers understanding of the test data grouping in the later 
sections. A more detailed program history is provided ln Volume n. 

Flights 1 and 2 were checkout and shake-down flights, while flight 3 produced 
the first good navigation solution, which was the first major test program milestone. 
Comparison of the navigation solution with WSMR radar traJ,,ctories showed the sys­
tem was working well enough to proceed with the tests. At this point very little 
was known about the real quality of the test system data or of the WSMR radar data. 
Within a month of flight 3, enough was learned to state that the test system ranging 
errors were less than 50 ft. This was considered the second test program milestone. 
As the testing continued, progress was made in determining the causes for steady­
&tate biases in the observed ran~ing errors and in systematically removing them. 
At the same time testing was accomplished to broaden the data base along guidelines 
originally laid out in the test plan. 

Flights 4-15 provided the data necessary to attempt the third program milestone, 
ranging errors of 10-15 ft. The error source investi r-atton r e sults from these flights 
indicated the bulk of the steady-state errors derived frL'm the calibration procedures 
by which the calibration receiver data recorded at the Mobile Calibration Station (MCS) 
was referanced to the uplink transmitting antennas. The reasons for this \'tere three­
fold: 

1. The time delay .n some of the cabling in the signal path had several 
nanoseconds of variability. 

2. The ground rf link (monitor link) from transmitter sites to the MCS 
also had several nanoseconds of variability. 
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3. The internal delay in the transmitters between the uplink and monitor link 
outputs did not appear well controlled. One transmitter indicated a change 
of 40 nanosec during this period, 

A change in the ground system conliguration was made after flight 16 which removed 
most of these three error sources. 

The data gathered during flights 4 - 15 also satisfied the program objectives of 
investigating the test system response to variables such as signal level, different 
aircraft flight environments, and aircraft to transmitter geometries. 

Flights 17-23 provided data with the new ground system configuration. The ex­
pected ranging accuracies of 10-15 ft were realized. At this point the objective was 
to conduct further fine grain analyses of the remaining errors to determine if greater 
accuracy could be achieved. We recognized that our capabllity to determine these 
errors was becoming limited by the quality of the test equipment and the WSMR refer­
ence data. However, further work was accomplished, resulting in the uncovering of 
systematic errors associated with the uplink antennas, clarification of the rf path 
length measurements from transmitters to the calibration receiver, and further in­
vestigation of rf cable length variability. 

The area navigation test phase was completed by flight 23. The ground system 
was then moved to Northrop Strip and configured for the aircraft approach and land­
ing navigation test phase. The 11.S type testing was accomplished during flights 24-
31. 

Flight 24 provided basic information on the 11.S test system configuration "air­
worthiness " as bad flights 1 and 2 for area navigation. Several adjustments were 
made in the configuration as a consequence of the flight results. 

Flights 25-27 provided data on the approach phase of landing. I.ow approaches 
were performed, but no actual landings were attempted. The test system performance 
generally resulted in ranging errors of less than 10 ft. 

Flights 28-31 provided data on the landing phase. Aircraft touchdown and roll­
out was accomplished on each run of these flights after a normal' approach pattern. 
Additional WSMP. instrumentation was installed to measure the aircraft position at 
touchdown for comparison with the navigation solution at this point. Program objec­
tives of evaluating the effects of signal power level, aircraft-to-transmitter geometry 
and landing navigation configuration were satisfied. 

Range rate measurement performance was determined during all of the flight 
testing. There was little emphasis placed on this aspect of the test system since the 
performance was very good and did not exhibit ~ of the problems encountered in the 
measurement of nuice. Errors are le11 than 1 fps and may be le11 than o. 5 fps 
depending upon the absolute accuracy of the WSM!l reference. 

2. 3 TEST PROGRAM RESULTS 

The test program results are presented for the Area Navigation, Il.S and Ground 
User Multipath Tests. For each test, the results shown are related to the primary 
objectives of the test. For area navigation, the primary objective was navigation 
system accuracy;"for ILS the primary objective was vertical navigation accuracy and 
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general system performance, and for ground user multipath the primary objective was 
qualitative receiver performance in typical multipath environments. 

2. 3. 1 Area Navigation 

avtgation system accuracy was determined from the test data collected on 
area navtgatiou flights 17-23, where th test system was configured in its final form. 
Flight 1-16 served the purpose of surfacing the major test system design problems 
and lead to the chang in test system configuration used during flights 17-23. The 
data from the earlier flights support the general conclusions regarding system accur­
acy in a qualitative way insofar as the flight test d!lta accuracy improved by predict­
abl t:! amounts as improvements were made in the test system configuration. 

The test system provided navigation data in the form of position, velocity, and 
time of day in a coordinate system of the users choice. 1' .. or this test program, we 
have chosen a rectilinear coordinate system with the origin located close to ground 
level at the center of the tra.'lsmitter grid. The range of magnitudes of the user data 
for area navigation ls: 

Coordinate Magnitude 

X (East - West) +60, 000 to -60, 000 ft 

x +700 fps to -700 fps 

y (North - South) +60, 000 to -60, 000 ft 

y +700 fps to -700 fps 

z (Vertical AGL) +3, 000 ft to 32,000 ft 

z -60 to +60 fps 

The accuracy and precision of the data ts to some extent a function of the spe­
ctflc implementation of the user equipment. For example, the data sampling rate, 
user platform dynamics, user co'ii1puter sophistication (both word size and extent of 
system error modelling), and additional measurement aiding (user platform mountt,d 
accelerometers, rate gyros, or inertial navigators) all affect the quality of the user's 
navigation quantities. We have used only the test system data (no external aiding) and 
chosen a sampling rate of 5 sampks/sec. (The extent of system error modelling 
was minimal with emphasis placed on the performance of the receivers as designed.) 
The data therefore reflect the capabUity of a user navigating with the 621B system 
but without using external aiding. 

The navigation system accuracy ls summarized in Table 2-1. The table 
shows the statistical characteristics (mean value, standard deviation or rms about 
the mean, and therms value) of the residuals from comparison of the test system 
navigation solution with WSMR reference trajectory. The residuals are formed by: 

Residuals Nav Solution WSMR Reference 

= 

X 
y 
z x 
t 
i 
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Tabl 2-1 avigation System Accuracy Summary 

CASE, CASE 2 CASE 3 

MEAN 10 RM v MEAN 10 RMS MEAN 10 RMS 

X, FT 

HC 3.4 6.8 7.6 6.5 5.7 8.5 -1 .0 5.8 5.9 

MRL 2.4 7.2 7.6 5.1 5.7 7.7 - 2.3 6.1 6.5 

Y, FT 

HC 18.4 11 .6 21 .8 4.3 15.3 15.9 0.4 10.3 10.3 

MRL 11 .2 15.2 18.9 4.3 13.6 14.2 1.3 8.2 1.3 

Z, FT 

HC - 28.6 19.3 34.5 - 23.1 15.7 27.9 -4.1 12.0 12.7 

MRL - 14.7 25.3 29.2 - 18.9 12.1 22.5 1.6 8.5 8.6 

X,FPS 

HC 0.1 0.6 0.6 0.1 0.6 0.6 0.1 0.6 0.6 

MRL - 0.1 0.6 0.6 0.1 0.5 0.5 0.1 0.5 0.5 . 
V, FPS 

HC -0.1 0.7 0.) - 0.2 0.9 0.9 -0.1 0.6 0.7 

MRL 0.2 0.8 0.8 0.2 1.0 1.0 0.2 0.7 0.7 

Z,FPS 

HC 0.3 0.9 1.0 0.7 0.6 0.9 0.3 0.6 0.7 

MAL - 1.0 1.3 1.6 - 0.3 0.9 , .o -0.5 0.9 1.0 

The navigation solution and the WSMR reference trajectory (BET) are aligned 
using a common time base (lRIG B which is recorded along with the data during the 
test) and the residuals are computed at the 5 sample/sec data rate for all portions 
of the flight pat h which correspond to aircraft-to-transmitter geometries representa­
tive of an operational sate llite system. Thus Table 2-1 summarizes approximately 
1 0, 000 solution points collect d during nights 17-23, which cover the full range of 
realistic a ircraft-to-tran mitter geometries, received power levels at the user be­
tween -llOdbm and -140dbm, and range rate dynamics (see Section 4). 

Three different versions of these data ar e presented; cases 1, 2, and 3. Case 
1 represents the mwigation solution which was computed during the test period. Case 
2 rP.presents the data quality achieved as a result of identifying two sources of error 
present during the flight 17-23 test period and recomputing the navigation solution 
after removing these error s. Case 3 represents the data quality achievable by min­
imizing the residual between the navigation solution and the WSMR reference, a nav­
igation quality which may be achievable by a user ' n a future operational s ·tuation. A 
discussion of the particulars of each case and the rationale for presenting the data 
in this manner follows. 

To compute the navigation solution for the WSMR field test configuration, some 
important measurements must b made on ground system components and the data then 
used along with the pertinent t m r ange and range r at data co llected in the aircraft 
during the test . The e measur ments ar c requirec! to r eference the transmitted signal 
phase as record d at th ground calibration recei er site to the transmitter uplink an­
tennas. The measurements consist f rf cabl time delay and propagati n time delay 
from the transmitter sites to th calibration r ec i vcr site. The navi gation solution for 
Case 1 utilizes values for the dela s ba d on a measurem nt hi stor accumulated 
frqm flight 7 up to flight 23. The value s lected from thi s hi story were judged, at the 

time of the e tests, to accurat ly describe the sigMl path length. The resulting 
navigation solutions contained steady state rrors of imilar magnitude for both HC 



and MRL derived trajectories (see Tabl<1 2-1), leading to the conclusion that there 

wero unaccoW1ted error sources assoobted with the ground system (the major 

common element in both Hn zeltine Corp. (HC) and Magnavox Research Lab (MRL) 

navigation solutions). 

Analysis of the test results from flights 17-23 indicated that there were two 

error sources associated with the ground system contributing to most of the ob­

served navigation solution error. These were erroneous values of the ground 

propagation signal path length and a previously unrecognized signal delay ,ff ect pro­

duced by the uplink antenna. Additional measurements of the ·groWld propagation 

path length and of the four uplink antennas provided data required to correct for 

these effect s {see Secti n 6 for the details of these measurements). Case 2 shows the 

navi~ation solution after these two e rrors have been removed. 

It i s important to recognize that these errors are associated with the ground 

components o the tost system. This portion of the test system is unique to the WSMR 

fi eld test configuration and will not be present in an operational satellite system. 

The e rror :; associated \vith these components of the test program tend to mask the 

true performance of the flight hardware which could be expected in an operational 

system. Ca se 2, therefore, represents the navigation accuracy of the flight system 

aft r the major identified error sources peculiar to the WSMR configuration have 

been r emoved. 

Observatic ns of the general behavior of the test equipments throughout this 

program lead us to present the navigation solution from a third viewpoint. This side­

by-sidc comparison of navigation performance from the HC and MR L experimental 

equipments has proved to be one of the most important results of this program. 

There is remarkable similarity in the quality of the navigation solution produced by 

these two receivers, as shown by Table 2-1, considering the different design 

approaches implemented by the two companies. At the same time, both receivers 

have shown shortcomings peculiar to each. For example, the HC receiver shows 

an error in ranging accuracy as a function of received signal level, while the MR L 

receiver is largely insensitive to this effect. Conversely, the MRL receiver pro­

duces data with statistical serial correlation, an undesirable characteristic for 

most convenUonal data filters, while the HC data show predominantly white noise 

characteristics. Equipment improvements in these and other areas in futurt: 

designs will improve the navigation solution performance. Even so, there may 

still remain small steady state systematic errors in the position and velocity solu­

tions. In the event these bias errors can be calibrated, their effect could be re­

moved from the navigation solution. Case 3 is an application of this concept to the 

test system data. 

The average steady state error of both HC and MRL navigations solutions from 

Case 2 results are used to generate Case 3 solutions. As in the previous cases, the 

navigation solution errors are determined by comparison of the test system trajectory 

with the reference trajectory supplied by WSMR. A single average value for both re­

ceivers is determined from the comparison residuals. This value is converted to an 

equival nt range error and used as a correction term to the measured ranges when 

the navigation solution is recomputed. The equivalent range errors used for the Case 

3 computation are: R1 = O. 0 ft, R2 
= 8. 9 ft, R

3 
= O. 6 ft, and R4 = 5. 8 ft (see Appendix C). 

This is considered a realistic application of the Case 3 philosophy insofar as the 

single correction term set represents a compromise of the optimum values which 

could be selected for either the HC or the MRL receiver alone. A similar situntion 
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is likely to apply to an operational system where the correction terms may be derived 

from a few specially instrumented users and the results applied to a large class of 

user equipments. 

A representative data run has been selected from the fiight 17-23 group to show 

the time series of the residuals d~rived from comparison of the navigation solution 

trajectory processed thrcugh a two-state filter (to be discussed later in this section) 

with the WSMR reference, and to illustrate the impact of the three different cases 

con idered on the data quality. The data shown in Figures 2-1 through 2-6 applies to 

Flight 19, Run 5, a flight path on which the aircraft is at 34,000 MSL beading due south 

at a speed of 660 fps. The flight path passes directly over the center of the ground 

transmitter grid and simulates flying over the equator while using a rotating 300Y 

satellite cluster centered over tlie equator. Tlie average received power level for 

this run was approximately -130dbm. 

The HC and MRL X-coordinate position residuals are shown in Figure 2-1. The 

plot spans a 40 sec time period where the aircraft is over the center of the transmitte r 

grid (Salt Site) at t s 20 sec. The data are presented at the system sampling rate of 

5 sample/sec. A positive residual indicates that the navigation solution Is numerically 

greater than the WSMR reference. Thus for the coordinate system used the following 

conventions apply 

Sign 

X Coordinate Residuals 
+ 

Y Coordinate Residuals 
+ 

Z Coordinate Residuals 
+ 

Sense of Error 

- · 
Nav Solution ts to the east of WSMR 
BET 
Nav Solution 11 to the west of 
WSMR BET 

Nav Solution ts to the north of WSMR 
BET 
Nav Solution ts the south of WSMR 
BET 

Nav Solution ts above WSMR BET 
Nav Solution is below WSMR BET 

The X coordinate data ts minimally affected by the changes used to generate Case 2. 

This ts expected because these changes primarily affect channel 1 and 4 ranging 

data which 1trongly influence the Y and Z coordinate data in the WSMR test geom­

etry, but weakly influence the X coordinate (this subject ls comprehensively treated 

in the solution sensitivity analy1ls 1n Section 4). Case 3 data sbowa improvement in 

the solutions, as expected, since the average equivalent range correction ts applied. 

The Y and Z coordinate position residuals are shown in Figures 2-2 and 2-3 

respectively. While Caae 2 improves the Y coordinate solution accuracy by approx­

imately 10 ft, there ls also a change in slope of the residual. This slope ts peculiar 

to the WSMR tests and ls related to the scaled down dimensions of the test sysi rn. 

The small scale geometry (a filgbt of 10 n mi approximates the geometry change a 

user would experience flying across the entire U.S.) magnlfte1 the navigation solu­

tion errors. The slope of the residual in Figure 2-2, Case 2 is caused primarily by 
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a steady state error of approximately 5 ft somewhere in the system on chaMel 1. 

This error is not lumped in one component but, rather, ls distributed among a num­
ber of system components (error sources and magnitudes are discussed in Section 
4). Although the error ls basically steady-state, it contains some slowly varying 
components which change the navigation accuracy slightly as a function of time. 
Therefore Case 3 data on Figure 2-2 st1ll shows some slope (remaining steady-state 
ranging errors) even though average values of these errors have been removed (in 
Case 3). One could find data runs where this slope ls negligible, which represent 
runs where the bias errors happen to match the average value of the calculated error. 
For example, the MRL Y position error shown In Figure 2-2 for Case 3 has negligi­
ble slope. For this particular set of data, the average value of Case 3 was a good 

approximation of the real errors affecting Y coordinate. Referring to Figure 2-3 
Case 3, we see that the Z position error for MRL does show some slo~ indicating 
the channels influencing the Z coordinate at this location (but at the same time weak­
ly influencing the Y coordinate as seen in Figure 2-2) contain a small amount of 
steady state error. 

The statistical summary in Tabl1 2-1 for the navigation accuracy provides 
a good measure of the vartabiUty of thti test data since the table covers all of 
filglas 17-23. Further analysis of these effects is presented in Section 6 which 
discusses flights 17-23 in detail. 

The remaining residual plots, Figures ~-1 through 2-6, show the system 
velocity comparisons to the WSMR referenr:c The velocity accuracy ls affected 
by the 3 case presentation indirectly tbrou~h a position/velocity coupling matrix. 
Velocity data in user coordinates ts derived by resolving measured range r&te in­
formation onto user coordinate frame axes through the unit vectors which relate the 
user's position to the position of the system transmitters. Thus any errors in the 

user position causes erroneous unit vectors, which in turn detrrade the accuracy 
of converting range rate into coordinate velocities. The effects of thls position/ 
velocity coupling is minor as shown on Figures 2-4 through 2-6. 

The rather large velocity error excursions, (for example, on Figure 2-4 _ 
the X error goes from -0.4 fps to +1.2 fps around t=20 sec) are caused by tt, .. WSMR 
reference and not the test system. The test system and WSMR reference velocity 
accuracies are very similar, making analysts of this <.iJta somewhat difficult. 
However, since these error excursions are not too frequent, the velocity accuracy 
summary presented in Table 2-1 is considered valid. 

After completing the area navigation tests, the test system was evaluated for 
suitabillty as a landing navigation aid. The aircraft landing navigation testing was 
accomplished by relocating the ground equipment at a dry salt lake bed and conducting 
both low approaches and actual touchdowns with the aircraft. The primary area 
of interest was the accuracy of aircraft vertical position and velocity information 
provided by the navigation system. To improve the test geometry relative to velt:l­
cal position accuracy, the center tranamitter was suspended ln a balloon at about 
5000 ft alUtude. 

The vertical axil (Z) system accuracy is summarized in Table 2-2. The _ 
&yll'tem accuracy is determined by the same techniques used for area navigation. 
This consists of comparing the telt system navigation trajectory with a reference 
trajectory supplied by WSMR. Table 2-2 presents a statistical characterization 
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T::ibl 2-2 I LS V rtica I avig::ition Accuracy 

MEAN 1 .. MEAN l u 

X. FT X, FPS 

HC 0.3 3.3 HC 0.2 1.1 

MRL - 1.1 7.3 MRL 0.2 1 4 

Y, FT Y, FPS 

HC - 2.7 11 .4 HC - 0 .5 1. 7 

MRL 2.2 12.3 MRL - 0 .2 2.2 

Z, FT Z. FPS 

HC - 1.3 13.3 HC - 0 .2 2.3 

MRL - 1.3 8 .3 MRL - 0 .4 2.0 

(mean value, standard deviation or rms about the mean, and rms) of the residuals 

obtained from the trajectory comparisons. The table summarizes approximately 

2000 navigation soJution points obtained from five test flights. The data are ob­

tained from a region on the aircraft flight path from :ipproximately 8000 ft before 

the nominal aircraft flare point to approximately 7000 :t. beyond the runway threshold 

at the approach end. This region requires the most accurate vertical navigation 

information and corresponds to a position on the approach path where the aircraft 

is approximately 300 ft above groW1d to a position where the aircraft is braking on 

the runway. 

The distribution of the Z coordinate errors is presented in Figure 2-7. His­

tograms of both HC and l\ffiL navigation solutions errors in position and velocity 

are shown. The velocity performance of both solutions is similar. The velocity 

accuracy may be superior to that shown since, in the ILS case as in area naviga­

tion, the WSMR reference velocity accuracy is similar to the accuracy of the test 

system (see Section 10 for a discussion of this topic). 

The Z coordinate position error distribution is not the same for both HC and 

MRL solutions. This is a peculiarity of the ILS test data and does not appear in 

any of the other data collected during thi s test program. The HC data show a con­

siderable spreading of the error distribution (rms =13. 4 ft) compared to the rel­

atively narrow error distribution (rms = . 4 ft) of the MRL data. This is a con­

sequence of the different equipment designs implemented by HC and l\ffiL. The 

ILS system configuration utilized in this test program shares a shortcoming with 

most ILS svstem implementations, namely a signal environment which is charac­

terized by l.ar_ge .~ignal level va riations, inherent multipath, and large range 

dynamics (R, 'R, R). However, the 621B navigation concept is theoretically in­

sensitive to these types of signal phenomena and should show virtually no degrada­

tion in performance in an ILS environment. The ILS test data collected during 

this program supports this theor) and at the same time clarifies the system opera­

tion. The spread of HC Z-position errors shown in Figure 2-7 is the direct resuJt 

of the receiver sensitivity to a multipath error signal present in the channel whoso 

transmitter is suspended 5000 ft above the runway . . The HC receiver design per­

mits the tracking loop bandwidth to widen to approximately l00Hz, which then 

allows the multipath signal (fade frequency ~ 24Hz) to µass unattenuated into the 

trackin circuits. The MRL receiver design on the other hand, maintains a track­

ing loop bandwidth of approximately l0Hz thereby excluding the multipath signnl 

from the tracking circuits. This maintains a narrow Z axis position error distri­

bution in the MRL case. Thus, the test that has been performed demonstrates that 

there is an undesirable multipath environment pre sent during the ILS approach, 

but that equipment can be designed within the 621B navigation concept which is in­

sensitive to this signal phenomena during IL5 navigation phases. 
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Figure 2-7 ILS Z Axis Navigation Error Histograms 
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The overall test system performance during ILS testing indicates that the 
system is suitable for landing guidance . The navigation errors in the horizontal 
plane are generally small and the c,ross runway component is sufficiently accurate 
for runway centerline guidance. Cross runway position accuracy measured was: 
mean = 1.1 ft, standard deviation = 7. 3 ft. The horizontal position errors are 
summarized in Figure 2-8 which depicts the error component at trajectory inter­
vals of 2 sec (every tenth solution point) for flights 25-31. An illustration of the 
clustering of the horizontal position errors is shown in Figure 2-9. An error den­
sity surface was derived from the entire set of 2000 solution points available from 
ILS tests. The information shown in this figure is similar to the horizontal error 
summary in Figure 2-8 but illustrates that the errors are generally less than 
10 ft. 

50 • • 
• . 

~ FLTH 

0 FLT27 

• • 0 FLT 21 

•• 0 FLT31 

• • • 
• • • 

Y POSITION ERROR, FT • 2ti -• I • 
• • 

• • It 
• j • -

•1 
• l 

j - •• • -

i l' I • • 1 ~ 20 ,u 40 • ,•: X POSITION ERROR, FT 

• ,- j • • I ,. :J, • ·-. ' • • 
• 

' I 

II 

Figure 2-8 MRL Horizontal Position Error During ILS 
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ILS HORIZONTAL POSITION 
ERROR DENSITY 

Figure 2-9 Hazeltine static Solution for ILS 

2. 3. 3 Ground User Multipath 

The overall objective of the ground user multipath test was to establish the 

qualitative receiver performance in typical multipath environments. Multipath 

signals degrade the ranging accuracy of the receiver hy creating a distortion of 

the modulation envelope of the total received signal. '. ls develops an error in 

the receiver code tracking loop which affects the range accuracy. 

The multipath tests conducted at WSMR consisted f a series of measure­

ments using various transmitter-to-receiver antenna geometries at fnur separate 

multipath environments. These environments are characterized in Table 2-3. 

The overall results of these tests indicate that the th oretical understanding of 

multipath effects on range accuracy is verified by the experimental results. The 

theoretical envelop<.' of range tracking error as a function of multipath expressed 

as the differential delay between the desired and interfering signals is shown in 

Figure 2-10. 
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Tab! 2-3 Ground User Multipath Test Environments 

Tat Locations Muhipath Clwracteriltia Muhipadl Geometries lJlld 

Tula Pull Specula, reflectionl off a llitfttly rOUlh • Low•uine.,... , 1.5°, 12" 

surf- con~ining dNlrt und, bulhes, 
and rodes up to 3 feet in dill meter. • Short cliff_,_ delay 

DNdManCanyon Diffracted lignah -- a •net pile • L- l'U"'l-lla: < 3° 

and construction equipmaftt. The tat 

site - located in a •nel qua,ry - • Short diff..,.till, delay 

where excavations -• in pro.--. 

Northrop Strip Diff111■ , pertly diff-. and tpeCUlar • Orazine ...- rllfllllll from 

reflections from the flat surf- of 1 '""'· approxi--,Y 80° to 
dry llkalai uh flat. low, approxilMtaly 10° 

• Lo111 end short~-
delay 

WhiteS..-ArN Diffua and pertly dlffua from die • Grui111 ...- of 'J/0° . 'ff' 

IYPIII'" uncl du ... in the White S.11• and IO° 
National Monu-t. 

• lone d~tilll delays 

Receiver r:mging errors can take on any value within this envelope depend­

ing upon the exact signal differential delay (see Section 9). The test data follow 

this prediction as shown in Figure 2-11. This figure shows all the data collected 

at the Northrop Strip location and is typical of the r eceiver performance at the 

other test sites. The theoretical envelope superimposed on this figure contains 

virtually all of the test data. The few points which fall outside of the envelope are 

a r esult of uncertainty in the true transmitter position and therefore, uncertainty 

in the value of differential delay determined from the transmitter-to-receiver 

geometry. This means the measured tracking errors (ordinate) cannot be proper­

ly located on the plot of Figure 2-11. The transmitter position caMot be precisely 

measured since, for these tests, the transmitter was carried 2000 ft above ground 

by a tethered balloon which drifted slightly in the wind. 

The test program has confirmed that multipath effects on receiver per­

formance are understood and are therefore predictable. A ground user on the 

average will experience i 25 ft of multipath error depending of course on the ex-

act system geometry. However, the differential delay sensitivity of the satellite­

to-ground user geometry is only a function of the user antenna height above ground. 

This allows the ground user to determine the presence of multipath by changing 

his antenna height. Since the power level variation is correlated with multipath 

error, the user, by observing the power variation, can locate himself in low multi­

path error environments. In general the antenna height variation need only be in 

the order of a wavelen5""th (approximately 0. 6 ft). 

2-19 



RANGE 
TRACKING 
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Figure 2-10 Theoretical Envelope of Range Tracking Error Caused by 
Signal Multipath 
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Figure 2-11 Multipath Test. Data From Northrop Strip 
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2.4 GENERAL CONCLUSIONS 

The test program successfully met the principal objective of evaluating a 

four channel recciv"r ln typical flight and fi eld environments. The specific test 

objectives and the related test results are given in Table 2-4. Conf'.dence in the 

621B concept was solidified through the actual te st system performan'!e, Analysis 

of the error components indicate that :rn unexplained range error exists, which is 

approximately 2 ft (see Section 6). The range rate errors were difficult to accu­

rately assess with available instrumentation but are generally less than 1. 0 fps. 

everal observations were made about the system behavior. Perhaps the 

most ill'portant among these is that ranging bias errors are extremely difficult to 

control. A I though many of the error mechanisms have been determined through 

analysis of the data, some small steady state error remains unexplained. In 

addition, the known error mechanisms point up the extreme care that must be used 

during design and manufacturing to control signal delay variability to less than one 

nanosecond, thrrughout the system. 

The rLS testing conclusively demonstrated the suitability of 621 B navigation 

in the aircraft landing environment. The syste11 performance of each receiver ls 

given in Table 2-2. An overall performance for vertical navigation has been deter­

mined by summing the data populations (weighted according to sample size) from 

the two receivers resulting in overall position accuracies of IA = -1. 6ft, er = 8. 9ft 

and velocity accuracies of IA = -0. 4 fps,cr = 2.1 fps . These test results indicate that 

the signal environment during this phase of aircraft operation will not degrade the 

navigation accuracy. 

The performance of the receiver in the presence of multipath, typical of ground 

user operation, matches the theoretical predictions of the system behavior. A 

condition was found in which the receiver can develop a false lock with large 

associated range errors. However, the condition is unstable and will disappear 

with small motion of the ground user antenna (see Section 9,) A ground user will 

probably require a multipath presence detector built into the equipment for repeat­

able accuracy, but this is not seen as a problem since only small user antenna 

movements (less than 8 in.) will generally place the ground users In region of 

negligibly small error. 

