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1. 

2. 

ERR TA 

for 

Technical Report SAM8O TR 73- 65 , ol. Il 

Page 7, equation ('lO), now reads; ''W = M-
1 a p • ". 

Should read; "W = M-1 Ip t"· 
1 

Page 11, para. 2.1, second line now reads; ' ... antennas b ttom and top), and 

interface . . • ". 
Should read; " • .. antennas (bottom and top), an int rface ••• " . 

Page 11, para. 2,1.1., fifth line now r eads; " ... G21B Receiver Power Supply ••• " 

Should read; " ... 621B Receiver, Power Supply ••• " 

3. Page 79, para. 3.1, third line now r eads; " ... by the 6 5 6th Test Group ••• " . 

Should read; "· .. by the 6585th Test Group ••• " . 

4. Page 81, Figure 53, 12th entry now reads; ' 'Installed Rcvr in MCS". 

Should r ead; ''Installed Rc vr in MCS at orthrop Strip" . 

5. Page 94, para. 3. 2. 1, third and fourth lines now read; " The 43-ft pol lengths were 

decided on as a result of a study to eliminate possible multipath due ••• " . 

Should read; ''The pole lengths wer e decided on as a r esult of a study to eliminate 

possible ground multipaths due ••• " . . 
6. Page 133, dash under sixth bullet now r eads ; " · .. lock-on n fir st try with R Zero 

and ... ". 
Should read;"· .. lock-on on first try with R-::::: Z ro and •• • " · 

7. Page 204, third and fourth lines from bottom now r ad; 

"BW code = 5. 6" 
"BW carr = 43. 6" 

Should read; 
" BW code = 2• " 
" T'.,'N carr = 21. " 

8. Page 228, second paragraph, s econd line now r ads ; "· •• covariance equations, see 

Ref. 1." 
Should read; "· .. covariance equations, see Ref. 28" . 
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FOREWORD 

This report dated 11 April 1973, contains the findings of a program titled 

"System 621 B User Equipment Definition and Expcri ments Program, Phase II Field 

Test··. The work was accomplished by Grumman Aerospace Corporation (GAC), 

Grumman Data Systems Corp. (GDSC), both of Bcthpage, N. Y. and the Hazeltine 

Corporation (HC) at Greenlawn, N. Y. and complies with all the requirements of 

Contract Number F04701-71-C-0176. In addition to the receivers which were designed 

and built under tbis 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 is 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 

advantageous cost effective manner. One of the most important elements in this sys­

tem is the user receiv.er. This report summarizes a series of flight and ground tests 

conducted at the White Sands Missile Range to evaluate the performance of a four­

channel receiver in typical flight and field environments in order to solidify confidence 

in the predicted performance of System 621B receivers. 

The report is published n 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 II contains the detailed program history, equipment descrip­

tion and data processing approach. Volume III contains a detailed presentation of the 

data taken during the pr !P'am and ·a discussion of the results and conclusions to be 

drawn therefrom, 

Grumman wishes to acknowledge the assistance of Lt. Col. V. L. Denninger, 

Program Manager, and Capt. D. Wilson, the Air Force Space and Missile System 

Organization and of Messrs. W. Melton, F. Butterfield, T. Connor, A. Gillogly, W. 

Feese, Dr. J. Clifford, and Dr. L. Hagerman, of the Aerospace Corporation. 

This rt,µort was prepared by Messrs. J. Courtney, R. Laho, I. Kadar, 

P. Richards, M. Moore of Grumman, R. Regis of Hazeltine, and B. Glazer of 

Magnavox. 

Publication approval of this technical report docs not constitute Air Force 

approval of the report's findings or <'onclusions. It is published only for exchange and 

stimul4tion of ideas. 

itti~ { 
Valentine L. Denninger, 
Program Manager 
System 621B 
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ABSTRACT 

System 621B is a concept for a global satellite-based precision navigation system designed to meet the requir ... meots of land, sea 1nd air mllltary forces in an advantageous cost effective manner. One of the most important elements in this system is the user receiver. This report summarizes a series of flight and growxl tests conductoo at t White SarxJ Ussile Range to evaluate the performance of a four-channel receiver in typical flight and fleld environments in order to solidify confidence in the predicted performance of System 621B receivers. 
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SECTI I 

INTRODUCTION 

1.1 REPORT CO 'f£ lT 

This report documents the results of Phase II of the 621B User Equipment 
Definition and Experiment Program, which was the flight test of two four-channel 
r c ivers in a s imulated op rational environment at the White Sands Missile Range. 

Volum I i an cxecuti v summar , containing a short ove rview of the entire test 
program. ignificant te t r es ult uch as ys tcm accuracy, major error sources , and 
major new finding of tern ope ration are concisely presented; conclusions of the te t 
program and r ecommendations for future work are abo included, 

Volume II describes the program objective and system configuration, test 
faciHties, 621B hardwar e and c,oftware, and the various tests used to evaluate the sys­
tem, The primary purpose of Volume II is to present the background necessary for an 
understanding of the results discussed in Volume III. Additionally, certain aspects of 
the field test program which were an integral part of the program but do not directly 
impact the test re ult are also presented. These aspects concern the areas in which 
testing resulted in a better understanding of system behavior, and where, as a con­
sequence, test configurations or procedures were modified. 

Volume III presents the test data and an analysis of the data showing system 
behavior, error sources, and conclusions which can be derived from the data. 

1.2 TEST OBJECTIVES 

The primary objective of the field test program was to evaluate the performance 
of two four-channel r ecci ver sin typical flight and field environments. To achieve this 
goal a simulated satellite constellation geometry with typical receiver power profile 
was established at White Sands Missile Range (WSMR), Ephemeris and ionosphere 
errors were not included in the lest configuration. The flight profiles flown over the 

imula ed satellite cluster of transmitters represented cOtl';Jressed time flights at 
..representative satellite-to-user look angles. The test system accuracy including user 
dynamics in the presence of multipath, was to be demonstrated, both in Area Naviga­
tion and Instrument Landing System ,ILS) flight configurations. 

The integrity of the tests was to be established by calibration and accurate sur ey 
of the location of the transmitting antennas and ground systems, and by comparison of 
the derived trajectories with WSMR provided best estimate trajectories (BET's), The 
WSMR best estimate trajectory is a position and velocity solution obtained by c mbin­
ing data from ptical and rf trackers, (see section 4, 6), 

Two correlation receivers were developed, differing in the design detail s but 
both capable of performing the measurements of range and range rate relative to each 
of the transmitters necessary for the unique determination of user's position and 
velocity coordinates. In particular, it was important to verify the predicted (both 
theoretical and laboratory measured) receiver performance parameters in an opera­
tional environment with dynamics, low signal levels and in the presence of multipath. 

1 



1.3 PASSIVE USER AV1GATIO 

There are two major approaches to deriving three-dimensional passive position 
location information from a navigation satellite system: range differencing, and pseudo 
ranging. 

In range differencing, th user measures the difference in the time of arrival of 
signals broadcast from a network of time synchroni zed • 1.tellites. With the sa~ellite 
ephemerides and system time available to the u er, simultaneous measurements from 
four satellites are necessary to solve for the three-dimensional position and velocity 
coordinates. Since the user' s clock is not synchronized with respect to the satellite's 
clock, there is an apparent bias between the u er and satellite clocks. The clo,~k bias 
measurement is eliminated in the range differencing solution resulting in the inter­
section of three hyperbolic surfaces wh ich locate position. 

In pseudo ranging, the u er al o measure the time of arrival of signals simul­
taneously received from time-synchronized satellites. By performing four simultaneous 
measurements, the user establishes four independent p eudo ranges which differ from 
the geometrical ranges hy the difference between the satellite oscillator phru;e and the 
user oscillator phase. The user, knowing the satellite ephemerides, can solve four 
equations in four unknowns for his position in three dimensions and the common bias of 
the range measurem0nts. A similar computation algorithm enables the user to deter­
mine his three-dimensional velocity coordinates based upon doppler (pseudo doppler ) 
measurements derived from the navigation signal. 

The advantage of pseudo ranging is that the clock bias and bias rate are computed 
rather than eliminated, thus providing an indepP-ndent source for estimating clock 
parameters, and allows smoothing of position and velocity computations. The pseudo 
ranging technique is therefore preferred in systems having accurate clocks and re­
quiring high accuracy navigation. This technique was used in the field test. 

The measurements are performed by a four-channel correlation receiver oper­
ating at L-band, receiving signals phase-shift keyed by unique pseudo random 
sequences, providing code division multiplexing of signals. 

The measurement errors introduced into the system are a function of the signal 
design, the receiver implementation, and the time varying channel characteristics 
described by the relative system geometry and by the properties of the propagation 
medium. The errors affecting range and range rate measurements include ionosp!Jeric 
and tropospheric uncertainties, multipath, receiver noise, receiver precision, receiver 
dynamics and time varyi~ biases introduced by the receiver. Other system error 
sources include calibration station location, range measurements, satellite clock drift 
and calibration station clock drift. 

Only the user-to-satellite line-of-sight components of these errors contribute to 
"system" errors with the major contribution being the satellite position errors, iono­
spheric uncertainties and residual uncompensated biases. 

The system implementation, in part consisting of ground based receivers at 
known locations and a master calibration st8.tion, provides for calibration of many of 
the error sources associated with the satellites, atmosphere, and clocks resulting in 
the computation of error correction parameters which are sent to the user over the 
satellite-to-user ranging link so that he may improve the accuracy of his positton and 
velocity. 
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1. ,. 1 The ry 

To determine hi s position and v locity a user cross-correlates pseudo random 

(PR ) odes (locally genernt d in th r ec iver) ~ ith th cod -division-multiplex d 

n ·v igation signals simulta n ously mitt d at th ame carri r frequency by th atel­

i '. te . The r lativ phns or quival nt tim displac m nt betw en hi local cod ' and 

the incoming ode i s m asur d allowing d t ermination of the r lativ range. in e , 

i.n gen ral, th us r is not syn hroni zed to satellit tim , the measur m n s ju t 

made (at least four) ar not ql.tivnlent to the g ometrical rang s to th satellil'.! but 

r ather to what ar e called p udo ranges ½1, , here a pseudo rang is a range differing 

from th geom trical range by a distan e uivalent to the common r c iv r and the 

satellite time bias. 

imultan ou with r;in~c m :1 . ur m nt. , th u r i men u ing r ange rat in 

each hannel from th' doppl r on th carri r frequ n • Again, incc th - u r' s 

o illator frequen is, in g neral, not •nchronized to the atellit , , o cillator fr e-

quenc , a p eudo rang r:.:te rather than tru rang ra t i m asu • <l . Thi infor­

mation ls sufficient for the calculation of user po ition and elo it gi n the atellite 

(Rj) ephemeride and the time of day of the atei lit (G 1T) . Th .' ' t m provide 

these data as each satellite transmits its own phem ride and Greenwi h Mean Time 

as part of the navigation signal. 

For this discussion, ass um Earth Centered R lative (ECR) coordinate wlll be 

the basic computational reference y tern for S tern G21 B. (See Figure 1.) 

The p eudo range from th ith atellite to the user i 

where 

P. 
L 

t. • ( R .- R ) + bµ. + b . 
L l µ L 

bu = user oscillator phase bias (ft); to be determined b u er 

bi = satellite oscillator pha e bias (ft); transmitted to user 

In the same fashion he pseudo range rate from the ith atellite to the user i 

P. - r. · c R. - R ) + b + b . 
where L L L µ µ l 

. 
L = I, ... ,4 , .. . ,N 

. bu = user oscillator fr quenc bias (fp ) ; to be determined by us r 

. bi = satellite o cillator frequency bias (fps); tran mitted to user 
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Figure 1 ECR Coordinates 

Rearranging the above equations 

r. · R - b 
L µ. µ 

- f.•R.+b. - p. 
L L L L 

The matrix equation for the four satellites becomes 

4 

R, 
b._ 

R2 

bz 
R.3 

b3 

R4 

b+ 
(16x I) 

(3) 

(4) 

(5) 



G X 
J1 µ. 

B X -p 
µ. s 

where the direction cosin matrice. Gu and Bu are known to suffit::ient accurac . 

The system mea urements become 

P=BX-GX 
µ. s µ. /J. 

. . . 
p B X-G X 

µ. s µ.µ. 
with the resulting measurement error equations 

-
5,3 = s ex - G ex+ 

µ. s J1 J1 

-
d 

• . 
B oX 6P - G ox + d 

where µ, s µ. µ_ 

+n 

+ nz. 

(6) 

(7 ) 

( ) 

(9) 

(10) 

Bu •Xs, Bu IXs = projection of the error due to satellite orbit determination 
and sa'tellite oscillator errors in the line-of-sight directions 

- -r Gui Xu, Gu axu = projection of the error vector due to user position and velocity 
error together with user oscillator errors in the line-of-sight directions 

cf d = mea ur ment error due to environment (ionosphere signal delay correction, 

multipath dela , troposphere s ignal delay correction, and vehicle dynamics) 

n1, n2 = measurement error due to uncorrelated receiver noise 

In reference to the Earth Centered Coordinates iven in Figure 1, the u er by 

performing four s imultaneous pseudo range Pi , and_ pseudo range rate; it measure­

ments can compute his three-d!!!'ensio.ij.al position and velocity coordinates by the 

solution of Eqs. (1 ) and (2) for Ru and Ru respectively. 

1.3.1.1 Position Solution 

Starting with Eq. (1) one can write, defining b = bu + b
1
; 

R. ·R 
L J1 2 

+ 

5 

RcRL + Ru·Rµ 
2 

(11 ) 



Subtracting pairs of equations for l=l, 2, 3, 4 one can define a vector Tin 
terms of the unlmowns as: 

Df=C 
(12) 

Equation (12) ls solved satisfying the constraint (from Eq. (l l) by se lectlng 1=4 for 
reference; i . e . , the 4th transmitter) 

+ (13) 

This solution satisfying the constraint, results in a quadratic. The appr priate roo~ 
are selected based upon physical reallzab1llty (Ref 1). 

1. 3. 1. 2 Velocity Solution 

The velocity solution ls obtained from Eq. (2) containl~ a set of four linear 
equations in fou:- unlmowns; 

let, 

where 

€/1\-R,) = -P+ b 

i = col 
1R , R )~ ,b] L1 µx µy µz 

M= 

t
11 

t
12 

t
13 

t
14 

r,1 €22. f.zJ f .z-t 

f31 t3z f_H t.34-

E' .. ,I f+1 E'.o f..,., 

6 

(]4) 

(15) 

(16) 



(17) 

p roviderl that M is nonsingular. 

1. 3. 1. 3 Static Geometric Dilution of Precision 

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

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

which are a strong function of the signal design. 

Starting with noi y measurement , he solution algorithms for position and 

velocity in three dimen ion (ba ed upon p euclo range and pseudo doppler) will result 

in noisy position and , elocit solutions. The position and velocity solution in three 

dimensions obtained directly by linear transfo mations of pseudo range and pseudo 

range rate measurements respectively are ca led the "Static" position and velocity 

solutions (Ref. 2). 

The sensitivity of the position solution to unity measurement errors as a function 

of the linear transform, tion ( a function of the relative po1ition of the user with respect 

to the satellites) is a measure of the reduction (or dilution) of the system precision. 

The covariance of the transformation to unity measurement error variances is called 

the Geometric Dilution of Precision (GOOP), which is a measure of the degree to which 

measurement errors are amplified by system geometry effects to produce position errors. 

The sensitivity equations for position follow from Eq. (1) with cJRi = 0 as: 

where 

M = 

Defir.c- W = col 

f 11 f ,1 f, 3 I 

f21 f 2 f ZJ I 

f ,, f ~7 fH I 

""' €4 7 t4 I 

. 
l = I, 2,3..,4 

w : co1 [~ Rw ~b] 
W =- M _, op. 

L 

7 

.......... _,,,.......... ....... 

(18) 

(19) 

(20) 



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

(21) 

If E {~Pi ~ fJ ~} = I (Identity Matrix), t~e tatlc GOOPs are given by, 

I 

GO OP ~ = {DIAGONAL [ M-
1
(M-

1
{] }2 

(22) 

The purpose of filtering the static solution is to obtain the best linear estimate 
in some sense (i.e., least squares) of the noisy position and velocity solution by taking 
advantage of the relationships among independent measur,,ments (observables) the 
physics of the measurement process and the dynamics of :notion. The Kalman filter 
provides a recursive procedure for providing a linear, statistically optimum estimate 
of the parameters involved, 

1. 3. 2 Experiment Program Imp lamentation 

The principal elements of the System 621B Field Test Navigation System con-
sist of the ground transmitters, calibration receiver segment and the airborne receiver 
(user) segment, Both the ground and airborne segments utilize four-channel correla­
tion receivers to Pxtract apparent time of arrival and doppl1:!r history of the incoming 
signals. Each g .. .,und transmitter generates • navigation signal consisting of a PRN 
code modulated on an L-band rf carrier. 

The test program was designed with certain constraints with respect to the final 
operational concept in order to keep the overall execution tirr.e of the test program 
within reasonable bounds . The prime areas where constraints were applied are: 

• The 621B signal did not contain "satellite" or time information but consisted 
only of the PRN modu laterl range code signal 

• Hardware synchronization of the transmitters was not attempted. Instead, a 
time history of th transmitted signals was recorded and synchronization of 
the data accomplished post-flight via softwa.re 

• The operiitional nvironment was simulated by scaling the distance down and 
inverting the system, The test range space available at WSMR, and the flight 
envelope of the test aircraft limited realistic simulation and data collection 
regions to narrow corridors approximately 6 n mi long x 2 n mi wide 

8 



By taking and recording eight simultaneous measurements of pseudo-range and 
pseudo-range rate to each of the four transmitters at both the ground and airborne 
receivers and knowing the location of the ground transmitters, aircraft position and 
velocity in three dimensions, and bias and bias rates can be determined by post-flight 
data processing. The pseudo-range measurements are derived by tracking the phase 
of the PRN code while the pseudo-doppler measurements are derived from the recon­
structed rf carrier. 

The airborne and ground recorded pseudo-range and pseudo-doppler data are 
brought together (post-flight) using WSMR time as a basis for aligning the two 
data sets. The test system is sync ronized in the software by tracking the change 
of the apparent range and range rate in \he transmitter signal histories recorded 
by the calibration receiver. · The total pseudo range and psuedo dopplers were formed 
by subtracting the airborne components of pseudo range and pseudo doppler from 
the ground components (adjusted to common sample intervals based upon WSMR time) 
and used as described in paragraph 1. 3 to compute user position and velocity in a 
convenient coordinate frame for WSMR tests. 
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E TIO JI 

EQ IPJ 1E T DE HJP T IO 

tion d scril s th 21B :-.l)erimcntal qui.pm nt dcv loped by the Grum-

man A r ospa • orporation , th lla z ltin Corpor ati on (TIC) and th l\lagnav x H -

arch Lab ( 1RL) to upport the syst m 621B E>-1> rimcnts Program. For a more 

d tailed d cription of th fagnavox Re arch Lab 621B receiver refer to Ref. 3. 

2o 1 FLIG HT \ EJII LE EQ IP 1E T 

Th airb m e G21B exp rimcntal quipmP.nt con i t of two G21B re eiver 

(II and 1RL), two antennas 0)ottom "nd top) , an I interfa ·e unit, on-l,oard da ta 

r e ord rs an I an ffiIG "B" timing y tem. A ontrol pan 1 was suppli d to provide 

antenna el ction an I i rrnal di tribution to the receiver • remot e controlled ignal 

attenuator in the received ignal I ine wa u eel to aid in initial a qui ition of the G21 B 

signal and p:ovide f r adju ting the ignal level into the re iv r during th var iou 

flight- profile • 

2, 1 , 1 Rece iver (Hazeltine orp. ) 

Two interchangca l e receivers were provided , one for use in the aircraft and 

the other for use in the Mobile Calibration Station (MCS). The main function of the 

r eceivers is to provide digitally formatt cl data which are related to range and range 

rate of th re ivcr r el ative to ach of th four transmitters. (Figure 2 shows the 

Hazeltine 621B Receiver Power upply , Displays nnd Control s ) 

rtain analog and di r t . ignal • ar al so provided whi ch are of u e during 

post-flight data reduction to determ ine the tatu of the re eiver. 

A modul ar c.l s ign wa ... I tcd to permit qui k fault i ol ation and modul e r epl:::lcc­

m nt as an aid i 11 ma int nan c ancl to provide rf hi l ding within the unit. Th re eiver 

onsi t of ight modules (four pm ssor module , RF / TF modul e, frequ ncy ource 

modul , Ii. tribution modu l , and a - 1f t t modul a hO\ n in the block dia1-ram of 

Figure 3, Th fun lion. a1· br i fl cl rib cl below. 

cc.I igna 1, od divi ion multiplexed from th four tran m itter , a r e 

r f and IF amplifi r and a.pp! i d to the proces or and mat hed filter. 

Wlten th proc t in syn i zation, th e ma out1 ut ar e 

LL eel lo stnrt tic pr enerator t ·oxima e (a fra lion of 

a code I i ) of th in Wh n t ro i in at heel filter 

output s arc d is r 'ga c sor a M - e gene rntor 

whicl i s th sam • r, r in r ·ve tra thnt each 

proc o , tr , i 

Th pro , ssors util i 1. coh rent phas lo k 1 ops f r ca rri r an I ode t rn king. 

Th mnin utputs f th p1·0 -~ss r ar dig i tal words giving oar p udo rnnge (100 

nanosecond incr mcnt ) , fine p eudo range (0 . 5 nano econcl increment ) , and coar • 
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RECEIVER
DIMENSIONS: IOh 14x18 IN. 