The navigation system accuracy achieved with the test system configuration 

at WSMR Is given in Figure 2-12. These data are derived from the area navigation 

flight test and represent user error after the error sources unique to the special 

WSMR aspects of the test system required to simulate an operational system (those 

not representative of an operational system - see Case 2 criteria in Section 2. 1) 

have been removed. The data in Figure 2-12 show the percentage of navigation 

solution points having less than a specified total error. Thus a user could expect to 

achieve a total spherical probable error (SPE) of less than 35 ft in position and less 

than 1. 7 fps in velocity for 80% of the solution data. 
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Tab! 2-4 Test Program Cbjcctives and Results 

~tiv• Tnt A-Its 

• E•alllilh tlw rer191 ■nd rant■ rate ■c:clll'■cy of ■ • or "' 3.0 ft, a; == 0.26 f.-

four channel reNiver in an ■irttorM -lronm■nt. "r "' 2.0 ft,"; c;; 1.0 fps 

• D■termine tlw .tf■ct1 of tlw ■ircr■h flitht • Th■ NC-131 ■lrcr■h hN ■ wall controlled tlwrmal and 

anvironm■nt on tlw ,-in, and al,borne ant■nn■ villr■tion environ_.,. MNlurem■nts-■ not ■ffected 

p■rtor.__. 
by this -ironm■nt . 

• D■t■rrnine tlw eff■ct1 ni ,r■rioul ■ircr■tt-to· • Tlw 11111■11 IC■I■ g■ofMtry m■enifi■d IINdy state errors 

tr■nunitter g■orMtri■s on syt1■ 111 p■rfor-- INkint -lysis poaibl■ without requirint hith quality 

includlnt acquilition. poeition r■tw■-. 

• Tlw upli,. an1- exhibitad • .. ■Y error n • function 

of antanM look anti■ : tlw ■nor c■a■d 10 ft ■non in 

oomputed z poeition. 

• Multipath fro111 IC-IO ICh. 41 - lilnific■nt when ■t 

low ■l■ntion .,.._; multip■th - .,_ oll■■rwcl -· 

hNd of Salt ICh. 11 ■nd IC-IO . 

• ..... ■oquilitioll ....... wllen IIOfllin■I ..... level 

-■ -123dllffl. HC-IMlty-.,lredx 12nmfrom 

the tr-itnrl. MAL acquired • I nffl fro111 die 

~ -

• Evaluate tlw ■ffecta of diff-t ...... ~ • HC data lhow■d •nsitiwity of r■n1■ -r■cy to ■itn■I 

'"■II on IYll■ffl p■rfor-nc■• level on•- ct.nn■II. A■1111 ■rrors oould cfl■nl■ 

fro1113to 12ft• ~-tfro111 -110clt111 to 

-140 Am. MAL dllt■ lhow■cl no .tf■cta . 

• Evaluate tlw IYlf■III vertical potitionint and lillk • Vertical position -,acy ii " • -1.1 ft, o • I.I ft. 

rat■ ■c:cur■cy dllrint l■ndint fl■r■ out. Vertical link rate -r■cy ii " • -0.4 f.-. o • 2.1 fps. 

e Evaluate IYII■"' c■p■bilitifl to provi• runway • Cr- runway polition ■ccuracy iii; • 1.0 ft, o • 7.3 ft . 

lw■dint inforffl■tion durint l■ndint roll out. 

• Evaluate tlw ....,a1 1Y11effl p■rfor- for l■ncllnt • lyste111 can b■....,.. to operate in ILS liln■I 

nn;,.tion Ulint • "typlc■ I" operational sytl■ m anvironffl■nt • nid■nN by co,nperi■on of HC • MAL 

confifur■tion. 
p■rfor_,_ and .....-ctiv■ fN■iwr d■■ilrl1. 

• Evaluate tlw l■nlitiYity of ,.__ ■ocur ■cy to • A-■IY■r b■hnft • pr■dlct■d by theory. A■c■iv■r 

multipath liln■II for e,ound -s. tr■ckint ■rron can ch■flll ■1 fflUCh • IO ft for uar 

antenna vertical --ntl of 1 ••■l■ llflh . 

e E1t■ blilh th■ rKei- ■c:cur■cy whil■ oparlltlnt in • Wid■ variety of muftip■th anviron-11 ■nd -i■ted 

typical fflUhip■th -ironm■nts for lfOUlld uars. ...- perfor-- l'll■ke it proper to Nrllid■r NCh 

ct■a of ■nvironffl■nt -■p■r■t91y . Ho-. with this 

und■rltandint ■ bro■d lt■teffl■nt can b■ ffl■d■ . AKeiv■r 

will ..,..,a11y lwft errors of + 21 fNt if no ■tte111Dt i1 

-* tD loc■te .,., antenna in ,..ions of -■II liln■I 

distortion. 

• V■rify tlw th■or■tic■ I un~ndint of multipath • Th■ _. receiver d■t■ falls within tlw theoretical 

.tf■ctl in tlw ,_._ by qualitative COIIIP■filon ■rror envelope for th■ tnt litu■tions. A.-m■nt of 

of tnt fftUlts with predicted p■rfor-. •1■ with tlwory ii very eood-

2-22 



~
 

~
 

~
 

~
 

~
 

I 
I 

C
A

SE
 I

I 
F

L
IG

H
T

S
 1

7
-
2

3
 

..
._

 M
R

L
 F

IL
T

E
R

E
D

 T
O

T
A

L
 P

O
S

IT
IO

N
 

·-
\ \ 

n 
\ 
~
 

» 
\ 

//
 

\ 
/
f
f
 H

A
Z

 F
IL

 T
E

R
E

~
 T

O
T

A
L

 N
J
I
I
T

I
O

N
-

/
/
 ,, 

./,
 

II
 

II
 

II
 

I 
I 

I 
I 

.... ••
• - - - IO
 

1
0

 

5 0
.5

 

0
.2

 
0.

1 
0

.0
5

 

0.
01

 

'#.
 

Il
l >
 

►
 

C
 
~
 

:,
 ! u 

l C
A

SE
 I

I 
F

L
T

 1
7

 ..
..

 2
3

 

b 
H

A
Z

 F
IL

T
E

R
E

D
 T

O
T

A
L

 
/ 

-V
E

L
O

C
IT

Y
 

.,
 

' \.
 

I 
\.

 
D

 
V

/ 
H

 
(
/ 

/}
 

; 
II

 
-

II
 

., I .I
 I 

. 
. 

~
 

~
 ~
 

/
/
 

~
 

.
,_

 

. 

.... .... .. 1
5

 - 5
0

 

1
0

 

5 0
.5

 

0
.2

 
0.

1 
0

.0
5

 

0.
01

 

0 
2

0
 

-
P

O
S

IT
IO

N
, 

F
T

 
-

-
0 

.4
 

.I
 

1
.2

 
1

.1
 

2
.0

 
2

.4
 

2.
1 

3
.2

 
3.

1 

V
E

L
O

C
IT

Y
 E

R
R

O
R

, 
F

N
 

F
ig

u
re

 2
-1

2
 

C
u

m
u

la
ti

v
e 

D
is

tr
ib

u
ti

o
n

 o
f 

T
o

ta
l 

P
o

si
ti

o
n

 a
nd

 V
el

oc
it

y 
E

rr
o

rs
 

fo
r 

C
as

e 
II

 

'#.
 

Il
l >
 

►
 

C
 
~
 

:,
 ! u 



SECTIO III 

TEST DATA GENfRAT;0 A D FILTERING 

Before beginning a detailed discu :; ion of the te t results, some background i 
required to indicate how the test data i genarnted. In this section we will present 
a brief review of the general test approach and a discussion of the techniques used in 
the WSMR te t to synchronize the transmitters vin the ground system and associated 
software, to calculat the raw user navigation solution from ranp:e measurements 
and to subsequently smoothe the solution parameters. 

3. 1 EXPERIME T PROGRAM ™PLEME TATIO 

The principal elements of the Field Test Navigation System are the ground 
transmitters / calibration receiver segment and the airborne receiver (user) segment. 
Both the ground and airborne segments utilize four-channel correlation receivers 
to extract apparent lime of arrival and doppler history of the incoming signal . 
Each ground transmitter generates :i navigation signal consisting of a pseudo-
random noise (PRN) code modulated on an L-band rf carrier. 

In an operational satellite system the signals emanating from each transmitter 
would be approximately synchronized in both code ph?.se (time) and frequency to a 
reference oscillator in a master ground station. Synchronization errors with respect 
to the reference oscillator would be measured and made available to the system user, 
so that the user would be, in effect, viewing "perfectly" synchronized transmitters. 

In the field test program at WSMR, this same general concept was implemented, 
but, of course, mechanized quite differently than in a satellite system. Since there 
was no requirement to compute the navigation solution by the user in real time, and 
we wanted to keep the test equipment design as simple as possible, a signal synchro­
nization scheme using post flight data reduction software was implemented. The 
scheme basically consists 9f measuring the code phase and oscillator frequency of each 
transmitter with respec to a reference oscillator at a !\tobile Calibration Station (MCS). 
Since the four transm'itters are not even approximately sy.1chronized to a reference os­
cillator (unlike the satellite case) the user requires not just a synchronization error term 
for each signal ,:-,~ in the operational case, but the entire w.lue of the code phase and frequency 
offsets from the reference oscillator must be provided. The offset information is recorded 
at the MCS d.Dd made avallable to the post-flight data reduction process, in conjunction with 
the sigm•.i history of pseudo-range and pseudo-range rate recorded in flight. 

~he transmitter code phase and carrier frequency history recorded at the MCS ha 
to be referenced to the center of the uplink antenna by the software synchronization pro­
cess, since this is the location from which the airborne user receives the ignal. To 
accomplish this, the total signal cielay from uplink antenna to MCS receiver must be 
known. The recorded signal is in effect backed out of the MCS, backed over the monitor 
link and down the pole to the transmitter, back d through the transmitter, then out the 
transmitter uplink port up the pole to the uplink antenna. 

A t)•p1cal grO\md link configuration used in WSMR flight te t is shown in 
Fittnre 3-1. The transmitter provided two outputs,one for the uplink to the alr­
\!raft and the other for the monitor link to the Mr. (calibration receiver . In order 
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UPLINK ANTENNA 

TRANSMITTER 

MONITOR LINK 
ANTENNA 

MCSMONITOA 
LINK ANTENNA 

MCS 

Figure 3-1 Typical Ground System Configuration for Flights 1-15 

to avoid possible confusion at the MCS over which signal was being received, the transmitter sent out the monitor link signal 200 nanosec ahead of the uplink signal, and at a higher power level. Thus, th MCS was able to "see" the high power sig­nal first and lock onto it with ambiguity. 

A timing diagram showing the code phase at various points in the, ground system ls given in Figure 3-2. Refr,rring to the ground configuration ln Figure 3-1, the timing diagram indicates tl e code sequence seen at the two output ports of the trans­mitter, the code received at the MCS four-channel receiver, and the code observed at the phase center of the uplink antenna. The code phase and frequency offsets from the reference oscillator located in the ground receiver are recorded at the MCS. The data processing software is mechanized to determine the code phase (time) at the transmission point (center of the uplink antenna ) from the received code phase at the MCS (the code phase can be thought of as a numerical value of time) and from stored constants which are functions of the fixed ignal path delays. 

The code phase received at the MCS in the timing diag1·am is labeled t0 • To determi11e the code phase at the uplink antenna (tc), the code phase is backed out of the MCS and over the link to the transmitter monitor link port, a distance (time) Oj. This distance consists of the rf cables, monitor link antennas, and link propagation paths. The signal ls then backed through the transmitter from the monitor link port to the uplink port, • time delay (code phase change) nominally equal b 200 nnnosec. 

From the transmitter uplink port the code phnse is moved to the uplink anten­na. This dis tance consists of rf cabling and antenna delays, and is approximatel y 50 nanosec. Each of these time delays must be carefull) measured since an error ln these quantities is equivalent ton system range error. The error sources associated with each of these distance are annl yzed in Section 4. 

The field test synchronization scheme is lllustrated In Figure 3-3. The code phase and frequency offsets with respect to the reference oscillator (PR Icsl lJD Mesi 
are recorded at the MCS. The recorded data. are referred to the center of the uplink 
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GROUND LINK 

Figure 3-2 5_0-Mile Area Ground Site Timing 

i=l, ... 4 . 
PDK1 = 11 - c(PI>ya11) 

■ g 

where PRKt, PDKl are the offsets referred to the uplink antenna (equivalent to tc in 
the tlmlng diagram); PRMcs1, PDMcs1 are the offset measurements performed at 
MCS (equivalent to to In the timing diagram); ~ ts the speed of light 9onvertlng the 
meuurements of time and frequency to feet and feet per second; , 1, J t are the dls~s 
and range rates (zero expect for balloon channel ln ILS tests) between the MCS and the 
center m the uplink antenna; ~PR1 la a correction term to account for different internal 
delays within the receiver channels. 

The distance between the MCS and center of the uplink antennas ts given by: 

where Dt is the distance from the MCS receiver to the transmitter monitor llnk port 
couiatlng of rf cables at the MCS and transmttter site (C1 and C2), and the antennas =~~=:.'f rm:de1iii· .::!~· :1i:kciM+ ~lli;,~\~k lll-\v~1!:e.:r;:;ox1-
mately 200nanosec, C31 ls the rf cable between the transmitter upllnk port and the 
center of the uplink antenna which ls approximately 50 nanosec. 

The code phase offset is then adjusted to the tlme of sample m the user data by 
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advancing the code phue at the measured code phase drift rate, (frequency offset) 

PRKlt = PRKs + (PDKt)At 

where PRKti is the adjusted code phase offset at the user sample time and 6 t is the 

time difference between the ground receiver measurement of code phase offset and the 

user code phase measurement. 

The information is now in the correct form to enable the user to synchronize 

the four transmitters to the common reference oscillator at the MCS. The user 

code phase and carrier frequency measured duri~ the test flight (PRUi, PDU1) 11 

synchronized by the ground recorded data (PRKti, PDKi) to form the system (total) 

pseudo-rarwe and pseudo-doppler measurements. 

Rt = PRKit - PRU1 

The navigation solution ls obtained from the system pseudo-range and pseudo­

doppler by 
r1 =Rt+ B 

i-1 =Rt +s 

where ri, ri are the computed true range and range rates between the aircraft and the 

transmitter location& (phue center of the uplink antennas); B, :A are the differences 

in cod~ phase and frequency between the uaer's oecillator and the gro\Dld based 

reference oscillator. 

The computational details involved in the 1olution of the true range and range 

rate equations are located in Appendix D. The form of the solution wu outlined In 

Volume ll, Section 1. 2 for an earth-centered coordinate system. To differentiate 

the field test coordinate 1ystem 1olutlon from the earth centered coordinate system, 

the notation has been charwed in accordance with the deflnitiona in Figure 3-4. 

This notation was uaed throught the test program and 11 adhered to in this volume. 

The field teat tr8Dlmltter synchronization scheme, although conceptually ade­

quate, produced a number of practical problems that had to be dealt with. The ground 

system was Initially configured as shown in Figure 3-1. Data were collected using 

this conflguratlon for the flr1t 16 flights of the test program. Flight test resultl in­

dicated navigation aolutton lnaccuraciH of roughly the ume mapttude for both 

Hazeltine Corp. (HC) and Magnavox Re1earch Lab. (MRL) data. InvestlgatlODI of 

varloua components of the syatem Indicated that there were ID8tabilltte1 In the sround 

sy1tem equipment, that make up the -' t term. Thul the stored conatant1 in the 1oft­

ware for-' t were In fact time varying quantities and errors were introduced in the 

calculation of the meaaured code pbaae and frequency affect• when referencing the 

data to tlie uplink antennu. 

The error• were primarily u"ociated with two upects of the ground ay1tem; the 

tran1mttter Internal delay (t internal) and portlona of the rf cabling (Ct, c2, C3). 

When accounting for the effective delay through the trammttter, the built-in 



• 

I 

UIIR'I POIITION 

1TH TRA-ITTER 
POIITION 

I• 1, ..... C 

9: 3 VECTOR, TO II! CALCULATED IV THE USER 

i 1: 3 VECTOR, DEFINING THE COOIIDINATII OF 
THE TRa.-lTTIRI 

,1: TRUE RANGE CCN'UTID IV THI U.R 

y1: UNIT Vl!CTORI RELATING THI USER ,011TION 
TOTHI! TRANNTTIRI 

NOTE: FOR THE FIELD Tl!IT IMPLEMENTATION THE VARIQLE NOTATION WAI USED 
Al SHOWN AIOVI TO DIFFIRINTIATI! FROM THI EARTH CINTl!RID RIFIRINCI! 
COORDINATE NOTATION SHOWN IN VOL II IIECTION 1.21. 

Figure 3-4 Field Test System Coordinates 

200 nano■ec delay must be accurately known. Therein lies a major problem. It does 
not ■uffloe to ,Aake a measurement of the internal transmitter delay by standard 
techniques such u observing the relationship of appropriate code clock pulses on an 
oacllloscope. The slgniflcant measurement ts the delay difference between the trans­
mitter uplink and monitor link outputs. The receiver meMurement ts sensitive to 
factors such u signal spectrum shape, and stray rf leakage. We tried a number of 
different measurement techniques using the receiver as the basic meuurement tool. 
The conclusion was that for whatever reasons, we could not determine the transmitter 
internal delay to sufficient accuracy. (See SecUon 4 for details of this problem). 

A similar problem was occurring in some of the cables in the signal path. The 
cabling was basically of two types: 
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• RO-214/U - a nextble coaxial cable with the center conductor supported 
by a solid polyethylene sheath. The outer conductor ts a braid around 
the polyethylene sheath - this cable ts easy to work with and was used in 
locations where frequmt equipment movements were expected, but ts has 
a comparatively high loss of 0. 13db/ft. 

• Prodeltn Sptroltne - a semt-rtgtd coaxial cable consisting of an extruded 
aluminum casting (outer conductor) and a solid copper inner conductor 
supported by 6 coaxial polyethylene tubes. This line has low loss (O. 04db/ft) 
and was used in permanent installations having long runs. 

0 ' J 
The Sptroltne cabling delay measurements indicated an instabtltty of 5-10 

nanosec on some lines. Jnspection of these lines revealed that moisture was entering 
the cable and causing changes to the dielectric properties resulting in variable signal 
propagation characteristics. This problem only occurred on the Splroline caMe 
because this cable ls essentially hollow. (See Section 4 for details on thu topic.) 

Both the majority of the Splrollne cable and the transmitter internal delay were 
eliminated by reconfiguring the ground system as shown in Figure 3-5. One may 
question why the original configuration was used since the new configuration is much 
simpler and would seem to be the obvious choice. A major goal in the satelltte 
simulation was to provide a constant signal level along the aircraft path within a few 
db. This required the uplink antennas to have a highly directional radiation pattern. 
The long distances from the transmitter sites to the MCS (~20,000 ft), the require-

UPLINK ANTENNA 

TIIANallfflll 

MCIMONITOR 
LINK ANTENNA 

MCI 

Figure 3-5 Typical Ground System (.,onftguratlon for Flights 17-23 
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ment to have autflclent power at the MCS to acquire the signal and the directional 
pattern of the uplink antenna all pointed to the need for a separate, ccmtrollable atpal 
path from transmitters to the MCS; thus the monitor links. 

After ldentlfytng the monitor links as a major error source, and dlacoverlng 
that the MCS could lock-on to the signals from the uplink antennas, we decided to 
eliminate the monitor links and accept a alight loss in our abllity to separately con­
trol the signal level along the aircraft flight path (this occurs prlmarlly at WC-50, 
channel 2, because the long path from transmitter to MCS mean• the transmitter 
must be rtm at a higher than desired power to supply enough signal level at the MCS 
for acquisition). The power increase at the aircraft from the channel 2 transmitter 
ls slight (a few <I>) and does not affect the overall reaulta. 

New measurements were made of the ground syatem resulting in a set of con­
stants for the MCS-to-uplink antenna distance (.Ji) ti) be stored In the polt flight data 
processing software. The data obtained on flights 17-23 reflect an Improved accu­
racy over earlier flights as a result of this change (see Section 6). 

3,2 THE 1WO-STATE FILTER 

The method of passive-user, four-coordinate radio navigation used in the ex­
perimental test program employs the pseudo-range formulation. The pseudo-~ 
equations contain information about the clock bias• between the user reference oscll­
lator and the overall system time reference. Thls term, usually expres■ed ln feet, 
ls called the pseudo-range bias and it relates the meuured paeudo-range quantities 
to the user's true range from each of the 621B tr~smltters: 

(1) 

where r1 are the true ranges, Rt the (meuured) pseudo-ranges and B la the pseudo­
rqe bias, 

The pseudo-range blaa ls, ideally, a function of user and ground tlmlqr only, , 
and ls therefore well behaved. In fact, wlth no oscillator drift, the pseudo-range 
bias ls a constant. 

When the pseudo-rqtng concept ls applied to the measured doppler stpals, 
a similar bias term evolves, This bias, usually expre11ed In feet per second, 
relates the frequency of the user and ground oaclllators and ls called the plleudo­
doppler bias. The true and pseudo-range rates are related by the pseudo-doppler 
bias: 

(2) 

where ri and R1 are the tnae and p■eudo measurements respectively and 6 ls the 
pseudo-doppler bias. 

FUrther, it has been shown (Ref. 1) that to fl rat order 

• dB 
6=B=ar 

•1. e. The ''fourth coordinate" 
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Since both bla■e1 are well behaved and are 1trongly related to each other, they 
are especially a~ted for filtering. By rendering the errors in these btu quantitie■ 
lnalgnlflcant, we may realize four true meuurementa from the four available peeudo 
measurements and thus reduce the random errors in the user trajectory. 

Clock bias estimation also allows degraded three-measurement navigation under 
loss of lock conditions. 

The two-state clock bias filter takes advantage of the predictable behavior of 
clock bias and clock btu rate to provide smoothing of theae quantities. If the two­
state filter could provide exact estimates of the states, the position solution 
algorithm would become a four true range least squares solution. However, the two­
state filter can only provide beat and not exact estimates of clock bias and bias rate. 
Therefore, the solution can only approach the four true range least squares solution. 
A measure of performance of the two-etate filter can be defined In terms of the filter 
"Improvement Factor", a ratio of the filtered errors to the static errors. ·It follows 
from the definition of the Improvement Factor (and from the mechanization of the two­
state filter) that the performance of the two-state filter la a strong function of the 
relative geometry of the user with respect to the transmitters. 

a. 2.1 Clock Bias Filter Concept 

The btu filter concept, Ref. 1, ·uses a Kalman filter to eliminate the random 
error introduced to the calculated blues by pseudo-ranging JOise. The filter states 
are bias and bias rate: 

and the state covariance ta derived from the sensitivity analysts of the pseudo­
ranging equations: 

<Ye -X.) • (Ye -Xs) = (Ile - BJ2 

<Xs-Xa>""v -t> = -a. -s }\-Be-, e "I .... e 

- - . 

(4) 

(5) 

where Ye, B I.. V0 anst Be are the deterministic position and velocity navigation 
solution, anlxi and lt are the location and velocities~ the four transmitters. The 
sensitivity analysts gives state covariance from predicted pseudo meuuremflllt 
errors. The state transition matrix uses the first order approximation~ (3) 

where 6 t ls the elapeed time between samples. The plant noise matrix models clock 
bias acceleration (oaclllator drift rate) as a zero mean normal randQm variable with 
variance ul- The filter la Initialized by. the deterministic navigation solution and 
s\i>sequently accepts inputs of: (1) the predicted paeudo-n.np and paeudo-doppler 
measurement errora; (2) the predicted bias acceleration variance and (3) the mea­
sured static blues B0 and~-
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Once the filtered values of the biases are available, this added Information ts 

applied to the coordinate trajectory. This ls accomplished by f ormlng four true 

ranges and range rates: 

r,1 =Rt - Br 

i=,. = Rt - Br (6) 

where the f subscript Indicates the filtered value. These four true measurements 

are used in a least squares solution for the coordinate position and velocity. The 

leut squa ·es solution ts realized by the pseudo-inverse technique. The resulting 

decrease In random errors in the user trajectory ts characterized by the "total 

filter gain factor", defined: 

fgf = 

where the f subscript indicates the filtered error predictions. For the area naviga­

tion field tests typical gain factor values are 

fgf - 1 at the beginning of the run, 
fgf ... 3 over the center transmitter 
fgf 1111:: 2. 5 at the end of the run 

This filter scheme tends to change the shape of the random error distribution from 

highly elongated In Z to approximately spherical. 

Prior to presentfDG an analysts of the two-state ftlter performance, the concept 

of static (IDlflltered navigation solution) Geometric Dilution of Precision (GOOP) Is 

reviewed since the prime function of the filter ta to produce a solution which can, 

in part, be characterized by an improvement factor loading to a dynamic GOOP. 

3.2.2 static GOOP's 

The apparent time-of-arrival and apparent doppler measurements are cor­

rupted by errors caused both by the propagation medium and by the receiver error 

1ources which are a strong function of the signal design. 

Starting with noisy measurements, the solution algorithms for position and 

velocity ln three dlmenalon1 (based upon pseudo range and pseudo doppler) will result 

in noisy poaltlon and velocity solutions. The position and velocity solutions ln three 

dlmenalons obtained directly by linear transformations of pseudo-range and p .. eudo­

range rate meaaurement1 respectively are called the "static" position and velocity 

aolutions (Ref. 2). 

The sensitivity of the positlon solution to unity measurements errors as a 

function of the linear tranaformation (a function of the relative position of the user 

with respect to the satelUtes) ls a measure of the reduction (or dilution) of the 

system preclaion. The covariance of the transformation to unity measurement 

error variance• ls called the Geometric Dilution of Precision (GOOP), which is a 

mea111re of the degree to which meaaurement errors are ampUfled by system 

geometry effect• to produce poattlon errors. 
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The purpoae c:l ftltering the static solution is to obtain the best linear estimate 

in some sense (1. e. , least squares) of the noisy position and velocity solution by 

taking advantage of the relationships among independent measurements (observables), 

the physics of the measurement process, and the dynamics of motion. The Kalman 

filter provides a recursive procedure for providing a linear, statiatically optimum 

estimate of the parameters involved. 

The ■en■itivity equation■ for po■ition follow from Eq. (7) the pseudo-range 

equation (see Figure 3-4) with , i 1 = O a■: 

~ <Y - X.> = Rt - B = r1 

where :Y1 • c5Y +c5B = c5Rt i=l,2,3,4 

M[:!] = c5Rt 

'Yu 'Y12 'Y13 1 

M= 'Y21 'Y22 'Y23 1 

'Yst 'Y32 'Yu 1 

'Yu 'Y42 'Yu 1 

Define W=co1[6Y, 6B] 

Taking expected values of both sides of Eq. (20); 

E {WwT} = M•tE {6fltc5~}(M-1)T 

II E l · i\ 11\ r } = (Identity Matrix), the static GOOP'• are given by, 

X 

GDOP y = {DIAGONAL[M·1(M-1)TJ p12 

z 
B 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

An example of the static GOOP quantities applicable to the area navigation test 

geometry i■ shown in Figure 3-6. This figure shows the GOOP contours in the 

X-Y plane at 30,000 ft above gro\Uld level (AGL). The region displayed covers 
X = i 35, 930 ft and Y = ;t 60,000 ft within which the four transmitter sites are iden­

tified by the circled numbers. The numerical values of GOOP are coded wtth letter 

symbols according to the legend given in the illustration. The GOOP quantities are 

continuous throughout this region; however, for clarity in presenting the contour 
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shape small gaps exempUfied by the lack of a letter code are lnaerted. 'lbe GOOP in 
these gaps has a value between the two adjacent letter codes. 

For example, 3 ft of ranp meuurement noiae tran1late1 Into an X coordinate 
position noise, when the aircraft is 30,000 ft AGL and Jut 1outh of tranamitter 4 
(Y is approximately -25, 000 ft), of 

ax=GOO~ 

ax= [Between C and D) (3) 

ax= (1. 5 to 2)(3) 

ax ==4. 5 to 6 feet 

3. 2. 3 621B Best Estimate Trajectory Errors 

The errors In the trajectory are now derived for the two-state bias filter. 
The errors in pseudo range, position and velocity are computed by the appropriate 
linear transformation of the system geometry. The cross correlation between pseudo 
range and pseudo range blas, and between pseudo-ranp-rate and pseudo-range-rate­
bias ii assumed zero which leads to a worst cue analy1i1. The coupling between 
position and velocity peculiar to the area navigation geometry la acco1D1ted for In the 
analysis. 

3. 2. 3. 1 Computational Flow: 

The block diagram now of the computational algorithm la 1hown In Figure 
3-7. 

The static poaltlon and velocity bluea are filtered and subsequently uaed to 
generate a four true =•at •rr.:ea 1oluUon. The 1en1ttlvtty of poaltlon and 
velocity to blu and r error• 1 computed by linear pertubatlonal analysil of 
the leaat squarea solution. A linear trllllllformatton of the 1m1ttlvtty equations 
relates the filtered position and velocity erron to 1mooth paeudo range and pseudo 
range rate errors. The error variances of paeudo range and paeudo ranee rate are 
obtained by covariance analyses. • - 1 

3. 2. 3. 2 Posltlon Errors: 

The field te1t system geometry la given in Figure 3-4. The true range of the 
uaer, ualng the notation eatablilhed tn Figure 3-4 11: 

(13) 

Taking differential• of Eq. (13): 

-
<~Y-c5X.) • _<V-X.> = <Rt - B) («51\ - as> (14) 
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Define: 

Rewrlttng Eq. (14) ln terms of 'i• 
-y• • 6'V=61\ -6B 

(15) 

where 
'Ytt 'Y12 'Yta 

'Y* = 
'Y21 'Yn 'Y21 

'Y31 'Y12 'Ya 

'Y,t 'Yn 'Ya 

In Eq. (15) the matrix t • ls not square and ( J•)-1 does not exist. In this case a 

least squares solution exists for 6Y and ls given by: 

(16) 

Where 

(f"T :Y•rt :y*T ls the pseudo tnver■e. 

Squartng Eq. (16) and taking expected value■ of both sides m the re1ultant expre11lon 

yields: 

where, E{6R6R1}=0, and the superscript~ denotes filtered quantities. 

then Eq.(17) becomes 

The dtqonal elements of Eq. (18) represent the "Dynamic GOOP'•• 

GOOPo = [Dlag (ly •ry • tt Jt /2 

(17) 

(18) 

(19) 

Note that the pseudo range and bias are \Ulcorrelated since the ranging errors are 

predomlnantly caused by receiver thermal noise while the bias error ls a function of 

oaclllator 1tatlstlc1. 
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It can be shown that the following relationship between the filtered position errors 
and pseudo range errors can be derived from equation (15): 

2 -• 2 -•T 2 u ... =')' uy'"'>' +a1 " (20) 

The transformation matrix iv• is not recomputed for the filtered solution since the 
difference between the static and filtered solutions is small compared to the true 
range. 

An example of the dynamic GOOP quantities resulting from Eq. (19) applicable 
to the area navigation test geometry is shown 1n Figure 3-8. The regions shown 
1n this figure are identical to those shown 1n Figure 3-6 for the static GDOP's. 
The interpretation of the contours is also the same for the two figures. Comparing 
the dynamic GDOP's in Figure 3-8 with the static GDOP's in Figure 3-6, we see 
that the contours become almost spherical as a result of the two-state filter. The X 
and Y GDOP gradients become much smaller in the dynamic case, and the Z GOOP im­
proves by a factor of five from the static to the dynamic case. 

3. 2. 3. 3 Velocity Errors: 

Differentiating Eq. (13) one obtains: . . 
:y • • ( v-Xs) = ii. -a = r, 

Taking differentials, it is readily shown (Ref. 2) that: 

r 11 r 12 r11 

r21 r22 r21 

r11 r12 raa 

r,1 r,2 r,a 
~ -. ru 

where 

'Yu 'Y12 '>'11 

'Y21 'Y22 'Y23 

'Y31 'Y32 'Y33 

'Y41 'Y42 ')'43 
~ __.. 

=y• r,v 

rrJ = [1/r,] [(VJ-Xu) -;·,i.i 
is the position - velocity coupling matrix. 

(21) 

(22) 

Solving Eq. (22) for r,v, squaring both sides of the expression am taking expected val­
ues, 

O'~ = (~•t1y•T[O'~ + ui + r•u~ r•TJ [(ly•ryT>9iy•1)-1 (23) 

where, 

E(r,yr,sTJ = E(r,'Vr,ffl'J = E[c5R6BT] = 0, 

The filtered velocity errors are related to pseudo range rate errors by Eq. (22), 
yielding 

(24) 
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Filter Improvemert Factor: 

A Kalman filter "Improvement Factor" may be defined u the ratio of the input 
and output pseudo range and pseudo range rate variance• given by: 

2 2 , 2/Z 
Ga = u It/ u Rt and G1 = ult u i\ (25) 

If ult« uft. for all i, then 

G1 = V*[(pT=y•t1 ? 71 [(=p,Tiy•t1 :y•T]T:y•T+u~/u~ (26) 

Employing matrix identltiea, l. e., (AB)T = BTAT, Eq. (12) may be expreaaed in a more 

convenient form: 

Gt = :y•·t [(iy•T=p,)91 :y-T] + u ~/ u ~ 

where [(-y•t v•t1 V •t) is the pseudo inverse satisfying the leut squares solution. 

Consider, 

1r • [(iy •T=y •t1 iy•TJ iy • = v• 
• which follow• from the definition of the pseudo inver,;e. 
Let 

M = (V•Tiy•,-1 :y•T amt L = v• • 
LM = L(LTLt1LT, 

which may be partitioned lmo: 

LM = [ t] [[ATI CJ [ t]]T [ATI cTJ =[ t] [[ATA+CTct•] [ATI cTJ 

A matrix L (1,& xn) of rank p, may be written u 

L • [A,u B,avc] 
CvR" Dvpv0 

(27) 

(28) 

(29) 

(30) 

where v8 and V Care the row-column-nullltiea. It follow• from Eq1. (29) and (30) 

that the Flit.er ''Improvement Factor", GL, may not alway1 be leaa than unity, and lt 
la a function of the geometry under consideration. Thi• may be expected since the 
two-atat.e flit.er model• B and B and does not Include equation• of motion (I.e. ayat.em 
dynamic stat.ea). 

3. 2. 3. 4 Clock Bla1 Fllt.er Modell 

The two 1tat.e clock bla1 tut.er require■ three ext.ernally derived paramet.er1: 

• The predicted variance of clock bla1 acceleration II e■tlmat.ed from ay1t.em 
oaclllator 1tatlltlc1 and refined throuah examination of fillht data. It II 
u■ed in Q matrix computation, and 11 equal to 

z 
c,8 = 0. 0005 (ft/aec2)Z 

• The predicted vartucee of p■eudo-range and peeudo-doppler errors are used 
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to obtain the predicted state covariances. These errors are predominantly 
multipath and thermal noise, and are modelled as shown by the random 
e rror di cu ion in Section 4. 

3. 3 11-STATE FILTER 

An 11-state Kalman filt ' r was also implem nted to smooth the trajector data. 
The state vector for this filter consists of position, velocity, acceleration and clock 
stat s x, , z, x, y, z, x, y, z, B, B. The filter is mechanized along classical 
Kalman filter guidlines (R f. 36). A block diagram of the computational flow is given 
in Figure 3-9, and a flow chart of the program is given in Appendix F. 

Th initial value of the filter elates is obtained from the static solution. Since 
w also have a measur of the error in the static solution at this point (obtained from 
the a priori knowledge of the measurement variance and the geometric transformation 
of this error into the static solution) the initial value of the state covariance is chosen 
as th computer error in the static solution rather than using a fixed constant. This 
has the advantage of rapid settling of the filter after initialization in those cases where 
the filter is 3tarted in regions having geometry providing good initial Viilues of the 
states . 

Similarly, the noisiness of the pseudo-range and pseudo-range rate measure­
ments used in the filter to update the state estimates is determined dynamically by 
taking into account the received signal level and the receiver tracking loop bandwidth. 
Thus, as the r eceived signal level decreases and the measurements become more 
uncertain, the measurement covariance is adjusted to account for these changes. 
(See Vol. Il, Section 4.) This technique is also used in the two-state filter. 

The effect of filtering the data is shown in Figure 3-10. This figure contains a 
data run from Flight 19 which has been processed by the 2 and 11-state filters and 
also contains an unfiltered version for comparison. The plots show the residual be­
tween the various filtered versions of test system traj ctory and the WSMR reference. 
Th upper row of plots show the X-coordinate residual. There is practically no 
difference between th unfiltered data and that processed through a two-state filter for 
both the X and the Y-coordinatc data for the region of the flight path considered here. 
The 11-state filter, however, r educes the X and Y data noise by approximatel y an order 
of magnitude. The Y- coordinate data is not shown here since it is ver similar to the 
X data. 

The Z-coordinate data, on the other hand, has a large r eduction, about an order 
of magnitude, in noise content resulting from the two-state filter as shown by the 
bottom row of plots in Figure 3-10. The 11-state filter improves the two-state Z data 
by approximately a factor of 3. 

The improvement of the 11-state filter data over the two-stat bias filter is a 
result of modeling the additional velocity and acceleration states, and is also 
influ need b) our s I ction of Q values, a measure of uncertaint in the estimates of 
the state dynamics. The state dynamics are known to be r elativel) mall during the 
field tests. The ar a navigation flights were essentially strai ht and l v l runs which 
follow clos 1 the m:-ith matical mod l of rectilinear motion with constant vclocit . 
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• INITIALIZE FILTER WITH STATIC SOLUTION 

PARAMETERS IV,~. I, ii 

• SET TIME • 0, (At • 01 

• ►oA.'oR . 

• INITIALIZE ESTIMATES OF STATE I I 

COVARIANCE MATRIX l4--08,oi 

• SET PLANT NOISE AND MEASUREMENT 14-- 0, 
UNCERTAINTIES 

~ oa 

• 
• COMPUTE STATE TRANSITION MATRIX -
• PROPAGATE STATE COVARIANCE ... 
• PAOPAGATESTATES 

• 
• COMPUTE ESTIMATES OF MEASUREMENTS 

• 
• COMPUTE MEASUREMENT MATRIX 

• COMPUTE KALMAN WEIGHTS 

• PROPAGATE STATE COVARIANCE MATRIX 

• STEP TIME 

• • 
• READ STATIC PSEUDO 

RANGE AND PSEUDO ~ • COMPUTE RESIDUALS BETWEEN ESTIMATED • SET STATES EQUAL 

RANGE RATE AND STATIC MEASUREMENTS 
TO ESTIMATES 

MEASUREMENTS 
• STEPTIME 

• j. 

• UPDATE STATES 

• 
• STATES• FIL TEAED POSITION, VELOCITY, 

BIAS RATE, AND ACCELERATION 

Figure 3-9 Computational Algorithm Flow for 11-State Filter 
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The trajectory dynamics during the ILS flights were similar to those experienced during 
area navigation. The following values of Q were utilized as a result of these con'3ldera­
tions: 

Diagonal Elements of Q Matrix: 

u/ = 0, u,2 = 0, (J 82 = 0 

<J i 2 = 0 <J •2 = 0 ll , 1 , u1
2 = 0, u i/ = (0. 02)2 

uj- = (0. 05)2, <l( = (0. 05)2, ul = (o.o5)2 . 

In choosing such small values of Q, the filter is allowed to weight its Internal esti­
mates of the dynamic states more heavily than the actual measurements of pseudo-range 
and pseudo-range rate. Weighting of the measurements is therefore largely controlled by 
the geometry of the problem. Good geometry regions (small values of GOOP) cause the 
filter to weight the measurements more than ln poor geometry regio"lS. However, ln all 
cases, once a good set of state estimates bas been obtained, 1. e., the filter bas settled 
and the state covariance values are small, the filter depends much more heavily on Its 
own estimate of state dynamics than upon the measurements. The result of this ls the re­
latively smooth trajectory data shown ln Figure 3-10 for the 11-state filter. The conc~uslon 
is that the majority of the data noise comes from the system and not from the aircraft 
motion. 

A quantitative measure of the effectiveness of these two filters is provided ln Figure 
3-11. This figure presents the trajectory noise (standard deviation) In each coordinate 
for an area navigation flight paths as a function of the degree of filtering. The lines con­
necting the sigmas for each filter type are shown for clarity in determining the improvement 
trends and should not be used to Imply the performance of potential in-between (e.g. , six­
state filters). As can be seen ln this figure, the Z-coordlnate data responds very well to 
both the 2 and 11-state filters whereas the X and Y-coordlnate data require an 11-state 
filter for any substantial noise reduction. This ls, of cour■e, a function of the system 
geometry. However, the geometry utilized in the field test ls representative of that pro­
posed for an operational system, therefore, malci~ the filter performance comparisons 
in Figure 3-11 reasonable for the user equipment aspects of the 621 B system. 

The improvement ln the 11-state filtered ILS trajectories over other versions is 
substantial since the ILS system configuration has good geometries only for a small region 
centered around the flare polnt on the flight path. In this case the 11-state filter is neces­
sary to effectively remove the trajectory data noise. 

3. 3. 1 Modes of F llter Operation 

Under normal conditions the filter program operates in either the two-state or 
11-state filter modes. Two degraded modes are available: (1) the secondary three­
measurement mode, and (2) the tertiary extrapolate (or dead reckon) mode. 

The three-measurement mode Is employed when one channel produces bad mt:a­
surements and at least one previous acceptable navigation point ls available for bias 
extrapolation. In the 1 J -state filter implementation this is not necessary, since loss 
of lock or bad data in any one of the channels can be handled by increasing the measure­
ment noise covariance matrix entries for that channel. The filter in this case will 
de-weight the measurements and operate on its estlmate.1 of the dynamic states. 
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When there is no deterministic navigation solution available and/or t.he primary 
and secondary modes have failed, the full extrapolation mode is used in an attempt 
to fill the gap in the data. This highly degraded mode is not used for more than ten 
consecutive seconds and requires at least five seconds of prt.,vious data to operate. 
The extrapolation is performed on the trajectory coordinates independently by h,ast­
squared residual polynomial fits. A linear curve is fitted to the velocity data and is 
subsequently integrated for position extrapolation. The constant of integration is de­
termined by fitting the integrated velocity curve to the position data by least-squared 
resicmals. 

The filter program selects its operating mode in accordance with the logic 
shown in Figure 3-12. The channel-locked discretes from the user and ground calibra­
tion station are checked first. If all four channels show good lock1, the deterministic 
navigation solution is then checked for feasibility. In the present program configura­
tion this feaslbillty check is based on deterministic geometry, error predictions and 
a comparison of the raw pseudo-range and pseudo-doppler data. If a bad static navi­
gation solution is indicated, it may be due to a single bad measurement. This one­
bad-channel possibillty is checked by comparing the first difference of the four pseudo­
dopplers to the second difference of the four pseudo-ranges. 

When all three program modes fall to produce a meaningful trajectory, the lost 
data results In time Jumps in the output. 
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SECTION IV 

ERROR ANALYSIS 

In order to present a meaningful discussion of the results of the field test pro­
gram, we must first define the errors whose evaluation will provide the measure of 
system performance. In the t"' rminology of this report, the set of user's vector 
position and velocity data, which is the desired system output, is referred to as the 
"solution domain". Any deviation of the output from an "ideal reference" vector 
position and velocity represent the navigation errors. However, an ideal (1. e., per­
fect) reference is a physical impossibility. Therefore, we can only produce an es­
timate of the navigational error. The precision of the error estimate is a function of 
the precision of the reference trajectory. 

The disturbances creating the navigational errors are assumed to be present at 

the input of the system. These disturbances are created by the imperfect measure­
ment process or measurement errors. The set of measurements ts referred to as 
the "measurement domain". The two domains can be related to each other by a linear 
geometric transformation, which ls an implicit function of time due to user's motion 
with respect to the transmitters. This transformation also applies to the errors in 
the data sets of the two domains and allows identification and modelUng of errors in 
whichever domain it is most appropriate or useful to do so. 

In addition to errors caused by receiver noise and bias, there exist additional errors 

in the measurement domain caused by: 

• Unidentified physical phenomena 

• Unmodetled physical phenomena 

• Imperfect modelltng of complex physical processes 

• Inherent distortion introduced by the measuring process and device 
characteristics. 

Besides measurement errors, additional errors in the solution domain are caused by: 

• Inaccuracy of the linear transformation from measurement to solution 
domains caused by neglecting higher order terms 

• Imperfect modelling of dynamic states in the Kalman ftlter 

• Imperfect modelling of the measurement noise covariance matrix in the 
Kalman ftlter. 

The degree to which the errors in the measurement domain affect the errors in the 
solution domain is a function of the geometry of the system (see Section 4. 2) and the 

type of estimation/prediction technique used to smooth the static solution. The analy­

sts of the errors, once identified, is performed in the filtered and static solution do­

mains as well as in the measurement domain. A block diagram highlighting the error 
analysis flow by identifying the major steps in the analysis ls given in Figure 4-1. 
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Figure 4-2 represents a system functional flow diagram indicating the source 

and type of errors associated with the test system. The error sources sh:>wn ln Fig­

ure 4-2 have been classified lnto three broad categories: random, steady state 

(bias), and periodic errors. 

Some of the error source:1 are well known, as for example, receiver thermal 

noise and atmospheric refraction correction residuals. There are other error 

sources which became evident during the data analysis, such as sensitivity of the re­

ceivers to the transmitter spectrum shape and apparent signal delay ln some of the 

anteMas. The error producing mechanisms and the contribution of each error source 

on the navigation solution accuracy are presented herein. A discussion of some 

aspects of the test system clocks is also included. 

4. 1 RANDOM ERROR 

The analysts of the random components of the test system data ts performed ln 

three steps: 

1. A quantitative evaluation of system measurement variances. 

2. The detection of dependencies between measurement variances and external 

parameters, and the correlation of these with the a priori error model■. 

3. The transformation of the observed variances into user navigation coordi­

nates (solution domain) of the demonstration system. 

4.1.1 Measurement Variance Estimation 

Standard estimation techniques were used to quantify measurement variances. 

The sample variances, o- 2, (that ls, the second central moment) of the differences 

(residuals) between the navigation data and the WSMR BET were taken ln both the 

measurement domain and the navigation solution domain. These statistics were taken 

over ten second time intervals for both the static and the (two state) filtered trajec­

tories. Each ten-second time interval contained 50 data points from what baa been 

determined to be a statistically stationary set. 

Two separate analyses were performed to determine the solution domain and 

measurement domain residual variances. 

In performing the transformation from measurement coordinates to navigation 

coordinates, the clock bias in the pseudo-range measurements was ellminated by 

referencing all delay measurements to a single channel and using these "range dlff er­

ences" in the analysts of position errors. Thia technique ellmtnatea any covariance 

terms in the measurement errors and thus measurement residual variances are not 

directly recoverable from the trajectory reatduals. 

A separate analysis was performed on selected data (flights 08, 10, 14, 18 and 

19) to determine measurement error variances. The method of variate dlff erencea (Ref. 

26), was applied to the raw pseudo-range and pseudo range-rate data taken over ten 

second time Intervals. This method yields estimates of total channel variances by 

ass•·mtng that the data consists of a smooth trend component (i.e. the true value of 

pc;eudo range) plus an additive noise component. The smooth component ts ellminated 

b:v differencing and the variance e'sttmate based on what remains. For the test data, 

the variate difference techniques yields a-estimates which are good to about :t10% at 

95% confidence. 
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To obtain an estimate of the interchannel covariance, the variance estimates of 
the indi vldual channel measurements were used along with a variance estimate of the 
inter-channel data and the covariance found by solving 

The mechanisms affecting the covariance terms are common to all four channels: 

• Noise in non-coherent portion of the user receiver 

• Noise in non-coherent portion of the calibration receiver 

• Noise in the calibration reference clock 

• Noise in the user reference clock. 

Consequently, an overall estimate of covariance can be formed using the average of 
the observed quantities: 

' 
ciw = -

6
1 E cov(ftt , R~ 

l <J •2 

When we consider all of the 621B data which showed good results (that ts, no 
known failures occurred), the average value of the random noise ts extremely small. 
Typical values are: • 

r r 

Hazeltine 3. 0 ft O. 25 ft/sec 

Magnavox 2. 5 ft O. 25 ft/sec 

Further, although some data slices exhibit some form of tnterchannel noise correla­
tion, the overall covariance term has an approximately zero mean distribution for 
MRL and ts only slightly biased for the Hazeltine data (about 1 ft2 and 0.01 (ft/sPC•)2 
for range and doppler, respectively). 

4.1. 2 Functional Relationships for the Measurement Variances 

There are many contributing error sources to the tot..l pseudo range and pseudo 
range-rate noise quantities. Those of particular importance are described in the 
following paragraphs. 

Thermal Noise Range Error 

The range error due to thermal noise using phase coherent correlation is given 
by: 
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where C • speed of light, fps 

Tc = chip length, nanosec 

PR = total received power, watts 

No = noise spectral density, watts/Hz 

2BL • two sided loop noise bandwidth of the code tracking loop 

For the MRL receiver, the values of O'R due to thermal effects vary from 0.15 ft at 
high signal level (-110 dbm), to 2. 8 ft at -135 dbm and increase to 4. 7 ft at low signal 
level (-140 dbm) as shown in Figure 4-3. In the same illustration, the HC re­
ceiver thermal noise error curve shows an increase over MRL due to the widening of 
the loop noise bandwidth with increased signal power. The same phenomena occure in 
the thermal noiae range rate error. 

where 

Thermal Noise Range Rate Error 

The range rate error due to thermal noise is: 

C 

"a = • rps 

2wf,,T~ 

= carrier frequency (1. 575 GHz) 

= doppler counting time 

• two sided loop noise bandwidth of the carrier tracking loop 

These errors are plotted In Figure 4-3 for both the HC and MltL receivers. 

Quantization 

The quantization error without bit ambtgutiy- O'Q enters into the data as un­
certainty in the measurements as follows: 

_£L_ 
<7Q = 2'1lr 

where b • number of bits used for quantizing. For o. 5 ft quantization, the resultant 
standard deviation la 0.145 ft. 

If bit ambiguity occurs, the quantization error becomes: 

./3 
O'QA=2q 

where q la the quantization level (0. 5 ft). In tbls case a-QA = 0. 43 ft. 

*Bit ambiguity refers to an uncertainty in measuring the correct code chip (see Ref. 1) 
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Range and Range Rate Errors Due to Oscillator Phase Noise 

These random errors are a function of the crystal oscillator destgn, syatem 
vibration levels, code and carrier loop implementations and are defined by the follow­
Ing equation: 

(J OIIC = Ki 

where K1, K2 are a function of the system implementation and A ls a function of the 
oscUlator spectral purity. The complete analysts of oscUlator phase noise ls quite 
complex (see Ref. 1). Our Initial estimates of C7osc are 0. 02 ft and 0. 03 

fps for the range and range rate errors, respecttve1y. 

Raye and Range Rate Errors Due to Clock Errors In the System Ig,lementa­
Ugal, 

Error In the clock frequency, i.e. ( 4f/ f), Introduces the following error In 
the system: 

'1Rt = I Is-r1 I { 1) +c6t (f) 
. where = range from transmitter i to calibration station 

r 1 = slant range from transmitter l to aircraft 

¥ = osclllator accuracy 

4t = sample misalignment between calibration and airborne data, 
seconds 

This error represents a measurement uncertainty of approximately 0.1 ft. 

The range rate error due to the oscillator enters Into doppler meuurements 
as an unc~rtalnty In the transmitter frequency. This error ls of second order Im­
portance in the system and engenders a range rate measurement error of approxi­
mately 10-4 fps. 

Scintillation 

There are three types of scintillations of signals passlng through the atmo­
sphere: amplitude, phase, and angle of arrival. The scintillation~ electromagnetic 

sl1PU1ls ls due primarily to scattering by the Irregularities of the refractive Index of 
the atmosphere. Sclntlllatlons cauae random errors ln the measurement domain 
particularly at low elevation angles and ts estimated not to exceed fl. 2 ft for thil 
flight test profiles. 

Diffuse Multipath Errors 

The measurement error due to the presence of a multipath signal can be random 

(dtrr .. oe) or bias-like or osclllatory (specular) depending on system user geometry. 



The errors due to diffuse ground multipath occur when the look angles from the user 
to the transmitters are large (e.g. ,directly over the transmitter constellation). A 
complete analysis of these errors was performed by computer simulation during the 
Phase I effort (Ref. 1) and indicate variances on the order of 

er. m 

3. 5 ft in range 

,_ 0.1 fps in range rate 

for the field test configuration (A flight path, antenna height about 40 ft). 

Multipath errors can also develop from reflected signals on the calibration 
links and from aircraft structure reflections. While both of these errors are spec­
ular phenomena, the aircraft self induced multipath appears as a "random" error in 
the data due to the rapidly changing geometry. This error, also discussed in Ref. 1, 
is predicted to introduce about O. 7 ft of white noise to the range measurements and 
about O. 07 fps to the doppler measurements. 

Adjacent Channel Interference 

Some adjacent channel interference ls permlBBlble in the design of multichannel 
correlation receivers. It ts caused by the finite cross correlation between adjacent 
channel codes. 

The signal-to-adjacent channel interference ratio in the equivalent noise band­
width of the loops may be expressed as (Ref. 37): 

SIR °' ! ..!!Jr, J2 
8 2BL P1 

where BIF is the prediction bandwidth (IF bandwidth), 2BL is the double-sided !oop 
noise bandwidth, Pft is the desired channel power and P1 is the interference char.nel 
power. The SIR sets an upper bound on the range and range rate error perfor1nance 
of the receiver. The thermal noise range rate error, Eq. (4) for example, in the 
presence of interference may be expressed as (Ref. 37 ): 

where 

and 

_ SNRn§IR 
S?ffleu - 1 +SIR+SNltn 

The effect of adjacent channel interference becomes noticeable when the ;p. ratio goes 

well below unity. ~becomes approxlmateJy 0.1 during some portion of the ILS 

flights. This causes approximately a 3% increase in the recet,,er thermal noise. 
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4. I. 3 Summary of Random Errors 

Table 4-1 gives a summary of the observed and the theoretically predicted 

random errors. Of the sources of random errors, the effects of thermal noise, 

ground multipath and (in the dopplcr measurement) oscillator phase noise and tro­

pospheric dopple r arc most prevalent. To summarize, we would expect the following 

r andom errors at high signal leve ls (-120 dbm) 

CTn = (ground diffuse multipath) -::- 3. 5 ft 

CTR = (gr ound diffuse multipath) + (transmitter oscillator) + (tropo-

spheric doppler) :::.- 0.17 fps 

and, at low signal leve ls (-140 dbm) 

CTR = (ground diffuse multipath) + (thermal noise) :::- 5. 8 ft 

""ii = (ground diffus multipath) + (transmitter oscillator) + (tropo-

spheric doppler) + (thermal noise) ~ o. 22 fps. 

The observed data (Table 4-1) shows our predictions to be quite reasonable 

for data summarized over all test conditions (Table 4-1). However, Figures 

4-4 and 4-5 do not support the predicted dependence with signal level. We 

think this is due primarily to the presence of specular ground and aircraft multipath, 

which, in our analysis, was treated as a random error, but which, in actuality, ts 

nearly periodic and at a high enough frequency to look like a random error to the data 

processing system. This hypothesis is also supported by the smaller variances of the 

MRL data. The generally narrower loop bandwidths (t. e. independent of power vari­

ation) of the Magnavox r eceiver tend to lessen the fects of multipath and so reduce 

CTR and CTR. 

In accordance with this hypothesis, analysis of the variations of measurement 

noise with user-transmitteT' geometry should show multipath effects. The variance 

of random errors in the data was computed by variate differences (as discussed in the 

previous section) for flights 8, 10, 14, 19 and 20, yielding a total of 390 independent 

estimates for the HC data and 298 estimates for MRL. The variance estimates were 

then averaged within groups selected by channel signal level and user Y (north-south) 

and Z (ve rtical) position for "A" and "C" flight paths (that ts, aircraft flew along the 

Y axis). Each group of data contains at least 4 (typically 9) independent variance es­

timates which are accurate to approximately ± 10% at 95% confidence. Further, a 

3-stgma edit eliminated points which contain gross system malfunctions and the data 

were checked for whiteness before the application of the variate difference estimation 

technique . Thus, each point r epresents a statistica lly significant sample. 