82 LB 
1575 MH/

POWER SUPPLY 
DIMENSIONS 9x14x13.5 IN 

64 LB

AIRBORNE RECEIVER 
CONTROL PANEL

DIMENSIONS: 8.25 x 5.75 x 3 IN. 
2.5 LB

ECEIVER CONTROL

Figure 2 Hazeltine Navigation Receiver, Power Supply, and Controls

i



BOTTOM ANTENNA 

TOP 

I 
I 
I 
I 
I RF-IF AMP I 

L __ '!!~~~~L!.J 

SELF TEST 
SIGNALS 

BOTTOM 

STANDARD 
FREQUENCIES 

FREQUENCY 
SOURCE 
MODULE 

10MHz 

1500 MHz 

76MHz 

SELF TEST 
MODULE 

DIGI ­
TIZ­
ER 

PROCESSOR 1 

PROCESSOR 2 

PROCESSOR 3 

'----......---..J TIM-
ING 
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SELF TEST DATA 
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TO/FROM IU 

Figure 3 Hazeltine Receiver, Block Diagram 

and fine pseudo doppler (0. 05 fps). These words • re available at any time 
and rate, on request from the Interface Unit (IU). In the t,eqt program, the air­
borne receiver supplied data sets on request at intervals of o. 2 seconds for all 
four processors, providing a navigation updat.e rate of five times per second. 
The ground (MCS) re c:e ·ver responded to data requests at a rate of once per 
second. In the test configuration, these outputs were supplied via int.erface units 
to digital tape recorders. 

2. 1. 1. 1 RF / IF Module 

The RF /IF module receiver, selects and amplifies the incoming protected 
signals, and down-converts the incoming rf signal to an IF signal for processi~. 
There are two separate RF /IF modules incorporated into the receiver because the 
original intent was to perform ILS tests using an F-4 aircraft. The three ground trans­
mitters and one balloon-borne transmitter would have not been visible to a single an­
tonna for the complete IL appr oach. It was planned to switch the input to the pro­
cessors from the top and the bottom antenna, to the top antenna at a point in the ap­
proach where the top antenna has a view of all four transmitters. Therefore, two an­
tennas would be required. To avoid phase cancellation between ignals received from 
a common source by both antennas (the top and bottom aircraft antennas), separate 
RF/IF processing is required for each antenna. Thus two separate, but identical, RF / 
IF modules are provided in the receiver. However, the NC-135A actually used as the 
test aircraft has an antenna location which provided a view of all four transmitters for 
the entire ILS approach. This eliminated the need for antenna switching. 

13 



2. 1. 1. 2 Frequency Source Module 

This module consists of the stable 5 MHz oscillator and a frequency s nthesizer. 
The oscillator uses a precision F-C cut quartz crystal in a double oven. The frequenc y 
synthesizer provides the seven separate frequencies (1.125 MIiz, 10 MHz, 10. 05 MHz, 
15 MHz, 75 MHz, 90 MHz and 100 MHz) used by the RF / IF , pro s or and lf te l 
modules. 

2. 1. 1. 3 Distribution Module 

This module contains two matched filters (one for each of the two RF / IF chann l ), 
their related amplifiers and filters, IF channel switching for th two antenna , TF di -
tribution, and distribution of the various reference frequ encies . 

A lithium niobate -, urface acoustic wave matched fillt!r g nerate a ynchronizing 
(sync) pulse in response to the acquisition portion of the r ceived i nal code. The 
sync palse is used to time the start of th ~ internally gcnerat d r f rence ode which i 
used to track and demodulate the received signal. 

The antenna switching and control circuits determine whi ch antenna and RF / IF 
module is used to provide each of the four processors with an IF signal. This is 
selectable at the control box for various operating modes. 

2. 1.1. 4 Processor Module 

Four identical and interchangeable processor module ar e u ed in each receiver. 
Each processor module contains a reference code generator, code trackir.i; loop, 
carrier tracking loop, reacquisition circuitry and pseudo-range and pseudo-doppler 
digitizer to perform a complete signal tracking and measur ?ment function for a re­
ceiver channel. 

The reference code generator provides the protected signal code for range 
tracking and for demodulation to provide a reconstituted car rie r for dopp\er tracking. 
The code generator consists of a 25-stage shift register with taps to provide a pseudo-­
random code sequence, identical to that generated at the corresponding transmitter, 
at the nominal rate of 10 Mbps. The code repeats at about 3. 3 seconds. The code 
generator also provides a code, used internally by the r eceiver, to achieve additional 
cw jamming resistance. 

The reacquisition circuitry was originally intended to provide a technique in 
each channel to automatically reacquire the signal if it is briefly interrupted. 
The scheme was as follows: Upon lo~s of signal, the reacquisition circuitry 
jumps the coJe ahead and scans back sequentially searching until lock is ::icquired. If 
lock is not acquired in the initial scan the search is repeated until the signal is 
acquired; or, if the signal is not acquired in a preset time, the initial acquisition mode 
is activated. However, the reacquisition circuitry was not made full operational as 
the initial acquisition technique (using the matched filter ) adequately accomplished the 
reacquisition function. 

The code tracking loop is a third-order loop during tracking. It is automatically 
switched to second-order loop for acquisition. One-half bit earl -late coding is utilized 
in the code tracking loop to develop the phase error used to correct its VCXO. The 
VCXO output drives the code generator and range digitizers. 
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The carrier tr a king loop is also a third-order loop during tracking and is auto­matically swit hed to a econd-order loop for acqui illon. The carrier tracking loop VC O maintains an off et frequency equal to the doppler shift or, the incoming signal. The output of the carrier\ CXO determines the exact processor IF frequen c rind input to the doppler digitize r s to provide coars~ and fine doppl er outputs. 

The pseudo-ranp.-c digitizers provide coarse and fine range data words to the IU. oars p eudo-rang i ormntion for each channel is igitized in a 25-bit counter which is driven in nchron L m with the ode gen rator. Fine range is dete rmined by a hete rod ne type of ve rnier technique which provides a pseudo-range resolution o. 5 ft. The fine range i dig iti z d in an -bit counte r. One additional bit is provided to resolve a potential ambiguity b tween the coar . e and fine digitizer outputs. Pseudo range is shifted fro m the count r upon command by the transfer pulse from the JU, stored by 26 and -bit shift regis crs, and read out at a 200 KH z rate upon reception of the as -ociated r nd pul . Th serial data trnnsfcr rate i arbitrary, and any rate up to about 5 MH z ul d I e u d for the rec ivcr . 

Th pseudo-doppl r digitizer provides a fine and coarse doppler output to the IU. Each digitizer converts the pseudo-doppler information of its cm-responding channel to bina ry format with re olution of O. 05 fps. The coarse and fine pseudo-doppler in­formation is stored and t ransferrf!d to 20-bit and 15-bit shift registers, respectively, and read out eriall at a 200 KHz rate upon receipt of the associate read pulse from the ru. 

2. 1. 1. 5 Self Test Modul e 

The self test module contains the standard clock digitizer, digitizer timing and control circuits, self test signal generator, self test code generator, signal strength power monitor and Go / No-Go decision circuitry. 

The standard clock digitizer i provided to measure the state of the 10 MHz standard frequ ency in a 25- tage counter upon receipt of the transfer pulse. This is transferred to the IU at a 200 KHz rate upon receipt of a read pulse. The p eudo-range word are subtracted from this clock word to obtain the pseudo range u ed in the nav igation olut ion. Use of the clock word removes constraints on when the receiver ma be interrogated for range data. 

The digitizer timing and control circuits determine the overall digitizer timing for each of the channels. 

The self test signal generator provides a coded 1575 MHz signal which can be tracked by all processors when in the self test mode, A 75 MHz carrier is biphase modulated, amplitude modulated (power boosted) during the acquisition code, and up­converted to 1575 MHz utilizing a sample of the receiver 1500 MHz local oscillator carrier. Normal operation is for approximately 21 seconds after the self test cvcle is initiated, after which th s ignal is disabled to prevent interference with the incoming signals. Extended testing and troubleshooting is facilitated by switching to the ca lib ra­tion mode which provide a continuous signal. CW operation is also provided for test purposes . 

The se lf test code generator is identical to those used in the processors and trans­mitters. It nominally generates a fifth code, the self test code, as determined by a pro­gram connector. Modifications to the control lines enable the code generation and gates required for the self test / calibrate cycle. 
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The signal strength monitor and decision circuits are used to monitor the rec~iver 
power applied to the ante nna inputs. During the self test cycle a 00 status is in-
dicated if all gains in the RF /IF and processors are within a preset 'window". An 
excessive lo s in gain or self test s ignal power will cause a NO GO indication. An 
analog voltage reprc entation of th received power is provided to the JU during self 
t t , a well a during normal op ration . 

2, 1. 1. 6 Receiver Power Supply 

The receiver power suppl contains a purchased special module and control 
circuitry to enable Off, Standb and Operate modes of operation. The power supply 
module, operating from 400 Hz, thre -p!Ja e power, provide all voltages required 
for receiver operation with current-limiting and over-voltage protection. Only the 28 
vdc is provided in th standby mode to operate the receiver ovens. A three-phase 
circuit breaker is provid d on th front pan 1 for local short circuit protection. 

2.1. 1. 7 Receiver Airbt. rnc Control Panel 

This unit provides all manual control for the receiver required during operation, 
see Figure 2. Thi box also providP,s the vi ual indication of lock-on for each of the 
four channels as well as the Go/ No-Go indication for the self test circuits. 

Additional information of the receiver is provided as necessary in this report to 
understand the test results. A comprehensive discussion of receiver operation can be 
found in the Operation and Maintenance Manual (Ref. 4). 

2. 1. 2 Airborne Receiver Functional Design (Magnavox Research Labs) 

This section is adapted from the Magnavox Research Lab (MRL) report (Ref. 3) 
ancl is included here in order to provide a convenient reference for discussing test re­
sults in Volume Ill. A complete description of Magnavox Research Lab's contribution 
to the 621B Experiment Program may ue found in the referenced report. 

The MX-450 Navigation Receiver was designed to acquire, track, and process a 
composite signal consisting of ~our unique pseudo-noise (PN) modulated, L-band 
carrier s ignals for the purpo8e of deriving very accurate estimates of signal arrival 
times and doppler frequencies relative to a local frequency time standard. These 
pseudo-range and range-rate mea urements are combined with various receiver status 
indicators (such as automatic gain control levels) and formatted in a manner suitable 
for transfer to an incremental digital tape recorder for subsequent off-line data re­
duction and processing. 

The receiver w:i.s designed and fabricated to withstand the environmental rigors 
associated with actual [I i!{ht to ting in the field. Figure 4 illustrates the physical 
appearance and dimensio.iS of the various units which comprise the receiver and asso­
ciated peripheral equipment . 

A typical transmitter ig:,,1 con ists of an L-band carrier biphase modulated at 
a 10 Nfbps rate with a pseudo-random code sequence. This code sequence ha a period 
of 225 bit~ so that it repeats approximately every 3. 36 seconds. The initial signal 
acquisition technique implemented at the transmitter consists of inserting a special 
255-bit. sequence at the beginning of the transmit period and transmitting at a boosted 
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power level for the duration of thi pecial hort oqu n e. Immedintely folio, ing 
thi hort equence, the lnst 225 -255 bit of a long code gen rntecl by n 25-stag , 
maxi111 al-length, \ ;near-code generntor is trnn mitted at nomin:1l I wer l vel. The 
l\1RL receiver initial acquisition procedure u a very effe tiv rndio--metric type 
detection techmque to detect the increase in received power during the 25- µ. s 
period of power boosted initial sync signal. The relati el mal amount of initial time 
unccrtninty remaining after the detection of power boost i • re ol v cl by means of a hort 
rcn quisition search. Finally each of the tran mitter long code nr gen rntecl by a 
cquence generator with different feedba ck arrangement which uniqu ly id ntifies each 

individual emitter and which in turn, permits ea h of the four ignal proce sors in the 
nirborne receiver to track only the intended transmitter s ignal . 

Figure 5 illustrates the essential function perform cl b) the L-bn nd micrownve 
rec iver. The incoming 1575 MIiz co1npositc ignal is fir t bnndpns filtered b_\ the 
fixc I-tuned pre elector prior to rf amplification. The preselector ' fr quency r e­
sponse is less th.-m 1 db down within 10 MHz, 3 db down within 15 Mil z and O db town 
within GO MHz of tho center frequency. The preamplifier hn a noise figur e of npp roxi­
matcly 3. 5 db and provide a signal gain of 30 db . The Jown- nverter generates the 
l :35 MIiz, IF signal by mixing the re ived 1575 Milz s ignal with th 14-lO l\Illz , local­

o c illator signal. Thi 1440 MHz signal i d riv d from a fix d-ref ren fr quency 
by mean of a pha e-lock multiplier which h lp to cnsur • th g n rntion of a 1 al­
osc illator ignal chnracterized by a high ct gr of spectral I urily . 

The 135 MHz, IF module p rforms thr ntial fun ' lions within the receiv r. 
It provide controlled IF gain prior to correlation through both non-coh rent (or total 
power) age as well as through what will be r ferred to a max- hann l ·oherent age. 

incc noncohcr nt ngc is requir d in nny case , it is a r lntivcly imple xtensi n 
to d tcct th incr ease in total r c iver pow r l v •l u ing the 2G µ. s l O\ C"!' 



boost period by ac -coupling the output of the square-law detector in the noncoherent 
age loop to a threshold device. For example, during the long-code, transmit period, 
the age square-law detector will effectively see only the front-end noise power at -96 
dbm since the rec ,ived signal level will be at the nominal level of -123 dbm or lower. 
When the power-boo t s ignal is received at -100 dbm the quare-law detector ce an 
apparent increase of approximately 33% in the total receiver power level for 25 µ s 
which is more than adequate for the threshold device to detect signal presence 
reliably. 

The remaining function, hown in Figure 6, is associated with the calibration and 
self-test modes of the receiver. In either of these modes the switch closure provide& 
either a modulated or unmodul ated 135 MH z signal as desired. This signal is up con­
verted to 1575 MHz and applied to the preselector input through a coupler as a method 
of simulating a trans mitter signal. The purpose of the age loop is to control the 
calibrate-signal power level to something on the order of 1 dbm. 

At this point in the s ignal flow, the composite 135-MHz IF signal is separated into 
f.ts constituent elements by means of the correlation process in order to perform the 
necessary parameter estimation tasks on each of ~he unique pseudo-noise signals. If 
we now consider a typical signal processing channel as depicted functionally in Figure 
6, we see that each channel basically consists of two loops; one is a carrier-tracking, 
third-order, phase-locked loop while the second is a delay-lock, code-tracking, third-
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Figure 6 Functional Block Diagram of Delay Lock Correlation R ceiver 
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order loop. The fundamental operation performed by the carrier loop is the generation 
of a phase-coherent, local replica of the receiver carrier signal while the code loop 
generates a time synchronized local replica of the received-code signal. 

Aosuming, for the moment, that the particular channel ofinteresthas acquired fre­
quency, phase, and time synchronization with respect to the r eceived signal, the local 
reference at the pseudo-noise cor,.elator will consist of a bipha e modulated carrier 
whose freque r:cy, excP,pt for an offset equal to the IF, is identical to the received car­
rier frequency including ooppler and doppler rate and whose modulating code is aligned 
exactly in time with the received code. The correlation properties of pseudo-noise 
codes are such that once the local code is time aligned with the corresponding received 
code, a cw signal appears at the correlator output and all other received codes will be 
discriminated against and appear as wideband noise at the relatively narrowband, inter­
mediate-freqaency input. The cw signal is then amplified, down converted and filtered 
before being applied to the baseband processor which, among other things, derives the 
tracking-loop-error signal by synchronously demodulating the cw s ignal at its input. 
This error signal is then operated upon by the loop filt er before it is applieJ to the 
voltage-controlled oscillator (vco) to maintain phase coherence with the received carrier. 
Biphase modulating this regenerated carrier with the synchronized code from the code­
tracking loop and applying it to the correlator closes the carrier-tracking loop. 

The functional operation of the code tracking loop is not very different from that 
described for the carrier tracking loop. The major difference is the way the correla­
tion function is implemented to derive the appropriate code loop error function. The 
delay-lock technique which has been implemented for tracking the pseudo-noise sign'.lls 
is theoretically far superior to the more traditional approaches such as tau-jitter al­
though it is somewhat more complex to mechanize. The operation of the delay-lock 
loop can be readily visualized by means of the baseband model as shown in Figure 7. 
There are some serious problems associated with the practical implementation of the 
baseband, delay-lock loop. For example, it does require an excessive amount of cir­
cuitry and power and considerable care must be exercised to match the two correlation 
channels. The particular implementation incorporated in the MX-450 design produce 

the desired results while avoiding th'3 problems just cited by d€:aying the local code 
separately by a full-code chip and by a half-code chip. J this latter code (i.e. , one­
half chip delayed) is now applied as the local code replica to the carrier channel, then 
once code correlation is achieved in the carrier channel we see that the undelayed local 
code is one-half of a chip early while the full chip delayed local code is one-half of a 
chip late. Performing a differencing operation on these local early and late codes 
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gives ris e to a three-level waveform which, when correlated with the incoming received 
code, produce exactl y the same error characteristic curve as obtained for the base­
band model. The e fun tional operationc, are illust rated in Figure 8. 
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PN CODE 

T 
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LOOP 
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EAR LY CODE 

LATE CODE 

PN CODE 
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..__~ CARRIER CHANNEL 
LOCAL CODE 

Figure IF Delay- Lock Correlator 

Since each channel generates a local replica of the received carrier and code 
signals, it only remains to derive estimates of the pseudo-range and pseudo-doppler 
frequency for the receiver to complete its primary function. In order to desc·.-ibe the 
method used to accomplish this task, consider the receiver as being in the cal tbrate 
mode. In this mode, each of the four channels simultaneously tracks a common code 
and a carrier frequen cy derived from the lo(!al frequency reference. During this pro­
cess the receiver measures the relative delays between the locally simulated trans­
mitter code and the individual channel cocies resulting from the difference in the electri­
cal path length traversed by the simulated transmitter code. These delays are accu- • 
mutated in what will be referred to as range registers until the end of the calibrate 
mode at which point in time the range registers are reset to zero and thereby compen­
sato for the static differential delay among the four channels. The receiver can now 
be considered to be in a coast mode until a power-boost signal is detected. In this 
coast mode, the local carriet· frequency and coder clock are effectively derived from 
the local frequency reference and both the carrier and code v~ltage-controlled oscilla­
tor, which ar c essentially digital implementations, are inhibited from responding 
to their respective control signals until the initial acquisition mode begins upon detec­
tion of the power boost. At the end of the calibrate mode (which also happens to be the 
start of, the coast mode), the pseudo-noise code generators are reset to their initial­
state conditions and at the same time, a time-of-day counter is reset to zero. For the 
remainder of the coast mode, both the pseudo-noise generators and the time-of-day 
counter are stepped forward by a 10 MHz clock derived from the 5 MHz frequency 
standard. Once the power-boost, sync signal (which marks the beginning of the re­
ceived sequence) is detected for the channel under consideration, the contents of ti,e 
time-of-day counter represent the number of pseudo-noise chips by which the origin 
of the r eceived pseudo-noise s equence and th origin of the local pseudo-noise sequence 
are separated in time. Since all four pseudo-noise codes in the receiver have a com­
mon time origin (i.e., end of calibrate) and at least in principle, since all four trans­
mitted sequences also share a common time origin, the four time-of-day numbers de­
rived at the receiver could be utilized to generate a coarse estimate of the differential 
slant ranges between the t r ansmitter grid and the airborne platform. As soon as the 
power-boost event is detected the local pseudo-noise code generator is reset to its 
if'lltial condition and a small aperture autosearch is begun to achieve code synchroni-
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zation. As digital devices, the vco's (or as they are more properly referred to, in­cremental phase modulators) respond io digital control signals such that the carrier vco advances or retard~ its phase by 3 per pulse and the code vco advances or retards its phase by 1/ 256th of a code bit per pulse in accordance with their respective sign information. Accumulat ing the algebraic sum of the code-loop, control pulses during the autosearch routine in the fine range register provide the pseudo-noise chip frac­tional count to the time-of-da ount which, after suitable scaling, provides readings of signal arrival times relative to the local on-board clock. In a si1nilar manner, the algebraic sum of the carrier-loop, control pulses is accumulated in the doppler regis­ter to provide readings of doppler measurements relative to the local frequency standard. 

The contents of the p eudo-range register are sampled every o. 2 seconds and stored in a 4096-bit, buffer memory. The doppler registers are also sampled every o. 2 seconds for their content accumulated over the previous 0.1 seconds. Finally, the contents of the buffer memory are tran ferred every second to an incremental dig­ital tape recorder for post-fli ht data reduction and proce ing. 

To complete this overview discussion of the receiver functional design, a sum­mary description of the acquisition (or reacquisition) mode peculiar to a particular channel is necessary. When in this mode, a channel attempts to verify the presence of a cw carrier signal in the 6 KHz bandwidth of its final 1. 25 MHz, IF stage. The deci­sion as to whether signal is present or oot is based on a time-variable, sequential-de­cision strat€'~ where the decision "signal not present" is manifested by a pulse. This pulse inc""ements the phase of the local code by one-half a pseudo-noise chip and a sig­nal-prr .,ent decision is reviewed again. The sequential detector continues to generate pulse', indicating the absence of signal as long as the received and local pseudo-noise codu are misaligned in time by a pseudo-ooise chip or more. Sooner or later, by stepping the local code in half-chip increments, the two-code sequences become tlme aligned and a burst of cw energy appears at the IF amplifier output. The sequential detector finally decides that the signal is indeed present and advertise:s this decision by not creating a pulse. As a result, the local code hovers without any additional half­chip phase stepping so as to maintain the correlation which resulted in the appearance of cw at the intermediate-frequency. In the meantime, the in-phase and quadrature channels of the synchronous demodulator are monitored by a digital frequency discrim­inator to estimate the initial frequenc uncertainty of the cw signal. This estimate, in turn, is applied to the digital-loop filter to aid the third-order-tracking loops' frequen­cy pull-in until thepoint is reached where the loop automatically phase locks. At thts point the code 1oop is closed and the time alignment of the received and local codes is further refined. On the occurrence of this Jvent, the acquisition mode is terminated and the channel enters the tracking mode. 

The overall tie-in of the various functions are shown in the system evel block diagram of Figure 9. 