2 
The plots of Figure 4- 6 and 4-7 show these observed variations of CT 

and ul with user Y position, as well as the r esults of the measurem nt w\iteness 

tests as a functi on of user Y position. The whiteness pl ots show the percentage of the 

10 sec time s lices which displayed oscillatory phenomena in the range-cloppler differ­

ences , defined by: 

(n-o] = (PRt - PRt-1 - (-PDt • A t) 
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Table 4-1 System Random Error Summary 

HulftiM MAL 
Remark, 

OR OR OR OA 

A. Aircraft A_i.,., 

1. T'-m11I Noitl 1.8 0.0& 0.8 0.02 • -123 •m 

2. O.Cillator Noitl 0.02 0.03 0.02 0.03 L- Yillrlltlon 

3. Quantization 0.43 O.OOI 0.141 0.OOI 

4. Tim11 Delay Milfflelctl 0.81 0 0.2 0 

I . Dynamia 
(al Clock Loop 1.3° N.A. 1.3 N.A. 0 1LS Only 

(bl Doppler Meat N.A. 0 N.A. 0 

8. Adjacent Channel lnterf- 0.0& 0 0.02 0 ILS 

8. Up-Link 

1. Muhipath 
Cal Ground 11 0.1 2.1 0.1 AwtAII Fh1 

Cbl Aircraft 0.7 0.07 0.7 0.07 

2. TrOjlOlpMr9 1 0.1 1 0.1 Maximum 

3. ScintlltatiOn 0.2 0.0& 0.2 0.0& 

C. TraMfflitter O.Cillator 0.4 0. 1• 0.4 0.1• •Maximum 

D. Cal Real"' 

I. Thermal Noitl 1.1 0.04 1.1 0.04 • -120 c1»m 

2. O.Cillator Noitl 0.001 0.003 0.001 0.003 

3. Quantization 0.43 O.OOI 0.43 0.OOI 
4. Tim11 Delay Milfflelctl 0.81 0 0.81 0 
I. Adjacent Channel lntar 0 0 0 0 

E. Cal Link Propee11ion 

1. Fadint Stallility 0.0& 0 0.0& 0 
2. "-'raction O.OOI 0 O.OOI 0 
3. Scintillation G.2 0 0.2 0 

Total CASSI 4.7 G.2 3.2 0.17 
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where PR is pseudo range, PD pseudo doppler and ~t the elapsed Ume between the 

samples. The data were tested for randomness by the turning-point whiteness test 

and was considered oscillatory when the confidence in the random hypothesis declined 

below 0.10%. Non-random chaMel measurements are predominantly due to specular 

multipath and, therefore, the plots of Figures 4-6 and 4-7 indicate the amount 

of multipath observed in the data. 

Referring to these figures, the typical values of channel measurement variances 

are evident, but strong dependencies with user Y position also present themselves. 

Specifically, channels 1 and 4 (those transmitters which the
2
aircraft flew directly 

over) exhibit ground multipath characteristics, since both <r R and non-randomness in­

crease as the user moves away from the transmitter. This phenomena is particularly 

noticeable in chaMel 4 and is discussed further in Section 6. We also note an increase 

in oscillatory tendencies when the user is directly over channels 1 and 4 transmitters. 

This is due to multipath from the back-lobes of the uplink antennas. The oscillatory 

effects of ground multipath from the off set transmitters 2 and 3 are not as predomt.n­

ant as those from 1 and 4 since the change in geometry is not as severe for the offset 

channels and the diffuse effects of aircraft multipath are more pronounced for side­

incident signals. 

The linear GOOP analysis was used (see Section 3) to project the observed 

measurement errors into the navigation solution domain (that is, X, Y, z trajectory 

errors). Table 4-2 shows the random error predictions in nav solution coordinates 

for the overall o R and o R measurements determined from the test data as discussed 

in Subsection 4. 1. 1. 

The GOOP analysis assumes: (1) zero lnter-chamel covariance, and (2) equal 

meamrement error magnitudes. While the first assumption has been verified with 

the flight data, the second, according to Figures 4-6 and 4-7 camot be fully sup­

ported. Thus there is a deviation between the predicted errors shown in Table 4-2 

and the measured data shown in Figures 4-6 and 4-7. This deviation appears as a 

separation from the predicted curves in Figure 4-8. The effect ls most predominant 

for the area n.wigatlon test, in the area north of the center transmitter. 

Table 4-2 Predicted Random Error in Navigation Solution (Ft and fps), Field Tests 

Stat i c:- Savhrntlnn So lution (Twfl -S1ot r) f'll tPn•d Solution 

Y Coor di nat e.• , 

F'kl rl T ,• , t K rt X • \' •Z • ll oX .v . i • ii • x . v . z .x .. , . 
AII F:A M l", X , Z - 30K ;o :-,.0 33 . !l lq. 2 -11. 3 . 12 :?. ~ 4. I 4, 3 Shl 

P r oc~sscd 

30 4. 0 I. I 29. I 27 . 0 .3 1 .3 2.4 2. 2 3. 3 li.O .n . 27 . 50 

0 (SA LT) 3. ·' j , 9 
' ' · 2 

I~. 9 .32 .49 I , 5 1. 3 3. 7 I. t. 75 , 31 . 40 

- 30 1, 9 21 . j 2!",. I 30. 3 4.1 I . S 2, I 2. 5 4. 4 3,9 4. 7 . 37 .33 

- ;jO G, 2 C.2. 9 32. 9 ;;9, 1 • 52 4, I 2 . a.o 

ll.S, X Z• AP PllOACII I~. 9 3 1 ~-0 1; •. ;, 111.0 . 74 0. ~ 2. I 0. G 

:J, 0 li , /o\ I. ::! ;-, , !) . 2;, . =:, 7 ,3 1 . •19 2. r. 2. 4 ~- 2 .21 . 21 

0(l' LA REI 2.(i ri . I ~. I I. 7 . 22 .20 . 2~ . II 2. r; 2. U :l .l . 21 . 21 

- 2 2, 9 I . 0 7. U 15. 2 .29 1. :; ,G2 .1 2 2. 2.2 :1 . 11 . .J? . IH 

-~ 2:, .... 173. 0 n .o 170.0 2.1 10.0 . ~3 . 17 

-i 

. 72 

. l l 

• 4 

. :!7 

. :! , 

.~o 

Thh t.1 hl c aumma r lz.e the ~t.a nd:1 r d dC'\'bll nn nr the n:i\1 l:::ttl 11n , 1luti11n pnrnmf'ter -4. The cbt a r r obrnl ned I prupaj;t(ltlnit th,• " ll nd .,,l ml' 11ur<'mf'nt s 

(3 . O ft and O.llft/ . <'C n ~ fl('Ctl \'1_•lv) thrnu'X:h th,• r1r,p rnp r l11t1• ~t•n m1• t n · tnn~fnrm:,tion-4 tt t t h<' sc•lcck d X, \' , 7. :ii r cr fl I tl on ho..,-n tn 1tc ld the .. X, ,. Y, 

ttZ. "" • "*• .. v. ,. i , .. n V lue !4 rll thl'S(' al r c r :a rt locntl un, . 

4-19 



4. 2 BIAS ERRORS 

Steady-state errors (i.e . constant or very slowly varying errors) in pseudo­
range measurements proved to be , by far the most significant source of navigation in­
accuracy. Several aspects of the test system were not completely understood at the 
outset of th field tests, and these hampered the progress of the test program: 

• Signal path delay measurements, accurate to one-billionth of a second, are 
extremely difficult to make in an uncontrolled desert environment. Measure­
ments of this 4uality are absolutely essential for the calibration algorithms 
in the navigation solution 

• Receiver interchannel time delay offsets (channel delay mismatch) are very 
difficult to control. Several inte rchannel time delay effects became evident 
during the testing. (Se Section 4. 2. 1) 

• The effect of a steady-state pseudo-range error ls very pronounced for the 
WSMR test geometry. The navigation solution filters are based upon a zero 
mean error assumption which is theoretically achieved by reducing the actual 
steady-state error to insignificance or accomplishing the equivalent by per­
forming the appropriate modelling. If the steady-state errors are not re­
moved, the filters indeed remove much of the solution noise as intended but 
can do nothing to r educe the steady-state error. Due to the small scale of 
the test geometry, steady-state errors are magnified by GOOP in the solution 
domain, in effect overshadowing any benefits gained by filtering in attempting 
to improve the users computed position estimate. 

The discussion of steady-state errors ls divided into the following two broad cate­
gories: 

• Errors due to the ground calibration configuration (these errors are peculiar 
to the field tests and would not be directly reflected in operational system 
performance since the sate111te system has a significantly different calibra­
tion configuration) 

• Errors due to user vehicle and equipment characteristics (which are similar 
In the test system and operational systems) 

A summary of the results of the steady state error analysis, is presented in 
Section 4. 4. 

Perturbation Analysis 

Before treating the steady-state error sources, an analysis of the effect of this 
type of error on the performance of the system is given for both the solution and m a­
surement domains. The presence of steady-state error is recognized as n departure 
of the navigation solution trajectory from the WSMR BET (in the solution dom:iln). 
The magnitude of the corresponding errors in the measurement domain is evaluated 
by comparing the navigation solution and BET slant ranges. 

Corresponding to every point in the time series of the BET trajectory dat::i, I t 
the slant ranges be given by r ibe , i = 1, 2, 3, 4. The navigation solution * derived 

*621B navigation solution consists of static and filter ed trajectori s. 
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from the four pseudo-range measurements yields the test vehicle trajectory and the 

system clock blas, B. From the definition of pseudo range, 
(]) 

with B known, a comparison of ribe and ri yields the uncompensated steady-state er­

ror residuals, 

These residuals are easily identifiable and measurable when compared to one of the 

four receiver charmels. Therefore, to obtain the sensitivity~ navigator position as 

a function of lnterchannel steady-state residuals we examined the sensitivity of the 

rqe difference solution.•• 

If one selects arbitrarily channel one (I.e., i • 1) as the reference, the sensi­

tivity equation given In Section 3 becomes modifted, 1. e. 

('Yu --y1~6Y1 = 6a_ -6~ = 6Bau 

l = 1, 2, 3, 4; j = 1, 2, 3. 

In matrix form Eq. (3) becomes, 

[

'Yu -"Y21 'Y12-"Y22 
'Yu-'Yzs] 

[

6Y1] 

[

6:S.Sz] 

'Ytt -"Yst 'Y12 -')'32 'Yts - 'Yss 6Yz = 68-s 

"Ytt -;,41 i'12 -'Yu "Yu-'Yu 6Ys 6B.u 

- ---
- __. --

A 6\' 611.1 

Solving for I\> 

6\' = A.16!111 

(2) 

(3) 

(4) 

(5) 

Eque.tton (5) relates the linear pertumatlon aenalttvlty of the three dimensional navi­

gator position coordinates to uncomr,ensated system steady-state errors referred to 

transmitter 1 or channel 1. 
-1 

Typical entries of the sensitivity matrix (A ), defined ln Eq. (5', at 30,000 ft 

AGL over the center transmitter for the aera navigation geometry are: 

[ 

-0.7997 
A-l = 0.5715 

1.6234 

0.8746 
0.4265 
1.7378 

-O.OS37] 
-1.4143 
1.4011 

(8) 

To aHeH the trajectory perturbation as a functton of lnterohannel steady-state resid­

uals Eq. (5) and (6) are computed at a number of points along the trajectory, (Which ls 

••other techniques may be used, l.'e., normallzed llnearly weighted sums, etc., but 

were not 1elected for thla analyala, •Ince the ra111e difference technique 11 simpler 

and provides satisfactory acouracy. 
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:-easonable In the absence of slngularttles In Eq. (5). With an lnterchannel residual 
of 14 ft in channol 1-4, i.e. ,B,- 12 = 0, IB,a

13 
= 0, and ,n,. 14 = 14ft, the trajectory 

perturbations are given In Figures 4-9, 4-10 and 4-11. For this ldeallzed analysis, 
the elimination of the bias would, of couree, reduce all residuals to zero. 

Tho uncompensated interchannel steady state residual in channels 1-4 causes 
severe tilt (rotation and translation) in the Z and Y trajectory coordinates and a 
slight translation ln the X trajectory coordinate. This effect is exhibited in Flight 
19, run 05 and shown In Section 2. When the pseudo-range measurements are com­
pensated for the lnterchannel steady-state residuals, the Z trajectory follows the 
WSMR BET with reduced bias error, as shown ln Figure 2-3. 

Appendix A shows the results of a comparable analysis performed on the solu­
tion domain perturbation of user position with unity errors In the various channels. 

steady State Position Error Coupling Into Velocity 

In the field test system implementation, the relatively small distances between 
the user (aircraft) and the transmitters creates a non-negligible position-velocity 
coupling effect which may not be negligible. 

The sensitivity equations relating the steady-state position and velocity errors 
were given In Section 3 as: 

ru r12 r1s 'Yt I 'Y12 'Y13 . 
r21 r22 r2s 'Y21 'Y22 'Y23 . 6Ri 

rs1 rs2 ru 
+ 

'Ys1 'Y32 'Yu 
+ 16B = . 

6J¼ . 
r41 r,2 ru 'Y41 'Y42 'Y43 6~ 
~ 

r, y 
~ 

'Yt 
----V 

--ii 

(7) 

(8) 
1 • . 

ru=- [(VJ-xu>-Yur11 
rs 

Steady-state measurement errors in the system couple into .:1Yas shown in Eq. (5) 
above. This in turn couples into range rate via Eq. (7). During the area navigation 
tests, x

11 
= 0, and the relative magnitudes of the quantities In Eq. (8) m'ike 

ruma °' o. 02 for all i and j 

which are negligible. 

During the ILS flights, however, the user-to-transmitter distances are much smaller 
than in area navigation. In addition the fourth transmitter is in a tethered balloon 
making x41 ; 0 and the coupllqi between steady-state range and range rate errors ls 
no loqier negligibly small. The relative magnitudes of r 1

1 
ht this case are: 

maxlru:.. r : , !>< r 3JJ °' 0.1 
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During the I~ flights; great car e was exercised to eliminate steady-state range 
bias errors. As a matter of fact, the II.B flf6ht solution domain residuals do not ex­
hibit strong bias trends. Hence the position to range rate coupling, ff any, is very 
small and is not discernible in the data. 

It ls inter esting to note at this point, that in an actual system the contribution of 
fl is practically zero since the r . 's are very large in a satellite-to-user geometry. 

j I 

4. 2.1 Ground Calibration System Errors 

The calibration link is defined as the signal path from the transmitters to the 
calibration receiver located at the MCS sf te. The effective signal path length, expres­
sed as a propagation time in nanoseconds, had to be precisely measured to obtain the 
necessary constants used in the calculation of the navigation solution (see Section 3.1). 
The radiated signal path portion of the calibration link was measured with the ground 
components of the test system stabfllzed by two cesium beam frequency standards. 
These measured path lengths wer e combined with the rf cable path length measure­
ments to establish tbe total calibration link delay quantities used ln the navigation al­
gorithm. Cable propagation time delays were measured by a substitution technique 
in the rf link, and also with a time domain reflectometer. 

Conceptually, the 621 B system can be used to measure rf signal delay by adding 
the link to be measured to an existing link between the transmitter output and the re­
ceiver input, and noting the change in coarse and fine range readings. obtained from 
the combination of the two links from the readings obtained before the link addition. 
The change in readings represents the additional signal propagation time from trans­
mitter to receiver as a result of the additive link. This measurement technique is 
called "substitution. " In practice . there are two basic problems that must be solved. 
One problem is that the r eceiver and transmitter frequency sources are not phase 
locked. Thus the receiver and transmitter are, in effect, drifting relative to each other 
and the link path length appears to be changing. This deficiency introduces an un­
controllable, unknown error which must be eliminated to obtain path length measure­
ment accuracies on the order of 1 nanosec. Fundamentally this deftcien'--'Y can be cor­
rected by using one osc1llator to drive both the receiver and transmitter. (All fre­
quencies and timing are derived from one 5 MHz. oscillator within the receiver. This 
ts also true for the transmitter.) In practice, however, one 5 MHz oscillator cannot 
be used because there are a few miles between the ends of the link of interest. Thus, 
two accurate and stable osc1llators are required, one each for the transmitter and the 
receiver. Tae basic requirement on these two separate oscf11ators ls that they be 
equivalent to two phase-locked oscf11ators. 

The other basic problem is that the normal coarse range output of the receiver 
is unusable (without some form of computer data proce88lng) because lt ls not refer­
enced to a fixed time ln the stored code period. This ls resolved by using the signal 
from the receiver self-test code generation circuitry to lnltlate an external counter 
operating at the code rate (10 MHz), and a signal from the code trackjng loop to stop 
the counter at a time rr-lated to the time of receiving the transmitted signal. This im­
plementation provides a method of obtaining a coarse range without resorting to com­
puter processing. This coarse range count method requires that the self-test code be 
employed for the delay measurements . 

The resulting test set-up is shown in Figure 4-12. The two stable, accurate 
osc1llators are Hewlett Packard portable cesium beam frequency standards. The 
coarse range count is obtained by using an external counter that ts gated as described 
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Figure 4-12 Link Delay Measurement Setup 

above. In addition the 10 MHz clock in the counter is derived from the same cesium 
standard which ts used to drtve the receiver thus insuring that the counter and re­
ceiver are synchronized. The attenuator in the rf direct connection ts adjusted to es­
tablish the same signal level at the receiver for both the reference and ltnk measure­
ments. This equaltzation eliminates possible path length measurement errors re­
sulting from receiver signal processing sensmvtty to signal amplttude. 

A reading is obtained from the equipment by combining the coarse range count 
established on the external counter with a fine range count available from the receiver 
(see Figure 4-13). The coarse ra~ count Interval (10 MHz) ts equivalent to 
100 nanosec of range delay. The fine range count resolves the coarse range to 0. 5 
nanosec making prt!cise readings possible. 

The procedure used during the test prqrram to pedorm the rf link path length 
measurement by the substitution technique can be described by reference to the 
configuration shown in Figure 4-12. The transmitter and receiver are directly 
connected to obtain a r.?ference reading. The transmitter and its cesium standard 
are then transported, whlle operating continuously, to the other end of the ltnk to be 
measured and another reading ts obtained at the cal!bration receiver. 

Basically the d'Jlay in the ltnk ts the difference between the two readings. How­
ever, there is a relative change 1n phase between the two oactllators bet'auae they are 
not phase locked, and becauae there ts a substantial amount of time required to travel 
between the ends of the link to be measured. To account for th1a, another reference 
reading ts obtained by transporting the cesium standard and transn11tter back to the 
receiver, and connecting the two together directly again. A atngle reference value ts 
then obtained by interpolating the two reference readings to the ttme of measurement 
at the other end of the ltnk. A straight ltne Interpolation ts used (an acceptable meth­
od as will be shown later in the analysts of error sources). The Interpolated value ts 
then subtracted from the reading obtained over the Unk. Thta difference value is the 
path length of all components Included tn the ltnk measurement. Signal path length 
values determined by this technique are referred to as "ceatum measurement■". 
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The cesium measurements for the A uplink antenna-to-Mes path are tabulated 

ln Table 4-3. Included are the link loss recorded duriiw the cesium teat, the 

number of measurements in the data set, and the 95% confidence range. Thia range 

ls determined by ustiw the students-t distribution for small samples, and la com­

parable to the ;t 2 O"raiwe for large samples. 

Table 4-3 Cesium Delay Measurements "A" Uplink to MSC 

Date, Delay(4) 95% Link No. <3) of 

Link 1972 Nanosec Range Loss, db Measuremenb 

SC-50 (1) 6/9 22417.6 94 1 

6/8,9 33.6 t 2.3 97 11 (S) 

10/17 27.3 ± 2.8 96 7 

10/18 27.9 ± 1. 8 95 8 

(2)11/15 24.9 ± 1.5 93 6 

we-so (1) 6/10 32387.8 Varying .. 1 

6/12 84.2 ± 3. 0 117 4 

7/21 88.8 ± 3.9 90 3 

(2) 11/10 78.2 ± 3.9 98 6 

SALT (1) 6/10 7330.0 :t 8.1 Varying 3 

6/12 37.5 + 1. 7 91 5 

7/10 34.6 ± 0.8 90 7 

7/11 35.8 + 0.8 90 10 

7/12 36.9 + 0.5 90 8 

10/31 37.8 ± 0.6 91 8 

(2)11/13 30.7 ± 1. 9 90 7 

EC-50 (1) 6/9 18156.9 ± 2.1 96 5 

7/14 58.0 ± 1.1 98 4 

7/17 57.9 t 2.2 98 8 

7/18 58.1 + 1.5 99 10 

7/20 58.9 ± 1.2 99 3 

Notes: (1) Field measurements excluded the transmitter Splrollne. Data was 

corrected for transmitter Spirollne delay and loss. 

(2) For field measurements the transmitter Splroline was replaced by 

a 65 ft RG-214 cable. Data was corrected for test cable and trans­

mitter Splroline delay and losa. Fine range readings contained 

excessive variations of 13 nanosec. Typical data has 2 nanosec. 

(3) Listed ls the number of drift corrected measurements, except those , 

marked (S) are simple differences. 

(4) The delay includes transmitter and MCS Splrollne, and the uplink antenna 

fiex cable. 
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From a cesium measurement precision standpoint, the delays in data sets marked 
(1) and (2) are less accurate than the other data. Two s ts of the (1) type are the result 
of a si~le measurement and a third was taken under unexplained varying signal level 
conditions . The type (2) data sets consisted of fine range readings with exceHlve, un­
explained variations. These variations wer e much larger than those expected from 
the characteristics of the cesium oscillators and ar e conslder e,j to be due to either an 
undetected r ceiver malfunction or to an lnstablllty in the external ampltfier used to 
boost the cesium standard's frequency output to match the signal drive required by the 
r eceiver. 

Substantial variations in the path length measurements are present in all except 
the EC-50 data. The se-s o data and most of the SALT data show a consistent link loss 
which eliminates the likelihood that link multipath changes are the source of the prob­
lem. The WC-50 data show a widely varying link loss indicating that the delay changes 
may be due to ltnk multipath changes. However, it ls believed that the varying Unk 
loss was the result of a poor connection, Furthermore, the envelope detector (see 
Volume II, Section 3. 3. 3) when used with the transmitting dish antenna, indicated 
the complete absence of multipath on we-so . . 

The Unk delay is plotted versus time in Figure 4-14. The probable cause m 
the delay variations is the presence of mismatched conditions which produce apparent 
changes tn the link delay when the cable configuration is changed. These mismatches 

• may be occurring at one or both ends of the link. Under these conditions a change in 
the cable between the uplink antenna and the test transmitter, or, a change ln the cable 
between the MCS Spiroline and the receiver input, could each produce a different re­
sult in the cesium delay measurements. This conclusion is supported by the June data 
in Figure 4-14 which shows a significant change in delay for data with different 
transmitter cable configurations. For example, the June SC-SO data obtained from 
two different cable configurations show a change of 16 nanosec. The November data 
also show a substantial change in delay for a different transmitter cable configura­
tion. Salt Site shows a change of 7 nanosec between the October and November data, 
and, we-so shows a change of 10. s nanosec between the July and November data, all 
representing different cable configurations as the only variable. The conclusion ls 
also supported by the small delay variations within a cluster of data. Each cluster 
was measured with the same cable configuration and reveals the excellent repeatlbtuty 
which can be obtained of the basic cesium measurement technique. The clusters are 
the July Salt Site data (three sets), the July EC-SO data (four sets), and the October 
SC-SO data (two sets ). 

This effect may produce variations in the measured link delays while the actual 
delays from the uplink antenna input to the MCS r emain constant. Under these condi­
tions the true monitor Unk delays are not accurately determined by the cesium tests. 

An analysis of flight results from flights 17-23 indicates that for the A uplink 
antenna-to-Mes path, the June type 1 measurements most accurately reflect the actual 
path length. This conclusion is obtained from the following argument. . 

Flights 17-20 used the A uplink antenna-to-Mes configuration at all sites. An 
analysts of the navigation solution trajectory from these flights compared to the WSMR 
reference trajectory was conducted along the lines discussed in Section 4.2. The er­
rors in the navigator trajectory were converted into errors on the line-of-sight be­
tween the aircraft and transmitters, i.e . into steady state errors in range (meaaure­
ment domain). This analysis showed that the range (or pseudo range since the terms 
nre used iltercbangeably here) errors referred to channel 4 were: 
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Rl-4 = -14. 0 ft 

R2-4 =- -14. 2 ft 

R3-4 = -14. 4 ft 

This can be interpret d two ways. Either channels 1, 2 and :l are essentially 
error free, and channel 4 has approximately 14 ft of steady-state errors or the errors 
are distributed among the channt.ls in such a way to make it appear as if channel 4 
contains all the error. There arc other techniques available for analyzing these er­
rors, but none of them can definitively distribute the errors properly among the chan­
nels and therefore do not resolve which of the two interpretations are correct. The 
cesium measurements used to produce the trajectories of flights 17-20 (giving the er­
rors shown above) correspond with the average value of the data given in Table 4-3 
excluding type (1) data, whir.h was ootained at the time of these flights: June 
and July. Thus the cesium measurements used in determining the 'ie solutions were: 

Ground Link 

Salt (Ch. 1) 
WC-50 (Ch. 2) 
EC-50 (Ch. 3) 
SC-50 (Ch. 4) 

Cesium Test Measurement, Nanosec 

7336.1 
32386.2 
18158.2 
22433.6 

Including the data from flights 22 and 23 with data from 17-20 makes it possible 
to resolve which of the interpretations of the error given above are correct. Flight 
22 used only the B uplink antenna.:.to-MCS configuration at ail sites (see Appendix C 
for cesium measurements of the various ground site configurations). The trajectory 
analysis for this flight showed the following system r&nge errors: 

Rl-4 = -1. 0 ft 

R2-4 = 8, 0 ft 

R3-4 = 0, 5 ft 

Flight 23 used D uplink antenna-to-Mes signal paths on channels 2 and 3, and A 
uplink antenna-to-MCS configurations on channels 1 and 4. The range errors computed 
for these flights we:,:oe 

Rl-4 = -19. 5 ft 

R2-4 = - 14. 5 ft 

R
3
-4 = -24. 0 ft 

Each antenna configuration, A, Band D has an associated path length 
measurement obtained from the cesium beam substitution technique. By rearranging 
the presentation of system range errors from flights 17-23, Table 4-4 is ob-
tained. The range errors are strongly related to the antenna configuration at channel 
4. In addition, flight 23, which antennas at channels 2 and 3 (D path) 
lengths) does not eliminate the apparent 14 ft error in channel 4. Therefore, the con­
clusion is that the hypothesis of the errors being distributed among all the channels is 
not the right one, since if this were the case, Flight 23 having different links on chan­
nel 2 and 3 should change the distribution. Flight 22, on the other hand, produces a 
new channel 4 path measurement for the B configuration, which does remove the 14 
ft error. The error has, therefore, been localized to the channel 4 A uplink antenna­
to-MCS path length measurement. 



Reexamining the cesium measurements for the channel 4 A path in Figure 4-14 
we see that the type (1) m~asurement in June was 22417. 6 nanosec compared 
to the average of non-type (1) June measurements which was 22433.6 nanosec, a dif­
ference of 16 nanosec. Using the type (1) measurement at channel 4 will eliminate the 
bulk of the 14 ft error. Also, using the type (1) measurements at the other sites will 
not materially alter the values already used in the solution, a desirable result since 
our trajectory analysis showed these channels were essentially error free already. 

Table 4-4 System Range Errors From FJi~ts 
1 7-23 Related to the Channel 4 
Antenna Configurations 

Antenna Configuration at Channel 4, 
System Range Errors Computed SC-50 

from a Trajectory Analysis 
A B 

ARl-4, ft -14.0, -19.5 -1.0 

4R2-4, ft -14.2, -14.5 8.0 

4R3-4, ft -14. 4, -24. 0 0.5 

4. 2 .1. 1 Error Sources in Calibration Unk Measurements 

System Noise 

The fine range reading ls perturbed by overall system noise. The noise ls es­
timated at <T = 0. 2 nanosec for the average of ten readings as used ln the cesium tests. 
The estimate ls computed from fine range data obtained during the cesium tests. 

Dlf ferences in Cesium Frequency Standa1 ds 

The cesium beam frequency standards are not phase locked together for the link 
measurement. The mean fine range ls perturbed by variations in the difference be­
tween the two cesium frequency standards. Analysis of laboratory test data obtained 
with the two cesium standards used in making the link measurements indicates that 
the difference contains both random error and long term drift (see Figure 4-15). 
The random error in each reading has <Tor= 2. 3 nanosec. A drift correction process 
which calibrates the difference in the two cesiums before and after each link measure­
ment eliminates the bias error. 

A key consideration in determining the accuracy available from the cesium link 
measurements concerns the accuracy in the estimate of the drift between the two ces­
iums at the time of link measurement. As can be seen from Figure 4-15, the 
drift of the two cesiums ls not constant. At the time the cesiums are effectively 
hooked together by directly connecting the receiver and transrllitter, an accurate mea­
sure of the offset between the cesium osclllator phases can be obtained. TMs proce­
dure enables a calibration of the drift betwe~n the two cesiums before and aft.er the 
link measurement. 
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A variety of techniques were studied to determine the moat effective estimation 
procadure. It was found that a linear interpolation of the calibration potma to the time 
of the link mea111rement gave the moat accurate estimate of the value of ce■lum 00111-
lator pbaae offset. The estimate••• of the cesium oscillator phase offaet, ♦1 , la 

A . 
•t • ♦ t + ti - tl 

At A♦ 

4 • • •2 - •1 

At• t2 - t1 
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where - are the cesium oscUlator phases at the callbratton points (trans­
mitter and receiver hooked directly together) 

tl' t2 - are the calibration point times 

~l' ti - ls the estimated cesium osclllator phase offset at the time of link 

measurement (ti) which always occurs between t1 and t2 

The accuracy of this estimate was studied using a phase drift history obtained in 

the laboratory by connecttng the two cesium beam frequency standards, used for the 

field testing, together and recording the relative phase drift over a period of 16 hours . 

. This phase history ls shown in Figure 4-15. 'lbe esttmaUon error, •• i was de-

dermined by computing the difference between the osctllator phase offset and the Un­

early interpolated phHe offset at 15-mimate intervals. 

E4)1 = 4>1 -i1 

The 15-mtnute intervals represent a typical travel time ln the actual field test 

between the calibration readings at the MCS (♦1 , • 2> and the readings at the other end 

of the link to be measured. Figure 4-16 shows the generalized technique for 

obtaining the phase offset estlmatton error. Therms value of ••t computed from the 

laboratory test data ls 2.5 nanoeec. The measurement error was decreased by aver­

_agtng 8 to 10 readings of •r Therefore, therms value of the aver~e estimation er-

ror, iff>, , _ 1 
Elf)1 = - E Eq,1 1B o. 8 nanoaec. 

n • 

Occasionally, problems occurred during the field tests which made It lmpo88lble 

to calibrate the cesium 01ctllat.or phase offsets both before and after the link measure­

ment. Only one of the oallbratton values, •1 or ♦2, wu available. 'lbua the llnear 

tnterpolaUon scheme oould not be applied. Under the■e oondltlona, a simple difference 

was used t.o estimate the Udt measurement. 

The normal link measurement was determined by 
/\ -
D • 6 - f1 

where: 6 ls the reading obtained at the receiver when the transmitter le at the other 

end of the link (true length= D) to be measured, 6 • D + •1 

~ 1 ls the averaged value of the linearly interpolated O1c11lator phase offset 

~en one of the calibration read1Dg1 wa1 not available the link measurement waa 

determined by /\ 

or D• 6 - •1 

S- (D + •i> - ♦f 
The laboratory data (Figure 4-15) wu enm1ned to determ~ the error 

In eltimatlng ♦1 by ualng the value ♦1 , 1♦1 • ♦1 - ♦1 • By employing the aame 15-

mlnute intervals u1ed in the previous analyst,, the nu value of I ♦ 1 was found to be 
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4. 3 nanosec. Thus this technique causes errors about twice as large as the linear 
interpolation scheme. 

Circuitry Variations 

The mean fine range may be perturbed by variations in the transmitter and re­
ceiver circuitry. The high-frequency aspects of this source are included, above, in 
overall system noise, and bias errors would be eliminated bv the drift correction pro­
cess. However, this source may produce low frequency noise with an unknown error 
contribution. 

Coarse Range 

The potential error via one count Jumping in cou'Se range is eliminated by select­
ing receiver/coarse counter cesium cables such that the leading edge of the coarse 
count gate is approximately midway between the 10 MHz clock pulses being counted,. 
See Figure 4-16. 

In addition, the ambiguity in coarse range count is resolved by establishing the 
fine range transition point prior to performing the cesium test. This is accompllshed 
after setting up for a reference measurement by "free running" the crystal osclllator 
ln the receiver cesium standard and observing the transltion point, that ls, the fine 
range count at which the coarse range changes by a count of one. This information 
was used to determine the correct value for ~ coarse range count during the cesium 
test. 

Frequency Accuracy 

-11 The frequency accuracy of the cesium standards is ± lxl0 . Since the time 
interval being measured (Figure 4-16) bas a maximum value of about 3 sf:c, the 
frequency accuracy translates to a measurement accuracy of 3 x 1 x 10- 1 which ts 
± o. 03 nanosec, maximum. 

External Error Sources 

Since the 621B navigation solution employs measured calibration link delays, the 
characteristic by which an external error source is identified is its stabtUty with time. 
That is, if all external elements exhibited the same constant characteristics during de­
lay measurement and during flight tests, there would be no effect from external error 
sources. 

Multipath 

Changes in link multipath condltions may produce an appare~ change in delay. 
Since the stabillty of multipath conditions is not known, the error contribution of multi­
path changes is unpredictable. However, during link delay measurements the ltnk loBB 
was constant wtthin one or two decibels. Thus, it is unlikely that there were signifi­
cant delay changes due to multipath. 

Mismatch 

The ground transmitter output, transmission line (cable, connectors) and an­
tenna subsystem are designed to minimtze reflections and prevent large bias errors 
from entering into range measurements. These errors should be callbrated out by 
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cesium measurements on the ground Unks. However, subsequent dematlng and mating 

of cables may produce an apparent change in delay. This effect was not evident ln 

most of the field data since a given cable configuration produced perturbations for 

repeated measurements that were "expected" due to the cesium characteristics. 

The calculation of the mismatch effect ls based on the simple model shown in 

Figure 4-17. The initial signal, ef , and the first outgoing reflected signal, 
2 

e may be treated as the direct and r eflected signals in the single-reflection multi-
re 

path model (see Section 9. 8.1). The r eflection coefficient ls related to the ratio of the 

signals, erc/ef
2 

and the differential delay ls 2T. This approach ls valid for low 

VSWR's where the first reflected signal (e ) is the only signlflcant reflection. 
re 

The effective voltage reflection coefficient in this case becomes 

(
M-1)

2 
2 

Re• M"+T a 

where M • VSWR and a is the cable loss ratio. For two VSMR's of 4 (M
1 

= M2 
• 4 In 

Figure 4-17 the maximum errors occur for cable delays of apprcmlmately 

T = 50 (1 ± R ), and with a cable loss of approximately ldb, R = 0.285. Therefore, 
e e 

the maximum error magnitudes occur at cable delays of 35 and 64 nanoaec re:1:1pectlvely 

which place the error at either the maximum' of 14. 2 nanosec, or the minimum of 

-14. 2 nanoeec on the error envelq,e (see Section 9. 8. 1). The above computati,'Xls 

asaumed that the cable loss remained unchanged. This is reasonable for the variety 

of cables used, 
. . 

The cable configurations used In these tests, however, are generally changing 

from site-to-site since moat of the test configurations employed permanently mounted 

cables at each site. Therefore, although an example bas been given of the magnitude 

of measurement error which could occur due to a fault In a single cable typical of 

those used at WSMR, the actual situation is more complex. We conclude from the 

cesium measurements made with dlfferent cable configurations (Figure 4-14) IDd 

from an analysis of the flight data that there were mismatch conditions existing at 

various times during the testing which introduced errors as much as 16 nanosec Into 

the measurements. 

Atmospheric Conditions 

Atmospheric effects are a function of temperature, pre,aure, and vapor preaaure 

which are embodied tn N, the refractive modulus (N = Index of refraction x 106). The 

effect of a change In N is an increase in signal delay as N lncreues beoau■e of slower 

propaptlon velocities. The callbratlon llnk delays are affected by varlatioaa ID Nat 

ground level~ 

The surface variations at WSMR are presented ln Ref. 39 which wu prepared 

for this program by the staff meteorologist at HAFB. The minlmum and maximum 

values of N are 224. 08 (April) and 335. 01 (July), respectively. Using 4N-111 and ' 

multiplying by the free apace delays produced the fotlowing maximum changes In nano­

sec; o. 8 for Salt, 3. 6 for we-so, 2. o for EC-so, and 2. 5 for sc-so. 

The reference also presents the value of N, which was calculated from measured 

parameters, for flights 17-20. In addition, the value of N for each run curing the 

flight la Included. This data shows that f~r Flight 17 at EC-50, N decreased from 
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288. 3 for run 1 to 280.1 for run 6, 50 minutes later. This translates to calibration 
link delay decreases of 0. 06 nanosec for Salt, 0. 26 for WC-50, 0.15 for EC-50, and 
0.18 for SC-50. These data indicate that there may be a variation of a few tenths of a 
nanosec in actual link delay during the cesium measurements which take approximately 
two hours for each link . 

Atte1U1ators 

The attenuators used to r educe the direct connected transmitter signal to the re­
ceiver were Narda Microline typ 771. Each of these attenuators delays the 621B 
signal 0. 22 nanos c. The variations with time are expected to be only a few percent, 
maximum, since the delays are fhed by the phvsical dimensions of the attenuators. 

4. 2. 1. 2 Cable Delay Measurement Error Sources 

The cesium delay measur ments could not fully define the total c·1libration path 
delays. The additional cable del ay measurements necessary for a complete calibra­
tion were made by a cable substitution technique called rf substitution (which measures 
the delay at the operating fr :-;ucncy) and a time domain reflectometer (which measured 
delay using the step response which contains, essentially, all frequencies). Thus, two 
redundant sets of data were available for th•J short flexible cables at each transmitter 
and the cnllbration receiver (rf substitution and TOR). The Spirollne cables at each 
site (those cables permanently attached to the antenna-pole assembly) were measured 
with the TOR and by rf substitution and were also included in the cesium measure­
ments. 

High confidence Spirolin measurements were available from the redundant data 
sets. The resultant Spiroline dP-lays are plotted versus time in Fi5tUres 4-18 and 4-19 
These plots clearly demonstrate the stability of most of the Spiroline cables. 

Comparative measurements revealed that cable delays by rf substitution were 2% 
greater than values obtained with the time domain reflectometer. For example, a 
65-ft RG-214 cable measured by rf sbustitution exhibited 101. 0 nanosec delay (average 
of 15 simple differences) while the delay was 99. O nanosec when measured with the 
TOR. Since the rf substitution method measures delay at the operating frequency, its 
results (averaged over many data samples) were taken to be more accurate than the 
TOR. Thus, all TOR measu,·ements are multiplied by 1. 0'2. 

RF Link Substitution 

The basic measurement error in cable delay by substitution will be less than that 
for radiated link delay measurements because the time between readings is consider­
ably shorter. For example, cesium lab data evaluation reveals ari rms error of 0. 8 
nanosec for one minute between reference and measurement. This is about one-fifth 
of therms error for the typical 15 minutes between reference and measurement en­
countered in the radiated link measurements. (The 15 minutes is required to transport 
the transmitter/cesium to the transmitter site.) Cable measurements may be accom­
plished in a shorter time since only a change in connection is required to introduce the 
cable into the mea~urement set-up. The remaining error sources in the substitution 
technique are essentially the same as those listed in the previous section for cesium 
measurements except for the potential effects of variations which are less because of 
the shorter time between readings. 
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Som cable d lay data was obtain d by using the receive r generated s,elf-test 
s ignal. In this case th two-c sium sou re of error (drift of the two oscillators) is 
eliminat d b caus a s parate transmitter is not employed. The self-test signal is 
g n r at d in th r c ivc r and cl rived from th r ceiver oscillator. 

H wl ctt Packar d Tim , Domain R fl ctomctcr Measur ment Errors 

An investigation of th TOR accuraci s indicates 1 nanosec tolerances should 
b applied to the measur ments. 

The data plotted in Figure 4-20 and 4-21 show the principal errors which 
could be expected by using various instn1ment settings for measurements. For 
cnbl m asur m nts, a sw ep speed by eith r 20 nanosec/cm or 50 nanosec/cm waa 
us d. All measurements were taken using th DETAIL position. As can be seen from 
Figure 4-20 there is no apprec iable differ nee (less than 0. 2 nanosec) in cable 
length measurements regardless of the settings of vertical deflection sensitivity, time 
magnifier, or the DETAIL/NORMAL controls. Using the NORMAL position increases 
the instability of readings slightly. Similarly the length error associated with sweep 
speed is insignificant as shown by the differences in Figure 4-20 (sweep speed = 
20 nanosec/cm) and Figure 4-21 (sweep speed= 50 nanosec/cm). For the test 
cabl used in these measurements, the length at 20 nanosec/cm is approximately 
23.175 nanosec, while at 50 nanosec/cm is approximately 23. 075 nanosec, an error 
of 0.100 nanosec which may be neglected for our purposes. 

The measurement instability when using the NORMAL position (Figure 4-20 and 4-21) 
may be explained by the difficulty in determining the location of the cable ends as 
seen on the instrument as leading and trailing edges. Figure 4-22 shows data 
of the test cable leading edge measurement rise time (10% to 90% point) for worst 
cas settings at 50 nanosec/cm. The edge is poorly defined in the NORMAL position, 
for most settings. 

The predominant error in using the TDR is time measurement linearity. Figure 
4-23 shows the linearity error for the instrument used during ..:able measure-
ments made in November. The vertical error sea le in nanoseconds applies to the 
majority of 621B measurements although some measurements were made at settings 
which increase the error by a factor of 2. As can be seen the error magnitude is 
variable depending upon actual cable length measured. However, we feel a tolerance 
of 1 nanosec can be safely used based on this data. 

The TOR reference spot displayed on the oscilloscope which is used to make 
the time measurement was also investigated. The following table presents changes 
in the spot size as a function of instrument settings. This error appears small 
enough to disregard as long as the DETAIL setting is used. 

HP TOR Reference Spot Size 

Swt:ep Speed, Nanoscc/Cm Normal Detail 

20 0. 72 0. 04 nanosec 0.06 0. 04 nanosec 

50 1. 0. 04 nanosec 0.15 0.01 nanosec 
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Other 
h:w nny ob 

ttings uch n tim magnifier or vcrtkrtl dell ction s ~nsi t ivity do not 
rvnblc cff ct on spot si ze. 

1\lois turc Effects 

Durinf~ l\ ln_v moisture was discover ed in some of th Spirolin cab! s and a purg­
ing- prog-r am was start cl in June . Th liable w r th ·n purg cl prior to cesium link 
ancl al I del:ly mca urcm nt , :rnd, pr'ior to fli ght when time p rmitted. l\lost of 
th , m asun'cl cabl e delays aft r ~In ' sbow good stnbility. The notnbl c xccption is 
th Salt Spiroline nt the i\lCS. • This cab! is the only one thnt contains a multi-turn 
coil (. e0 Figur 4-24) . . _'. 

.• I - ' • 
The deray variati.ons of the Salt Splroline at the MCS may be the result of varying 

mois ture content in the cable. Purging was not as effective for this cable as it was 
for other apj roline cables. This may be related to the fact that the Salt MCS Spiroline 
is th onl) calji't:! containing a ~ulti-turn coil. Analysis of the flight data (see page 
6--1 9 shows the error magnitude covered by the varying moisture content to be approx­
imately 6 nanosC!c . 

The Spirolin cable d lays prior to June wer e variabl e to an unknown :-.tent due 
t o moistur ' ont nt. This unknown makes the nccurac:,· of th measured calibration 
link cl ln:,• an I Spiroline dc lnys questionable with r espect to nny given fli ght for 
fli ghts 1 through 1.i. This factor mny have caused th "out-of-bounds" r eadings in 
the dish to di sh cc ium data since the r eadings all r ep _ scnted excessi ve delnys. 

i\ lechanicnl and Thermal Effects 

Th following cnbl delay variations are estimated on the basis of 120 ft of 
Spirolin ::ind 20 ft of Il G- 214 in each calibration link. The t mpcrnturc chang is 
nssum d to be 30°F. The t emperature effect is 0.1 nanosec for Spiroline (25 
ppm / °C) and 0. 1 nano cc for RG-21 4 (100 ppm/ °C). Fle:-.ing of RG-214 ma:,· cause 
dela:,· changes up to 0. 02 nanoscc (500 ppm). Ther e arc no effects of humidit.v on 
IlG-21-t . 

Overall Pc rformnncc of the Cesium B eam l\lcasurcmcnt Technique 

• .j0-l\1i Aren 

- The capability of the cesium mcasurem nt method was not r alizcd 

- Ther e is a substantial uncertainty in the measured calibration link delnys 
due to effects that wer e not a linear function of the l ength of t e rf cable 
between the transmitter and the antenna. The uncertainty may be as high 
as ~ 10 nanoscc 

Ea rly ces ium mcasurcm nts (prior to June 1972) contained adclitionnl un­
certainty due to time varying Spiroline cable delays r sultin~ from 
moisture in the cables 

- The MCS Spiroline cable for the Salt link exhibited delay vari ations 
throughout the program 
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• orthrop Strip - Th cnpability of th c s ium m asur m nt m thod was 
r a li z d 

• p atibility pot ntia l of th c sium m asur m nt method was 
d monstrat d. data show r p -atibility within 1 nnnosec when the mea -
surements ar mad with th sam cab! configuration. 

4 .2.1. 3 

Th groond transmitting ant nna arrays cause a distortion of the trans mitted 
signals as a function of the antenna look angl s. The distorted si g-nal nvelopes are 
perceived by the correlation r eceive r as apparent signal delays. 

The r e lative delays of th • uplink ant nnas w0rc measured on an antenna range 
in Bethpage , New York during December 1972. T he transmitting and r eceiving an· 
t ennas wer each mount d on tow rs at a height of 58 ft s eparated by 86 ft. The set-
up is shown in Figure 4-25. The transmitter and receiver were operated in the 
self-test code , and both were operated from the 5 MHz source in the r eceiver to 
eliminate oscillator diffe rences . The transmitte r uplink signal was split to provide a 
hardwired r efer ence signal to the r eceiver. Receiver channel 2 r esponds to the uplink 
antenna signal and channel 4 r esponds to th hardwired r efer ence signal. The delay of 
the uplink antenna was obtained by measuring the phase difference between the channel 
2 and 4 fine range outputs (50 KHz) on a two-channel oscilloscope. The fine range 
equivalent time base on the oscilloscope was 5 nanosec/cm and the jitter was averaged , 
visually, to obtain a r eading to the nearest one-half nanosec. The jitter was approxi­
mately 2 nanosec peak-to-peak. 

A single plane cut was macle on each uplink antenna to measure the delay varia­
tion over the range of look angles equivalent to a flight path. Two flight paths were 
considered which extended from 50, O~O ft north of Salt to 50,000 ft south of Salt. Both 
flight paths were oriented north-south and direc tly over Salt. One was at 30, 000 ft 
AGL and the o her at 18,000 ft AGL. The computed antenna angles are shown in 
Table 4-5 to rhc nearest degree. They are presented in terms of deviations 
from boresight with r espect to compass directions at WSMR. 

The measurement process was r efined to minimize antenna range multipath and 
equipment drift. 

Antenna range multipath was evident when comparing two sets of data from the 
same cut on an antenna, where the two data sets were obtained with different antenna 
orientations on the antenna range. One data set was obtained with the north side of the 
antenna o the right and the other set with the QOI .h side of the antenna to the left, 
when facing the transmitting antenna from the receiving tower. 

Early tests were performed using an omni. (aircraft) r eceiving antenna. The 
antenna range multipath was reduced considerably by changing to an RCP helix ant nna 
with about a 400 beamwidth. The r emaining effe ts are minimized by averaging the 
two data s ets and smoothing the curve. In much of the data the two sets are within 
1 nsnosec with occasional points separated by more than 2 nanosec. 

I• •" 
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Upltr..k 
Antenna 
Serial No. 

Table 4-5 Antenna Angles for Two Flight Paths 
Over Salt, in Degrees From Boresite 

Link 30 Kft Altitude 18 Kft Altitude 

Degrees Degrees 
East or West North South East or West North South 

2 Salt 0 59 59 0 70 70 

3 WC-50 5 West 64 53 9 East 73 66 

4 EC-50 7 East 63 55 7 West ·73 67 

6 SC-50 4 East 46 67 7 East 60 76 
-

Equipment drift effects were noted in repeating some ot the data. The repeated 

data contained the same curve with a bias. The curves were adjusted on the basis of 

comparison data taken on boresite for all antennas in a short period of time (two 

hours). The typical data collection time for one cut (two data sets) is one hour. 

The measured data is presented in Figures 4-26, 4-27 and 4-28. The delays 

are presented in terms of the measured, bias corree;ted, numbers. These numbers 

are relative to an arbitrary constant. 

The effect of the antenna delay error processed by the airborne receiver on the 

navigation solution is shown in Figures 4-29 and 4-30. Figure 4-29 shows 
the time history of the residual error obtained by differencing the navigation solution 

with the WSMR BET ( z = z - z BET).. The navigation solution in this figure is 

computed ignoring any antenna delay error effects. Thus the antenna error is present 

in the solution and causes a distortion of the z coordinate position. Figure 4-30, 

on the other hand, has the antenna delay error effect corrected out of the solution. 

This was accomplished by constructing a piece-wise linear fit to the measured delay 

errors shown in Figures 4-26, 4-27 and 4-28 and correcting the solution accordingly. 

The aircraft is located over Salt (center transmitter) at t = 16 on the plot. At this 

point the anteMa correctl.on has improved the z position residual from -20 ft (Figure 

4-29) to -10 ft (Figure 4-30), indicating that the antenna delay error cauaes approxi­

mately 10 ft distortion in the z direction. 

The effect of the antenna delay error on the calibration receiver is small since 

there is no variation in look angle in this case. The variation in physical signal delay 

in the antenna time is unknown. However, it is expected that this effect is also small 

because it is a function of the dimensional stability of the antenna components. There 

is a potential change due to small angular movements of the antenna as a result of 

tolerances in the antenna mount. From a study of the data taken during February 

1973 in Bethpage and the measurements at WSMR, it is concluded that antenna move­

ment did not have significant effect on Salt, EC-50, and SC-50 calibration link delays. 

This conclusion is based on the fact that antenna movements were probably less than 

2°, and the Bethpage measurements showed an insensitivity to 50 movements. 

Furthermore, analyses (single-reflection multipath) and uplink antenna measurements 

reveal that apparent delay changes are nearly always accompanied by an apparent 

change in atgnal level, which would result in a change in link loBB (see Section 9), 

while the WSMR meaaurementa revealed an eSBentially constant link loH between 

different aeta of meaaurementa. 
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4.2.1.4 Transmitter Error Sources 

Transmitter Low Power Attenuator Errors 

The transmitter contains a bunt-in 2-stage attenuator to control the output level 
of the long code portion of the uplink signal. The attenuator range ls Oto 60 db con­
trolled in steps of 1 db from O to 10 db, and in steps of 10 db for O to 60 db, thereby en­
abling any setting within l db by proper adjustment of the two controls. The attenuator 
was found to be lnl~ffective at settings greater than approximately 25 db due to rf leak­
age paths bypassing the attenuator. The leakage path causes two errors to develop: 

• The signal ls not attenuated by the value set on the attenuator controls 

• Tho signal now composed of a direct signal through the attenuator 
and a leakage signal slightly displaced in phase, appear to the re­
ceiver as multipath and causes pseudo-range tracking errors. 

The performance of the attenuators in each of the four transmitters, for both 
signal attenuation and effective de lay errors, ls shown in Figures 4-31 to 4-34. 
This error source only affects data from flights 1-16 due to the configuration of the 
ground system. The effect on the solution ls variable since various settings were used 
throughout this flight period. The magnitude of the average error ls approximately 
3 nanosec. 

Transmitter Internal De lay Error 

The transmitters have a built-in signal delay which causes the uplink signal out­
put to be nominally 200 nanosec later than the monitor link output. The de lay ls im­
plemented in the transmitter by sendlng the uplink signal through two additional shift 
register stages which are advanced with a 100 nanosec shift clock (Figure 4-35). 
This delay was necessary to avoid interference of the uplink and monitor link signals 
received at the MCS. Jn order to properly reference the data received at the MCS site 
to the transmitter site uplink antennas, all the delay elements, including the internal 
transmitter delay, between these two locations must be accurately known. 

It was very difficult to obtain an accurate measurement of the effective transmit­
ter delay. Four separate techniques were utilized to perform this measurement. Two 
of these utlllzed an oscllloscope to display the uplink and monitor link outputs simul­
taneously. A measurement of the delay was obtained directly from the two wave forms. 
The other two methods used the receiver processors to obtain the range readings of 
both outputs from which the dele.y was determined by subtracting the two ranges. 
Practically speaking, the latter two techniques give more reliable results since it ls 
not possible to determine by inspection precisely at which point the receiver wlll track 
a waveform. Therefore, the individual observing the wavefor ms uses his own judge­
ment in determining what reference points on the waveform are suitable when measur­
ing the relative delay between the uplink 1:tnd monitor link outputs. This introduced an 
additional error in the measurements. A sketch of the equipment set-up for thti four 
measurement methods ls shown in Figure 4-36. 

Each measurement method gave slightly different results. In addition the mea­
surements showed a variablllty for each of the techniques, of 5-10 nanosec (best case ). 
This situation could not be tolerated in evaluating the overall system results, since the 
nominal 200 nanosec delay between uplink and monitor link outputs had to have a 
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MEASUREMENT TECHNIQUE 
1. DOUBLE CABLE/OSCILLOSCOPE

LINK

TRANSMITTER OUTPUT WAVEFORMS 
ARE OBSERVED AT THE RECEIVER IF 
OUTPUT

2. SINGLE CABLE/OSCILLOSCOPE

LINK

TRANSMITTER OUTPUT WAVEFORMS ARE 
OBSERVED AT THE RECEIVER IF OUTPUT.
A SINGLE CABLE IS USED TO FIRST LOOK 
AT THE UPLINK. THEN THE MONITOR 
OUTPUT THIS ELIMINATES CABLE LENGTH 
VARIABILITY {A PROBLEM IN THE DOUBLE 
CABLE TECHNIQUE) FROM THE MEASUREMENT.

3. DOUBLE CABLE/RECEIVER RANGE

UPLINK '

TO AKIC
-------- ¥ RCVR

ill 11 HAIMo ncucivcn

MONITOR DATA 1
DIGITAL
DISPLAY
BOX

LINK

TRANSMITTER OUTPUTS ARE PRESENTED IN 
BINARY FORM ON THF DIGITAL DISPLAY BOX. 
THE MEASUREMENT IS MADE BY SUBTRACTING 
THE UPLINK PSEUDO RANGE FROM THE MONITOR 
LINK PSEUDO RANGE.

4. SINGLE CALBE/RECEIVER RANGE

LINK

TRANSMITTER OUTPUTS ARE PRESENTED IN 
BINARY FORM ON THE DIGITAL DISPLAY BOX.
A SINGLE CABLE IS USED TO FIRST LOOK AT 
THE UPLINK. THEN THE MONITOR LINK 
OUTPUT. THIS ELIMINATES CABLE LENGTH 
VARIABILITY (A PROBLEM IN THE DOUBLE 
CABLE TECHNIQUE) FROM THE MEASUREMENT.

Figure 4-36 Transmitter Internal Delay 
Measurement Set-Up
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tolerance of less than 2 nanosec. This error source ls present ln all the data from 

flights 1-15, which is the primary reason why the data from these flights ls unsuitable 

for accuracy analysis. The ground system was reconfigured after flight 15 to ellm­

lnate the monitor link output and therefore remove this error source. (See Section 

3.1.) 

Over a period of one month an investigation of this delay was conducted at the 

field laboratory at Holloman AFB. It was during this period that the four measure­

ment techniques evolved. A composite plot of the delay measurement data for each 

transmitter obtained from the four measurement methods ls shown ln Figures 

4-37 to 4-40. Each data point presented ls the average of at least ten readings 

thereby -removing system noise as a variable. The delay data from transmitter 1, 

Flguro 4-37, shows the best atablllty. However, even this performance la not 

sufficient. A reading taken at 9:00 AM on 6/4/72 showed a stable value of 236 nanosec, 

whlle a reading taken at 12:00 PM on the same day showed a stable value of 241 

nanosec. Other transmitters showed 1lmllar variations. 

The factors affecting the internal transmitter delay stablllty are not fully under­

stood. Some of the problem undoubtedly Iles ln the inherent difficulty in making a 

measurement of this type in a field laboratory. other aspects of the problems are 

associated with both the transmitter circuitry and the sensltlvlty of the tracking loop 

performance ln the receiver to certain types of external influences. A summary of the 

major error producing mechanisms that were investigated is presented in Table 4-6. 