2. 1. 3 Interface Unit 

The Interface Unit (JU) is th major interface for the digital and digitized analog data from the Hazeltine receiver and the onboard data recorders. Jn addition, signal conditioning is provided for the auto pilot (rate gyro) signal outputs and various trans­ducers which provide vibration, a celcration and veMcle touchdown informatior . Figure 10 is a block diagram of the I 
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Th d sign of the multiple. er/formatter unit was influenced by the need to sam­
ple th rec iv r outputs 5 times/sec ar.d the GFE on-board recording system's in­
ability to accept the data at this rate. Thus, a storage capability (memory) was in­
cluded in the multiplexer/formatter de · ign to permit serial transfer of the data to 
the r cording syst m once a second. 

In bri f, the system operates a:; follows: 

• A transfer pulse is generated by the multiplexer and sent to the 621B 
recciv r eve ry 200 ms 

• Aft r a time interval of approximately 50 "s, the receiver returns a "data" 
ready signal 

• Upon receipt of "data ready, " the multiplexer begins a sequence of 
read commands that interrogate the various data registers in proper 
order. This results in the ncquisition of a data group 

• The data is loaded into a memory (shift register) contained within the multi­
plexer 

• When five data groups have been acquired the memory is commanded to un­
load and the data are transferred to the recording system. These five data 
groups constitute a single data record 

• As each data record is recordC'd on tape, the recording system returns an 
. "END IRG" signal which is u ed to generate a system "OK" signal for 
display on a remote panel 

• The various analog signals are routed to the A/D converter via the analog 
signal conditioner. The digital output from the A/D converter is then 
inserted in the data format. 

2. 1. 3. 1 Interface Unit Equipment I)(>seription 

The following paragraphs describe the function of the I as shown in Figure 10. 

See Figures 9 and 90 for the JU insta11ation in the aircraft. Detail design in­
formation and chematics for the IU are contained in Ref. 5. 

2. 1. 3. 2 Digital Multiplexer/Formatter 

The digital mu1tiplex<.'r/formatter is the central interface for the digital and 
digitized analog data. This unit provides the electronics to receive, forma and 
transfer data to the on-board recording system. In addition, the multiplexer/for­
matter generates transfer pulses which are used by the HC receiver to initiate 
transfer of data. A block diagram showing the implementation of the multiplcxC'r is 
includ d in I· igure l 1. 

Followini; is a summary of the major logic functions shown in the block dia­
gram: 
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Figure 11 Digital Multiplexer Block Diagram 

• Memory and Memory Control - The memory consists of a 4096-bit bipolar 
unit with load and unload occurring sequentially. 'lbe memory control cir­
cuits are required to provide the varirus commands required for memory 
functions 
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• Sequencer - This is the logic group that controls the timing and generation 

of the varlous read commands necessary for system q>eration. These 

read commands are timed to accept data for load into the memory in the 

prq>er sequence and stq> accepting data when the particular register being 

interrogated is empty, i.e., the length of each read command is program­

med for the bit length of the data word associated with that command, 

(5 IA s/bit). The basis for all timing in the sequencer (and nil other circuits) 

is the 200 KHz read clock supplied by the HC receiver 

• Control Gate Generator provides: 

- A data gate to bracket data words ~cing loaded into the memory 

- A v:ord gate to bracket data words being unloaded from the memory. 

This output is supplied to the r cording system 

- A data group gate which is used internally to bracket each data group 

being loaded into the memory. The falling edges of this signal are 

counted by the sequencer to initiate memory unload when five data 

groups have been stored 

• Transfer Pulse Generator - Provides a transfer pulse (TP) every 200 ms 

as required by the HC receiver to initiate a transfer of data and send a 

"Data Ready" signal to the multiplexer/formatter. This in turn results in 

the acquisition of a data group. In addltlon to the receiver TP, another TP 

iR generated for internal use and is used to set the sync word register, the 

discrete data register and the !RIG time register (i.e. , freezes !RIG time) 

• A/D Control Circuit - Generates commands required to cause the conver­

sion of analog data into digital data, transfer this data into a register and 

allow it to be gated into the memory 

• Self Test Circuit - In luded in the design to provide a convenlent means for 

flight line testing and aiso to provide an in-flight check of system operation 

by monitoring various key parameters within the multiplexer/formatter, 

AID converter and time code generator output. The outputs from this 

circuit are indicator lamps on the front panel of the unit and dual outputs for 

a remote display "System OK" indicato1·. To insure that the self test switch 

is not inadvertently left in the activated position, the remote indicator will 

remain "OFF" unless this switch is in "Normal. " 

The front panel indicators display the "GO" - "NO-GO" status of the following 

information: 

• Simulated Data - lndicr.tcs that the multiplexn is in the test mode and the 

output format consists of a normal sync wor1 
. , simulated uigital words 

(all zeros) and normal analog words 

• TCG - Monitors the output of a holdover one shot which is driven by the 1 ms 

output of the Time Cude Generator 

• Timing - Indicates proper operation of the clock, transfer JXJ.lse, data 

ready command, synchronizer, word gate, and load/unload memory 

commands 
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• Sync - Checks the sync word at the input to the memory. The sync word data ii, shifted into a t st register at the proper time and certain bits are com-par d with the known values. If they compare properly, a "Good" indication is displayed 

• 1\1 mory - P rforms the same check describ d above but at the memory output 

• MUX-A/D - Thi indicator mo itors the output of a full scale channel of the A/D converter which i held to full scale by applying +12 vdc to the input. This checks the analog multiplexer, A/D converter, +15vdc power supply in the annlog signal conditioner and the A/D converter logi c circuits in the digital multiplexer 

• The y tern "OK" indicator~ labeled record indication, is located on the ?pera­tors control panel (remote) and is operated by a signal obtained from the re­cording system's (IRG pulse) which is combined with all of th outputs, ex­cept simulated, described abo e . A good or "GO" indication consists of the indicator lamp flashing on and off at a one second rate. A steady on or off, or erratic flash rate indicates a system failure. 

If for any reason, the HC receiver is not functioning at the time a test is desired, the self test mode can be selected by activating a switch on the front panel. When this 8Witch is activated an internal clock will be substituted for the one normally received from the HC receiver, an internal "Data Ready" signal wiU-be generated ·and aJl data words normally obtained from the HC receiver will become "all zeros. " Other data outputs will be the same as in the "normal mode. " 
• The timing diagram for the data at the multiplexer/formatter to recording system interface ~s shown in Figure 12. 

2. 1. 3. 3 Digital Test Unit 

This unit is used to apply inputs to the test word register to obtain a known test word format for monitoring the multiplexe r/formatter operation. The test word is in­troduced lnto the data stream once per second. The test word consists of 32 bits; 
twenty bits are fixed data and 12 bit arc de rived from the test word circuitry which monitors the recording system and timing system's operation. 

2. 1. 3. 4 Analog Signal Conditioner 

The Analog Signal Conditioner (ASC) is the interface and signal conditioning unit for all analog signals. Low level signals are amplified and rooted to the GFE analog recorder. Analog outputs from the HC receiver are routed to the A/D converter, where they are digitized. Th ASC contains an integral power supply and ca libra-tion circuitry. 

2. 1. 3. 5 Analog to Digital Convert r 

This unit is a purchased item, DSE Model 440003. The equipment contains a multichann 1 analog multi}:!lexer with random or 8equential access,an A/Dconverter and an integra l power supply. The basic capabilities are: 
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Figure 12 Timing DiagTam, JU/ Recorder 
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• Inputs 

- Anal g oltage: ±10 de 

- Input Impedance : >10 megohms at de 

- Common Mod Rejection: 60 db at 400 Hz 

- Over oltagc: ±15 vdc 

· • Output 

- Data (absolute valt1c and s ign): 11 bits (including s ign) 

- Accuracy: 1 part in 29 

- lsolation: signal and power isolated from chassis 

- Source Imp dance: < 5K ohm 

2. 1. 3. (, Auto Pilot (Rate Gyro) Signal Conditioner 

Th Auto Pilot Signal Condition r (APSC) unit accepts the signal outputs (roll, 
yaw and pitch) of the auto-pilot's rate gyros and converts them to linearly proportional high level bipolar de voltages which are r corded by the on-board analog r ecorder. The data w re used to aid in determining the true position of the aircraft receiving 
antenna, i.e. , correct for aircraft dynamics. 

The 26v 400 IIZ reference excitation voltage for the rate gyros were monitored and recorded. Tims, a suitable correction could b made for variations in aircraft 
primary power levels, since it was found that the r te gyro outputs were affected by ariations in excitation supply voltage. 

The APSC contained provisions for calibration, th ru1it \\as calibrated prior to each flight. 

2, 1. 3, 7 Power Di ·tribution Box and Power Supplies 

This unit provid cl for the control, protection and distribution of aircraft pri­
mary power both 400 Hz ac and 2 vdc to the variou components of the IU. In ad­
dition, over and under voltage protection circuitry were provided to protect volt::ige sensitive components, The logic power supply had a built-in over voltage protection, 

This unit provides f r r cm()tc control of the TU. Provisions for power control, reset of under and over- vo ltage onditi ons and rcmot ' ontrol of data trans£ r tu the on-board digital r co rding system arc provided, In addition, the "System OK" indi­cator is located on this panel, Figur 90, 

2, 2 GROUND EQUIPM E T 

This section des ribes the hardware used on the ground for this tc t program, 

31 



r'
The equipment ean Vx> cimsidert-d in two groups, one which is used to generate the ex­
periment program data consisting of transmitters, antennas, calibration receivers and 
instrumentation, and the other used to evaluate the navigation solution data consisting 
of WSMR instrumentation harcKvare.

2.2.1 Transmitters

Four transmitters were provided (Figure 13), one of which has the capability 
of operating on batteries while carried aloft by a balloon. All transmitters were de­
signed to radiate spread spectrum signals to simulate the t\T>e of signal which would 
be obtained from r.21B satellites. The tr;msmittcr output signals are fed to two an­
tennas; one, the uplink sigmd, was used for the link to the test aircraft and the other, 
the monitor link signal, w:js directed to the Mobile C alibration Station (MCS) (for 
some flights).

#/•

*

I

s
I

Figure 13 System 621B Transmitter
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Each tran mitt r generates a distinctive 25-stage M-sequence code (truncated to 

2 - 255 bits) which is combined with a common 8-stage M-sequence code to modulate 
an L-band arri r. The resulting 225 bit sequence has a period of 3. 3554432 sec­
onds. The cod clo k frequency as well as the carrier frequency are generated from 
a table c rystal os illa tor . The code rate is 10 Mbps. The cod~ biphase modulates 
the carrier. The - s tage common M-sequence (length of 25: 5 ,.s) is power boosted 
by about 30 db to assur a received signal power of -100 dbm required for acquisition. 
Nominal pow r output of the transmitter for use by the aircraft receiver is adjustable 
to provid a r cciv d power level in the range of -80 dbm to -140 dbm. Nominal 
power output for use by the MCS is -106 dbm. 

Long t rm stability of the transmitter oscillator is assured by operating on a 
standby mode (using battery power). 

Th inter onn ction of the various subassemblies is shown in block diagram form 
in Figure 14 . At th top left of the diagram, the 5 MHz frequency standard is shown 
with th assoc iated front panel frequency adjusting potentiometer R3. The 5 MHz rut­
put is coupled through a padded tee to the 5 MHz jack on the front panel and to the 
fr quency multiplier assembly. The frequency multiplier assembly provides a 10 MHz 
output to the code g nerator and a 225 MHz output to the X7 multiplier. 

Th 1575 MH z output from the X7 multiplier is applied via a bandpass filter 
to a Microlab power splitter, which divides the carrier energy between the two 
balanced modulators. The balanced modulators driven by the monitor link and up­
link outputs from the code generator via driver amplifiers in the performance moni­
tor module, supply spread-spectrum-modulated signals to the monitor link rf ampli­
fi er and the uplink rf amplifier. 

The monitor link rf amplifier feeds the monitor link anteMa directlv while the 
uplink rf amplifier provides two outputs, the Hi rf, and Lo rf outputs. These signals 
are sampled for monitoring in the performance monitor, and pass through isolation 
and filtering sections with appropriate padding to be combined in a circulator for trans­
mi ssion from the uplink jack. 

The transmitter char acteristics are summarized in Table I and the transmit­
ter control functions tabulated in Table II. 

Table I Summary of Transmitter Characteristics 

Transmitter 

Carrier Frequency 1575 MHz 
Coding 225 bits PNR biphaw 
Code Repetition Period 3.3514432 aconch 
Code Rate 10Mbps 
Uplink Power (Mui +20 dbm (+27 dbm booltl 
Monitor Link Po- (Mui -I dbm (+• dbm booltl 

2. 2. 2 Calibration Rec ivcr 

Th alibration re eivcr is functionally identical to the Hazeltine airborne 
r c i r d s rib d in paragraph 2. 1. 1. The ground use of this receiver required a 
different ontrol and display complement as described below. 
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Control 

Power ON/OFF 

Operate/Standby 

Control Local/Remote 

Code Enable Start/Stop 

CW Test/OFF 

Code Slew Rate } 
Initiate 

High Power Level Set 

Monitor Link Level Set 

Low Po_, Adjust 

Frequency Adjust 

Meter Select 

Low Power Indicator 

High Power Indicator 

Standard Frequency Out 

Coar• Frequency Adjust 

Charging Unit I: xt Battery 
ON/OFF 

Norm/Self Test 

Table 11 Transmitter Control Functions 

Function 

Controls 115v ac power to transmitter 

In Standby, only +28v is pr .. nt for osc oven 
In Operate, all voltaves supplied to unit 

Provides remote control of Operate/Standby function 

Starts and Stops code 

When code enable switch is in • 'art position placing CW test switch in CW test 
causes a CW signal to be transn :tad at the long code ~• level 

These controls allow code to be slewed by number of bits selected 

Controls boost power output level from +27 to +37 dbm 

Controls monitor link output po- level 

Controls long code output power level from maximum of +22 dbm 

Adjusts 5 MHz osc frequency ; full adjustment range is 1 part in 108 

Provides test signals to meter 

Go light indicates ,naximum long code power > + 18 dbm and < +24 dbm 

Go light indicates boost po_, > +32 dbm 

Provides sample of 5 MHz osc 

Adjusts 5 MHz osc frequency; full adjust range is 2 parts in 107 

Con"8Ct ext + 12v battery aero• charger unit output 

In •If test the normal transmitter code is replaced by the •" tnt code (switch located 
inti~ unitl 

2. 2. 2. 1 Calibration Receiver Control 

The calibration receiver control provides essentially the same controls as does 
the airborne control box, but also pro ides power level monitoring meters to indicate 
the relativ•.: signal strength for the signals being process d by each of the four receiver 
channel!', and an audio alarm device, which sounds if any signal drops below a pre-
set level, Figure 15. 

2. 2. 2. 2 Calibration Recei ve r Display 

The calibration receiver display (Figure 15) provides a digital readout of a 
portion of the data transferred to the interface unit for recording. These data are 
used to monitor the performance of the receiver in the calibration installation and 
may be used to assist in multipath measurements and other diagnostic, or inves­
tigative experiments. The _data presented represents, depending on control setting, 
the fine range data for each of th four channel s or, the fine doppler data represent­
ed by the eight lea st significant bit of the fine doppler output for each of the four 
channels. 
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INTERFACE 
CABLES

RfCri'.'IH "

Figurf Hi MCS Installation lla/oltine Kuceiver and Grumman Data Acquisition System

2.2..! Instruimnlatiin

Ihc !u,Touncl instnimimtatinn as Data .Acquisition System (DAS), is located 
at tlu- calibration site (Mt’.S), and is usc'fi to rc't ord lh<' data from the <>2IH calibration 
receiver. Fi}>\ire lb shows the equipment installation. The WSMR timing t>quip- 
ment is not shown. The timing (-quipment is located above the calibration receiver 
in the right hand rach. i'igun- 17 is a block diagram of the D.AS.
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With a few exceptions, the DAS functions are similar to the airborne IU, 
described in paragraph 2.1. 3. Detail design information and schematics for the 
DAS are given in Ref. 5. The following paragraphs discuss the pertinent differences 
between the DAS and the IU. 

2. 2. 3.1 Digital Multiplexer/Formatter 

The digital multiplexer/formatter for the ground site differs from the one in the 
aircraft in that a memory is not included in the ground site unit. This is possible 
bacause the data is sampled at a slower rate (1 sample/sec) and can be transferred 
directly to the recording system. Therefore, except for the references to the memory 
and its associated control and test circuitry the discussion of the airborne UJ1H (para­
graph 2. 1. 3. 2) also describes the operation of the ground site unit. 
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2. 2. 3. 2 Digital Test Unit (Test Word Generator) 

This unit is identical to the airborne unit (paragraph 2. I. 3, 3) and serves the 
same function. The test word, however, consists of 32 bits of fixed data whi9h may 
be changed prior to each flight, or for test purpose 

2. 2. 3. 3 Power Distribution and Control Panel 

At the ground site, operating personnel could rea~·1y monitor the upcration of 
the DAS during the mission. A need for remote contro of the equipment did not exist. 
Thus the operating controls and power distribution function were combined into one 
unit. The description of the airborne units in paragraph 2.1. 3. 7 and 2. 1. 3. 9 are 
applicable to th ground q ipment. 

2. 2. 3. 4 Digital ecording S tern 

The recording system is a purchased item , Digital Products Model 214Al-l. 
This unit is identical to those used in the aircraft for recording 621B digital data. 
The major components of the recordin.,· system are: 

• Digital Recorder 

• Data Buffer and Tape Control Unit 

• Memory Unit (Core Buffer) 

The essential characteristics of the recording system are: 

• Input data signal format: 

Word Length: 48 bit max. 

Frame Length: 127 48-bit words max, 

Clock Rate: 1 MHz max. 

Sync Word: unique repeatable word required 
once per frame. 

Data Format: serial transfer of Manchester, Rz, 
or NRZ 

Interface Ci rcuitry: DTL compatible 

• Output data format - The ootput data is in the form of a digital magnetic 
tap which is IBl\1-computcr compatible: 

Packing Density: 556 characters per in. 

Record Head Configuration: 7 track in-line 

Tape Width: 0, 5 in. 

Reel Size: 10-1/2 in. IDM type 
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Tape Capacity: 2400 ft, 1. 5 mil 

- :' Recording Technique: NRZ Mark (NRZI) 

Slew Rate: 3 KHz 

2. 2. 3. 5 IRIG "B" Timing Equipment 

The time code generator/reader was GFE by the 65 5th Test Group at Holloman 
AFB and was the same type used in the aircraft. A line amplifier which conditioned 
the incoming IRIG "B" signal via telephone lines was supplied by the WSf\m timing 
group. During the ILS tests; it was necessary to resort to a radio link in order to 
obtain a high quali ty timing signal. The WSMR timing group supplied the equipment. 

2. 2. 4 Mobile Calibration Station 

Since the same equipment was utilized in the Area Navigation, ILS, arxl Multi­
path tests, a mobile van was used to house this installation and provide ease of re­
location. 1be Mobile Calibration Station (MCS) is shown at its site in the 50 mi area 
in Figure 18. 

The calibration receiver and interface unit was installed in the MCS. The 
calibration receiver and its associated power supply are installed in a standard 19-
in. rack within the MCS. An electrical harness within the MCS interconnects the 
calibration receiver, interface unit, recording system, control and display unit and 
power distribution panel. 

Four rf cables connected the receiver to the external calibration link antennas 
via a signal combiner. 

The calibration receiver and its associated power supply require forced air 
cooling. Blowers installed in the 19-in. rack (Figure 19) take MCS ambient air 
and blow it over the units exhausting the warmed air to the MCS interior. Cooling 
of ambient air is provided by an exhaust fan at the rear of the truck interior and by 
window unit air conditioners. 

The r eceiver data acquisition system and recorder is shown installed in the 
MCS in Figure 16. The calibration receiver display, calibration receiver control 
and power control panel for the MCS is shown in Figure 20. 

The MCS consists of a specially designed van mounted on a 1968 International 
Loadsta r 1800 truck body. The MCS comes with its own external trailer-mounted 
diesel engine which drives three independent gener ators (60 Hz, 400 Hz, 28 vdc) 
satisfying all power requirements. 

In addition to housing the calibration receiver and associated equipment, th 
MCS served as a focal point for all ground operations since it provided an excellent 
field r epair facility and contained communications gear for use during test flights. 

2. 2. 5 Antennas 

Four distinct types of antennas evolved during the design period to satisfy the 
program objectives. A primary goal in the system simulation was to obtain a signal 
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profile at the aircraft which would be similar to that reeeived from a satellite. To 
achieve this (joal the system was confiKured with a transmitter uplink antenna with 
a pattern shaped to fjive a constant pow(>r level for constant altitude flight paths, an 
omni antemia at the aircraft, and parabolic dish antennas on the ground to route the 
signal from the transmitters to the calibi-ation receiver. In addition, a simple test 
antenna was used in the WSMH field te st to sample the rf field at various points to 
gain an understanding of the system antenna interactions with the actual installations.

As will be seen in the test results discussion in \ olume III, we improved our 
understanding of some aspects of the antenna de sign requirements as the program 
progressed. This section will, therefore, discuss the details of the electrical and 
mechanical eharaeteristies of tlie antenna as well as their utilization at WSMH so 
that the appropriate background is available for discussion of test results and antenna 
errors presented in \ olume III.

I'h( antenna utilization is best understood with respect to the t>pe of test. Test 
categories are Area Navigation, Il.S, and Ground I ser Multipath.
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Kif^irc- 20 MCS Controls and Displays

2. 2. o. 1 Aroa \n\ iyation Tosls

Omni Anti'imas

. (,„ ih,. bottom oontorlino of tho NC-DC.A at station lOoO. 
aiilonna diirini;-System Demonstration testinji

It is the reeeiviny

. In ihe 50 mi area, at KC-riO and WC-50 transmitter sit.- for poniosi s of 
proi idiiifi i)OH-er illumination to the aircraft during the aireralt s . ystem 

-IV Kll.l,. l-alh. (Kof.-r ,„„sr:,,>h X X X 1 tor 
of fli-ht paths, and to se.-iion :i. 1 for site lo.-atioii and nomenclature.)

Cplink Antenna
Hie shaped beam uplinl. luitennas were used only for area na\is-at on f ^ ■

provide the desired power contour along the flight patli. flie primary flight paths weie 
categorized as A or 15. Different configurations and/or positioning of the uplink 
antennas were reejuired for these paths.