Since we were able to eliminate this delay from the system operation, the investi­

gation was eventually dropped. 

4. 2. 1. 5 Error Resulting From Transmitter Antenna Location Uncertainty 

A potential error is introduced into the navigation position solution because of 

the uncertainty in the location of each transmitter antenna used in the area naviga­

tion and Northrop Strip testing. The antennas were located by an optical traverse 

surveying technique which resulted in errors of ± 3 in. Uncertainties in antenna 

(signal orlgin) position contribute directly to system ranging errors. The resulting 

error is constant from flight to flight since the poaitlon uncertainty does not change 

with time. The ground callbration system does not have this potential error source 

because callbration path length delays are derived using rf measurement techniques 

which do not depend upon surveyed antenna location. 

ILS testing required a balloon-borne transmitter, three ground transmitters 

and a receiving site all utilizing omni antennas. The surveyed posltlon of each of the 

four omni antennas located on the ground has the same ± 3 in position uncertainty as 

discussed above. The balloon transmitter omni attached to the balloon transmitter 

package was tracked during each flight by four clnetheodolltes. The cine data was 

cc:nverted Into balloon antenna position and velocity by WSMR. The balloon antenna 

position for flight 25 has a 10 ft uncertainty, whlle flights 26 through 31 have a 5 ft 

uncertainty, as reported by WSMR. After reviewing the cine balloon data from flight 

25, lt was decided to rearrange the cines in order to upgrade the quallty of the balloon 

antenna posltlon data while keeping the quallty of the aircraft BET at 5 ft uncertainty. 

This equipment change accounts for the improvement in balloon data after flight 25. 
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4.2.1. 6 Error Sources at the Callbratlon Receiver Site 

MCS Dlsh Ant.enna Interaction 

The receiving antennas at the MCS site are parabolic dishes mounted on two 
poles spaced about 100 ft apart. Each pole has two antennas. (See Volume n for 
general configuration.) The orientation of the antennas and the relative locations of 
the transmitters makes lt possible for a signal to arrive at the receiver via multiple 
routes from the various antennas at the MCS. Therefore, the receiver can be pro­
cessing the correct signal which was routed from the MCS antenna assigned to the 
transmitter of interest, while at the same time be processing this transmitter signal 
via a different MCS antenna. These signals arrive at the receiver displaced ln time 
by the extra distance the false signal must travel in gol• through the wrong antenna. 
The receiver is, in effect attempti• to track a multipath signal. Generally, the 
dimensions of the antenna system at the MCS place the signal at least 100 nanosec 
agart. In addition, the narrow beamwldth of the parabollc antennas, approximately 
8 , provides additional signal rejection. 

Investigations of this error source showed that the undesired signals were always 
at least 20 db lower than the desired signal at the Input to the receiver. The worst 
case receiver trackl• error caused by the undesired signals was one nanosecond 
maximum. 

M CS Hybrid Power Combiner 

The four signals are summed at the MCS by a hybrid power combiner before en­
tering the reciever. The hybrid combiner consists of resistive elements. Although 
the power combiner showed very good insertion loss balance amo• the four ports (7 
to 7. 5 db), there was a slight variation in signal delay through the device. Measure­
ments of signal delay made at the MCS using the callbration receiver showed that the 
maximum delay differential delay between signal paths was 0. 5 nanosec. 

Calibration Receiver 

The callbration receiver was identical to the HC airborne receiver. Since their 
performance was very similar, a single discussion of the error sources for this unit 
ls presented ln Section 4. 2. 2. However, the calibration receiver error magnitudes 
are generally less than those associated wlth the airborne receiver because signal 
dynamic effects are eliminated on the ground. The callbration receiver steady-state 
pseudo-range errors are estimated to be less than 3 nanosec worst case with random 
components of approximately o. 5 nanosec. • 

4.2.2 Airborne User Errors 

The steady-state measurement errors ln the user equipment are substantially 
smaller than those associated with the ground system. Slowly varying steady state 
errors of 4 to 8 ft are observed ln the lght data on a per-run basis. While certain 
components of these variations are due to ground-related phenomena (such as uplink 
antenna apparent delay), some are associated wlth the airborne user. 

Some of the steady-state errors associated with the user are readily modelled. 
These include tropospher!~ error and. for dynamic geometries, loop tracking errors. 
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Raqre error■ due to refraction are caused by varlatlon1 ln the velocity of propa­
gation, which ln effect retard■ the signal, yleldlqr an error ln the range meuurement. 
The error ls a function of the change ln atmo1pberlc refractlvlty along the signal 
propagation path cau1ed by the average chaqre ln the atmospheric parameters of tem­
perature, water vapor and pressure with height above the earth's surface, and the in­
cident aqrle of the traversing electromagnetic wave. 

The refractive index profile ls determined from radio 1onde measurement■ and 

modelled at N = N
0
e-koh where N ls the refractlvlty, related to the refractive index 

n, N = (1-n) 10-6 and h 11 the height above sea level, mea1ured ln feet. Average 
value■ of the parameter■ at Holloman AFB, for the time period of lntere1t are 
No= 270 and"°= 3.577 x 10-5. 

The true range between the 1th transmitter and the user la defined as the 
straight line distance between them: 

r1 = / (Y - X.> • (Y - X.> 

The actual pseudo range measurement ls not made along this line, bit aloqr the path 
of least delay. Thl1 range to the user ls given by the integral of the index of refrac­
tion over the ray path: 

where c la the speed of llgbt. 

n(h) ds 
C 

The atmo1pherlc range correction to remove the tropo■pherlc error 11: 

Ar1 = r1 -r• 

where: 
r1 =Cf. ~I 

It ls reasonable to neglect the variation of n with h, and the differential path 
le~h la given by 

where E la the ground elevation angle and Zxl la the Z poaltlon of the 1th transmitter 
ln 621B coordinates. 

Evaluating the correction term 

10~r1 N 

Ar1 = - (Z, _ Z.i)ko [exp(-koha1) - exp(- koh,)] 
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where hxt are the transmitter altitudes. The residual error affecting the solution ls 
a function of time varl:ltf n of N which was not modelled. The resldmtl errors ar<' 
approximately 1 ft 1 u . 

For third order loops used in the correlation receiver implementations (both 
code and carrier loops) the errors in range and range rate are a function of range ac­
celeration and range Jerk. The error magnitudes will depend on the relative proxlm­
tt of the aircraft to the transmitter s, aircraft maneuvers and aircraft velocity. The 
range error shown in F igure 4-41 follows the shape of the slant range jerk dynam­
ics. These data were generated by a computer simulation of a linearized third order 
phase locked loop. Figure 4-41 shows the range e:--r,,r for simulated filght at 300 
ft AGL, which paHes directly over the transmitter. The aircraft speed ls 570 fps. 
The loop dynamics effects produce 1:1 short term disturbance on the computed trajec­
tory. These errors are not modelled ln the navigation solution. They contribute a 
bias error approximately equal to 4R = 16 • code and '1ft = 0.1 • carrier 
where • code and • carrier are the phase error o..tput respectively, in radians 
for the code and carrier loops. At 30,000 ftAGL these errors arenotslgnlficant (leH 
than o. 0004 and o. 001 fps). 

In the IIS flight test, the aircraft passes much closer to the transmitters than 
in area navigation. However, the errors still remain Insignificant. A discussion of 
the effects of the loop dynamic error for I~ tests can be found ln Section 7. 

Tropospheric and Multipath Doppler Measurement Biases 

The doppler measurements are obtained in the receivers by averaging (differ­
encing) the doppler over a 100 ms counting interval. The result 11 the average range 
rate over the sample Interval. This ls equivalent to deriving range rate by differenc­
ing two range samples per time interval. Therefore, the tropospheric correction for 
doppler l~ the difference between two tropospheric corrections; 

(1) 

The contribution of Eq. (l) becomes slgnlflcant at low grolDld elevation angles where 
the tropospheric corrections exhibit the steepest slope with gro\Dld track distance mea­
sured from a ground transmitter. 

The multipath contribution to doppler measurements exhibits a monotonic func­
tlona l behavior with distance similar to the tropospheric doppler contribution, but with 
larger magnitudes. In addition, the mechanism causing the multipath doppler bias ls 
different (see Sections 4. 3 and 9). Multipath doppler ls caused by the rate of change 
of differential delay due to aircraft's motion which creates a beat between the 
direct and specularly reflected signals. The resultant cc•mpoalte 11(:,nal phase varies 
with time. The rate of change of phase induces an error in the carrier tracking loop 
creating a doppler blas in the measurements (see Section 4. 3). 

Both kinds of steady-state measurement errors propagate into the velocity solu­
tion via the 1enaltlvlty matrix relating the measurementR to the user vecto_r velocity. 
Ft,ure 4-42 shows the Z-velocity residual between the navigation solution and the 
WS~iR reference. which h.~s been averaged over small regions of the flight path, 
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versus user Y-posltton (ground track distance), for the HC receiver data. The tech­
nique of averaging the residual errors over small regions of the flight path highlights 

the trend of the error by reducing the noise content. 

The significant upward trend ln the data points ls caused by multipath and tro­
pospherlc doppler contributions from transmitter SC-50 located at approximately 
-20, 000 ft on the abscissa. Superimposed on these data is a theoretical curve derived 
by computing values of the Z-velocity errors caused by multipath and tropospheric 
doppler measurement biases in channel 4 (SC-50). The theoretical curve of Z-veloc­
ity bias change was obtained by a perturbation analysis (discussed ln Section 4.2). 
The tropospheric doppler contributio•· becomes slgnlflcant only when the aircraft ls 
more than 33,000 ft away from SC-50, as shown ln Figure 4-42. The composite 
curve of the multipath and tropospheric doppler contribution shown on the figure has 

good agreement with the actual data trend. The spread of the data points at the bot­
tom of the Figure 4-42 are in part caused by similar effect.a from the other trans­
mitter sites. Transmitters WC-50, EC-50 and Salt create predominantly diffused 

multipath doppler biases resulting ln a random spread of z-veloclty residuals. The 

tropoepherlc doppler contribution from these stations ls very small and the multipath 

predominates. 

Figure 4-43 shows similar data from measurement.a derived from the MRL 

receiver. An analysis similar to that done above for the HC receiver locates the theo­
retical multipath and tropospherlcal doppler bias contributions above the scatter of 

data points. This ls caused by a peculiarity of the MRL receiver discussed ln detail 

later ln Section 4. 5. Basically, range acceleration along the line-of-sight to the 
transmitters causes an apparent doppler measurement bias error because the receiver 

implementation produces the doppler output shifted ln time from thti actual measure­
ment. Thus the true doppler value Pt the time of receiver output has changed from 

tlie measured value due to a slant range acceleration. When this error ls combined 

with the multipath and tropospheric range rate errors, the composite curve shows 
good agreement with the data ln Figure 4-43. 

Range Error Contributed by Code Asymmetry 

The distortion (asymmetry) of the code or modulation envelope can cause slgnl­
flcant steady state errors ln the receiver code tracking loop. Asymmetry of the 
modulation envelope (code) may be caused by bandllmlting, phase nonllnearlty and 
multipath. 

Each of the receivers was observed to be sensltlve to this effect to some degree. 

The transmitters were not identical as far as this distortion ls concerned which· re• 
sulted ln each code tracking loop measuring a slightly different value of pseudorange. 

Test data showliw this effect for each receiver ls presented In Figures 4-44 to 4-52. 

These curves show the steady state lnterchannel error, e.g., channel 2 - channel I 
error, when all four channels are locked to a single transmitter. There ls a sub­

stantial difference In tracking signals from transmitter l, for example, compared to 

tracking transmitter 4 aa seen on Figure 4-44. At a signal level of -115 dbm, 
this difference ls approximately 2 ft. An examination of the remaining figures shows 

that the effects vary from channel to channel among the three receivers. For the test 
system equipments, the maximum error resulting from the distortion of the code or 

modulation envelope la 4 ft. 
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Range Error Sensitivity to Received Power Level 

The HC receivers exhibited a steady-state range measurement error which was 

functionally dependent on the received signal level. The same figures used above, 

Figures 4-44 to 4-52, show this dependence for all the receivers on signal level. The 

magnitude of this error varies among the receiver channels as shown in Figures 4-44 

and 4-45, channels 2 and 3 (with respect to channel 1) for HC receiver 1. Channel 2 

of this receiver consistently showed the poorest performance as a function of signal 

level. A measurement variation of 10 ft was typical between signal levels of -110 dbm 

and -140 dbm. Channel 3 on the other hand, Figure 4-45, shows almost no variation 

in range measurement as a function of signal level. 

The MRL receiver generally was far less sensitive to received power level than 

was the HC receiver. Figures 4-50, 4-51 and 4-52 s;·'lw the interchannel i_:ange me~ 

surement steady state errors for the MRL equipment. Although there is some sensi­

tivity to transmitted signal (range error contributed by code symmetry), these figures 

show very little dependence on the signal level. 

Range Channel Error From Channel Mismatch 

The implementation of the ~eceivers enables correction for delay mismatches 

through the four channels due to manufacturing tolerances and different signal path 

lengths resulting from the mechanical packaging arrangement. The mismatch correc­

"tion ls implemented in the HC equipment in a manner that allows a detailed inspection 

of the process. Figure 4-53 shows the channel delay mismatch data used for HC 

receiver 1 for flights 10 and 17. Chamel 4 delay ls used as a reference, and the other 

three channel delay variations with respect to channel 4 are computed. Small varia­

tions ln this data are present wlthln a flight. The variations generally amo\Dlt to 

about 1 or 2 nanosec. 

It ls not clear whether these variations represent real physical phenomena, or 

if they represent a measurement error and the channel delay mismatches are essen-

tially constant. The large scale mismatches, for example, channel 1 4 nanosec 

and channel 3 ~ -11 nanosec, are real phenomena. They represent the difference in 

construction and/or packaging of these processors. The 1 to 2 nanosec small scale 

variation of a channel, however, ls a different matter. For example, the data may be 

ln error because the character istics of the self-test signal, and not the channf'l char­

acteristics, are changing. 

A ssoclated with this problem is the software techniques for calculating the 

values of the channel delay mismatches. A variaty of data anomalies are ellmlnated 

so that the calculation ls performed only when the data from the receiver ls valld. 

For example, the channels must be locked and the channel outputs must have settled 

before calculations are performed. The calculation ls performed by a fading memory 

fllter which generally gives a better result than could be obtained by a simple un­

filtered calculation. However, if the fllter memory has a bad data point, the final re­

sult may be unrepresentative of the true channel delay mismatch. Such an occurrence 

ls in the data from flight 20. Figure 4-54 shows the channel delay mismatch data 

used by the navigation solution for the HC receiver. These data are a result of com­

bining the indlvicbal channel delay calculations from the ground callbratlon receiver 

and the HC airborne receiver. The test procedure called for channel mismatch cal­

culations once per run for the airborne data, and four times per flight for the ground 

calibration receiver. A bad point was accepted by the software filter from the ground 

calibration receiver which produced a 4 ft error. On run 7, another bad point was 
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processed resulting in a 3 ft error in the opposite direction. Although these errors 
rarely happen, the software routine may sometimes produce errors by accepting bad 
data points. 

The overall channt, l delay mismatch data for the two HC receivers for flights 
1-23 is shown in Figure 4-55. The values presented are the average delays for each 
flight. The large changes in value are the result of installing different processor 
units in the receiver. The small variations in value are the result of the t,rrors 
discussed above. 

4. 3 PERIODIC ERRORS 

Those error sourctia characterized by significant discrete frequency components 
(i.e . . not white) cause periodic disturbances both in the measur,:iment and the naviga­
tion . olution. An example of a periodic disturbance is partly diffused, partly specular 
multipath. 

Multipath disturbances caused by ground reflections become significant in one 
portion of the area navigation A flight path. A sharp increase in channel 4 variance, 
plus a pronounced oscillatory tendency in the data occur when the aircraft id in the 
vicinity of 20, 000 ft north of Salt Site. At this point the 1ook angle to channel 4 is about 
3 7° and the signal reflections from SC-50 cause ground multipath errors in both receivers. 

Figures 4-56 arid 4-57 show the observed stand'lrd deviations of the residual, 
6R 4-1, computed by 

versus the elevation angle from transmitter 4 to the aircraft. There is an almost 
linear slope of this data of about 2 ft (1 u ) per 60° of elevation angle for HC a 'lCl 1.2 
ft (l u ) per 600 for Magnavox. The data actually contains significant quantities of 
periodic components throughout this region. These appear noise-like due to ~he high 
aircraft velocity and the ina.bility of the standard deviation calculation to differentiate 
the periodic components from the noise. Figures 4-58 and 4-59 show an analysis of a 
portion of the trajectory data from Flight 19, Run 5- for the MR L and HC r eceivers re­
spectively. A correlogram and an amplitude spectrum distribution for the channel 
4-1 residuals computed as shown above indicate the presence of relative ly strong 
periodic components in the data. This d1,1ta sample i" from a region approximately 
4500 ft north of Salt Site. The spectral components are typical of th«=: data along this 
portion of the flight path. (Note: the navigation solution data used tn this analysis ls 
an output of the two-state fllter). 

Multipath errors are experienced mainly at low elevation angles where the sig­
nal received at the user's receiving antema is the resultavt of the direct signal path 
through the atmosphere and a reflected signal path from the earth's surface and/or 
from the aircraft's structure. The effect of a multipath s ignal on the receiver mea­
surement performance is dependent upon many variables. The primary receiver vari­
a les are the sensitivity of the technique for measuring range (tracking the signal) to 
signal multipath and the frequency and relative amplitude of false signal presented to 
the tracking loops, which is dependent upon design variables such as signal processing 
bandwidth and gain control. The multipath signal strength at the aircraft is primarily 
dependent upon ray path, the transmitti~ antenna design and the antenna height above 
the earth's surface. other factors which affect the multipath signal are the r eceiving 
antenna design and its location on the aircraft, the signal polarization and frequency, 
and the signal modulation characteristics. 
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The range and range rate errors are a function of the geometry dependent sys­
tem (time varying propagation channel caused by aircraft's motion) and the receiver 
design. The significant aspects of the receiver design affecting multipath sensltlvlty 
are the received signal power, pseudo noise code characteristics, carrier and code 
tracking loop noise bamwidth, and the code tracking loop dlscrlmlnator transfer func­
tion (see Section 9 for a more detailed discussion). 

Multipath can cause both blas and random errors ln the measurement of pseudo 
range and pseudo doppler depending on the properties of the propagation medium. The 
multipath errors ln the system demonstration and ILS tests can be attributed to: 

• Errors ln ground-to-aircraft llnks (both diffuse and specular) 

• Error due to aircraft structure (predominantly diffuse) 

• Errors on the callbratlon llnks (specular). 

Range Error 

The multipath range blas error characteristics of the correlation receiver in 
terms of the received signal characteristics ls given by: 

~ d l + Rt , d <50(1 + R1) 

_J!L 
(150-d) 2 _Rt , 50(l+R1)~d <150 

0 ' d 2: 150 

where \ 

I 

Rt= Reos[~ d-q,] 

R ls the magnitude of the voltage reflection coefficient for either vertical or horizontal 
polarization 

~ is the wavelength (ft) 

d ls the differential delay (ft) 

• ls the phase angle (rad. ) for either vertical or horizontal polarization. The 
specular multipath contribution to range error was found to be approximately 2 ft. 

Range Rate Error 

The changing system geometry causes a beat betwee·,1 the direct and specularly 
reflected signals, called the dlfferential doppler or fade frequency. The rate of 
change of phase between the direct and interfering signals can be shown to be 

0 _ ~wR[R +cos(~wt + cp)] 
- R2 + 2Rcos(~wt + q,) + 1 

(1) 

21" • • 
where 4w = X d is the differential delay or fade frequency and dis the rate of 
change of differential delay. 
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Eq. (1) can be expanded in a Fourier series of form 

,0 

n, = t.w L (-l)n•I Rncos[n(t.w+cp) ] (2) 

t "I 

In terms of the carrier tracking loop parameter s , the velocity error ls 

p (x) = {1 I x I - Bi. 
8 L O otherwise 

where BL is the one-sided loop noise bandwidth of the carrier tracking loop. Note 

that Eq, (3) shows the effects of bandlimlting on velocity error, i. e. if 

n 4w > 2 rr FL there is no error in velocity due to multipath. 

(3) 

The • nultipath contribution to range rate error ls significant. It was found to be 

on the order of 0. 6 fps at the worst flight/transmitter geometries. 

Errors in Ground-to-Aircraft Links 

These errors are characterized by diffuse reflections for high elevation angles 

and specular reflections for low elevation angles. The diffuse reflections are rejected 

by the aircraft antenna which is right hand circularly polarized whl le the reflected sig­

nal is left hand circularly polarized. 

At low elevation angles, the antenna on the aircraft does not provide polar iza­

tion discrimination of the reflected signals. Multipath in this case ls characterlzcd 

by a fade frequency which ls a function of the velocity and height (AGL) of the aircraft, 

transmitting antenna height (AGL) and relative look angles, These errors are identi­

fiable by spectral analysis of the data. 

Errors Due to Aircraft Structure 

The multipath in this case ls a function of the relative placement of the antenna 

with respect to the aircraft structure. The errors are highly diffuse and rapidly 

changing with the attitude of the aircraft, These errors have a nolsellke effect on th 

data. 

4. 4 SUMMARY OF BIAS AND PERIODIC ERRORS 

Table 4-7 gives a summary of the magnitude of the observed and theoretically 

predicted systematic errors. The approach taken in summarizing the bias errors 

provides a good estimate of the magnitude and relative significance of the biases. 

A rigorous treatment of bias errors is given in Section 6, where the location and 

sign of each bias error in the system is identified for filghts 17-23. 

The most significant steady-state errors are the interchannel biases, cesium 

time delay measurements, uplink antenna apparent signal delays and t.-imsmitter at­

tenuator leakage. These four sources of systematic errors contribute 1 ft of the • 

total 19. 3 ft of the root sum squared ( ss) errors . 
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Table 4-7 System Steady State and Periodic Errors 

Hazlhine 

AR 

A. Aircraft Rc:vr 

1. lnwchannel 8~ 

(al Po- Lftel V•~ion 12 

(bl Spectral Distortion 0.5 

lcl Oti.r 1 

2. l>ynamic:s 0 

3. Clock Error 0.1 

8 . Up-Link 

1. Multipath 2 

2. An.._Delay •• 
3. Tropaapt.,a 0 

C. Tr■nunitter 

1. Spectral Distortion • 
2. Attanuator Luk ... 5n/0.5" 

3. Cabla Lentth Unmnaintv 2 

• • Mismatch 0.1 

D. Cal Receiver 

1. lnwc..,_.B~ 
(al Spectral Oisl 0.5 

(bl Ant Interaction 1 

2. Cabla Len,,th Uncwtainty 2 

3. Po_, Combiner 0.5 

•• Mismatch 0.1 

E. Cal·Link ProP811tion 

1. Refraction 3 

2. Cesium Time Delay 12 

3. Multipath 3 

Total (RSSI 19.5 

•Note: Applicable to Fits ot"9r than 17 thru 20 

where it ii modelled. 

AR 

N.A. 
N.A. 
N.A. 
0 
0 

o.e 
N.A. 
0.3111 

N.A . 
N.A. 

N.A. 
N.A. 

N.A. 
N.A. 
N.A. 
N.A. 
N.A. 

0 
0 
0 

0.17 
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MAL 
A-ks 

'1A '1R 

0.5 N.A. Maximum 

0.5 N.A. Estimated Minimum 

N.A. N.A. CalibCycle 

0 o.• Maximum 
0.1 0 

2 0.1 MaxifflUm 

•• N.A . OwerSalt 

0 0.3111 111 Not Mod.lied 

1 N.A. Maximum 
5n/0.56 N.A. nFlta 1 Thru 15 

' All Other 

2 N.A. 
0.1 N.A. 

0.5 N.A. Estimated Minimum 

1 

l 2 
0.5 
0.1 

3 0 
12 0 

3 0 Slo,i. II arietion 
(Not Calibratedl 
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The user vector position errors, A Sf, determined by a comparison of the 
solution to WSMR data for all test data from flights 17-23 in a region bounded by 
GOOP ~ 10 (representing realistic geometries which may be encountered in an 
operational systfim) have been averaged to form a total solution mean error, 

where N is the total number of samples in region with GDOP's ~ h), (approximately 
10,000 points) and 

The total solution mean 2rror for the two sets of data obtained from the HC and :\I I I, 

user receivers on these flights was found to be 38. 9 ft and 31. 6 ft respectively. The 
rss values of the measurement errors in Table 4-7 were found to be related to the 
total solution mean error for both receivers by a factor of two. 

This result lead to the conclusion that an average value of the navigation 
solution sensitivity to measurement errors over the total measurement and 
solution domains is approximately 2. 

The predominant source of periodic error In the system is multipath. While 
there are two major sources of periodic errors, multipath reflection and loop dynam­
ics, multipath was found to be the most significant, causing approximately 2 ft r ange 
error and o. 6 fps error in range rate measurements, with slant range acceleration 
contributing an error of o. 4 fps maximum In range rate In the MRL receiver due to 
a timing mechanization problem (see Section 4. 5 ). 

4. 5 SYSTEM CLOCK PERFORMANCE 

The test system contained seven principal oscillators. Each of the four trans­
mitters and each of the three receivers contained one primary oscillator. The 
test system precision, and to a lesser extent, the accuracy, depend grently on 
the behavior of these oscillators. 

During the 621B experiment proi,;ram, the four channel clocks of the calibration 
receiver in the MCS were monitored whenever a data flight took place . An examina­
tion of this data provides not only valuable Insights into the performance of the clocks 
themselves but also furnishes useful clues to the causes of system anomalies which 
could frequently be related to clock anomalies. 

4. 5. l Oscillator Stability 

The calibration receiver data obtained during flight represents the time history 
of the four transmitter osclllators measured against the calibration receiver oscilla­
tor. The carrier tracking loop data (pseudo-dopplcr output of the r eceiver ) is a direc 
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measure of the transmitter vs calibration receiver oscillator frequency offset, 

Change s in the carrier loop output represent either real changes in the transmitter 

or rece iver oscillator frequency or anomalous carrier loop performance, 

Since the rf carrier and the PRN code modulating the carrier are generated coherent­

ly in th transmitter, it is possible to determine carrier loop anomalies in the cali­

bration r eceiver by comparing the carrier loop output with the code loop output. For 

purposes of this discussion, the two loops operate independently. A change in either 

the transmitter or r eceiver oscillator will be reflected in the output of both loops, An 

error developing in eithe r loop will show up only in that loop output thus isolating loop 

failure s from oscillator behavior, 

The r ecorded data from flights 1-23, area navigation configuration, have been 

analyzed for oscillator behavior, Two general observations will ht:• made ; o,1e r e­

garding the 1Jasic oscillator stability and the other regarding aberrant oscillator be-

havior. 
• 

As far as the clock oscillator performance itself is concerned, we can say as a 

general obser vation that, when operating normally, all clocks evidenced acceptable 

stability, Out-of-spec short-term conditions usually occurred as the result of some 

malfunction in the circuitry, the power supply or the environment. The oscillator 

drift rates wer t:! low, and were also generally very linear during the monitoring period, 

'A e examined the clock data in detail for only two flights, 20 and 22, which seemed 

typical of all flights in which the clocks operated normally. The drift rate specification 

was ~f/f <5 x 10-lO/day, 

Since the drift data was normally taken only during the approximately l, 5 hours 

of the actual flight, we linearly extrapolated to a 24-hour period, which we feel is 

justifiable because of the highly linear drift rate characteristics exhibited, On virtual­

ly ever y flight showing normal oscillator operation, the drift rate and drift direction 

is the same , This is true in spite of the fact that the oscillators had been turned on 

anywhere from 12 to 24 hours before the test flight. The effect of this is to be samw 

pling the data at different intervals after oscillator start up and always finding virtual­

ly the same result, Thus while the linear extrapolation of data from 1. 5 to 24 hours 

may at first seem extreme, in fact we have supporting evidence gathered during vari­

ous 1. 5 hour samples of the 24-hour period that the normal oscillator behavior is 

practically a straight line drift. The 24 hour drift data for the four receiver channels 

is presented below, 

Channel -¥ Flight 20 ~f Flight 22 

1 ]. l X 10 -8 -2,4x 10 

2 l,] X 10 -8 5, 9 X 10 - 9 

3 3,5 X 10-S l, 5 X 10 -

4 0 3, 9 X 10 -
9 

Visual examination of the clock data for other normal operation flights confirm oo 

that the above clock performance is very typical of that exhibited during th ntire ex­

periment program. Figure 4-60 shows the oscillator records for fli ght 20 obtnincd 

from the MCS calibration receiver. 
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4. 5. 2 Oscillator Failures 

The ground system oscillators exhibited various typ s of failures during the 

tc t program. Some failures could be classed as catastrophic. These prevented the 

computation of a valid navigation solution. Other failures were more graceful :incl, 

for various reasons, did not prevent computation of the navigation solution. 

Flight :l data shows a good example of a graceful failure of the calibration re­
ceiver oscqlator. In this case (Figure 4- 61) all 4 channels show similar problems 

which isolntes the cause to the receiver oscillator. The failure probably is a r esult 

o a malnmctioning oscillator oven control. This type of behavior does not destroy the 

navigation solution. The effect is to greatly increase the computed clock bias rate 
<B . However, the solutions arc structured so as to allow this as long as the clock 

bias acceleration (B) term remains very low. 

Another type of oscillator failure i shown in Figure 4-G2. In this case, whi~h 

occurred during flight l1, the transmitter 3 oscillator developed a severe instability. 

Comparison of the carrie r loop output with the code loop output confirms that the 

problem is not associated with the r eceiver but rather is present on the input signal. 

This type of failure is caused by a noisy oscillator control voltage. The oscillator 

is self-contained with the control voltage developed within the unit. This type of 

problem was normally traced to a failed element in the control voltage circuit. 

Because of the method used in computing the navigation solution, oscillator 
behavior of this type has only minimal effect on the solution. The calibration receiver 

data is brought into the solution with the airborne data once per second. Sin e these 

frequency excursions are occurring in the tracking loops at both receivers, by subtrac­

ting the two sets of data (the process used to synchronize the system via software) at 

a rate of 1 cps removes most of this effect. 

One other type of oscillator failure is significant in this test program. Properly 

speaking, this is not an oscillator failure, but rather a failure in the MCS fr quency 

modul0 which provides the r equired receiver frequencies derived from the primary 
o cillntor. Figure 4-63 shows dnt:-i from flight 7. The frequency module is indicat­

i~ incipient failure in run as shown by the noise burst. This problem is only 
affecting the carrier loop since no similar phenomena can be seen in the code loop 
output. This type of failure is generally catastrophic in the computation of the navi­

gation solution, although the example given in Figure 4-63 is not too severe s ince 

the frequency module has not fully failed. 

4.3.5 ser Clock Analysis 

During the field tests, the pseudo ranging technique of passi ve user navigation 

wa u d to derive the aircraft's trajectory. This method, as explained earlier 
/. ction 3), allows the user to deterministically compute the phase an I fr equency off-

t b tw n his reference clock and the system time base which, in our ca , is the 

i\l clock. Idea lly these offsets , called the pseudo-range and pseudo-doppler clock 

l iases, are well behaved functions of time and therefore may be used to improve the 

u r' s trajectory data (i. e . a two-state filter ) or provide a degraded three-measurc­

m nt mod of navigation (Ref. 33) . In ord r to fully exploit the desirable charactcr­

i ti s of th clock biases , the user must be aware of system bias error~ (for the 
clock bia quantities arc dependent on geometry just as the X, Y, Z trajectory coor­

dinates) and he must also keep changes in common-mode system errors within 

tolerance (since the clock calculations are aff cted by common rrors even though 

th X, Y, Z calculations are not ). 
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If we assume stable oscillators (no drift), the user's clock bias rate is a con­
stant with time 

B = (user's c1ock frequency) - (system c1ock frequency) 
0 

+ (err~ms) = k 

Likewise the user's pseudo-range c1ock bias is a straight line in time 

B = (user's initia1 c1ock phase) - (system initia1 c]ock phase) 
0 

+ (err~ms) + Bt 

where t is genera1ized time. These relationships are derived in Ref. 1. We estal -
lish, then, the following model 

B(t) = N(0,0.0005) (normal random variab1e) 
r.,. 
B(t) = B(t At) 
I\ 
B(t) = B(t At) + B(t - At) At 

and we are interested in a quantitative measure of how well the test data corresponds 
to this model. The two-state Kalman filter employs this clock model. The out-
puts of this filter were used to perform this analysis. 

Figure 4-64 shows the MCS received pseudo-doppler data versus time for flight 
19, run 4, a typical run. These data represent the transmitter clock frequency rela­
tive to the MCS clock frequency and show very high short term stability for all five 
oscillators . Noise content of less than 0.1 fps is apparent for all channels and small 
drifts, barely detectable on channels 1 and , are less than o. 01 feet per second. 
These drifts are clearly smaller than modelled, so we expect good filter performance. 
Figure 4-65 verifies this prediction for the Hazeltine data, but shows a model offset 
for the MRL case. 
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Figure 4-60 Flight 2 Oscillator Records 
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Since both Hazeltine and Magnavox user equipment are operated simultaneously, 
and rC'ceivc the same transmitted signal, the drift in the MR L clock bias rate must 
be unique to the mL user receiver. The observed drift in B, which is, for this run, 
greater than 0. 035 feet pe r second squared is highly unlikely for user clock in-

tability, This e ffect is due to an implementation problem in the MRL receiver 
wher eby the r eceiver range rate output is not referenced in time to the other 
outputs. 

Specifically, the HC and MRL systems are implemented differently fo1• the 
measurement of pseudo doppler, This results in an overall 50 ms time mismatch 
for the 1RL data as shown by the timing diagram below. 

The pseudo-doppler data for the HC receiver is effectively sampled and time 
tagged in the center of the 100 ms doppler averaging window. This is accomplished 
by positioning the doppler averaging window precisely over the data sampling pulse. 
The MRL receiver implementation however, has the sampling pulse at the end of the 
100 ms averaging window. Thus the doppler value which represents the data at the 
cente r of the averaging window, is erroneously located at the end of the averaging 
window. To first order, the velocity measurement error induced by the MRL timing 
error is proportional to the user's range acceleration 

6 v = R At + higher order terms 

and may r each a maximum of O. 8 fps for the area navigation ''A" flight path. 

The user clock performance is sumr.,arized in Figures 4-66 and 4-67 which are 
catter diagrams of the Band B model deviations for the two user r eceivers. The 

bias rate deviations emphasize the MRL offset and also show a larger standard devia­
tion of the MRL data ( ~AB = 0. 59 for HC, u AB = o. 65 for Magnavox). The clock 
bias model deviations also show larger MRL variation, and further a correlation be­
tween the two r eceivers is noted. This correlation is due to common external effects 
uch as MCS clock drift and channel propagation variations, and may be removed by 

a rotation of axis. After rotating, indicated in Figure 4-66 by the (zero intercept) 
r gr sion of HC on MRL, the observed standard deviations are : CTAB = 2. 0 for H 
and a-AB = G. Magnavox. We conclude that better MRL r esu lts for th filte red navi­
gation solut ions are achievable with a more stable user clock. 

-l. 5. 4 Inherent nange Rate Redundancy 

The navigation system, being configured with both range and range-rate 
capability, provides a certain inherent redundancy. A back-up mode of operation 
ca n be provided in case of failure of the range rate functions. The ranging output 
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can provide range rate by differentiation. We investigated this aspect for a ground 
system operation where the calibration receiver was producing range, but due to 
a failure in the frequency module, could not provide range rate. A test case of 
different technique for smoothing the ~data was run using data horn the early parts 
of flight 17. Since the grounJ system data is characterized by r constant, and all 
higher order terms are essentially equal to zero, a first order digital smoothing 
algorithm was chosen. Figures 4-6 and 4-69 show the results which can be 
obtained. Figure 4-6 contains the ranging data converted to range-rate by: 

• Rt - Rt-I 
Rt = ~t 

where Rt' Rt-l are the calibration receiver values of pseudo range at t and t -1. 

4:1 t calibration receiver data sampling interval 

T adjustable smoothing time constant - the best value for the ground 
system data has been empirically found to be 4 

• Rts smoothed value of pseudo range rate. 

The pseudo range-rate data obtained from the carrier loop ls shown in Figure 
4-69 for comparison with the derived pseudo range rate data (~ts) obtained from the 
code loop. 

There is very good agreement between these curves for this case, which repre­
sents normal operation of the oscillators in the ground system. For abnormally 
high oscillator drift rates, one may want to implement a filter of more sophistication. 
However, the concept remains the same and failure mode redundancy ls available in 
the system. 

An extension of this concept could be applied to users not requiring very high 
accuracy velocity data. In this case, the range rate data could be provided by the 
implementation of techniques similar to those described above to derive the data 
from the range output of the code loop. It would seem that hardware simplification, 
and resultant lower cost per unit, could be obtained in this way since the carrier loop 
digitizer and associated I/O would be eliminated, 
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Fijjure 4-72 Range Data Convertinl to Range R;ite 
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Figure 4-73 Pseudo Range Rate Obtained From the Carrier Loop
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where Rt' Rt-l are the calibration receiver values of pseudo range at t and t -1. 

At calibration receiver data sampling interval 

T adjustable smoothing time constant - the best value for the ground 
system data has been empirically found to be 4 

Rts smoothed value of pseudo range rate. 

The pseudo range-rate data obtained from the carrier loop ls shown in Figure 

4-73 for comparison with the derived pseudo range rate data ~ts> obtained from the 

code loop. 

There is very good agreement between these curves for this case, which repre­

sents normal operation of the osclllators in the ground system. For abnormally 

high osclllator drift rates, one may want to implement a filter of more sophistication. 

However, the concept remains the same and failure mode redundancy ls available in 

the system. 

An extension of this concept could be applied to users not requiring very high 

accuracy velocity data. In this case, the range rate data could be provided by the 

implementation of techniques similar to those described above to derive the data 

from the range output of the code loop. It would seem that hardware simplification, 

and resultant lower cost per unit, could be obtained in this way since the carrier loop 

dlg1ttzer and associated I/O would be eliminated. 
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SECTION V 

TEST DATA, FLIGHTS 1-15 

The Flight Test Program started In the 50-ml area of White Sands Missile 
Range (WSMR), New Mexico. The ground transmitters were configured for the Area 
Navigation tests in which they simulated a symmetric Y constellation. The first por­
tion of the flight test program, covering flights 1-15, was spent gaining basic knowl­
edge about the system performance. Flights 1-7, surfaced the major hardware and 
software system problems. Even though the navigation solutions were not very accurate 
( ~150 ft errors) during this period, the system was functioning well enough at this 
point to begin a study of the error components. By the completion of flight 7, we had 
experienced the whole range of equipment problems and had developed correction 
techniques to insure reliable equipment operation. Although some equipment failures 
continued to occur (see Section 7), our ablllty to keep the system flDlctioning during 
tests resulted in greatly improved data collection over that obtained in earlier flights. 

The test results were not very consistent throughout this period. The problems 
we encountered were due partly to the test systems and partly due to our lack of know- · 
ledge about the behavior of the error components, especially those associated with 
the ground system. Laboratory testing of both the ground and airborne system com­
ponents allowed us to locate the s~urce of major errors by flight 15. The findings in­
dicated that the effects of ground system lnstablllty were so severe that baste changes 
were made to the ground system set-up before the next flight group, flights 17-23, was 
initiated. Flights 1-15 are thus considered system development flights. 

5.1 FLIGHT DATA OVERVIEW 

The predominant error in the system data for flights 1-15 is the pseudo-range 
steady-state error introduced by the ground system. Our method of "software syn­
chronizing" the four transmitters using the calibration station requires the complete 
and accurate knowledge of the signal propagation time from the output of the uplink 
antenna at the transmitters to the output of the calibration receiver (see Section 3). 
The signal paths between the transmitters and the calibration receiver contained an 
assortment of RG-214 and Spirollne cabling, cable connectors, signal attenuators, as 
well as the free-space medium and transmitting· and receiving antennas. Also, for the 
early flight group, a propagation delay was introduced in the transmitter between the 
aircraft and calibration links to insure that the calibration receiver would not acquire 
the uplink signal. The complexity of the calibration links (also called the monitor 
links) made it very difficult to establish the true value of the total calibration path 
delay. Any measurement error in thls delay strongly affects the quallty of the navi­
gation solution. The desert environment of WSMR caused further complications since 
the propagation characteristics of the link elements seemed to change with temper­
ature and humidity. 

The system shakedown effects ~re readily observable by comparing the test 
system and WSMR reference navigation trajectories. Figure 5-1 shows an overview 
of pseudo-ranging steady-state errors by presenting system-WSMR interchannel 
range differences as a function of flight number. The range difference data ts used 
since these quantities are independent of transmitter-user geometry and do not con-
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tain the influence of GDOP's (the Geometric Dilution of Precision, or GOOP, is ex­

plained in Section 3. 2). 

Referring to Figure 5-1, a long term trend of decreasing error is detectable 

but in general, the entire group shows unacceptable errors and great variability. 

The corresponding data from the next flight group, flights 17-23, is presented 

on the same plot to show the distinct improvement obtained by reconfiguring the ground 

system. The later flights were flown with the calibration receiver locked to the up­

link signal, thus eliminating the effect of cabling, antenna and internal delays at 

each transmitter (see Section 3). 

Although deterministic conclusions about the location of the steady-state errors 

cannot be made from Figure 5-1 alone, it seems probable that channel 1 is in error 

since all three interchannel differences show similar trends (the same effect could 

occur if channels 2, 3 and 4 were in error simultaneously, but this is less likely 

than an error on channel 1 only). The bulk of these errors is in the ground com­

ponents of the system since a comparison of the trajectories from the two airborne 

receivers shows relatively small differences. In Figures 5-2 through 7 the differ­

ences between the Hazeltine and Magnavox navigation trajectories and the WSMR ref­

erence trajectory are plotted versus time for the middle portion of run 2 of fiight 10. 

While there is considerable disagreement between the navigation system and reference 

trajectories, the two system trajectories (HC and MRL) are relatively close to each 

other. Since both user receivers utilize the same ground calibration data to compute 

their respective trajectories, we conclude that the major portion of the steady-state 

errors are in the ground data. 

The instablllty in the ground system was unexpected. Care had been exercised 

in the selection of antennas and cabling to keep the rf path losses low. The antenna 

beamwidths and transmitter dual output were designed to prevent interfering signals at 

both the Mobile Calibration Station (MCS) and the aircraft. In addition, careful site 

selection minimized the potential link multipath effects. Furthermore, a path length mea­

surement technique, the cesium measurement (see Section 4. 2.1), was devised to 

make sure the signal path length was known in the event that multipath effects were 

disturbing the link. However, in spite of these precautions, path length measurements 

made in the field showed variable delays, which we were not always able to explain. 

For example, a measurement of the channel 1 transmitter internal delay between 

the uplink output and the monitor link output made between flights 7 and 8 indicated a 

delay of 194 nanosec. A similar measurement made after fltght 15 indicated a delay 

of 236 nanosec. Both measurements were obtained by the same technique. There was 

a change made to the transmitter hadware during this period which could have affected 

this delay, but not, theoretically, to such a large extent. The interchannel errors 

plotted in Figure 5-1 use the 236 nanosec value throughout. If we had incorporated the 

194 nanosec value for the early flights, they would have been 236 - 194 = 42 nanosec more 

in error. 

5.2 FLIGHT DATA ANALYSIS 

The analysis of the system data from the early flight group is purposely limited in 

scope since its quality is degraded by the problems in the ground and night systems 

discussed above. This data set has served well, however, in uncovering the basic problem 

areas in the test set-up and equipment. Therefore no discussion of random and periodic 

errors is attempted here, but rather left for later sections. Our primary interest here 

lies in presenting the insights gained about the calibration data. Both the flight and ground 
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measurement data were used for this purpose. 

The analysis approach used was as follows: 

• We chose one flight from the group as typical and utilized its data only; thus 
eliminating to some degree data variability 

• We eliminated the effects of known error sources 

• We used range difference and X, Y, Z residuals between the system and WSMR 
trajectories to determine, as nearly as possible, an estimate for channel 
steady state errors 

• We reviewed the calibration measurement data taken in the field in light of the 
predicted channel errors and attempted to pinpoint the sources of error, 

Flight 10 was chosen as a typical flight from the early flight group since its inter­
channel errors are approximately equal to the average of these errors over all the 
flights from the 1-15 group (see Figure 5-1), Further, the reference trajectory 
from WSMR is advertised as "good" and the fiight is composed of seven "A" and "C" 
runs which show no noticeable anomalies. (For an explanation of 11A II and 11C II geom­
etry, see Volume II, Section 3,5,3.) 

From the outset, two known errors were eliminated, The first was the 42 nanosec 
steady-state error introduced by the (apparent) mlsmeasurement of the transmitter 
number 1 internal delay (see Section 4,2,1,4). The second source of error which itJ 
pertinent to the present discussion was discovered much later ln the fiight test pro­
gram. This ls the apparent delay in the uplink antennas which varies as a function of 
user "look" angle. Detailed measurements of these delays were made after the flight 
test program was completed. Since the peak-to-peak variation ln the delay correction 
data ls about 8 nano sec (see Section 4, 2, 1, 3 for further details), its effect on flight 10 
data ls expected to be minimal. This is verified by Figures 5-8 through 5-13 which 
show the lnterchannel range residuals for the corrected data. Comparing these values 
with the flight 10 entries of Figure 5-1, small shifts in the mean values (about 2 ft 
and 4 ft better in channels 2 and 4, respectively, and about 3 ft worse ln channel 3) are 
evident and there is a decrease ln the maximum-minimum range of the data. The 
time history plots of Figures 5-2 through 7 also present the corrected data. 

Based on the observed navigation errors, values were !lBsigned to the steady-
state pseudo-range errors for each of the four channels. However, this cannot be done 
exactly. Our lack of knowledge about the true value of the clock mismatch (computed 
clock bias) between the user and calibration receivers prevents the determlnlstic 
solution of the four pseudo-range error equations, Therefore, relying on our experi­
ence with the system some constraints were established which allowed us to estimate the 
channel errors. For the flight 10 data, the lntercha nel residual data (of Figures 
5-8 through 13) was augmented in two ways: 

• We performed an analysis on the X, Y, Z trajectory errors between the system 
and reference trajectories using the sensitivities of the X, Y, Z errors to each 
of the four pseudo-ranging errors (these sensitivities are derived from the 
linearperturbationanalysls of the pseudo-range navigation solution and are 
plotted in Appendix A) 

• We applied a confidence factor to each error estimate based on the difficulty and/ 
or variability of propagation delay measurements associated with each channel, 
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Analyses such as these are not very rigorous . However, they did allow us to 
quantify the test results and draw some conslusions. 

The X, Y, Z coordinate errors and sensitivities are presented in Table 5-l. 
Thi s table shows the X, Y, Z error observed at thre different points on the WSMR 
test range for run 2 of fli ght 10. The errors are taken directly from Figures 5-2 
through 7. Also present.ed in this table are the sensltlvities of the X, Y, Z errors t.o 
errors in pseudo range. Thus, for a user at mid-range, a 1 ft error in channel 1 
pseudo-range will cause a 4. 8 ft error in the calculat.ed value of Z posltlon. These 
data were used in conjunction with the interchannel residual s to estimate the individual 
channel errors. This technique does not add any new information to the problem from 
the mathematical standpoint, but serves as a redundant data set in the ' 'navigation 
solution domain" rather than in the "measurements domain". 

Inspectl~ these data in an attempt t.o assign errors to each channel, the relative 
confidence in the ground delay measurements associat.ed with each channel were kept 
in mind. Such "weighting" factors depend heavily on our experience with the l'lystem 
in the field and a lso demand a high degree of judgement. The re lative wE,ighting of 
the channels are: 

• Channel 1 shows, by far, the most measurement variation and therefore 
earns the least amount of confidence. The 42 nanosec variation in the trans­
mitter internal delay (discussed previously) plus certain delay characteristics 
of MCS cabling (explained below) make errors as large as 20 ft a distinct 
possibility 

• Measurements taken for the other three channels all show variability, but to 
a lesser extent than channel 1. Thus our confidence in these channels is 
sllghtly higher than in channel 1. Errors as large as 15 ft are reasonable. 

The data present.ea in Table 5-1 represents the navigation errors using oor 
best a priori estimates of calibration link delays independent of the flight data. These 
figures were calculated based on measurement confidence alone and, evidently, do 
not fully describe the state of the groond system. After applying the added informa­
tion available in the flight data, the conclusion is (under the constraints discussed 
above) that: 

• The channel errors were approximately: 

- channel 1 - 20 ft 

- channel 2 - no error 

- channel 3 - -10 ft 

- channel 4 - 10 ft 

Thesl\ values produce zero-mean residuals in both the "measurement" and "navigation 
solution" domains as verified by Figure 5-1 and Table 5-l. 

The field calibration measurements were next reviewed in light of these up­
dated channel error estimates. Table 5-2 presents the data showing the delay valuer 
presently used to compute the navigation solution and also gives the maximum and 
minimum measurement values. Referring to this table, the internal transmitter de­
lays between the monitor and uplinks are seen t.o be the most unstable. The 10 ft 
error estimates tn channels 3 and 4 are obviously possible considering the range of 
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Table 5-1 Observed Coordinate Errors and Sensitivities, Flight 10, Run 2 
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Table 5-2 Ground System Calibration Measurements Applicable to 

Early Flights (1-15) (Nanoseconds) 

Best Measurements New 
Est. Estimates 
w/o Fit with Fit 

Parameter Chnl Data Max Min Range Data 

Transmitter 1 - 236 -194 -241 47 -238 

Internal Dela 
(1) 2 -240 -234 -250 16 -242 

3 - 230 -198 -240 42 -218 

4 - 20 -201 -220 19 -218 

Free Space l 7316 7327 7311 13 7312 

Delay and 
Spiroline Cables 2 323 4 32394 32379 15 -

3 1 166 18171 18161 10 -
4 22406 22421 22402 19 -

RG-214 
Cables (2) - - - - - -
MCS 1 114 115 113 2(4) -
Spiroline _(3) _(3) (3) 
Alone 2 138 - -

3 143 _(3) _(3) -(3) -
4 101 101 103 2 -

Xmtr Spiroline 1 - 36 -33 -36 3 -
A lone(l) 2 - 44 - 36 -44 8 -

3 -39 - 38 -39 1 -
4 -35 -35 -33 2 -

NOTES: 
(1) Signs are assigned to give direct relationship between parameter and 

total calibration delay 
(2) All measurements showed good results• minimal variation 

(3) Cable lengtt measured once but showed strong insertion loss variations 

during test program - cables replaced after flight 16 

(4) Variations as large as 8 nanoseconds were observed later in the test 

program 
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measurement values for these channels. (Ref r also to Figures 4-37 through 4-40 

which pl<'t the internal transmitter delay valu s versus measurement data. ) Thus it 

appears that "corrected" values to the channel 3 and 4 transmitter delays could be 

assigned and that incorporating these new values in the navigation wftware would show 

l mproved test system-WSMR agreement. 

Such assignments, howeve r, ar e invalid for th data availabl e fo r channel 1. 

Although great variation is roservcd in the c annc 1 figures , no values were mea­

sured which would yield a de lay of about 255 nanosec , required to giv gorx:1 

system-WSMR agreement. We can only account for 4 nanosec if error in the right 

direction in ch: nnel by noting variations in the free-space delay values. The channel 

1 error Is evidi,ntly stemming from an unobserved error source. The most likely 

place for this error Is the Splroline cable at both the transmitte r and the calibration 

station. These cables showed wide variations in Insertion loss and delay at various 

times. The cable at the transmitter site was changed after flight 15 for this reason. 

It ls certainly possible that a large delay error could have developed In the cable. 

(See Section 4. 2. 1. 2 for a discussion of rf cable e rror sources.) However, there are 

no measurement data availabl e: to support a firm conclusion. 

5.3 CONCLUSIONS - EARLY FLIGHTS 

The flight data from the early flight group (flights 1-15) served to uncover the 

large errors (within 15-25 ft) in the ground and airborne systems as well as in the test 

program software. Since widely varying errors plagued these flights, especially 

steady-state calibration errors in the ground system, these data are not suitable for 

system accuracy analysis. 

The steady-state errors in the ground component of the pseudo range are by far 

the most predominant. This ls easily determined by comparing the Hazeltine and 

Magnavox user receiver trajectories which show agreement within 5 to 10 ft. When 

the system trajectories are compared to the reference trajectory from WSMR, a 20 ft 

steady-state error ls evident on channel 1 and 10 ft errors on channels 3 and 4. The 

10 ft errors are attributed to the transmitters by inspecting delay measurement vari­

ations, but the 20 ft error in channel 1 ls still unexplained. 

In summary, flights 1-15 served as developmental flights. The accuracy analysis 

of the flight data is reserved for the later Oight groups I 7-23 and 25-31. 
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SECTION VI 

TEST DATA, FLIGHTS 17-23 

Flights 17-23 provided test syste m data In the area navigation enviroment after 
hang s wer made to the ground system to eliminate the major sources of error 

identified du r ing earlier flight tests . The improvement in the stability of the data as 
a result of t he new ground system configuration allowed us to perform an 
accurac anal sis of these data with confidence. The overall results of this analys is 
s how: 

• The test s s tem pseudo-range error (measurement error) components are 
identifiable. The re maining unexplained mean error residual between the 
test ys tem and the White Sands Missile Range (WSMR) reference data is 
approximately 2 ft 

• The user navigatio f'I. pos ition and velocity errors are: 

- For the ve~tor ~ sition e rror (total position error determined from A St = ((AX2 AY +AZ )]1/2 ) the mean is approximately 25 ft and the standard 
deviation is approximately 10 ft 

- F~r the vector velocity ('181 = (A x2 + AY2 + AZ 2)1/2) the mean 
ASt is approximately 1. 3 fps, and the standard deviation ls approximatley 
O. 6 fps. 

A summary of the tes ts conducted during flights 17-23 is presented in Table 
6-1. It is important to view the detailed test results of these flights in light of the 
spectflc test objectives. For instance, flights 17-20 were flown at 34,000 ft MSL 
and 22,000 ft MSL (A and C paths) directly over Salt Site, while flight 22 was flown 
at 34,000 ft MSL but offset to the east of the transmitter grid (B flight path). Th~se 
different profiles produced slightly different r suits. In order to delineate these 
results and present the underlying causes fo· .. • the differences, we will be making ob­
servations and comparisons of the data from different flights to highlight specific 
effects. The composite results of flights 17-23 will also be presented from three 
different viewpoints to point out the effects of various problems which occurred during 
this flight group and to show the navigation quality attainable with the test system. 

The overall system performance during a typical data run is shown in Figures 
6-1 and 6-2. These figures depict the aircraft flight path and solution errors for 
flight 19, run 6 in the X-Y and Y-Z planes. The aircraft flight path ls determined 
from the WSMR trajectory data and is soown as a solid line connecting triangles. For 
this run the aircraft is flying at 32,000 ft above ground level (AGL), Figure 6-2, fi nd 
almost along the Y axis, X = 200 ft (Figure 6-1). The four transmitter locations are 
given in the X-Y plane for reference. At 1 sec intervals along the flight path an error 
vector is drawn from the WSMR trajectory (triangles) to the test system navigation 
solution. The error vectors are exaggerated by a factor of 100 ~ make them visible 
on the traje tory plot. Thus the aircraft trajectory is plotted at a scale factor of 
10,000 ft/box, while the error vectors are plotted at a scale factor of 100 ft/box. 
The navigation system trajectory can be visualized by connecting the free ends of the error vectors. For this data run, at the north end of the run, Y = 25,000 ft, the 
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FILTERED HAZELTINE XY TRAJ, FLT 19 RUN 6 
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Figure 6-1 Area Navigation Summary Plot 
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Figure 6-2 Area Navi~ation Summary Plot 
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navigation solution is below, slightly to the east(+ X) and north (+ Y) of the WSMR 

refe rence which is assumed to be the true position of the aircraft. The exaggerated 

s al of th rror vec tor shows the solution to be approximately 30 ft below the air­

craft position at th north end of the flight path. 

The solution data used to g ne rate this error plot was processed through the 

two-state filter. Therefore, most of the solution noise has been removed resulting 
in the reasonably well orde r d e rror vectors. The solution error is caused by \-liri­

ous steady-state measur ment (pseudo range) errors located in the test system which 

will be described lat r in this sec tion. 