■l.'S
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At EC-50 and WC-50 transmitter sites two uplink antennas were used to provide 
power illumination to the aircraft during area navigation flights. One was oriented 
for the A flight path and the other for the B flight path. D.1ring part of the test 
program (Flights 17-22) these same antennas were also used to radiate to the MCS. 

t Salt and SC-50 sites a single upUnk antenna was used to radiate to the air­
craft during area navigation flights. To accommodate the A and B flight paths, the 
antenna position was changed from "A" to "B" by removing ball lock pins from pre­
drilled "A" azimuth and elevation holes and replacing the pins in the "B" holes. This 
was a manual change and required climbing the pole to accomplish. This same 
antenna was used to radiatP to the MCS for flights 17-23. 

Dish Antenna 

The dish antennas were utilized in the 50 mi area at the MCS site, EC-50, 
SC-50, WC-50, and Salt transmitter sites. Four dish antennas were utilized at the 
MCS site to receive signals from similar dishes at each of the four transmitter 
sites. The ground rf links were changed for flights 17-23 so that the four MCS dish 
antennas received signals from the transmitter site uplink antennas rather than the 
dish &.ntennas. 

Test Antenna 

The test antenna was used during field probe and multipath testing. 

2. 2. 5. 2 ILS Tests 

For ILS testing the following antennas were used: 

Omni Antenna 

• On top centerline of the NC-135A aircraft vertical stabilizer aft of the 
aircraft's HF antenna for purposes of providing antenna coverage dur ing 
ILS testing 

• At A, C, D transmitter sites and on the balloon transmitter at Northrop Strip 
for purposes of providing power illumination to the aircraft during the air­
craft's r LS flight path ( Fi1;ure 56) 

• At the MCS site at Northrop strip for purposes of providing antenna 
coverage during ILS testing. 

2. 2. 5. 3 Multipath Tests 

For ground user multipath tests the antenna utilization was: 

• Omni Antenna 

At all transmitter locations during multipath testing 

- At the MCS location during multipath testing as the omni­
directional antenna. 
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• Dish Ant nna 

- A dish antenna was mounted on a trailer and was used at the MCS location during multipath testing as the directional antenna. 
2. 2. 5. 4 Antenna Characteristics 

Omni Antenna Electrical Characteristics 

• Gain: +4 db with r spect to RHCP isotrope 

• 3 db beamwidth: 160° 

• Antenna input VSWR: I. 2:1 

• Pr'lbc input\ S\VR: 1. 5:1 

• Probe coupling (cw): -20 db 

Omni Antenna Mechanical Characteristics 

The omn! antenna was originally designed to provide nearly hemispherical radiation coverage and withstand RF'-4C flight environments. A later investi-gation indicated that the antenna would meet the NC-135A environments. The omni antenna assembly consists of an antenna, hybrid i:tlld probe moonted within a radome, (Figure 21). The void between the antenna, probe and radome is fil1ed with diel c­tric foam which aids structural integrity. 

The omni antenna subassembly consists of three major sections: 
• Shaped elements (radiating section) 

• Quadratt.rc hybrid (phasing section) 

• Coupling probe (internal test section) 

The radiating section consists of two mutually perpendicular modified dipole shaped to provide circularity while maintaining a low profile. 

Th quadrature hybrid is incorporated within the antenna subassembly base and provides the phasing to th radiating cl ments necessary for right hand circular polarization. 

The coupling probe is an electrically short monopole which radiates test signals to the antenna element allowing a true end to end system self test. 

The co er raclome is a hemispherical shaped hat covering the entire ant nna subassembly. The radome is of sufficient thickness to survive steady state free­stream loads at Mach I. 4. 

The omni antenna measure 7. 5 in. diamct r by 3. 25 in. high. 
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Fi^uro 21 Omni AntimiKi

Omni Anti nna Uatliation Pnllcmns

Formal scalt- mocK l ra<iiation paUc'rns of a sc-alo motk'I omni antenna mounted 
on a seal(' model NC-l:ir,A airerafi \\< re nevim performed. It was felt that a Imttom 
antenna loeation on the test aircraft would provide sufficient antenna cover­
age during systetn demonstration testing.

Without scale model antenna radiation patterns, satisfactory coverage during 
ILS testing was in question. Since the hall(M)n antemna was to be above the aircraft, 
a to[) omni .intenna hn-atioii on the aircraft was dictated; however a top fuselage 
location was poor for providing eov(.*ragi‘ to the ground transmitters.

To answer the I I.S (iiu'stion, a plastic scab' model 707 (structural equivalent 
of the NC-l.'!r>,A» was const meted, painted black, back lighK-d and placed in a
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darkened seal mod •1 IL rang . A mirror was placed at each scaled transmitter site and the prop sed top rtical stabilizer location was cl arly visible throughout 
th scaled ILS range. 

The omni ant nna lo ation at the top of th v rtieal stabilizer provided suffi­cient cov rage- during ac tual IL testi ng as indicated I , the scale model r?y tc t. 

Uplink Antenna l ct1·ical Chara cteristics 

• Typ : special shaped b am 

• Fr qu ncv: 1575 + 25 MH z 

• Polarization: ri gh h nd ci rcular 

• Gain. J )Jr xi r.1at0ly 4 in r ~sp ct to isotropic 

• 3 db B amwidth: 150° along flight path, 50° perpendicular to flight path 

The uplink antenna coordinate system is sh wn in Figure 22. A typical smoothed three dimensional radiation pattern of the uplink antenna is shown in Figures 23 
and 24. 

The typical uplink antenna radiation patt rn shown in Figure 23 was con­
structed from a single set of pattern data for the quadrant in which the aircraft 
is shown. The ciata presented for the quadrant behind the aircraft is the mirror image so tha t the fore and aft are geometrically identical. 

The isometric pattern presentation causes an apparent foreshortening effect to the conical cuts which are basically elliptical in cross section. 

\\'hile the pattern sho, rn is geometrically correct, minor lob s and irregu­larities have he n smooth d for clarity. This is esp cially true for th lower hemisph r e . 

Figur 24 shows an "envelope" half removed from the pattern in an attempt to integrate th e pcesented data. 

l' plink Ant~nna 1 chanical Construction 

The antenna is eonstruct,!'d of two phased array boards secured to either side of a metal "A" shaped ground plane which serves as a mounting frame. The phased array boards are separated at the proper distance from the ground plane by means of diel ectric material. The base of the ground plane serves as a mounting surface for the phssing n work, the external mountin~ tube and th base of the polycarbonate radom . Ea h of the phased arra boards have eight crossed dipoles align d in two banks 01 four. The phasing network has a single external input and four interna I outputs, and on output is conn cted to each of the crossed di pol banks. The phasing network is terminated external of the radome. Figure 25 shows the antenna construction and provides approximate dimensions. After satisfactory initial elec­trical tests, the entire assembly was positioned into the polycarbonate radome and foamed in plac . 
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Figure 22 Uplink Antenna Coordinat System 
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FIBERGLASS 
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WITl-t PRINTED 
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2" THICK 

r 2-3/4"1---5-1/2"--+- 2-3/4" ~ 

T 
3-7/8" 

1-7/8" 

4-7/16" 

NOTE : 
DOTTED ELEMENTS 
OF CROSSED DIPOLES 
ARE IN THE BACK OF 
THE BOARD, CONNECTED 
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WAY AS THE FRONTAL 
ELEMENTS. 

r----+-41 ___ APPROX. 1/16" THICK 
CONDUCTIVE COPPER 
STRIP lTINNEDI . 

90" 

1~--------11"-------~-1 

4 .7/~6" 

1/32" THICK FIBERGLASS 

----- BOARD 

13-3/4" DIA 

• I 

23" DIA 

FOAM ANTENNA ARRAY 

Figure 25 Uplink Antenna Construction 
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Uplink Antenna Mechanical Alignment 

The maximum radiation is designed to be at approximately I = 60°, • = 00, 1800 

(the mounting shaft is attached to the antenna with the mounting holes parallel to the 

~ = 00, 1800 axis, Figure 22). 

Rf pattern tests were then utilized to redcsignate boresight since nominal shifts 

were expected due to slight asymmetries in alignm nt and foam density. 

By taking successive great circle cuts, both the I = 0 axis, Figures 26, 27 and 28, the 

fe = 0, 180° axis and theae angle (coordinate system tilt in the plane formed by the 

Im =0, 180° /0 =0°m, 180° axis) were determined, where the "e" subscript means elec­

trically determined parameter and the "m" subscript means the 1cchanical ly determined 

parameters. By placing an optical theodolite immediate! behi d the transmitting 

test antenna, the antenna was then skewed in I and ~ until the mechanical 

boresight was achieved. The difference in I and ~ from th e l ctri al boresight 

value are noted on he drive synchro displays of th pattern t t equipme!1t and 

represent the'1 f and'1♦ as shown in Figure 26. The electrical boresight angles wl.re 

then lightly scribed on the ,mtenna/radome. The tilt mechanism was then placed 

in a fixture and the tilt mechanism coordinate system was aligned to the theodolite 

system. The tilt mechanism's mounting bolt hole pattern was hen used for antenna 

shaft mounting and the antennal= o0 axis were aligned with the le = o0 axis of the 

antenna/radome. If the elevation angle of the antenna was o0 then the I axis shaft was 

THEODOLITE 

-
MOUNTING 
BED 

"41" ROTATIONAL 
AXIS 

Figure 26 Uplink Antenna Electrical Boresight 

52 



I 

I 
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♦ .... 0. cos o· i::;; 

t 

Figure 27 pl ink Antenna Off-Axis Alignment (Elevation) 

CENTE R OF 1/l ROTATION 

TOP VIEW 

Figure 2 lplink Antenna Off-Axis Alignment (Azimuth) 

dr illed and pinned. If the desired angle was other than o0 a simple procedure was de­
r ived. Figure 27 shows the t ilted antenna as seen through the theodolite. Knowing the 
desired tilt angle I , observations were made to the mechamcal axis where O' = I 
8' = 8d i d + il8 (+ilBimplying I is rotary cw or ccw of 8 axis). Since",,/" and I es re - - e m 
are known, s imple computations yield "L sin I "and/or "J cos I . " Mechanically 
mounting a ruler vertical (zeroed at point I ), the theodolite horizontal cross hairs set 
to traverse the center of rotation, mark off "J cos I . " Adjustments of the angle set 
were made until the desired ' '-' cos I " measurement was obtained. The tilt mechanism 
was then drilled and pinned. 

A simil ar technique was used for multiple a zimuth angles. Figure 28 showc; the 
t chniqu of using the horizontal projection of the shaft length from center of rotation 
to end of shaft. 

Her c '1 = (~ dcsi r ed), sincc il~ has been corrected for in the mounting procedure 
of the antenna shaft to the tilt mechanism mounting bed. 

In both the azimuth an'i elevation angle measurements, the angle error is le ss 
than 1 ° because of the long measurement arm used. 
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Uplink Antenna Alignment on Poles at Sites 

The A and B uplink antennas are electrically identical but mechanically differ­
ent. The antennas are mechanically set in their own tilt mechanism at preset azimuth 
and elevation angles. 

Once the antenna is joined to the tilt mechanism it becomes dedicated to a spe­
cific transmitter site. Figures 29 through 32 illustrate the alignment of the antennas 
at the various sites. 

Dish Antenna Electrical Characteristics 

A Prod lin Masar 73-741 6-ft diameter solid fiberglass p;irabolic dish with 
plane polarized feed was used. ' 

• Frequency: 1575 ± 25 l\1Hz 

• Gain: +27. 5 db 

• 3 db beamwidth: . 0° 

• First sidelobe: -18 db 

• Wide angle ~idelobe: -24 db 

• Front to back ratio: 30 db 

• VSWR: 1. 35:1 max 

AZIMUTH AND A/B UPLINK 

"A" POSITION 

ELEVATION ANGLE ANTENNA 
APPROXIMATION 
OA • 0° 

wA - 0° 

0
8 

• 32° 

wa • 43° 

W M • 93° 

tiM 

I 
I 
I 

DISH 
AN."ENNA 

N 

/ 
/ 

"B" POSITION 

Figure 29 Antenna Orien tation at Salt Site 
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DISH 
ANTENNA 

AZIMUTH AND 
ELEVATION ANGLE 
APPROXIMATION 
OA • O" 
wA -o· 
08 • 10" 

w8 • 43° 

WM • 25° 

I 

DISH ANTENNA 

"A/B" UPLINK ANTENNA 

/~~\'ATION 
AXIS 

~ 

u ~--) 
ll 

N 

"A" POSITION 
"B" POSITION 

Figure 30 Antenna Orientation at se-so Site 

Dish Antenna Mechanical Characteristics 

The dish antenna differs from standard dishes in that the fiberglass dish weighs 48 lb, versus 100 lb for standard alurnim:m dishes. The lighter weight simplified handling and installation of the dishes at the various sites and on the multipath trailer. The dish antenna and mounting brackets were designed to withstand 125 mph winds. 

Test Antenna EleLtrical Characteristic 

• Type: short dipole 1/4 wavelength above fixed ground plane approximately 10 in. by 14 in. (dipole paralled to 10-in. dimension). 
• Frequency: 1575 ± 25 MHz 

• Beamwidth: approximately 110° between half power points 
• Gain: approximately 4, 5 db with respect to isotropic 
• VSWR: approximately 1. 20:1 

Test Antenna Mechanical Characteristics 

The test antenna consisted of the dipole sticking through the ground plane he Id in place by means of right angle bracket and a small cable clamp. To provide rigidity plastic tape was wrapped between the dipole and the ground plane. The test antenna was mounted to the field probe by means of ''C" clamps. 
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0 "0" UPLINK 
ANTENNA 

AZIMUTH 

I / 
I / 

t 
I I 

I I 
/ I 

I 

ANGLE APPROXIMATION 
wA • fi' FROM NORTH 
wa••3" .. .. 
wM • 109° " 

I 

I I 
lwa./ 
I 

I 

"8" UPLINK 
ANTENNA 

POLE (REF.I 

DISH 
ANTENNA 

"NOTE : 
THE FUNCTION OF THE "D" 
UPLINK ANTENNA WAS 
PERFORMED BY AN OMNI 
ANTENNA. 

VIEW LOOKING NORTH 

Figure 31 Antenna Orientation at WC-50 Transmitter Site 

2. 2. 6 Balloon and Equipment 

2. 2. 6.1 Balloon 

ELEVATION 
ANGLE 
APPROXIMATION 
9A•C3° 
08 • 56° 

Oc • 900 

ILS testing at Northrop strip utilized a balloon-borne transmitter. The tethered balloon us<' d to suspend the transmitter was a 45,000 cu ft, helium filled, ballonet barrage type balloon. The balloon was tethered to a motorized winch that raised and lowered the transmitter during missions, Figure 33. On non-flight days, the balloon was moored to ground anchor points of the 240-ft diameter launch pad. The balloon was inflated and deflated a number of times depending on program flight schedule. On one occasion the balloon had to be lowered to repair holes torn in both the fabric 
and instrument by a lightning strike. 
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•NOTE: 
THE FUNCTION OF THE " D" UPLINK 
ANTENIJA WAS PERFORMED BY 
AN OMNI ANTENNA. 

"D" UPLINK 
ANTENNA 

DISH 
ANTENNA 

-

AZIMUTH 

POLE IREF.I 
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BUBBLE LEVEL l 

NORTH 

"A" UPLINK 
ANTENNA 

' ~ 
\. IIA "i 
'✓ I 

I 

VIEW LOOKING NORTH 

POLE IREF.I 

ELEVATION 
ANGLE 
APPROXIMATION 
tlA •45° 
0
8 

.. 1a' 

IIM • to° 

Figure 32 Antenna Orientation at EC-50 Transmitter Site 

2. 2. 6. 2 Balloon Package 

The battery powered transmitter was mounted to a load bar suspended below the balloon, Figure 34. Plywood panels were mounted to the thermal shields of the trans­mitte r with day-glo orange arrows, pointing to the omni antenna, painted on each of the five visible side panels. The object of the arrows and cloth tail tied to the omni antenna was to "flag" the spot of the signal origin, the omni antenna. During the flight, the balloon transmitter was tracked by four cinetheodolites and it was felt that the flagging would help optics track the antenna. The arrows also aided in the 
cine film data reduction. Figure 35 shows the transmitter at 5000 ft above ground level (AGL) dur:ng a mission, as seen by a cinetheodolite. Most flights required the balloon to . be at 5000 ft AGL. 
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Figure 33 621B Balloon and launch Pad Complex
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3.') Flight 31 at 17:01.3!»:UU Station (C.-2<i7 CinclhL-oiloliti ) Kun No. 7

Tho loot! l)ar also had a telemetry package (Figure 3(i) and a C-l)and radar lu>acon 
suspended from it. The telemetry package was uswl to command the C.21H tiamsmitter 
on arel off, switch an internal (to iransmitteri 20 dl) attenuator in and out and \arying the 
transmitter output rf power in conjunction with external attenuators. The package also 
controllwi squilis, and gas valves for balloon flight control. The C-band transponder, 
strappwi below the telemetr\ package was energized on and off liy the telemetry 
package. The trans|x>niler l)eacon allowed the tialloon package to be tracked by FFS-16 
radar, Figure :17. Tiie radar data were intended to l>e used for "quick look" on the 
balloon ixisition while the cine data were being redueed.

The same balloon-transmitter configuration was used for smooth and rough 
earth multipath testing. During these tests, the l)alloon was tlown at 200U ft .U'.L 
and moved from the balloon launch pad to the multip.ath sites (see paragraph 3. .">. .7 for 
a detailed description of multipath testing).
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’J
Figure 3(i Balloon Telemetry Package Mounted on Load Bar

ror’.h.. ..nc,.™ „,,W t„„sn.l«cr ..=
iistallation and removal prior to and at the end ol each mis.

2,2.7 WSMR Reference Trajectory Sensors

M,„. traX-ctork.. l.y WSM'Y'*;.™!;;r,rra;i.rr

rived.



To enlianee the WSMH Reference data to the accuracy considered necessan- for 
our test program, four tyi)es of aircraft position instrumentation were utilized. The 
.AN^FPS-K; radar, .\skania Cinetheodolites, a Doppler Velocity and Position System 
(DOVAP), and an airborne l.TN-.‘jl Inertial Measurini; Unit. Software iiackaiics have 
been dcveloix-d to filter anil mert;e various sensor data to produce a best (>stimate 
of trajectory (BIFr).

2.2.7.1 Radar

AX/FPS-10 radars normally scheduled for the (J21B flights were K-113, R-123, 
andU-127, Figure 3s. Other radars were sometimes used if one of the above was 
inoper.ative.

The Fi’S-lO radar is a C-band monopulse trackini; radar capable of iiroviding 
real-time data for vehicle control and flight safety puri>oses, acquisition data for 
ran^e instrumentation, and vectorinji data for drone and aircraft control. Skin and

I
u:m

\

I
w/

Fixture 37 621B Balloon Package



l-----+-----i==i~~===1=-5.::,.,.:,C.,":""'""------~ y • 700,000 
R127 ' 
R128 

FLIGHTPATH 
A,CANDD 

HAFB ~ 

I 

I 
I 
I 

R1:zti 

I 
I R122 
I R123 

I 
~----+--------1~--------~---t,r--------1 y · 300,000 

0 6218 
TRANSMITTERS 

I 
A FPS-16 
' RADARS 

R112 
A113 
R114 

I 

I 

.._ ____ ..._ ____ ......, _______________ ___,WITM 

• - 300,000 • - 500,000 y • 100,000 

Fi gure 38 FPS-16 Radars Used for 621B as per White Sands Datum-71 

63 



beacor tracking modes can be used simultaneously and data output fed directly into di­
gital a ,1d analog computing equipment. We used the radar data to vector the aircraft 
and also to provide "Quick Look" data for analysis purposes. It s characteristics are: 

• S stem Precision 
- P sition: 
- Velocity (derivative): 
- Acceleration (derivation): 

• System Cov·· ,_ ~e 

± 15 to ± 130 ft (function of range 
± 15 to GO ft/sec 

2 ± 20 to ± 75 ft /sec 

- Range: 500 ards to 2000 n mi 
- Azimuth: 
- Elevation: 

300° 
-10° to 190° 

A moclification kit has been added to R-11 3, R-123, and R-127 called the Co-
herent Transmitter and Doppler locity System. Range rat mea ur ement accura-
cies of ± 0.1 fp s are expected to a range of 2000 mi, Figure 39. 

2. 2. 7. 2 Cinetheodo lite 

The cinetheodolite is an optical tracking instrument (Figure 40 and 41) designed 
to record on 35 mm film the following information: (1) angle data taken from eleva­
tion and azimuth shaft encoders; (2) mIG timing; (3) frame number; and (4) target 

Figure 39 FP -16 Radar With ptical Tracker as an Acquisition Aid 
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vehicle image relative to fiducial marks superimposed on each frame of film. The 
film image is then read manually by measuring deviations of the aircraft from the 
center of the fiducials and adding these corrections to the readings taken from the 
azimuth and elevation dials. (Figure 42 illustrates the target vehicle and paint 
pattern utilized on the 621B flight test program. Figure 43 displays a single frame 
of data taken from the high speed Askainia G-267 . ) The maximum slant range of a 
cinetheodolite is approximately 60,000 ft depending upon atmospheric conditions. 
Precision of cinetheodolite position data varies with target size, slant range, eleva­
tion angle, and tracking acceleration rates. Position error is approximately ± 8 ft. 
Two stations are required to derive position data but four to nine are desired to 
provide the accuracy quoted above. (See Figures 44 and 45 for the cinetheodolite in­
strumentation plan utilized by WSMR). Figures 46 and 47 show the ILS Flight Path 
as viewed from a cinetheodolite. 