One othe r point needs to be made about the data in Figures 6-1 and 6-2. The 

solution vector error is seen to be dependent upon aircraft position (Figure 6-2 in 

particular). This effec t is due to two causes. The steady-state error affecting the 

solutions used in thes figu res has some components which are varying slowly with 

time. These show ur as small changes in position error over a flight. The second, 

and more important cause, is the effect of the linear tranfsormatlon of the pseudo­

range measurements into the user's position solution. The linear transformation, in 

general, amplifies a measurement error in the process of converting to the solution 

domain. Since the elements of the linear transformation are a function of the air­

craft-to-transmitter geometry, the amplification value changes along the flight path 
resulting in a varying solution error which in turn is being caused by a steady-state 

measurement error. (see Section 4. 2). 

A similar presentation of a·nother data run, flight 19, run 7, ls given in Figura; 

6-3 and 6-4. On this data run, the aircraft descended from 32,000 ft to 18,000 ft 

above ground level. Figure 6-4 shows a portion of this descent from 27, 000 ft to 

·20, 000 ft. The aircraft is at 23,000 ft AGL when passing over Salt Site (Ch. 1) 

which ls at Y= 0. On this run, as in run 6, the solution errors are primarily ln the 

Y and Z directions as shown on Figure 6-4. The cross track error ln X ls very 
small as shown ln Figure 6-3. The combination of the measurement error distri­

bution in the system and the linear transformation causes the navigation solution to 

be below the aircraft flight path at the north end of the run (Y = 25,000 ft) and above 

the navigation solution at the sou .h end of the run (Y = -28, 000 ft). These data are 

typical of the navigation system performance obtained during flights 17-23 prior to 

making corrections to the data as a result of identifying error mechanisms in this 

data set. 

6.1 DETAILED FLIGHT DATA ANALYSIS 

6. 1. 1 Flight 17 

Of the six runs attempted on flight 17, only the first three produced a navigation 

solution. A system failure occurred at the calibration receiver site after run 3 which 

prevented post flight software synchronization of the transmitters and thus obviated 

a navigation solution. Runs 1 to 3 showed typical navigation quality for this flight 

group. Since the data did not show any unusual behavior, the runs are included in 
the overall data set statistics but not presented here in detail. 

6. 1. 2 Flight 18 

During flight 18, the Hazeltine receiver was operated in two tracking loop con­

figurations, second order and third order. Runs 1 and 2 (tracking loop operating in 
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s cond ord r) how a significant chang in the HC v locity residual (navigation 

solution ompar d to WSMR) tandard d viations compared to data later in the flight 

whe r th loo) wa op rating in third ord r. Figure 6-5A shows the standard devi-

ation of th HC I ity olution rror r idual (u6 x, CT6 y, CT6 z) for both flights 

l and 20. Th ,· data ar , pr cnt din te rms of an error band containing the CT6x's 

t . whi h ar 0bta inecl b partitioning the e rror residual time se ries into sequential 

50 point sampl e , and th n omputi ng th sta tistics of each partition. The incr ased 

noise cont nt of Lhe dam whi l th re iv r is operating in second orde r loop is 

ev id nt on th X and Y loci ty r s idual s . On runs 1 and 2, Figure C:-::i shows the 

CT6 x and u6 • magni tudc to b about 1. 0 fps, while on the later runs when the re-

cc i er is operating in I.hire! ord r loop th se quantities are about 0. 3 fps. flight 20 

data, pr sented on th ame figur , hows comparable third order loopu.sX and 

CT6 Y performance. • 

This phenomenon is also e ident in the measurements themselves. Figure 

6-5B shows th ohserv d standard de iations of the raw pseudo-doppler measure­

ments (ground a d us • t: mponcnts inc luded) on channels 1 and 3. These CT's are 

calculated by thE· , aria tc cliff r nee method of variance estimation (see Section 4. 1 

for furth e r details of th mC' thod ) and the refore do not require the use of the WSMR 

refe rence trajectory. There is an obvious decrease in noisiness at the beginning 

of run 5, when the receiver was witched to third order operation. The data also 

show much more e rratiC' behavior on the first four runs than on the later three. 

Carrie r loop noise increases by more than a factor of two when going from third 

order to second ord r opcration. This increase is evident on all four channels (only 

channels 1 and 3 are presented in Figure 6-5B), and is expected since the car-

rier loop bandwidth opens by a factor of 100 in the lower order configuration (about 

20 Hz for third orde r loop, 2 KH z for second order). 

The ~>coordinate velocity behavior is different from the X and Y velocities on 

flight 18. A?. shown in Figure 6-5A, the Z axis velocity does not respond to the third 

order command given after run 2. The flight 20 data on this figure show normal 

third order loop behavior for the Z-coordinate velocity noise. An examination of 

the measurements (pseudo-range rate) on each of the four channels was made to 

dete rmine the cause of the Z velocity behavior. This examination indicated that the 

airborne receiver switched from second to third order loop on channels 1, 2 and 3, 

but not on channel 4. Due to the position of the aircraft with respect to the trans­

mitters, the transformation of pseudo range-rates into coordinate velocities is such 

that channel 4 data strongly influences the Z axis, but has small influence on the X 

and Y axes. Therefore , the malfunction of the second/third order control logic in 

channel 4 is expected to show up as an error only on the Z-axis coordinate data. 

As a matter of side interest, the second/third order test provided some insight 

to the quality of the velocity residual obtained from the comparison of the navigation 

solution to the WSMR data . .An examination of the velocity residual errors in Figure 

6-5A shows that the CT residual errors increase by a factor of 3 when operating in 

second order tracking loop compared to third order loop. This is interesting since 

the r eceiver internal loop noi e actually has a much sharper increase from third 

order to second order operation than the residual error in Figure 6-5A indicates. 

While the second order loop noise is clearly shown by this figure, the actual re­

ceiver third order loop noise is below the basic residual noi e level. Therefore , 

the velocity residual noise level, while the r eceiver 1s operating in third orde r loop, 

is a result of factors external to the loop such as transmitter osnillator noise, 

atmospheric scintillation, airframe response to turbulence, and WSMR reference 

data noise. 
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Anoth r v nt whi h o curred during fligh t 1 was an quipm nt failur at 

EC-50 (Ch. 3). An a g ne ra or op rating a transmitter cooling fan at th it failed 

early in the flight. Sine th transmitter electroni s are operated off batteries, and 

the site was unmanned, th generator failure was not immediately detected. When 

the generator fail ed, th t mperature within the transmitter began to ris b caus 

the fan stopp d. The transmitter was eventually shut down automatically 

by an ove rheat protection wit h. Th transmitter c,hut-down alerted personnel at 

the MCS and a er w went to th s ite . The transmitter was restarted by cooling the 

int rior of th case with a CO2 fire xtinguishe r. The transmitter temp rature rise 

had an noti ceable eff ct on th r data. The X-pos ition residual standard deviation 

(<T6X) is considerably great r during runs 1 and 2 of flight 1 , than during runs 5 

• 1rough 7 as shown in Figure 6-6A. Th transmitter was cooled down and restarted 

just befor run 5. Appar ntly th temperature rise affected the code clock jitter. 

This is confirmed by Figure 6-6B which shows the pseudo-range <T estimates fo r 

channels 1 and 3. Channel 3 errors primarily influence the X-coordinate data and 

have sligh, effect on the Y and Z coordinates in the area navigation geometry. Thus 

this type of problem would be expected to show t:p mainly ln the -coordinate data. 

6. 1. 3 Flight 19 

Referring to Table 6-1, there were eight runs attempted with received signal 

levels of -123dbm on runs 1 and 2, and levels of -133dbm on the remaining runs. 

Of the eight runs, six runs produced good navigation solutions . 

The Hazeltine receiver had a circuit malfunction in the RF/IF section which 

permitted receiver ope ration but at a reduced front end sensitivity. So the re­

ceiver was, in effect, tracking a signal lower than -133dbm. However, no quanti­

tative measure of the loss of sensitivity was avan able. An inspection of the data did 

not show any effect from this malfunction even though the next flight, flight 20, does 

produce some measurable effects in the data quality at very low signal levels. 

The navigation solution produced from data collected on run 1 was poor. In 

reviewing the data, we frond a partial failure in the calibration receiver which re­

sulted in poor synchronization of the transmitters by the post-flight software. The 

pseudo-doppler data recorded at the Mobile Calibration Station (MCS) calibration 

receiver for the first three runs of flight 19 are shown in Figure 6-7. These data 

represent a measurement of the frequency offset of each transmitter with respect to · 

the calibration receiver master oscillator. The frequency offset data have been 

converted to an equivalent range rate and plotted as a functio11 of time. (The time 

scale in this figure is Greenwich Mean Time in seconds.) The large noise spikes 

appearin& simultaneously in the four transmitter measurements in run 1 are due to 

an lntermittant circuit failure common to all four carrier tracking loop channels 

in the calibration receiver. These noise spikes affect the software synchronization 

of the transmitters (see Section 3.1); this in turn affects the navigation position 

errors. '!'he problem in the receiver was corrected after run 1 resulting in accept­

able frequency measurements for the remainder of the flight. 

Tw,~ examples of the navigation quality were presented in Figures 6-1, -2 and 

6-3, 4, runs 6 and 7 respectively. Figures 6-1 and 6-2 give the Hazeltine olution 

and Figures 6-3 and 6-4 give the Magnavox solution. Even though the aircraft fli ,1ht 

paths are not the same for these two runs, (run 6 HC data i level at 34,000 ft M'3L, 

nm 7 MRL data is a descent from 34,000 to 22, 000 ft MSL), the difference in fli ght 

path geometry does not fully accO\mt for the solution differences exhibited by 
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Figure 6-7 Frequency Offset of Transmitter Oscillator Relative to Ground 
Receiver Oscillator
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rror v c tor configurations from the two r c iv rs . Thi s indicates that some of the 

steady-s tat rror components are located in th ai rborne receivers and not in the 

common ground syst m providing the bas ic data. One of these er ror sources , the 

HC rec ive r ranging error sensitivity to received signal level, wa& obser ved on the 

next fli ght. 

6. 1. 4 Flight 20 

The purpose of Fligh t 20 was to examine s ignal powe r level effects on the na vi­

gation accuracy by va rying th s ignal level while holding other variables , especially 

fli ght geometry, as cons tant as poss ible. Twelv runs wer e accomplished pr oducing 

good solution data for the HC r eceiver. The·MR L r ceiver failed just befo re takeoff. 

To show the e ct of signal power level on the Hazeltine airbor ne rece iver , 

two runs have been selected. Run 2 was conducted with a signal level of -123dbm at 

the airborne receiver, and run 10 had a level of -140dbm. The run 2 data are shown 

in Figures 6-8 through 6-12. The fli ght profile and general solution performance is 

shown in Figures 6- and 6-9 which depict the fligh t profile in the X-Y and X-Z planes 

along with the error vec tors connecting the profile (WSMR data) to the test system 

navigation s olution. The corresponding time history of the residual determined by 

subtracting the WSMR reference data from the system navigation solution is shown 

in Figures 6-10, 6-11 and 6-12. The r esiduals are computed at the system data 

. output rate of 5 data frames per second while the error vectors of Figures 6-8 and 

6-9 are computed once per second. 

The X-coordinate position error is very small for the entire ruf'I as shown in 

Figure 6-8. Figure 6-10 shows the X-coordinate position resicual to be less than 

15 ft. Since on this run the aircraft flew from sooth to . orth, t-0 on the residual plot 

is equivalent to Y • -14, 000 ft. At t-20, the aircraft is over Salt Site at Y• 0, and at 

t-40 the aircraft is north of the transmitter grid at Y = 14,000 ft. Figure 6-9 shows 

the Y error to be about + 40 ft at the begllming of the run (Y = -17, ooo • ft) and to grad­

ually become smaller throughout the run. The residual plot in Figure 6-11 confirms 

this indicating an almost linear slope with time lessening the error to about 18 ft by 

the end of the data run. Similarly the z-coordinate solution data depicted below the 

WSMR reference in Figure 6-9 has a corresponding residual plot, Figure 6-12 quan­

tifying the error at approximately -35 ft. 

A similar presentation i s given for run 10, -140cl>m, in Figures 6-13 through 

6-17. The most dramatic change is seen in the Z-coordinate errors. The e rror 

vector at Y = 20,000 ft has increased from about 40 ft for run 2 (Figure 6-9) to about 

75 ft for run 10. Measurements made of the signal level sensitivity on the bench 

indicate that a channel with poor performance can give variations of 10-12 ft under 

the dynamic range considered here. Observing the variations in the Z-coordtnate, 

we see that the geometric mapping of range into position is amplifying the error at 

the north end of the flight path by a factor of 3. 

Another viewpoint is taken in later discussions of the power level effect when 

we delineate the various error components and their magnitude. 

6. 1. 5 Flights 22 and 23 

Flight 22 explored a different geometrical relatioosbip from aircraft to trans­

mitte rs. The purpose of this was to simulate a 30°v satelllte cluster as seen by a 
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user over CONUS and to introduce another controlled variable in the test program to 

see if there were any unknown geometry dependencies i:a the system. Figures 6-18, 

-19 and 6-20, -21 show the HC and MRL r eceiver navigation solutions respectively. 

In general, the error magnitudes observed during this flight were considerably less 

than on any other fli ght in this data group. The navigation performance on flight 22 

provided the key to a steady-state error source appearing on channel 4 on flights 17-

20. This error source was locali zed to an erroneous ground link measurement re­

sulting from rf cable impedance mismatches. By reviewing other ground link mea­

surements, an improvement in the system performance was achieved by findh-g link 

measurements not contaminated by cable mismatches (see Section 4. 2. 1). 

Flight 23 was conducted at low altitudes, approximately 3,000 ft above ground 

level, in order to introduce more range dynamics into the system than was possible 

at high altitude. The testing was much more difficult to con<hct at these altitudes 

because the antenna pattern coverage from the transmitter sites was optimized for 

30,000 ft runs. However, lock-up was achieved on most data runs for a long en<>1¢ 

period to evaluate the system accuracy. 

Data from run 5 is shown in Figures 6-22 through 6-25 for both HC and MRL 

receivers. As expected from our theoretical understanding of the system, no dynam­

ics effects were observed in the pseudo range or pseudo range-rate measurements. 

The error contributions seen in these plots are from other sources similar to the 

rest of the flight 17 to 23 group. Once again there is a significant difference be­

tween HC and MR L solutions. These differences are only partly understood. 

6. 2 IDENTIFICATION OF ERROR COMPONENTS 

In reviewing the naviga ·,on solution errors for flights 17-23, it is evident the 

solution steady-state errors !hanged from flight.:to-flight. This was unexpected 

since the primary reason for reconfiguring the ground system prior to these 

flights was to eliminate delay variables. While this was lar6ely accom-

plished, some delay variation remained in the system. The steady--state error 

trends for these flights are indicated by the average error in the fnterchannel resid­

uals wR2-l,,-.aR3-l, ,., R4-l) shown in Figure 6-26. We are dio ussing here the bias 

variation and not the gross differences in these three sets 01 measurements (,.IR2-l 

.., 4', ,,4 R3-l~0, ,,4R4-l ..,15 ft), which is another topic. 

An investigation of the data indicates that there are three predominant srurces 

of this variation; apparent uplink antenna delay, signal level, and cable delay vari­

ation. Of these, only the signal level effect is specifically associated with the re­

ceiver hardware. The other two effects are peculiar to the test system set-up at 

WSMR. While the data are affected by all of thes<' and the effects must be under­

stood to provide information for improving future designs, the error srurce peculiar 

to the WSMR test set-up represent shortcomings in the overall simulation quality and 

should be considered in a different manner than the errors in the receiver equipment. 

A r eview of the test profiles in flights 17-20 (Table 6-1) shows that these flights 

consisted of paths A and C only. There is a marked difference in the steady-state 

error effects from these two flight paths. Figure 6-27 and 6-28 show mean error 

variation resulting from the flight paths at 34,000 ft MSL (pa.th A) and at 22,000 ft . 

MSL (path C). The error shown in these figqres is arrived at by differen9lng ranges 

1-1, 1•2, 3, 4, in both the navigation system and the WSMR data, and then computing 

the residnal between these quantities. 
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~-.. ,-..>t.t• .__.,..,......~ .. of\,•• lw-

i = 2, 3,4 

The data series is sepa-rated in 50 point slices to insure stationari ty and aver­
age values are computed. The advantage oftreating the ranging data in this fashion is 
that the clock bias term (B) is removed. Since there is no way to "measure" this 
term, we chose to remove it entirely rather than estimate it and thereb:v introduce 
another error. 

The data in Figures 6-27, 6-28 and 6-29 has considerably more spread on the 
lower altitude flight path than at 32, 000 ft. This effect is caused by the uplink 
antenna. 

The error mechanism in the uplink antennas along with an .enna range measure­
ments is presented in detail in Section 4. 2. 1. 3. For this discussion, it is sufficient 
to realize that the radiated signal has an apparent delay through the antenna whi ch is 
a function of the angular direction of signal radiation. Since the aircraft passes 
through a larger antenna angular coverage at 22, 000 ft than at 34, 000 ft, the antenna 
effects on ranging errors are different for the two flight paths. (Figure 6-30). 

The antennas at each site are not identical in this respect resulting in a diffe r­
ent effect on each of the receiver channels. The effect on the HC receiver, Figures 
6-27, 6-28, and 6-29 is essentially the same as for the MRL receiver, Figures 6-31, 
6-32, and 6-33. When these effects are taken into account, the overall delay variation 
situation changes. 

The antenna effect discussed above results in a flight path correction. The 
general result of the fli ~ht path correction is to reduce the amount of bias variation 
occurring from flight-to-flight (see Figure 6-34 ). 

The second major error source causing bias variation is received signal level. 
This effect only s~ows up in the HC receiver, and only at levels in the range- of 
-130 to -140<1>m. Jo'or flight 17-20 these levels were reached during flight 20. 

F"igure 6-35 shows the data indicating significant signal level effects during 
flight 20. Other error data was investigated but showed no correlation with r ec ived 
signal level. 

When these effects are factored into the overall delay variation picture , the 
variability from flight-to-flight decreases. Figure 6-36 indicates the composite 
steady-state errors (presented as an error band; previous plots only showed th mean 
value of the error band) with the flight path and signal level effects identified (thi s 
data only applies to the HC receiver). A considerable smoothing of the variation i s 
obtained by accrunting for these two effects. If we now l~;Jk at the result of re-
moving these errors for the moment in both HC and MR L data, the third major er ror, 
cable delay variability, can be observed. The mean value of the channel rror fo1· 
each of the flights for this case is shown in Figure 6-37. The data from both r celver s 
and all channels referenced to channel 1 (2-1, 3-1, 4-1) show a slight downward trend 
of 2 to 5 ft. The conclusion is that there is a changing delay on the channel 1 ground 
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20,000' AOL 

Fig. 4.1-8 

Figure 6-30 Antenna Angular Coverage Differences for Area Navigation A, 
30,000 Ft AOL and C, 20,000 Ft AGL Flight Paths 
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link. Most probably, this i b ing caused by th Spiroline cabl at the MCS site in 
the chann I 1 link. This cab! has a history of d lay variation (see Section 4. 2. 1. 2). 
Th clcla chang ar of n appr ximately th sam as w s her in th flight data. 

Aft r removing thi effect from the data, the remaining average delay variation 
i mall (l s than 2 ft), Th cause of this variation is unclear but probably is 
affected by the 50 point ampling technique us d for this analysis and the accuracy 
of th WSMR data used to d0rive the error residuals. 

Two other p rtin nt obse rvations can be made about the data b hr. ior. The re 
is a shift in the bia rror b twe n a northerly run and a southerly run on the same 
flight path, and there ar multipath signals aff cling the data in c rtain regions of 
the flight path. 

On night 20 ,, e found th re was a bias variation as a function of the direction 
of trav l along the A path. Since only A paths are us d in this flight, the variation 
due to the uplink antenna flight path error is not present and thus did not obscure the 
directi on of travel effect. The largest effect shows up on Channel 2-1 bias errors 
where the mean error changes approximately 5 ft for opposite directions of travel 
along the A path. The variation on Channel 3-1 and 4-1 is on th order of 2 ft. 
Figures 6-3 , 6-39 and 6-40 show the effect on flight 20. The cause of this effect 
is unclear at chis tim , but is most probably related to either an airframe multipath 
problem, or a WSMR reference data problem. 

Multipath effects can be seen in the data primarily on channels 1 and 4. The 
multipatli signals are using the ground as a reflecting surface and affecting the air­
craft data at either low elevation angles when far away from the transmitting site, 
or at very high elevation angles encountered while passing over a transmitter. The 
unfiltered navigatioo solution is used in the analysis of multipath since filtering can 
mask certain of these effects. Figure 6-41 is an example of the overall technique. 
The interchannel residual between the navigation solution and the WSMR BET is 
formed as previously discussed without, however, averaging the data. Instead a 
spectrum analysis is conducted to determine if there are any significant frequency 
components. The spectral lines are calculated for each sample, hence, the units 
are cycles / sample. To convert to standard notation, b cycles / sample x 5 samples/ 
second = 5b cycles / second. The significant spectral lines are determined from an 
amplitude test and are considered significant when the power spectral density is above 
o. 5. 

Spectral lines exceeding the above criteria are then plotted versus ser Y posi­
tion as shown in the upper left hand corner of Figure 6-41, 

Figures 6-42 through 6-44 depict the significant frequencies for the HC data 
from flight 20 as a function of user Y position. These plots show two regions of 
significant frequ ncies; a "lower" frequency r egi on with nearly random ciistribution 
of spectral lines and an "upper region" of frequencies showing di c rnibl tr nd . 

In particular, Figure 6-44 giving the spectral lines of R4-1 data how a gradual 
rolloff of frequencies from 1. 25 Hz at 15,000 ft north of Salt to approximate I 0. 90 Hz 
at 25, 000 ft north of Salt. A omparison with a imulated differential doppler (fade 
frequency) betwc n talion SC-50 and the aircraft (User) position shown on Flgur 
6-44 c! arly id ntifi d th "upp r r gion ignifi ant" fr qu nci s as specular ground-
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to-aircraft multipath from station SC-50, which is located approximately 20,000 ft 
south of Salt (35,000 to 45,000 ft from the user). Figure 6-45 shows the theoreticRl 
multipath fade frequen y as a function of user distance from SC-50, channel 4. 

At the same time the "lower" frequency region of Figures 6-42 through 6-44 
show partly-specular-to-partly diffuse multipath fade frequencies caused by multipath 
from Salt (station 1). (See Ser.: tion 4. 3 for further discus sion of these multipath 
e rrors . ) 

An examination of the plot of range 1 resirtual (navigation solution range 1 -
WSMR range 1) vs range 4, (Figure 6-46) at approximately the same User Y location 
(since the plot against range 4 is almost the same as a plot against Y) shows a strong 
cyclic variation. The presence of specular multipath at distances of greater than 
35, 000 ft from SC-50 is expected since the aircraft a11tenna is essentially linearly 
polarized on the horizon and cannot reject the ground reflected signals. 

6-3 THREE VIEWPOINTS OF TitE SYSTEM PERFORMANCE 

Having arrived at an understanding of the data behavior on flights 17-23, it is 
now possible to look at the user's navigation performance from different viewpoints. 
Since the overall objective of this test program was to verify through field experi­
ments the theoretical understanding of the four channel correlation raceiver be-

. havior and to assess the potential performance which might be expected of this type 
of equipment, it is useful to examine the impact of the field test error mechanisms 
nn the user navigation performance. 

The field test error mechanisms may be divided into two broad categories. 
The experiment program is a simulation of the major features of the anticipated final 
system configuration. As such, it suffers the problems of all simulations, namely 
the inability to perfectly represent the actual system. 

Error mechanisms such as the ground calibration link measurements, the 
uplink antenna delay, and multipath interference from ground reflections caused by 
the proximity of the transmitting antennas to the ground are unique to the WSMR 
tests. From an overall system evaluation viewpoint, these are shortcomings of the 
simul?.tion. 

Another category of error mechanisms are those indigenous to the receiver 
equioment. These include items influencing the psuedo range and pseudo range-rate 
mPasurcment accuracies such as tracking loop implementation, basic oscillator 
characte istics and frequency management within the receiver, data output techniques, 
autnmatic calibration of receiver path delays, and basic path delay stability. An 
assessment of these types of error mechanisms is the primary purpose of the pro­
gram since this equipment represents some of the current concepts for highly ac­
curate correlation receivers. 

These error sources have been discussed in this r eport and their individual 
impacts on the system measurement accuracy establisl,ed. At this point, the ques­
tion we want to answer is: How well can a user navigate with this system? A com­
plete answer o this question, referring to some future operational system, is beyond 
t!le scope of this program. However, within the test program constraints, the user 
r:-." i:at' n performance can be examined. 
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Thre parat viewpoints (Cases) are taken in presenting the user navigation 

performances: 

Case 1. After improving the ground system configuration prior to flight 17. 

the data recorded on flights 17-23 are presented 2s measured. 

Case 2. As a r e~ult of analyzing the data results from flights 1 -23. three 

r emaining primary error soorces were identified in the ground 

system: cesium measurements; uplink antenna delay. and some 

unstable rf cable delay. Of these. test measurement data are 

available to quantify and correct the cesium measurements and the 

uplink antenna delay. After correcting for two ground errors. 

thus removing as much of the test simulation shortcomings as pos­

sible, present the resulting data. 

Case 3. After correcting for the two ground system errors (cesium mea­

surements and uplink antenna delays) analyze the test results and 

determine the remaining steady-state errors. Arbitrarily correct 

the data for the remaining average steady-state error on the basis 

that regardless of the location of the error source(s). the error is 

eBBentially constant and can therefore be removed. (This procedure 

is typical of that used in current operational systems.) 

The overall data results are presented in Figures 6-47 and 6-48. The user 

vector position error is shown in these figures as a cumulative percentage distribu­

tion for Cases 1. 2. and 3. These curves are derived by comparing the user posi­

tion with the WSMR references position computing the total position error by 

vectorialJy adding the X, Y, and Z error components and determining the percentage 

of these total errors exceeding specified values (abscissa). For example. 50% of 

the HC data show a position error less than 37 ft for Case 1 navigation solutions; 

90% of the MR L data show a position error less than 40 ft for Case 2 navigation 

solutions. 

A similar presentation of the user vector velocity errors is given in Figure 

6-49. Since the :l-case presentation is directed toward position errors. there is 

negiligible effect on the v locity errors f ·<'m the different viewpoints. Therefore _ 

only one set of curves is shown on this figure. 

The navigation residual time series (nav solution - WSMR) corresponding to 

the three viewpoints were shown in Figures 2-1 throogh 2-6. The individual position 

and velocity component errors for both HC and MRL data shown in these figures 

indicate the impact of the correction terms used to generate Cases 2 and 3 on the 

fine structure of the data. Case 3 especially is significant since the correction 

terms nre an average of the steady-state Case 2 errors from both HC and MR L data. 

The fact that one set of correction terms reduces the navigation errors of both re­

ceivers to almost the same small values strenghtens the rationale of the operational 

significance of Case 3. 

The navigation system performance can be viewed another way to illustrate th 

extent ('If scattering of the errors. Figures 6-50 and 6-51 show the projection of the 

navigati on position errors in the horizontal plane. Position errors are measured 

\'ith r espect to th \ MR reference dp a and computed at one second intervals along 

tht: flight path. Th data in these figures are derived from the Case 3 navigation 
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solution. For the HC data in Figure 6-50, a circle having a radius of 10 ft would 

enclose a majority of the horizontal position errors. r.ta scattering is seen to have 

occurred primarily on flights 18 and 20. On flight 18 second order 1~ performance 

was tested, resulting in noisy data, and on flight 20 low signal levels were user" , 

causing both additional noise and a bias shift in the HC data. 

The MRL horizontal position error data shown in Figure 6-51 indicates very 

similar results to the HC data. The MR L receiver was not functioning on flight 20 

and was not tested in a second order loop configuratim, thus eliminating much of the 

data scatter seen on the HC plot. 

The horizontal velocity solution errors are shown in Figures 6-52 and 6-53 for 

the two receivers. A circle having a radius of O. 7 fps would enclose a majority of 

the data. Both receivers are seen to perform similarly. As discussed later in 

Section 10, the system velocity performance may in fact be superior to that indicated 

by these figures since the absolute accuracy of the WSMR velocity reference may be 

inferior to the te3t system's performance. None the less, the system velocity 
performance was extremely accurate and consistent. 
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