2. 2. 7. 3 Doppler Velocity and Position (DOVAP) System 

The OOVAP System is comprised of 60 receiver stations, seven ground reference 
transmitters and ten receive/record stations deployable on 256 sites. The basic sys­
tem consists of a ground reference transmitter, an airborne transponder and three or 
more ground dual-receiving stations. A reference signal from the ground transmitter 
is received by the aircraft beacon and by each of the ground receivers. In the aircraft 
the DOV AP signal is doubled in frequency and retransmitted to the receivers on the 
ground. At each receiving station the reference signal is doubled and compared with 
the signal received from the airborne transponder. The difference is a doppler fre­
quency directly proportional to the velocity of the aircraft. The doppler frequency 
and time marks are recorded on magnetic tape. Integration of the doppler cycle over 
an interval of time represents a change in path length from the transmitter to the 
vehicle and then to the receiver. The data normally obtained includes three coordinate 
space positions, with the velocities being derived from position differentials. (See 
Figure 48 for locations and instrumentation geometry of the DOVAP stations used for 
621B). Figures 49 and 50 illustrate the OOVAP system. Its characteristics are: 

• System Precision 
- Position Precision: 
- Velocity Precision: 
- Acceleration Precision: 

2.2.7.4 Telescope 

O. 5 to 14 ft depending upon altiturie 
0.1 to 3 ft/sec 
0.1 to 3 ft/sec2 

During the Il.S portion of the 621B flight test program, a mobile telescope was 
utilized to provide touch down event data. The telescope photographed the aircraft with 
a 46-in. lens at a rate of 250 frames per second. The image was recorded with IRIG 
A timing pulses on 35 mm film. WSMR read this film and provided time of touch down. 

The Mobile Telescope (T-619) was colocated with the cinetheodolite G-27 , 
Figure 45. (See Figure 51 for a photograph of station T-619, Mobile Telescope and 
Figure 52 for an example of one frame of telescope film. ) 

The discussion of WSMR refer nee trajectory sensors was extracted from 
Ref. 6. 
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I'inurc 52 Oni‘ Frame of Film at Touchdown From T-Oiy Mobile Telescope



SECTION ID 

EXPERIMENT PROGRAM HJSTORY 

This section deals with the ground site selection and preparation, ground equipment installation, and the chronology of the flight program. The approach taken in this section is to discuss the test program from an historical viewpoint so that the initial equipment design concepts and their subsequent modifications as the test program progressed can be clearly and logically treated. It is fair to state at this point that the ground system proved to be the "sleeper" in this program. Although gr ent effort was applied towards the ground system design, we discovered that we did not fu lly under stand a ll the error producing mechanisms. This re sulted in furth er investigation of ground system components and configuration changes in order to isolate anomalous ground system effects. The impact of this on the test results and data accuracy is significant as will be seen in Volume Ill. 

The flight chronology has been included in this section so that the interactions between the flight program and the ground system modifications can be clearly under­stood. Certain modifications caused us to rerun test flights to collect comparison data. The categorization of test flights in Volume III is a direct result of these events. 

A summary chronology of significant experiment program events is presented in Figure 53. The System Demonstration Configurations for Area Navigation are shown on Figures 54, 55, and for ILS on Figure 56. 

3.1 SITE SELECTION 

The 62J B Experiments Test Program was conducted at the White Sands Missile Range. Thi s was a natural selecti on since it had the appropriate facilities; the program was coordinated by the 65 Gth Test Group at Holloman AFB, and the aircraft used for the tests staged out of Kirkland AFB. The program requirements invol ved an investigati on of Arca Navigation and landing guidance capabilities. Thu .:: two distinct test configurations we r e identified and implemented at WSMR. 

3.1. 1 Area Navigation 

A computer analysis conducted during the study phase indicated that a transmit­ter grid located on the ground in the form of a symmetrical Y would closely simulate the new earth rf environ ment generated by a stationary satellite of equal inclination and eccentricity rotating around it, Figure 57. 

Ther e wer e everal ins rumcnt d and surveyed sites at WSMR that served as candidates for possible transmitter sites. (Sec Figure 58 for a 621B site map.) The Y was oriented so that flights over WSMR would be in a north-south direction, thereby insuring that the flight profiles were compatible with existing instrumenta­tion. This narrowed the selection of sites considerably, and WC-50, EC-50, SC-50, and Salt sites were picked as shown on Figure 59. WC-50 and SC-50 have good 
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Figure 58 621B Site Locations 
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access on secondary roads, but more importantly they both have a constant source 
of 60 Hz ac power. EC-50 has a paved road leac:Hng to it, but requires a 60 Hz genera­
tor to supply ac pow r to the transmitter. Salt site is the center of the Y and the 
transmitter grid. It is accessible via a dirt road, but also requires a 60 Hz gtnera­
tor for ac power. De power from external storage batteries actually powered the 
transmitters during a mission, Lut the generators provided the bulk of power during 
checkout and maintenance of the sites. 

The Mobile Calibration Station (l\/ICS) was located at Corner Site primarily be­
cause it had ''line-of-site" with all the transmitter antennas. 

The actual transmitter sit locations were then processed in the computer simu­
lation resulting in the system geometry c ntours s:1own in Figure 60, These contours 
show the ~e0 trical r duction (GOOP f the user µo sition and velocity precision 
(<TX cry crz etc. ) as a result of h1• r ecC'iver casurement precision (CTR,crR). 

' ' ' 
The system factorc; considered in site selection arc outlined in Figure 61. 

Practical considerations, howe er, limited ILS to providing high fidelity simulation 
of only the following systcn characteristics in the experiment program: 

• Op rational GDOP's 

• Operational signal power levels 

• Adequate data collection periods for system characterization. 

3.1.2 IIS 

The IIS portion of the flight test program was conducted at Northrop strip, an 
unimproved dry alkali salt flat area without electric power. The site configuration 
was developed with the following concepts in mind: 

• Minimize altitude error at flare (Z=50 ft) 

• Minimize sink rate error between flare and touchdown 

• Maintain reasonably good horizontal accuracy. 

It was determined that three ground transmitters forming an approximately sym­
m~trical Y about the aircraft flare point would provide minimum horizontal GOOP 
and a fourth transmitter located directly above the flare point would provide the re­
quired Z-axis accuracy. In practice the fourth transmitter was 1000 ft horizontally 
from the flare point in order to keep the balloon tethering cable clear of the aircraft 
flight path zone. This did not appreciably affect the Z-axis GOOP. (For site con­
figuration, see Figure 62.) 

Although Northrop Strip was unimproved, it provided the best landing area for 
two r easons: first, the r equir ment to have a transmitter elevated 5000 ft above 
the terrain in the vicinity of the flight path could only be met by a tethered balloon 
or a helicopter. The high density altitudes involved made a helicopter impractical, 
and the tethered balloon was used. Investigations of various landing fields showed 
that none of them would permit flight operations with a balloon tethered within the 
airport airspace. At Northrop Strip this was not a problem since there was no flight 

89 



HORIZONTAL ELOIIIGATION 
+60,000 f-T • ............ ... ....... . ........ .. .. .......... ....... 

0 

• •• t, A.11U, ............. aa&AA&&4 ............. '" . '" ... .......... .... ..... .................. ....... ..... ... .... .. ............ .. 
"'"" 8 

8""" 
888 fH'8 

Pl"lfi',..,11\l"I 
A81111"11"1' 

Rq ~ II\ 

re 
/-VIIAPtt •~ 

•~!i"I IIII 

rcrc "lf'IRl"lllil 

...... " ..... .......... ......... CCC 
A""IPI CCCL 

re rr '1P"l"lflt CCCCC 
rccc '-RA IIII" ~•1~"1 ccccr 

1n fcCTC ;.,.~n~ - HAA"~Cc oo 
,,o I r rrr Pill•~" A"'1if11'\ rcr I oo 

ff O ccr AA~AAe A~A8AeP"I CCC loo fr 
•r ,i cccc "'IAAA•:u~ AP111•v1• ccr I o F~ 

f O ere 11u:11pn1u11 APlf'HP'll cccc I no ~ 
n~n cccc III ARA cccd oo 

,,,., lrccr ~A"ll'll ... ,.~ c~cr ~ 
r 1cc "",_"' AAAA rcr 

C
~~CC ' C a--~"I~ A"I I CC~~: 
1 l n-.·-.- 1'"1•A, C::C:: 

r r I f'IRIA"I A RI .. ,. f:ll x re 
j A "I A RA ~Ill 

'-'1• •1111-\ A "1-=- -4 

=~~1-:~ ..... 1::::: ... 
•• 0 ~ -- ..4.• ..._1,1,11A,1>U'\&.'U.. - .J a •M8 .................. ...................... ...... .... .. .... ... . . .... . .. . .. . . .. ...... ... . . ... . .. .... ..... ....... .. 

.. .... ......... .. .. . s .......... .. ............................ .......................... .......... ... ... .............. ......... .. ...................... ...................... ......... 

"" . .. ... .. 

- 30 

GOOPX 
GOOP(HELl • GOOP y 

0 +30,000 FT 

80,000 FT 

- 80 

I II II 
11 11 

II I 
II 

II I 
111 I I 

I I II I 

HORIZONTAL EPROR 
HHMH ...... t111H,-

............. ,-tHHMMHHHI" H M Ml-tM ... 

11 111 
111 1 

II 

r;r, ,.;r.r.r.r: ..,r.r. ,c; r,c; ...... ,.. ... ... 
', ·,(,Gr,r,r.r,f ,r.C.G t;G(;C. GG '; ►~ ...... " 

•.,, • •,, GG<.G(,(..r, ...... ..,. 
,., • '• 

,=,- ""J'"F"Fr-r: ,:s: Gc,;c,; , 
,:.- .-,- ,: ,.-~,:,:,:,:;,=,-:,-•,=,-:,: r,r; 

srrrrr• rFFF,:F <,c,; ... 
•FJ"S ,--- --, rr-r-f GG M 

l rr,:s-r ""fLll I ,-,:., GG H 

,, . .. ,,.,., .... ,-ff .. ,. f .. ,,, 

,':; ~r er ~~~" ~; 
GG ◄ 

r.r .... 
r-,r. ... 
GG" fH f I . Fff 

,, ' '- fff 
5r 4 ,:rr r .

1
[r ,: rr 

rt . ,.,,- ,t,=r , f"f 

G ◄ 

, ,. .. f '"f F I J:J: .. ,. r,r. ... 

'--
,- If" rJ r r,: J: t. r rf Pf IS 

r• i: 1 • ,-- 1 f'rf., 

~, ...................... ~ ................... ... ............ ... 

..................... "" ............ t-f ... ... 

r.r.r, 
r.r. • ...... ... 

~r.G ...... ... 

II 
II I 

II I 
11 1 1 

11 1 1 1 
I 111 11 11 1 1111 

11 I 11 1 I I If II II 11 I II I 11 11 
J J 
J JJJ 
JJJJJJJ 

- 30 

II I I 11 I I I I I 111 I 1 1 11 I 
11 111 I I 

0 

J J 
JJJJ 

JJJJJ J 
J JJ JJJ.JJ 

+30,000 FT 

A • 0 -.3, B • .5 -.8, C • 1.0 - 1.5, 
H • 12 - 15, I • 18 - 21 , J • 2li - 30 

GOOP VALUES: 
0 • 2 -2.5, E • 3 - 4, F • 5 - 6.5, G • 8 - 10, 

80,000 FT 

◄◄◄ 

-◄◄ ...... 
0 MH ... ...... ...... 

..... 

VERTICAL ERROR 
GGGG 

GGGGGGGGGGr.GGGG 
GGGGGGG GC.GGGGGGGGGGG 

GGG Gr.r.GGCG<.~ GGGGGGGGGGG 
GGGtGGtGGCG GGCCGGr.Gr.GGC. 

GGGGGGG!.. 
GGGGGG GGGGGGG 
GGGGGG GGGGGG 

GGGGG r- - - - - - -fr.G<.GG 

G~~~~I I r.~~~~ 
GGGGG I I or.' .o 
GGGGGj ,t~• l r.r.GG 

r.r.GG I GGGG 
c;c;r.r. l c<.r.G 
r,GGG I I GGGG 
GGf.G I l r.r.Gr. 
GGGG I C.GGG 
GGGG I GGG 
GGGG I I GGGG 

GGGG I GGGG 
GGGG I •• I GGGG 
GGGG ~F~• •FF I GGGG 

~:~~ t ":. :~ l e;~:~~ 

GGGGG I I GGGr.G 
GGGGG I I c;~r.r.c; 
r.r,c.c. r,1,- - ~ .r.r.c;r.c 

GGC.GGGGGG GGGGr.Gr,c;r, 
r.u;,r.GGr.GGGG~ r,. , r;-,r. c.cGGGC.r, 

r.cr.r.r.cr.r.r.cr.c;cr.~c;r.r.c;c;r. 

...... ...... 

"4 , . ...... 

...... .......... 
HHH'1"4H ... M 

c.r. r;r,r, r, r,e, r.r. r. r.r.r, r. r, 
........... 41 ........ 

..................... ... 
............ H ...... HH"" 

MW ►I ...... WM).ol HM ...... t4H ... l ' MMMM ...... MHO ..... HW •4 .................. ,.. 

H 1HHHHMMM"lt4U ... H H ... H H l-tHHHMMI IM"'HMHHM 

H ...... HHt-tHH ... HHM"4H 

- 60 Ill 
I 

II I 

- 30 0 30,000FT 
LEGEND: •SALT (CHANNEL 11 

80,000 FT 

0 

1 11 1 
11 f1 

11 1 

CLOCK ERROR 

H H .... HHHM .... H'-1 ...... H H HMM ... 

1111 
1111 

11 1 1 
II I 

11 1 
II 

............ 11 t-! ... ...... ... 

""" ......... ... ... 
II I 
II I 
II 
II I I 

I 
I 

II 

...... ...... ...... ...... .... .... .... 
.... 

...... _., 

.. .... .... .. .. .... ...... ...... -.. 

GGGGGG C.GC.<.GC,GGr. 
GGGGGGGGGr.GGGGGGGGG 

GG GGGG GGGGGr. 
GG~--·-- _ --~Gc,;c;c; 

Gr.r ~ I GGGG 
r.r.c,1 ,. , ,,,,,.,. 

1 
GGG<, 

~~~~ l ,.:;:: ::::r I ~~~ 
CGG I ftf' .... ,, -4 GGG 
GGr. I ll"FFF'1 '1 GG 

GG G I 
G G I 
GGG I 

~~~ I 

.,,,"!J;' f' ft ~ GG 
Fr:..-,:tt CG 

... .,., ,, GGG 

rtrF I GGG 
~ •r:rt f GGG 

HH~H 

M H H 

... ......... 
..HM .. .... 

HH .. .. 
.... 

GGGc. l ' "'" I GG GG 

MHM 

H H .. .. .... 
..H H .. .... 
H .. H 

GGGI 
GGGGC--

_ .J GGGG 
GGGG G 

GGG GG .. -
HH ... H ...... 

HHHH.,. 

H HHHt1 

,_.,..H NHNHHH 

I 
II 
II 
II 

Il l 
I I 

II I 
11 11 

NHHMHHHHH I II 
II I 

I I f I .,_.H H HHHtiMMHHHHHWH I I I I 
1 11 1 f MH ... HHH 11 1 1 1 

111 11 11111 J 
It 11 1 t I I 11 11 1 1 1 JJ 

JJ fllll ll lllfllll ll ll lf ll JJJJ 
J JJ I I 11 I It I I I It I 11 I J J J JJ 
.l,IJJ J J 

-80 JJJJJJJJJ 
J JJ .J J JJ 

J J JJJ JJJ 

- 30 0 +30,000 FT 

Figur 60 Primary Flight Path Overlaying Zone of Good GOOP imulation at 
lt itud of 34, 000 F et MSL 

90 



Areas Of lnvest ogatoon 

Satellotu !Demo & I LSI 

GOOP ln:hnat,on , Deg 
Eccentrocoty 

Co•••• 
Satellite/ User Look 
Po_, Varoatoon 
Errors lonospheroc 

Mult ipath 
Clock 

User (Aorcraft l 
Demo 

ILS 

U•• To Sat. Look 21 

Multipath Errors 
Maneuvers 

Antenna 
ln1tallat1on 
Computa, lmple­
men1a•1on 
Acquisition 
ILS Req't 
Antenna Coverav■ 

Multipath Erro , 

U1er To Sat. look 4 

Computer Imple­
mentation 

Airborne Receiver 
Dem<> 

Sensotovoty 

Acquosot ion 

Reaco 

Loop Tracking 

Range Accur 

Velocity Accur 

Sequent ial Channel 
ILS Channel lnterfa,ence 

Channel Switching 
Ground Transmitter (ILSI 

loation 
Po­
Multipath 

S.tellita Dependence 
Environment 

IOC 

20 - 40 
0.268 (Typ) 

y 

Global 

Eggbeater 

Special 
Angular Variation 20 Deg Paramdters 
D11tance Variation 4000 N Mi 

Rate R a 1720 Ft/Sec R a 0.1 Ft/Sec2 
Ma11 

3 To 4 Satellites 
•9 Deg 

6db 
Fur t1 on Of Al t 11, Env,r 

Max 

Sat rd -User Ho-Alt (500 Ft - S0KI 
Free Or iit Performance 

Antenna Cover• f (lat , Long.) 
Airframa 
A ttltude Effects 
Dynamics-Accal, Vibrat ion , Etc . 
Location & Envir Factors 
Rece,ver EMI & Envor 
Optimum & Min Cost Parformance 

Range llo Alt Raq ' ts (1 Mile l 
Cat . I, II , IIIA, B & C 
Acquisition , Acq Decision Point , 
Dec Point -Touchdown & Roll -Out 
Airframe 
Grd Xmtr To A/ C Satellitor•Grd-Aircraft 
Selection Of Best Sateltite(sl 
Optimum ILS Routine 

Envir Dynamics 
Nominal M.,. Nomi nal M.,. 

✓ ✓ - -
✓ - - -
I ✓ - -
- - I ✓ 

✓ ✓ I ✓ 

✓ ✓ I ✓ 

lnvett,gate Po•ible lmplementatoon 
I nvettipte Performarce 
I nvettipte Perform n•:e 

A.:curecy & Ac:q Range 
M .. Acq Raq't 
Transmitta, Altitude & Ta,rain 
Antenna Pattern 
Synchronization (Timingl 
Multipath Variation , Etc. 

11 Sau 
•9 
__ db 
Sam 
As 
y 

But Constella ­
t io n S.lectoon 
(Ref Y Globall 

Same 
As 
y 

Best Satellite 
Select ion 
(Ref V Globall 

Same As Y 

N/ A 

Figur 61 reas of Possible Investigation Re lati ve to pe rati nal 

91 



ATR 0 

BALLOON 0 
LAUNCH PAD 

CTR 0 

I 
r 1 

I I 

MCS 

[!] 0 DTR 

:!, ! 
I I 

I ,' NORTHROP 
I I ~STRIP 

1; ,' I I 
I I I 

NORTH 

I I 
I I 
... ..J 

Figure 62 Northrop Strip Site Configuration 

traffic, For test aircraft safety during the landing tests, the tethering cable was 
tagged and an open communications channel kept to the pilot. Second, the test required 
accurate knowledge of the balloon and aircraft position to evaluate thE: test results. 
Locating sufficient instrumentation around an operational airport while maintaining 
good geometry and line of sight was a formidable problem. At Northrop Strip the 
terrain is almost perfectly flat with no obstructions and virtually no limitations on 
placement of suitable optical inst umentation. 

One operational question r egarding the use of Northrop Strip was the ability 
of the lake b d to withstand repeat d landings of a cargo type aircraft. In the case of 
621B, the aircraft was a converted KC-135 cargo airplane . The California Bearing 
Ratio tests conducted in September 1971 confirmed that such landings w re possible, 
(Ref. 7). 

Another problem was the physical difficulty of working in that area. The salt 
flat and surrounding region are white, pro,.,iding very good solar reflection. During 

92 



tiu' summer months the free air temperature rc'aehed 100“ to llO^F to which the 
effect of heat reflection was added. In spite of very primitive working; conditions, 
however, (he strip did provide a suitable landinfj field for the test aircraft. (See 
Fiyyiri' (>.■? for a \iew of the ILS confij^uration.)

■ .t

At .CHANNEL 2 
TRANSMITTER 
SITE

_____________________________ ■ .-------------------------------------

I'ijfure (13 II.S Northrop Strip Confi^;uration 

3.2 liUtjrM) K(n'Il>.Mi;KT INSTALL/\TlON

For area navijtation tests, equipment installation .vas done at the five sites pre­
viously defined. Fach transmitter .site was configured similarly. The confij^uration 
consisted of transmitter, associated mountinfj and power coniiei-tions, a ix)l»‘ which 
held the antenna at the iiroix'r height, and electric ixiwer provisions. The equipment



located at Corner Site consisted of the calibration receiver housed in the MCS, 
electric power provisions, and poles with antennas mounted so that the signals from 
the transmitters could be received.

The installation period extended from Nov. 1971 to Feb. 1972. While 
the period was longer than that anticipated (due to changes in equipment availability) 
it provided for an installation which wo felt would withstand the desert environment 
adequately, provide ease of equipment maintenance as necessary and provide a 
signal well controlled in both signal level and propagation delay.

3.2.1 Pole And Antenna Installation

On 8 Nov. 1971 the WSMR engineers completed the installation of six power 
poles at the 621B sites, one pole at each transmitter location and two at the MCS. The 
power poles were 50 ft long with 7 ft buried below the surface. The 43-ft 
pole lengths were decided on as a result of a study to eliminate possible multipath due 
to antemua proximity to the ground (Ref. 19). Installation of pole hardware (antenna 
mounts, dishes) was Qnished by 13 N )v. 1971.

Work began on 28 Dec. 1971 to install the uplink antennas with their patterns 
oriented along the flight profiles as dictated by computer simulations performed 
earlier. The pattern orientation with respect to antenna mounts was achieved by 
electro mechanically aligning the antennas at Grumman and locking them into assem­
blies in such a way that the electrical source was aligned in l)oth azimuth and eleva­
tion along a N/S orientation for "A" antenna and along a 43‘^’/223”, azimuth for the 
"B" antennas (Ref. 9). These assemblies were shipped to Holloman AFB intact and 
were installed in the uplink mounts on the poles at the transmitter sites. Great care 
had been taken in levelling the antenna mounts on the poles, so that when the uplink 
assemblies were installed they were properly positioned in the elevation plane. An 
azimuth alignment tool was made that could be attached to the counterweight shaft 
to serve as a sighting references. Figure 04.

CENTER

Figure 64 Optical Alignment Tool 
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The Optical Alignment Tool was attached to the uplink counterw ight shaft, whil 
an engineer on the ground would sight over a surveyed Tru North stakP. with binoc­
ulars and would indicat to the ngineer in th cherry pick r basket th direction to 
rotate th uplink assembly - clockwis or unter clockwi sc , Figure 65. 1/hcn 
th ground engin er was satisfi d that th optical alignm nt tool was trui pointing 
north, the locking bolts wer e a ghtened ther eby locking th uplink ant nna into th 
prop r azimuth and levation. 

For the "B" antennas at WC-50 and EC-50, the ground engineer s ighted over a 
0 surveyed stake that was 43 east of true north. Salt ite and SC-5 0 each had one 

variable positioned uplink antenna. For "A" flights ( / at 34 ,000 ft JVISL) the 
v~iable positioned uplink antennJ at Sa lt and SC-50 is positioned at O elevation and 
O azimuth. For "B" flights (43 TN heading at 34 ,000 ft '1SL) two locking pins are 
pulled, one from the elevation axis shaft and one from the azimuth axis shaft. The 

0 0 
Salt antenna is then rotated 43 ea.st of the north in azimuth and ~2 down in elevatiin 
to the "B" flight configuration. The SC-50 antenna is rotated 43 in azbiuth and 10 
down i. 1 elevation (R ef. 9). 

The alignment accuracies achieved with this techniqu wer e sufficient sine th 
antenna patterns, while directive, provide adequate angular coverag of the aircraft 
flight path when the antennas were nominally oriented along the direction of flight. 

The MCS required two poles in order to maintain good lin -of-sight to the 
transmitters. The poles were placed approximately 200 ft apart straddling a commu­
nications pole line . The MCS was placed b tween the two poles and underneath the 
communications lines , Figure 66, 

Since plans dictated moving the MCS occasionally for other tests, and the road 
paralleling the communications lines was frequently used, we decided to bury the 
antenna lines connecting the MCS with the two poles. This proved to be a poor deci­
sion since the lines going to the north pole (facing WC-50 and EC-50) began to exhibit 
sharply increasing attenuation within a few months. We think this occurred because 
of ground seepage finding a way into the coaxial cables (Spiroline type with solid 
aluminum exteriors) and causing internal rf leakage paths; w had to replace these 
lines . The new ones were not buried but strung overh ad from the pole to the MCS. 
It was inconvenient because they had to b taken down for clearanct3 wlL n trucks 
used the road, but they did not degrade in any way as had th buri d Un s . 

The parabolic dish antennas at the MCS site were optically boresighted to the 
transmitter sites by r emoving th rf feed assembly and placing an alignment tool at 
the back of the dish. This alignment technique prov d to be atisfactory, Figure 67 . 

3. 2. 2 G nerators 

Salt, EC-50 and the Mobile Calibration Station at the Corner Site had to be 
power ed by electric ge nerators. WSMR provided four g n r ators , (on 400 Hz and 
three 60 Hz) which the project engineers (Grumman and USAF) deliv r d 65 miles 
north to the 621B sites . During the period 7 Jan. to 20 June 1972, two generators wcr 
r eplaced and on was sent in for maint nance . The USAF provided on generator 
as backup, and it was quickly phased in as a primary operating at EC- 50. Grumman 
provid d a g nerator syst m consisting of a 60 Hz, 400 Hz, and:?. vdc generators 
power •d by a 6-cylinder dies l engine , mounted on a trail r, and tow d by th MCS. 
It was to l utilized as a backup support to the Army generator s, but the Grumman 
system was the primary sourc f power for th MCS until May 1.972. 
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Figure 65 Optical Aligning "A” Uplink 
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3.2.3 Sites CompU'tod

During the |x‘rio(l 2!) Jan. to 2 F<-1). 1972, the four lla/eltine transmitters were 
installed on work benches at their respt'ctive sites and the calibration receiver was 
installed at the MCS. See Figure (is for completed transmitter site and Figure 18 
for MCS site.

INTERCOM GENERATOR

t W-

Figure (is Salt Site Transmitter Installation 

3.2.4 Ground Site

The balloon transmitter and MCS sites at Northrop Strip were constructed 
during May and Juiu‘ of 1972. The transmitter site, comprised of a 4 by (i ft con­
crete pad with a wooden 1 ft high antenna i'kiU- cemented in the pad, is shown in Figure 
()9. Tlt» 021B transmitter assembly and its external battery Ik»x was supported by 
a wooden Ixmeh that rested on the concrete pad. Ac (00 Hz, lUv) [wwer was supplied 
to each of the three transmitter j.ads by \VSMR-luriushc<l gasoline powered generators. 
Figure 09, shows the "A" transmitter site; sites "C” and "I)" are configured in the 
same manner.

The balloon launch pad was installed as per 021B Program Introduction 492A0 
dated March 19, 1971. Briefly, the balloon pad consisted of seven tie-down anchors 
used to moor the balloon on non-flight days. Fach stainless steel anchor was set in 
a .5 by 3 ft concrete block buried to a depth of .> ft allowing the anchor to be at ground 
level. A 120 ft radius circle about the center anchor was graded and rolled.



Thi' MCS site was lonstructed as shown in Gnimman drawinf; 577AV10135. 
Two wooden poles standing 2") ft alx)\e the ground were installi-d, one- north, one 
south of (>21B survey point (See survey section of l.li and lief. 10 for
coordinates.) Three d>sh and one omni antenna wi-re mounti‘d to the poles as shown 
in Figure 70. It was found after ground rf surveys that the three dish antennas 
were not nec'ded, gri>at!y simplifying navigation solution data rtsluetion. The 
thri‘e dis.. antennas were left niountc'd during tin- flight test program at Northrop 
Strip but were not used. The MCS van, during n.S ti-sting, was parked .'ir) ft north 
of till' north pole. riilG B timing was rf-linked from a repi-ater station on the west 
mountain rangi> into the MCS van’s instrumentation system. The \'I1F antenna used 
to receive IHIG B timing is shown in Figure 70. Two WSMK generators, one 
(50 Hz, llov and one 100 Hz, llov were supplied by the range and were used to back 
up the multiple Grumman generator.

Figure (i!> (I21B Transmitter Site 

;i.;i SITK MFASUBFMFNTS

Upon completion of the design portion of the (521BUser equipment Definition 
and Fxjii'riment Program, it was evident that several system mi'a;.urements, such 
as cable lengths and signal propagation path length between transmitter and the cali­
bration receiver, could only be made after equipment installation in the field.
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. north pole

VHF ANTENNA 
USED FOB IBIG B LINK

,UHF ANTENNA LINK 
TO AIRCRAFT AND 
RANGE CONTROL

SOUTH POLE

OMNI RECEIVING 
ANTENNA

Figure 70 Mol)ile Calibration Ground Site at Northrop Strip 

Three basic kinds of site measurements were performed: a) determination

Ehe C2\b solution, and the other was necessarj- to understand certain asp ^ 
ground system operational characteristics.

As seen in paragraph 1.3.1, the pseudo range from the ith satellite to a user is

given by _ _ • i i /i

where Ri = location of the ith transmitter
• j = pseudo range measurements from the ith transmitter

but bi = clock bias
Ry = user position
e^ = ith unit %'cctor

The user position and clock bias are determined by simultaneously solving the 

signal source origin).
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Th four ps uclo-rang measurements needed are derived from (sec paragr aph 
1. 3 . 2 . ) 

P.= PRK .- P LJ . 
l l L 

whcr PR Ki = pseudo-rang m asur ments obtained at the calibration r eceiver which 
have been r efe renced to the transmitte r locations 

PRUi = ps udo-range mcasur m nts obtained at the user r eceiver 

Now, PRKi ar measured at the calibration receiver located at the MCS . In order 
to r f r nee thes m a.3urcm nts to the transmitter locations the time delay which the 
signal unde rgoes along the path between the point at which the signal is radiated to the 
use r (apparent signal source orgin) and the point at which the calibration 1·eceiver is 
maki ng th pseudo-range measurement, must be known. Thus the secor.d type of 
ground sit mcasure m nt was required before a solution could be obtained. 

Finally, a number of measurem0 nts were made which do no~ contribute directly 
to the solution but ar necessary to insure that the ground system operation is satis­
fa ct ry. These include items such as rf signal line insertion loss, e lectric power 
vo l tag0 and fr equency, and transmitter power output. 

These mcasur ments are discussed in detail in the following paragraphs. 

3. 3.1 Site Surv y 

3. 3. 1.1 Ar a Navigat£on Survey 

The U.S. Army Engineer Topographic Command at White Sands, New Mexico 
conduct d surv ys within the 50 mi area of WSMR at the r equest of the 621B Program 
(R ef. ). The purpose of the surveys was to find the geodetic coordinates of each 
ant nna used in the area navigation portion of the flight test program. The aircraft 
position so lution, which is a product of the flight test program, requires the co0rdi­
natcs of each signal source (antenna) be known to ±3 in. For a detail ed description of 
the survey r quireme nts, see Ref. 9. 

3. 3. 1. 2 Data Adjustments 

As discu ss din paragraph 2. 2. 5, the apparent signal origin within the 
ante nna, i s not visibl , and it is therefore not possible to survey it. We had to ad ­
just the r ported survey data from TOPOCOM (Ref. 10-14) in X, Y and Z to locate 
the apparent s ignal origin. 

When each antenna was manufactured, the electrical signa l rigin was located 
empirically relative to a preselected piece of the antenna mounting hardware . After 
each ass embled antenna was mounted on the WSMR pol es , TOPOCOM surveyed in the 
prese lected visible antenna hardware (a bolt, part of the antennas counter weight 
bracl< t) . (S e Figur 71.) The true position of each signal source is the sum of the 
TOPOCOM surv yecl hardwa r e coordinate plus the empirically derived offset to each 
coordinate . The resulting signal source coordinates are tabulated in Table III A 
th rough [,' for each ant nna configurntion used in the 621B system demonstration test. 

The ante nna configurations of Table III A through F coincide with the flight path 
flown b th NC -1 35 test bed aircraft . Paragraph 3. 5. 3.1 describes the ground track 
cov r eel by each fli ght path. The B prime antenna configuration was added to the pre-
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Figure 71 02111 "A" Uplink Antenna at Salt Site
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Tabl IIT 621B ntenna Coordinates for Area avigation Test 

EC-50 

N • 620,213.84 
E • 514,457.86 
Z • 4,064.72 

EC-50 

N • 520,212.66 
E • 514 ,461 .60 
Z • 4,059.56 

EC-50 

N • 5'?0,212.66 
E • 514,461 .60 
Z • 4,059.56 

EC-50 

N • 520,213.25 
E • 514,459.15 
Z • 4,057.42 

A 
A&C Fligh• ?ath (Nonh- Southl 

Salt Site 

N • 512,481 .14 
E • 491 ,284.63 
Z • 4,084 .65 

Bomb Site 
(SC-501 

N • 492,989.30 
E • 489,198.82 
Z • 4,025.06 

" B" Flight Path 143° NE, 223° SWI 

Salt Site Bomb Site 

N • 512,480.55 N • 492,939.02 
E • 491 ,285.43 E • 489,199.30 
Z • 4,084.44 Z z 4,025.03 

" B - PRIM" Flight Path 

Salt Sit.;!_ Bomb Site 

N • 512,481 .14 N • 492,939.30 
E • 491,284.63 E • 481), 198.82 
Z• 4,084.85 Z• 4,025.06 
" D" Flivht Path (North- Southl 

Salt Site Bomt Site 

N • 512,481 .14 N • 492,981.30 
E • 491,284.63 i. • 489,198.30 
Z• 4,084.85 Z• 4,025.06 

N • 522,490.13 
E • 468,094.67 
Z • 4,033.75 

WC -50 

N • 522,489.84 
E • 468,095.61 
z - 4,025.88 

WC-50 

N • 522,489.84 
E • 468,095.61 
Z• 4,025.88 

WC-50 

N • 522,489.91 
E • 468,093.21 
Z • 4,028.99 

6218 ANTENN~. COORDINATES IN WSCS (DATUM-711 

8 

EC-50 

Y • 453,708.08 
X • 514,454.70 
H • 4,079.51 

EC-50 

Y • 453,708.11 
X • 514,455.49 
H • 4,074.35 

Y • 453,708.11 
X • !>14,455.49 
H • 4,074.35 

EC-50 

A&C Flight Path 

Y • 445,977.06 
X • 491 ,286.54 
H • 4,090.20 

Bomb Site 
ISC-501 

Y • 426,489.46 
X • 489,201 .16 
H • 4,029.02 

" 8 " Flight Path 
Bomb Site 

Salt Site ISC-501 

Y • 445,976.47 
X • 491,287 .34 
H • 4,089.99 

Y • 426,489.18 
X • 489,201 .84 
H • 4,028.99 

"8 - PRIM" Flight Path 

Salt Site Bomb Sita 

Y • 445,977.06 
X • 491 ,286.54 
H • 4,090.20 

Y • 426,489.46 
X • 489,201 .16 
H • 4,029.02 

~ 

"D" Flight Path 

Bomb Site 
,SC-501 

Y • 455,9P3.91 
X • 468,101 .61 
H • 4,070.17 

WC-50 

Y • 455,983.61 
X • 468,102.55 
H • 4,ot2.30 

Y • 455,983.61 
X • 468,102.55 
H • 4,062.30 

Y • 453,707 .49 Y • 445,977.06 Y • 426,489.46 Y • 455,983.68 
X • 514,455.99 X • 491 ,286.54 X • 489,201 .16 X • 468,100.15 
H • 4,072.21 H • 4,090.20 H • 4,029.02 H • 4,066.41 

6218 ANTENNA COORDINATES IN WSTM IDATUM-711 
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Table III 621 n ntenna Coordinates for Area Navigation Test (Continued) 

C 
A&C Flight Path (North- South) 

EC-50 WC-50 

SombSite 
(SC -50) 

N • + 7,732.63 N • - 0.07 N • + 10,008.92 N • - 19,491 .91 

E • - 2,085.28 

Z • - 18.62 
E • +23,173.76 E • + 0.53 E • - 23, 189.43 

Z • + 21 .05 Z • +40.97 
" B" Flight Path (43 

EC-50 

Z •-
NE , 223 

WC-50 

9.93 
SW) 

8ombSite 
(SC -50) 

N • + 7,731 .45 

E • +23,177.50 

Z • + 15.80 

N • - 0.66 
E • + 1.33 

N • ' 10,008.63 
E • - 73,1~.49 

Z • .. 40. 76 Z • - 1 ," 75 

N • - 19,492.19 

E • - 2,084.80 
Z • - 18.115 

N • + 7,731 .45 

E • +23,177.50 
Z • + 15.88 

" B - PRIM" Flight Path 

N • - 0.07 N • + 10,008.53 

E • • 0.53 E • - 23, 188.49 
Z • +40.97 Z • - 17.75 
" D" Flight Path (North- South) 

Salt Site 

Bomb Site 
(SC -50) 

N • - 19,491 .91 

E • - 2,085.:zt. 
Z • - 18.82 

8ombSite 
(SC-50) 

N • + 7,732.04 N • - 0.07 N • + 10,008.70 N • - 19,491.91 

E • +23,175.05 E • + 0 .53 E • - 23,190.89 E • - 2,0l&.28 

Z • + 13.74 Z • +40.97 Z • - 14.89 Z • - 18.82 
0 The above 6210 Antenna coordinatn are exp,~ in 6218 Data Reduction Coordinate System. This 1y1tem hn all .... parallel 

to the corrtttp0nding WSCS .... and with the ume direction •nea. ume point of tangency but with an offat to Cl1rk'1 s,it.,iod 

of 1888 ■uch that the reference pag at Salt Site antenna pole Is N • 0, E • 0 and Z • 0. All di.ta- are mNIUrM in fNt. 

6218 ANTENNA COORDINATES IN 8218 DATA REDUCTION COORDINATE SYSTEM• 
D 

Mobile Calibration Station to " A" Uplink Sienal Path Length 

Channel 1 

Channel 2 

Channel 3 

Channel 4 

Salt Site 

WC-50 

EC-50 

SC-50 

7,037 .80 FHt 

31,672.65 FHt 

17,679.29 FNt• 

21 ,891 .75 FNt 

Mobile Calibration Stat ion to " B" Uplink S, nal •1th Length 

Channel 1 

Channel 2 

Channel 3 

Channel 4 

Salt Site 

WC-50 

EC-50 

SC-50 

7,038.84 FNt 

31 ,671 .68 FNt 

17,682.23 FNt• 

21 ,891.81 Fvet 

Mobile Calibration Station to " D" Uplink Signal Path Length 

Channel 1 

Channel 2 

Salt Site 

WC-50 

7,037,80 FNt 

31 ,673.97 FHt 

Channel 3 EC-50 17,680.23 FNt• 

Channel 4 SC-50 21 ,891 .75 FNt 

°Fo1 Flii,ht 23 and Sub■-quent EC-50 (Channel 3) Peth Lengths 

Are : 

"A" Uplink 17,880.79 FHt 

" B"~plink 17,683.73 FNt 

" C"Uplink 17,881 .73 FNt 

GROUND SIGNAL PATH LENGTH FROM TRANSMITTER SITE UPLINK 

ANTENNA TO THE MOBILE CALIBRATION STATION ANTENNA 
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Table III 621B Ant nna Coordinat s fo r Area avigation Tes t (Concluded ) 

E 

From Mobile Calibration Site Antenna to the Following Ground 
Site Antenna : 

Channel 1 

Channel 2 

Ch nnel 3 

Channel 4 

Salt S,te 

WC -50 

EC -50 

Bomb Site 

7,039.24 FNt 

31 ,6 5.28 Feet 

17,681 .76 Feet 

21 ,892.58 Feet 

6218 GROUND SIGNAL PATH LENGTH FROM MCS 
MONITOR ANTENNA TO EAC~ TRANSMITTER SITE 
MONITOR ANTENNA IGROUNO SIGNAL PATH IN AIR ) 

North Polt F 

Mat For EC-50 I Fligh ts 1 Thru 221 MBte for WC-50 Site Channel 2 

E • 7,035.77 N • 525.48 Z • 14.09 E • 7,024.60 N • 524.88 Z • 10.93 

Mate for EC-50 

E • 7,034.60 N • 524.42 Z • 14.09 I FLIGHT 23 ANO ON ) 

South Pole 

Mate for SC-50 Channel 4 Mate for Salt Site Channel 1 

E • 7,024.47 N • 408,81 Z • 11 .30 E • 7,020.87 N • 413.71 Z • 1.93 

Note : All coordinate values are potitive and are in fNt . 

CALIBRATION DISH ANTENNA FEED TIP LOCATION IN 6218 DATA REDUCTION SVSTEM 

viou sly d scribed and B configurations fo r convenienc in test operations. The B' 
configuration had h C-50 (c hannel ) and Salt Site ( hannel 1), antennas in th A 
position and th EC-50 (chann I 3) and WC-50 (ch annel 2) antennas in the B po ition . 
This mad it possible t test c rtain aspects of th B flight path with minimum r -
orientation of the antenna s . 

In addition to antenna position, the ranges from th MCS site antennas (at Corn r 
Site) to each transmitter site antenna was r equired to be known. This physical distance 
can be converted to signal delay time which is a parameter required for the navigation 
solution. This range , called the ground signal path length in air, was calculated 
using surveyed data. For example , the feed tips of 1;he ish antennas located at both 
the MCS and transmitter site were selected as the survey point for the dish ant~nnas . 
The slant r an e from f d tip to feed tip was onl part f the distanc t ravell d 
the signal. To this tip-to-tip range , an additional length equal to pproximatel four 
tim s thf' coaxial s haft length had to b added to account fo r th tru igna l path length 
i11 air, Figure 72. Both the path length between dishes at the MCS and trans mi e r 
sites dish antennas (see Table III E) as weft as t he ground signal path length betwc n 
the MCS dish antenna and the transmitter uplink antennas v;ere calculated. For this 
second configuration, the physical distance changed as a function of the uplink &ntenna 
that was b ing used to project the signal, see Table III D and Figure 73. 
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TO UPLINK ANTENNA 

t 
TRANSMITTER SITE I 

I 

I 

FEED TIP (SURVEY POINTI 
CORNER SITE FEED 
TIP (SURVEY POINTI 

I 

I 

I I 
I I 

I 

r 
-- -

I I MONITOR DISH 

I I 
I I 
I : 
I I 

lO 
8218 
TRANSMITTER 
AT EC-50, WC-50, 
SALT & BOMB (SC-501 
SITES 

SURVEYED SLANT RANGE ~ 
- ----r------
GROUND~GNALPATHLENGTH 

MONITOR DISH 

______,~ 
8218 GROUND RECEIVER 
IN MOBILE CAL 
ST; TION AT CORNER 
SITE 

Figure 72 Ground Signal Path Length 

GROUND SIGNAL PATH 

MCS 
MCS ANTENNA 

CORNER SITE 

--7 
I 

I 
I 
I 

I 
I g_ 

TRANSMITTER SITE (TYPICALI 

F igure 73 621B Ground Signal Path Length Uplink to MCS Antenna 
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3.3.1.3 W 

Table rrr lists the coordinat s of th G21B ant nna in Whit Sands Cart sian 
Sy t m (WSCS). This e ordinat y tem (R f. 15) has its origin at a p int tang nt 
to Clari e's ph roid of 1 GG, 33° 05' latitude north and l0GO 20' longitud west. ·1 n 
syst mis a plane p rp ndicular to the normal of a point on th surfac of the spheriod. 
All lines north and south ar pa.ran l to 1060 20' meridian, whil cast and west lin s 
run perpendicula r to l0G0 20' meridian. Th syst m assum s a false easting and 
northing of 500,000 ft, northing positive to north, ea.sting positiv to ast from this 
origin. El vations ar h ights abov this plan not mean s a l ev l. 

Al I I ant ran re alculation w r e don using thi y t m (Tab! m E and D). 
WSMR cincthe dolit , DO AP and radar data us d for the 50 mi ar at sting w r, 
r p rted in thi coordinat yst m . 

3. 3.1.4 DntaReduction ystom 

Tab! m C and F lists th coordinates of the ant nnas in the data reduction sys­
tem. This system is identical to th White Sa:1ds art sian Systen". except the origin 
of this y tom wa translated to a ref renc peg located on the transmitt r antenna 
pole at Salt Site (channel 1). There were no rotations of coordinat systems when 
conv rting from WS S to the data r duction syst m. This system wa er ated to aid 
in the reduction of receiver data. Th navigation solution and qui k look radar data 
are report d in this system. 

3. 3.1. 5 W~TM ystem 

Tab! m B li sts th coordinates of th antenna in Whit Sands Trans rse 
M rcator (WSTM) syst m . Thi curvilin ar yst m i s ba ed n a c lindrical surfac 
pa ss d ju t below th ea rth ' urfa , the proj cti n of the ylind r from the earth's 
ph roid urfac i s th grid of th WSTM sy t m. Th origin i s at latitud 32° 10' 

n rth with a fal northing of 100,000ft(Y), and J0G0 20' longitude w t with a fa! c 
asting of 00, 000 ft (X), and II i s the I vati n positi al m an a I v I . Th 

WST 1 sy tom i u. cl for r ang do um ntati on purpo (TI f. ] 5) . 

3. 3.1. 6 Description of IL urvey 

Th ILS urv y wa clh id cl into two pha Th ·rst phas wa s to locat to 
within 3 ft, all f the transmHt r sit , MCS C it nncl MOS sit arc s n-

R f . 17), airstrip boundarie and r I approa h marker . 
for th s it s were supplied to the WSMR Geod • r oup I y Grumman. 
survey , it wa f It that "pinpointin ' ch • t • vas n t n 

sa ry sin on pads and pol had to I c c ts and finaliza•·i o 
of ant •n c oul d not u r unti I gr ound n f Tl • 
Group at WSMR cl v lop0d tra s tation i on h r 
si t (FigurP 74) which r catcc b n twork o L t on 
plu in th oclolit sit invo l h t e t m 'l, c-
essary to " ti " in both ant nna s and th<' rang m ntati a1 o 
that th e BET, d ri ved from th • lata, a avigatio d rom 
antenna p sition could be c ca h oth clct rm p a nc . 
Th • t urv ffort was in April 1972. Rhod EnginPcring 
(pa WSMR) I uilt th gr and runway mnrkings in ca h position defined 
by ti r v y. Grumman p n ta! I d ant nna s at ca h pole whpn on tru ti n 

f th round sit s was on 
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WOODEN PLATFORM 
USED TO SUPPORT
transmitter

TRAVERSE I 
STATION

PAD

Figure 74 621B Transmitter Site Pad

The second ILS survey located the position, to wdthin + 3 in. of each antenna 
and the point called Flare, of the origin of the data reduction coordinate ^^stem for ILS 
tests. The resulting coordinates arc reported in Table f\' A through D. Table I\ A 
and C is a taljulation of antenna coordinates in the WSCS and WSTM ccwrdinatc system. 
Table f\' II lists the antenna e(K>rdinates in the ILS data reduction coordinate system 
(DRCS). For ILS the DRCS is not the same as was used in the 50 mi Area Navigation
Test.

The G21B UHCS is a rotation and translation of the WSCS system such that the 
origin is at ground level position called Flare. This position was located on the run­
way center line at the point below whei'c the aircraft flares duiing a normal ILS 
approach. Fasting, in the 621B DRCS, is positive to the southeast at a heading of 
970 15' from WSCS grid north, northing is ixisitive to the northeast at a heading of 
07° 15’. Z is positive upward and is parallel to WSCS Z axis. All other coordinate 
system characteristics are the same as WSCS, Figure 75.
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Z PARALLEL TO WSCS Z 

121 B SYSTEM ROT A TION 
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WSC~ GRID SYSTEM 
TRANSLATED TO FLARE POINT 

Figure 75 ILS 621B Data Reduction Coordinate System 
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Tabl IV D al o ontain the Calibration Signal Path Length, (Figure 76) which 
i s the phy ical length (distance) th 621B signal travels from the transmitting omni 
antenna to the receiving omni antenna at t e Mobile Calibration Station. WSCS co­
ordinates wer us d to ealculat this path l ength. 

3. 3. 2 Resurvey and Installation Accuracy 

3. 3. 2.1 Accu racy and Resurvey of 621B Hardware 

The ac uracy of the 621B survey data is stated to be within + 3 in. for X, Y and 
Z coordinate valu s . That is, 1.ch coordinate va Jue r esides in a 6-: in. diameter sphere 
of uncertainty . Th Topographh.! Command Survey group established triangulation 
stations , in th ar a of the 621B hardwar . These "known" stations were used to 
develop a base from which the 621B coordinates were derived. The base network is 
known to much greater accuracy than most other points on the range (1. 67 x 10-6 , 
Ref. 16). Th accura yofthe621B survcy data is a:unction of wh at base network was 
used to mea urc (optically) each antenna point. The WSMR Topographic Command 
determined what ba shoul d be used, what angle should be tak n and how the data net­
works should b d v loped so as to sati sfy the ±3 in. r equirement of the 621B program. 

Table IV I LS Anbmna Coordinates 

ATR Channel 1 

E • 473,858.03 
N • 458,975.M 
Z • 3,855.57 

FLARE Point 

E • 474,634.75 
N • 457 ,163.98 
Z • 3,851 .60 

A 

DTR Channel 2 

E • 478,818.88 
N • 456,911 .18 
Z • 3,858.13 

CTR Channel 3 

E • 473,427.89 
N • 455,601.40 
Z • 3,850.45 

BTR Channel 4 Mounted On Ballon, 
Tethered In The Area Of : 

E • 473,636.39 
N • 457 ,290.86 
Z • 3,850.49 

6218 ILS ANTENNA COORDINATES IN 
WHITE SANDS CARTESIAN SYSTEM IWSCSI 

ATR Channel 1 

X • 473,863.55 
Y • 392,482.96 
H • 3,912.24 

C 

DTR Channel 2 

X • 476,823.83 
Y • 390,418.94 
H • 3,915.70 

CTR Channel 3 

X • 473,433.50 
Y • 319,109.43 
H • 3,914.57 

BTR Channel • Mounted On Balloon, 
FLARE Point Tethered In The Area Of : 

X • 474,640.11 X • 473,64'1 .95 
Y • 390,871 .67 Y • 390,798.52 
H • 3,910.98 H • 3,910.82 

Note : The above channel pl-ment is valid for fli9ht1 26 
,ind on. Flieht 24 and 25 channels one and four 
,,..,. interchan,■cl . 

8218 ANT ENNA COORDINATES IN WHITE SANDS 
TRANSVERSE MERCATOR SYSTEM IWSTMI 
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B 

DTR Channel 2 

E ~ +1999.82 
N • + .38 
Z • + 8 .53 

Fie,. Poirot 

E • 0,0 
N • 0.0 
Z • 0.0 

Calibration Site 
A TR Channel 1 Omni Antenna CTR Channel 3 

E •- 996.96 E • +999.01 E • - 1000.10 
N • + 1,199,26 N • + 4.•2 N • - 1702.35 
Z •+ 3.97 Z • + 18.06 Z •- 1.15 

ILS 8218 ANTENNA COORDINATES IN 8218 DATA 
REDUCTION COORDINATE SYSTEM 16218 DRCSI 

D 

Calibration Sitn■ I Path Lenflh 

ATR Channel 1 to MCS Antenna 2,820.04 FNt 
DTR Channel 2 to MCS Antenna 1,0Cl1 .19 FNt 
CTR Channel 3 to MCS Antenna 2,628.M FNt 
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Figure 76 Calibration Signal Path at orthrop Strip (ILS) 

DTR 
CHANNEL 2 

During th buildup of the field test, surveys were conducted at various stages. 
The first surv located the poles at each site before the antennas were installe . 
This first pol survey (Ref. 10 through 14) aided in the development of the data r€:­
duction program tmd also served as a check on future surveys. When the antenna 
survey was completed, the surveyed pole positions were used as a gross check on 
th antenna coordinates. Another useful function of the pole coordinates was to verify 
s lant rang . fr m antenna to antenna. As a check on one of the slant ranges, we 
r GU st cl TOP OM to r survey th e pole to pole distance betw en th Corner 
Site south pol and the pole at C-50 (channel 4) using a technique independent of the 
previous optical survey. This check was done with a radio device Figur 77 
call d an El ctro Tape made by Cubic Corp. (Ref. 17). The results of the optical 
t chniqu yielded a slant range of 21,892.43 ft (Ref 12 and 14), while the range mea­
sur dwithth El tr Tap was 21, 92. 56 ft(Ref. 17), a differ nceof0.13ft, w II 
withi n th a ura y rcqui rem nts of the test program. 

The sam south pole at Corner Site experienced storm damage from a thW1der­
storm on 12, July 1972. After the damage was repaired, the antennas were r sur­
vey d and found to b within 1. 5 in. of their previous position. Another resurvey 
was requested when w hang d mounting hardware on th e EC-50 Corner Sit 
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ELECTBOTAPE

Figure 77 621H Survi-y t’rews Using Klectrotape to Measure Slant Range



dish. Th switch in ha rdwar was rcqui r d to meet multipath t sting requirements 
at. orthrop trip. Th • resurvey (Ref. 1 ) show d the n w mounting ha rdware held 
th dish clos r to th pole than u for thus incrLasing th slant ra11.ge between th 
t r an mitt r it EC- 50 di h and Corn r Sit r ceiv r cti h by 1. 5 ft . The incr a ed 
rang is hown in Tabl N D. 

3. 3. 2. 2 Pol Movement Indicator 

The pol movement indica tor is a 3-ft m ta! tube mounted perpendicular to the 
wooden antenna pole with 0. 020 in. Mon I snf ty wi re ti d to one end and a llowed to 
hang freely to iround 1 vel, Figur 7 . A plumb bob was suspended from the safety 

ir and allowed to come to rest at ground level. This "rest" position was then 
marked on the surfac of the ground by driving a ste 1 T-pin at fo e r est point, 
Figure 7 and 79. 

This procedure was follow ed at the time of the antenna installation on the wooden 
poles before flight testing began . During the fiv e-month flight testing, the rest posi­
tion of the plumb bob was checked and found to be within O. 5 in. of its original 
position (exception below) where movemen t of _:!: 3 in. was felt to be acceptable. This 
check was done two ways; the first was done as described above by using the plumb 
bob. The second me thod, performed by TOJ?OCOM, used two theodolites to optically 
"drop" the point at which the wire was tied to the tube to ground level. This optical 
method confirmed the plumb bob results. Checks using the plumb bob were performed 
four times at each of the six antenna poles. During the five-month flight tes ting 
period, th€se checks were done during extremely low wind conditions since during 
windy day •,, the plumb bob would not stabilize enough to give repeatable results. 
Figure 79 hows how the plumb bob is deflected by a wind loading on the monel wire 
suspendin l)" the plumb bob. When the wind subsided during this same test, the plumb 
bob re tururd to the T-pin rest position. 

On the night of 12, July 1972, a storm with winds in xcess of 50 kt passed 
through the 50 mi area of WSMR. Nine telephone poles suspending multiple rows of 
copp r ommun.i cation wir s w r hear d off at gr ound le cl and thrust ove r th 
l\1CS at Corn r Sit . The re ulting dama to th MCS wa mall, but the south pole 
with th dish antennas that lo k toward SC-50 (chann I 4) and Salt Site (chann I 1) 
was tilt d wh n th ommunications lines fell on th pol guy cab! system, Figur s 

0 and 1. Wh n the damaged ommunicatiou line pol w r removed, th pole 
mo vem nt plumb I b wa us d to measure th e am unt of t ilt in the p le . Th plumb 
bob ca m • to r st 9-12 in. from its ori ginal T-pin r s t p ition. Thi s was consid r d 
an tL'la cecptablc amount of mov ment. Civil cngin c ring at Rh des C nyon r eturn d 
th south pol to its oc-iginal position by using th plumb b b/pole mo vement indicat r 
sys tem as a guid . The pol wa return don 1 July 1972 to within 1 in. as mea-
sur d b th plumb bob and T-pin match, Figur s 2 and 3. This r esult was v ri-
fi d by a rcsur v y of both ant nna on the outh pole by TOPOC M on 24 July 1972. 

3. 3. 3 Ground Syst m Calibrations 

Calibrations of parameters such as signal delay through cabl s, link delays, in­
sertion loss, and interaction of ant nnas w re obtained in order to provide necessary 
parameters us d in the navigation solution and to isola t possibl sources of erro r . 
As exp den e was gained in the t st syst m behavior w found additiona l calibration 
n cessary to pre isely defin the ground syst m chara t risti s. 
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Figure 79 621H Pole Movement Indicator Plumb Bob and T-Pin Check
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Figure NO South Pole Movement as a Hesult of Wind Damage
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3. 3. 3. 1 Ground System Calibration Summary 

A. Calibrations Planned at the Start of Field Operations 

Calibration Type 

1. Align all grnund antennas 

2. Establish satisfactory link 
power 

3. Determine the signal path 
time delay from transmitters 
to the MCS 

4. Insure that signals directed 
to the aircraft are not inter­
ferring with those directed 
to the calibration receiver 
at the MCS 

Measurement Techniques 

Antennas and mounts were mechan­
ically aligned at Bethpage for each 
site, Antenna assemblies were 
mounted on site poles and visually 
aligned with survey markers at 
WSMR (see paragraph 2. 2) 

Transmitter power output checked. 
Cabling VSWR and insertion loss 
measured. Appropriate attenuation 
placed in links so that power levels 
from the sites were balanced at the 
user end (aircraft) and at the MCS 

Measure cable time delays using a 
test signal and the receiver. Mea­
sure link time delays using the stable 
oscillator technique (described later 
in this section). Use envelope de­
tector to detect possible multipath on 
links 

This was done by measuring the pow­
er level of the two different signal 
sets at the MCS and then making the 
proper attenuator adjustments so 
that interference was minimized 

B. Calibration Added After Operational Experience Was Gained 

Calibration Type 

1. Probe rf field at the MCS 
to determine if rec,-:iiving 
antennas wert:l at suitable 
locatipns 

2, Cable megohm tests to 
check cable rf integrity 

3, Investigati n of possible 
multipath on Salt link 
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Measurement Techniques 

A simple dipole antenna was used to 
probe the vertical field in front of 
each receiving antenna at the MCS 

A meggc r was used to determine if 
rf horts were present in the Spiro­
line cabling due to moisture entcri11g 
the cable 

We obsetved signal variations at the 
MCS when vehicles were driven along 
the road that crosses the Salt rf link. 
A terrain survey was performed to 
see if an analytical justaication of 
the observations could be obtained 



Calibration Type 

4. L1vestigation of low power on 
WC-50 link 

5. Measurement of transmitter 
internal delays 

6. Salt uplink antenna orientation 

7. Uplink antenna interval 
delay measurements 

Measurement Techniques 

Cable loss measurements and trans­
mitter power output tests performed. 
A terrain survey along the link path 
was performed to analyze possible 
multipa th ffects. Signal polarization 
at the antenn· s was check ~ 

The receiver was used to measu:-:-e 
the internal delays in the transmitter 
between the uplink and monitor link 
outputs 

Special flight profiles were used to 
determlne if the Salt uplink antenna 
patte m was oriented N/ S. The air­
craft crossed the N/ S flight profile 
at 90° and made signal level mea­
surements 

The uplink antennas we re installed on 
a specially developed site near the 
MCS and the calilJratio receiver was 
used to measure the apparent signnl 
delay th rough the antenna as a func­
tion of antenna orientation. 

The greatest amount of time was spent trying to determine the time delay be­
tween transmitters and the calibration receiver. Our goal was to lmow this time de­
lay within 1 nanosec. As testing progressed, it became obvious that th0 actual signal 
path was varying by amounts larger than this amount and in tt,, desert environment, 
could not be stabilized for measurements of this quality. 

We started out by using the envelope detector to deteruine if multipath existed 
on a link, and using the stable oscillator technique to measul'e link delays. 

The envelope detector technique is a teE:t method that permits examination of 
the envelope of the received 621B rf signal. If no multipath is present the phase 
change notch will be unaffected (that is, it goes practically to z ro) as shown in Fig­
ure 4, The presence of multipath produces a disto rted signal envelope, that is, the 
notch is filled in or changed in shape , Although the envelope de tector does not pro­
duce a quantitative measure of multipath conditions, it can ve rif • the absence of multi­
path. Limited tests indicate that multipath producing as little as 2 nanosec 
tracking error produces an obvious distortion of the phase change notch. 

The envelope detector is shown in Figure 5, The received rf signal is amplified 
(60 db) to a level sufficient to be displayed on the sampling scope with a s ignal to 
noise ratio that permits examination of the phase change notch. The scope is triggered 
by the boosted envelope which is obtained by the detector and video 2.mpli ·ier. A 
signal of -50 dbm at the input to the amplifier-filter is the minimum that may be used 
to keep larger signals within the linear range of the amplifier-filter . special code 
plug is required in the transmitter to provide a short code (approximately 320 IA s 
period) because the normal 3. 3 second code period do s not provide enough data points 
per second to operate the sampling scope. This increased th tran mittcrs short 
code rate by 10+4 per second. 
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AMPLIFIER ­
FILTER 

28V DC 

DETECTOR 

SPLIT 

+SV - 5V 

VIDEO 
AMPLIFIER 

TEKTRONIX 
SAMPLING SCOPE 

D 
352 

0 
INPUT 

5648 

3T2 

EXT 
UHF O TRIG 

' SYNC 

Figure 5 Envelope Detector Setup 

The en elope d tector was used to detec t multipath conditions over the Salt 
link. Th :>. Salt monito r signal level varied as trucks drove by on the road that passes 
through the Salt link. This variation in power as a fW1ction of truck location was also 
observed in th recorded data. The signal has been observed to dip 15 to 20 db due 
to passage of a large truck. Therefore, roadguards were stationed at each end of the 
road to stop traffic from affecting the signal during an aircraft data-taking pass . 

3. 3. 3. 2 Delay Measurement Techniques 

A method of de termining link delay is shown in Figure 6. The delay measure­
ment technique consists of stabilizing a 621B transmitter and the 621B calibration 
receiver, each with a separate cesium frequency standard. The transmitte r and re­
ceiver are direc tly connected to obtain a reference reading. The transmitter and its 
cesium standard are then transported, while operating continuously, to the other end 
of the link to b measured and another reading at the calibration receiver is btained. 
Basically, the delay in the link is the difference between the two readings. However , 
because the relative change in the two cesium standards during the time it takes to 
travel to the far end of the link was significant, it was necessary to correct for this 
drift. This was accomplished by returning the transmitter/cesium standard to the 
receiver to ob tain another reference reading. The measurement was then corrected 
by approximating th drift between reference readings by a straight line . 
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Figure 6 Link Delay Measurement Setup 

Cable time delays were measured by two different procedures. The first was 
to place the calibration receiver in the self test mode. A cable of known length and 
known delay time was connected to the 621B rf cable at one end and connected to the 
antenna at the other end. The receiver then locked onto the signal and the fine range 
was recorded. The known cable was then taken out of the loop, the unknown cable 
reconnected to the antenna, and the rece ver was allowed to lock once more. The 
second fine range reading was subtracted from the first, with the difference being the 
delay time of the unknown cable mounted on the pole. 

The second method utilized a Hewlett Packard Time Domain Reflectometer. All 
the 621B cables were remeasured using this instrument and the values measured were 
compared with the self test method. 

Non-repeatability of the cable signal delay measurements could be caused by a 
low resistance between the conductor and the protective shield of the Spiroline rf 
cable. Megohm tests indeed revealed such vas the case, and it was discovered that 
hot desert days and cool nights induce condensation inside of the rf cable. This was 
responsible for the difference in delay measurements occasionall;, observed or some 
cables. Tha solution was to periodically purge the lines with nitrogen gas and then to 
check each cable with a "megger" to insure that all electrical shorts had been removed. 

Another problem was discovered in the monitor link. The monitor link signals 
(codes) were to be precisely delayed by 200 nanosec relativ to the uplink cod . 
This delay was introduced to insure rejection of monitor link signals at the aircraft; 
how ver, it was discovered during tests of monitor link versus uplink codes that this 
del<>:-,· was not precisely 200 nanoscc, and was not stable. This decreased the 
solution accuracy drastically. When it was discovered that the calibration receiver 
could lock onto the uplink antennas, the monitor links were discarded and the MCS 
began rE>ceiving the code that the aircraft was seeing. 
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In studying the age levels on the initial 621fl flights, it was determined that the 
shaped beam uplink antenna on channel 1 did not give the proper signal level when 
th aircraft flew a straight north/south pass. On flight 10, runs and 9 were flown 
perpendicular to the A night path (north/south-34, 000 ft MSL). 

The received age levels indicated that th uplink antenna at Salt Site was electri­
cally misaligned 25° east of north. A crew went to Salt Site rotated the antenna 25° 
to the west, which aimed the shaped beam toward the aircraft's flight path. Later, 
examples of signal levels confirmed that this indeed was the correct positioning of 
the antenna. 

The above tests were concerned with th G21B Ground System. Certain test' 
were conducted on the airborne system which included EMI, VSWR, system air 
worthiness and uplink antenna patter11 verification prior to the tart of the formal 
flight test program. Thes tests revealed certain minor p oblems of the test system 
originating from aircraft related factors. The Hazeltime receiver would occasionally 
lose lock on self test when the number one engine started. IRIG timing would inter­
mittently lose sync during transfer from external aircraft power to the internal air­
craft power generating system. During the ILS Test, the l\ffiL receiver occasionally 
lost lock when the aircraft touched down and did not regain lock until the succeeding 
dat::i run. These problems, once accounted for, were either fixed or if the impact 
of the problem on the test results was negliglble, or if impossible to correct, the 
problem was acknowledged and liv d with. 

3. 4 FLIGHT EQUIPMENT INSTALLATION 

The airborne equipment for this test consisted of the MRL 621B receiver, HC 
621B receiver, antenna installations, Grumman data interface system, and Air Force 
instrumentation recording system, Figure 7. 

The equipment was installed in the NC-135A (AF 60-371) at KAFB immediately 
following completion of the System Integration Test conducted at Grumman in Bethpage. 
Checkout of the aircraft system paralleled ground system buildup during Jan. and Feb. 
Aircraft system acceptance tests (described in paragraph 4.1. 1) were successfully 
completed before the first data flight. 

The equipment was located in th C-135 as shown in Figure 

The aircraft iR used as an electronic test bed. As a result it is primarily out­
fitted with standard relay racks for equipment installation and has special environ­
mental controls to handle the heat loads. Tlie actual installation is shown in Figures 

9 and 90. 

The antenna system was designed to be able to select top or bott.om antennas 
{ILS or Area avigation Test respectively) and to insert a fixed amount of attenuation 
in series with th signal. The location of the antennas on the aircraft is shown in 
Figure 91. A sc hematic diagram showing the rf connections between the receivers 
and the antenna is shown in Figure 92. Table V corttains measurement data on the 
rf los s of the aircraft antenna system. 

3. 5 TEST DESCRIPTIO 

This section contains a description of the various system evaluation testing ac­
complished during this effort. Tests can be separated into two groups. 
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Figure 87 Flight Equipment Block Diagram 
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Figure 92 621B Antenna Installation in C-135A 
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JACK 
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JACK 

Table V Total ignal Loss in ntenn System Antenna Jack to R c iv r J ck 

Top Antenna 
Bonom Antenna 

Attenuat ion In Attenuetion Out Attenuation In Attenuation Out 

HC 1 G • 0. 1 db • atten 15.8 + 0.1 db 8.8 • 0. 1 db + atten 8. 1 • 0. 1 db 

MRL 16 + 0. 1 db+ atten 15.4 • 0. 1 db 9.0 , 0. 1 db ♦ 1tten 8.4 • 0.1 db 
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• Hardware tests which demonstrated individual box and system integrity prior 

to flight. These indude acceptance tests, system integration tests, and 

preflight readiness tests 

• ystem valuation tests in aimulated operational environments. These in­

clude Arca avigation flight tests, !LS type approach and landing navigation 

flight tests, and ground user multipat!1 tl'sts. 

A description of the objectives, metl:odt,logy, :md configurations of these tests 

is presented to a level sufficient for understar1ding of test results given in Volume ill 

of this report. 

3. 5.1 Equipment Test Prior to Flight Evaluation Phase 

3.5.1.1 Acceptance Tests 

A form of acceptance testing was perforrn.ed on all the hardw re elements in the 

test system. We called it "readiness" testing to place more emphasis on hardware 

compatibility of the system and certain aspects of hardware performance thought to 

be essential to obtaining more valid results than "acceptance" testing normally im­

plies. Test procedures and criteria were developed for the following elements: 

• 621B Receivers 

• 621D Signal Transmitters 

• Controls and Displays for both aircraft and ground equipments 

• 621B data interface and control box s 

• Antennas, including those used for aircraft, uplink, and monitor links 

• Aircraft and ground me hanlcal installation kits 

• Mobil Calibration Station installation. 

The readiness tests were completed for the transmitters, HC ground receiver, 

MRL receiver, interface and controls, and antennas prior to start of the System In­

tegration Test in December 1971. These tests included: 

• For all efillipments: Temperature cycling, vibration, functional tests of all 

controls, mechanical integrity, and EMI. 

• For receiv rs: Signal acquisition, range and range rate measurement ac­

curacy under various signal conditions, and anti-jamming margins 

• For transmitters: Signal l ~l oull)ut, signal spectral purity, and signal 

coding composition 

• For interfac uwt:s: Calibrations of analog environment sensors and com­

patability of data formats to instrumentation record d 

• For antennas: Ant nna SWR, coupling levels b tween test probe and antenna 

(where applicabl ), and ant nna radiation patterns. 
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The HC airborne receiver initially exhibited a deficiency in channel sensrnvity 
to received signal strength, but was found acceptable to waived requirements after modi­
fications were completeC:. This subject will be discur;sed in more detail relative to its 
impact on overall test results in Volume m. 

Although the most important figur e of merit considered before shipping equip­
ment to t:he field was how well the system would perform together in a bench environ­
ment, it is worth reviewing the pertinent performance characteristics of the receivers 
alone since they are the heart of the test system. (The bench system behavior will 
be discussed in paragraph 3. 5. 2.) Each r ceiver was required to comply with the 
following criteria as established during the t.est program definition phase: 

• Maximum Dynamics(!) 

R = 
.. 
R = 

R = 

MRL 

for Measurement 
Accuracy 

7000 ft/sec 

175 ft/ sec2 

0 ft/sec3 

.•. 3 
• Maximum dynamics for tracking, R = 320 ft/sec 

• Measurement accuracies at -140 dbm to -80 dbm 

- Standard deviation: 1 u 

- Pseudo range (e.:ch channel): 5 ft 

- Pseudo doppler (each channel):. 05 ft/sec 

• Measurement Bias Error at -135 dbm to -106 dbm 

HC 

for Measurement 
Bias Error 

3500 ft/sec 

88 ft/ser
2 

0 ft/sec3 

- Pseudo range (each channel referenced to channel 4) 3ft(max for HC 
waived requirement) and :!: 0. 5 ft (max) for MR L 

• Antijam margin for input signal at -130 dbm: 45 db (min) 

• Acquisition at -123 dbm 

•· Minimum 0. 7 probability of lock-on on first try with R Zero and 1405 
ft/ sec 

• Maintain Lock 

- Down to -143 dbm with ze ro dynamics for 1 minute 

••• 3 
- Down to -140 dbm with R = 320 ft/sec for 0 test cycles 

(1) Specified limits of R, R, and'it' arc upper limits; none may be exceeded when mea­
surements are required. 
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• Digitizer Characteristics 

- Pseudo-range resolution (per channel): 0, 5 ft 

- Ps udo-range resolution (pc r chann l) 
count d ov r 0.1 s c nominal: 0. 05 ft/ s c 

• Output haract ristics 

- Five sets of measur ments (i.e., tim , pseudo ranges, pseudo range rates) per s cond. 

3.5,1.2 

Th System Integration Test (SIT) wa . designed to demonstrate the system in the laboratory . The test utiliz d 1h four transm itter , the airborne system, the MCS, and the softwar e . In addition, the envelope d tector (multipath cletector) and the stable oscillator delay measurement techniques (used to calibrate ground system), were demonstrated. 

The four transmitters were hardwired to the airborne and MCS receivers via cables where the cable rf signal delays were selected to simulate a known position . Airborne and MCS data were recorded, using two different airborne received signal levels, and processed using the software (data flights 47, 48, and 49, ) In addition, loss of lock on one channel was demonstrated on data flight 50, The hardwired set-up block diagram is presented in Figure 93 with the coupling control shown in detail in Figure ~4. 

AIRCRAFT 
SYSTEM 

TRANSMITTERS 

COUPLING 
CONTROL 

TO TAPE RECORDER 

Figure 93 Hardwired Block Diagram 
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Diavram 
Symbol 

A, D
1

- D4 
A 
A,F 
A,F 
A,F,K,H 
A,F,E.H,L 
A,F,H 
G 
C1 - c5 
e1 - e2 
J 

A 

TO 
AIRCRAFT 
RECEIVER 

Ouantoty 

5 

1 
2 
2 
4 
4 
6 
1 
5 

2 

Descr1p11on 

F i>ted Attenua tor , 60 db 

Fiud Attenuator, 40 db 
Foxed Attenuator 20 db 
Fo>ted Attenuator , 10 db 
F,ud Attenuator , 6 db 
Fo>ted Attenuator , 3 db 
Foxed Attenuator , 1 db 
Lone stretcher , 50 ohms 
Power spl itter 

Hyhrod 14 input~. 1 outputl 

Hybr id 12 inputs, 1 n.itou:I 

MULTIPATH 
SIMULATOR r---------, 

I 
I J 

I 

I 

Comments 

Similar 10 NARDA r: 771 

Simi lar. ,, NARDA J:77 1 
Somil~r t NARDA : 77 1 
Similar I IJ ARDA :::77 1 
S1m1lar 10 ARDA : 771 
S,m,lar to NARDA J:77 1 
Similar to NARDA : 77 1 

FROM TRANSMITTE RS 

T3 T 4 T 2 T 1 ( DEMO ) 
OUTPUTS 

7 
I 
I 

L __________________ J 

Figure 4 Coupling Control 
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The hardwired set-up also contained a multipath simulator in the signal path fror,l one transmitter (Figure 94). Three differential delays were set-up and data recorded and processed (data flights 51, 52, and 53). The envelope detector was demonstrated using the multipath simulator. The results indicate that multipath pro­ducing as little as 2 nanoseconds tracking error can be detected. 

In th radiated test, Figure 95, a radiation link was introduced in place of the 
hardwired link for one transmitter and system performance evaluated WJder these 
conditions (data flight 54). 

T3 

OMNI 
OR 
DIPOLE 

TRANSMITTER 

APPROXIMATELY 
250 FT 

OMNI 

Figure 95 Radiation Link 

COUPLING CONTROL r--------, 
: I 

I 
I 

I I 
:_ ______ j 

PLANT14 

The envelope detector and s:able oscillator delay measurement techniques were demonstrated on the radiation link. The envelope detector was used to observe the multipath effects as one antenna was changed in height. The stable oscillator tech­nique was used to measure the signal delay on the radiated link. The measured value was 181 nanosec while the calculated value was 177 nanosec. (Later in the program the measurement technique was modified to include corrections for cesium drift.) 

The primary result of the SIT was a demonstration of the system's ability to work together, produce the appropriate data tapes, and produce a navigation solution with the developed software within a predicted error band. The SIT configuration dif­fered from the eventual WSMR configuration in the following areas: 

• Hardwir d rf links instead of the transmitte r to calibration receiver and 
transmitter to aircraft WSMR links 

• No simulation of aircraft dynamics was attempted 

• The software utiliz d was not completelJ finalized although the basic solution 
routines wer representative of the final configuration 
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• Th transmitt rs w r riven off a common oscillator instead of using indi­

vidual os illators as at WSMR (see below for reas<'n why this was n c s-

sary) 

• Simul taneous r cording of "aircraft" r ceiv<'r data with calibration r ccciv r 

data was not possibl since only on -recording system was available. This 

meant Lhat the calibration r civcr data had to be extrapolated ahead many 

minut s while the recorder was transferred to the "aircraft" r ec iver. We 

d cid<'d to us a s ·ngl oscillator to ct ive th four tran mitt rs implif 

th data proc ss ing and e rror analysis. 

Th re ults of the various SIT tests present.!d in Table I show th SIT data to 

within th predicted error bands . We w r ver y 1..-ncourag d by this since th tes had 

some built-in prohl ms and was difficult to con ·· 1 t . For instance, the solution point 

was v ry sens1 1 o the hardwar c bl 1 ngths . Th cabl lengths h d e c o e . 

to simulat th aircraft position nominally at ' , Y = 0 and Z = 56 ft using a mm -

rical Y transmitter grid . Sine the di mensions we re so s mall, mino r cable len th 

errors caus d large changes in th0 computed p sition, or worse, no solution point at 

all du e to ph sically unrealizable geometry. 

3. 5. 1. 3 Flight Readiness T st 

To demonstrate an adequate level of system performance before beginning 

tests to assess system accuracy, a flight readiness test plan was created which defined 

test procedures and pass / fail criteria. The flight readiness test was considered a 

major milestone and had to be passed in a specified time period after the start of fi eld 

testing. These readiness tests were actually separated into three parts: 

• Preflight ground system readiness 

• Preflight aircraft system readiness 

• In-flight syst m readin ss 

Th preflight ground s st m r adiness consisted of physical compl tion of site 

installations , functional t sts of equi ment in place at the sites , and calibration of ap­

prop iat quipm nt, cabling, and signal paths. The ground readiness t st was con-

due d on · e . 14 and 15 \\ • h th followin re ults. 

• Sites were s sentially completed with the exception of the de battery suppli 

The battery box ·nstallations were in process at the time . The sites were 

ccnsidered satisfactory from an installation standpoint 

• Functional '!hcckout of the sites went according to the procedure f r the mo 

part. An inabili t of the r cciv r to lock on hann 1 A was not d - thi ·,\ a 

lat r cl t rn in d to b th r sult of misadjustment in the acquisiti on circu· tr 

which allow d lockup on chann 1 B but not channel A and was n t consid r<•d a 

t st f::ilur since the r civer only needed to fun tion on on of th hann l 

with th oth • er ing as a backup 

• Ground calibrations \ r not done with the exception of transmitter power 

output which wa satisfactory. Calibrations of signal path length ov r th 

ground link by c sium beam techniques (paragraph 3. 3. 3) , en lope etector 

tests , and cabl ins rtion lo s and VSWR checks were t to be accomplish d. 
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Table VI S stem Integration Test Summary 

Test Dncription Criteria for Acceptable Results Actual Test ANUltl 

/" 

X y z )( ' i X y z )( y i 

Test #1 • Airborne receiver , - 123 dbml " 0 8ft 0 8 56112 0 0 .1 0±0 .1 0±0.1 " -3f1 5.2 59 0 .1 0 -0.7 
e MCS receiver , - 106 dbm fps 

using RF -IF A l o 2ft 2 5 0 .2 0 .2 0.5 l o 1ft 1 3 0.1 0 .15 0.8 
fps 

Test :: , • P ·•borne receiver , - 123 dbm " 0•8 0 •8 56 12 010 .l 0 0 . 1 0 0. 1 " -3.5 5 60 0 -0.08 -0.3 
• MC\; rec,uver , - 106 dbm 

using RF IF B l o 2 2 5 0 .2 0.2 0.5 1o 1 1 3 0 .03 0 .05 0 .2 

Tm #3 • Airborne receiver, - 123 dbm " 0 8 0 8 56 12 Ot 0 .1 Ot 0 .1 0 0.1 Test only applies to HC airborne receiver and 
using Channel 8, MCS wa, not attempted due to 
r-iver, - 106 dbm using 1o 2 2 5 0 .2 0.2 0.5 ICheduling constreints 
RF-IF A 

Test #4 • Airborne r-iver, -140 dbm Not 1PKified for - 140 dbm, reeul•1 lhould " -7 9 70 0 0 .2 -0 .9 
• MCS r-iver , - 106 dbm only be conliltent with tel1 •tup I 

u1ing RF·I FA l o 4 4 10 0 .11 0 .4 0 .8 

Test #6 • Airborne r-iver, - 123 dbm Channel #1 lifnal i1 interrupted for 30 ac: . 
• MCS r-iver , -106 dbm Data pr_...ng iyttem lhall recogniH thi1, 

Ullng R F-1 F A give the proper ,,_...., and not attempt • 
111lution 

Tm #ti 

•11• Oi.lt • f.OC • .. . . ,c .... ••otu .. 

... , , ... •••••• lloJ •J •I • . ,,, . ... ... , . " ·' ... , ... .. , ... ,,. , •J ,11 • • • J " ·'' IJ ,1 1 U,I "'' , .,. •• ,, ,,11 o1 ., ... •. u • • . J , ···•' . .. , ... ,, . ... ,,, .. , .,.,, ,., , ·• ·' ' ... ,, ... , ... ,, .. . . ..... ,1 .. J, 11 ..... ,.,. .., . .,. 1 ... , , .,. , . .. , ... ., •• J >,n, ... ,. .. ,. ... , ·•·· • • • , t' J i, •• , .. , ,,1 , J ,.,, .,. u .... .... ... , 
''", ,1, . .. , ... ,, .. , , ... .,.,, , .. , 11 ,11 · 11 ,1 

••~~J uZ 1. • Il l 'f[ C[JVf:11 STITIC so1. u ,10trif ... 1 . , ,, ... 

II UN ,- u ... ~l &I . 
•tS!)l\lll • lli TA r"'~ • Cw •"-"f'LS IN f aa c .-: • • L 
•'l§bh ;,l , 45 Tah v .. c .. •'-~Cl s I N fa&CIII'. • l . 3 , • 
••s••211• lljTaf ,.. ... • , ... ,.,,.,h. 5 IN U&CIII'. • • LI,. 
•• , ... ,, 1. 5fa f SOL • n JSCP l "'J ~at-f Lt.SS T"'• '-' Z[OO • • o SOL UTI ON 
•• , ••• 21 • 5 Ta l SOL • DI Cat "'l Na"'T LLSS Ti- a,. 1c•o • NO S,-l UT 10 "-
••s••• ?I • 5TaTSOL • o u• ODITIC l SOL~ •oou UI( CL OSl 

Ten #6 • Airborne r-lver, -123 dbm " 0±8 -0.3 8 56 12 O 0 .1 0 0 . 1 Ot 0.1 " -3 6.5 60 0 -0.2 -1.0 
e MCS r-iver, - 108 dbm 
e Simulated multipath o" 1o 2 2 5 0.2 0.2 0.5 1o 1 1 3 0 .1 0 .2 0.6 

Ch. 3, t • - 0 .99 and 
differential path length _,_ 
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Tabl I ystcm Integr .ion Te .. t ummary (Concluded 

Test Descro pllon Crit€ria for Acceptable Results Actual Test Results 

X y z )( y z X y z )( y i 

T SI -i • 4iroorne rect1vPr, - 140 dbm µ No quanti tat ivl! criteroa for --140 dbm, .. - 8 11 70 0 0 1.0 
.S • :1r-p · pr ion d software shall p•1nt ~poroproate mess~pes 

u,irq RF -I F A 1 o indicating correc prcc"551ng ol daita 1o J J 10 0.3 0.3 1.0 

• Simula ted mu lt1path on 
Ch. 3, t • - 0.99 and 
d1fferent1al path ler,dth 
• 1 natc 

Test = 8 • Airborne reef!••••. - 123 dbm µ 0• 8 -6• 8 50 • 120• 0 .1 0 0.1 0• 0.1 JI -3 11 52 0 0.2 -1.0 

• MCS receiver, - 106 dbm 

• Simulated multipath on 1o 2 2 5 0.2 0.2 0.5 1o 1 1 2 0.2 0.1 0.5 

Ch . 3 , 1 = 0.3 and 
differential path length 
• 30 nsec 

Tnt c-9 • Airborne receiver , - 140 dbm µ See comments for Test ,n JI -9 15 62 -0.2 0 1.7 

• MCS receiver , - 106 dbm 

• Simulated multipath on 1o 1o 4 5 11 0.2 0.3 0.5 

Ch, 3, t • 0.3 and 
differential path length 
• JO nNC 

Test 1110 • Aorborne receiver , - 123 dbm µ 018 -15 8 42 12 0 0 .1 010.1 0! 0.1 1/J -3 16 46 -0 .05 -0.14 1.0 

• MCS receiver , - 106 db m 

• Simulated multipath on 
11n 

2 2 5 0.2 0.2 05 1o 1.5 1 2 0.1 0.05 0.4 
Ch , 3, t = 0.3 and 

I diff erential path length 

= 75 nsec I 
est , 11 • Airborne receiver , - 1110 dbm µ See comments for Test ::7 i" -6 19 46 0 0.2 -0.2 

• MCS recei ver , -106 dbm 

• Simula ~d multinat h on I l o 1c, 3 5 6 0.2 0.3 0.8 
Ch. 3, t = 0.3 and I differen ial path lengt h 
• 75 nsec 

Tnt 11 12 • Air o rr>e receiver , - 123 dbm " 0! 8 0 8 56t12 0 0 .1 0 0.1 0 0.1 jJ .3 17.8 43 0 0 -0.2 

• MCS receiver , - 106 dbm 

• RF link used on Ch. 3 1o 2 2 5 0.2 0.2 0.5 1o 1.5 1 3 0.1 0 .3 0.9 
similar to field se up 
usinq f ield antennn 
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Ule to the lead time involved in making some of th se measurements it was decided to proc d and mak the measurements at the earliest possible time. They were accomplished in March before th in-flight readiness decision was made. 

The pr flight aircraft system r adincss test consisted of completio11 of the air­craft installation, functional test of quipments and quantitative evaluation of receiver accuracy while (l)erating in the £ ,..: lt t st mod . Th test was very straight-forward with both receivers passing during March. A typical output from the quantitative ac­curacy portion is shown in Figu r 96. The pas ing crit ria was range 1 u less than 5 ft and velocity 1 u less than 0. 5 fps. The bottom portion of the output indicates the p re ntagc of data points exceeding th se limits. 

--- ---- - -- ------- - - F'L'JGHT NO , 81 
UA TA Pil OCl:::SSEi1 

MAG AVO( 221 ~ r~ AnlN~S~ T~ST 2 MRL Pk~•tLIG~T RE 0~lNESS TEST 
---·-- ------ -

·······~··················"••······ • • • RECElV~R H~S PA?~cn TMJS T~ST • • 

ST A T l S T I C S nm t1 U O 8 D A TA ~ U I NT S 

OJ/O'4/7 _ _ 
03/06/72 

3TA~b\f0 DEVJATI Ur4 s :STil i~ Tt:o F"RllM cNO DIF"rERENCr.S 

RAN~ ~ ( FT ) 
VELOCITY CrT/S~C) 

• .. CH m l:: I. S • - - o • • - .. • - • ___ . . __ 2 3 4 
,5 6U ,519 ,664 
,15J ,152 ,155 

-----P..E!iZ£JL1LuES OE D 1.f..r..£~ENCE~_G~EA Tl:.li liAN .. L 1 ,: I.rs _____ -----

HLN O~ ( FT 1 
VE~OC TY (FT/ 5:-C ; 

1 
0, 0 0 0 
0 IO O 0 

2 
o,oou 
0,000 

3 

------------------- ------------------

LJ IQ Q Q 
0 I Qr Q 

4 
0.000 
O, 0 0 0 

Figure 96 Preflight Readiness Test Results 
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The in-flight readiness test was accomplished during flight 3, 28 March 1972. 
The criteria for this readiness test was that the system performance be such that 
meaningful data analysis could be accomplished. Thus erratic system behavior, un­
reliable hardwar operation, improper control functioning, and other similar phenom­
ena were to have been eliminated prior to passing in-flight readiness. A quantitativ 
measure of performance was arrived at which stated that comparison of the naviga­
tion solu tion trajectory with WSMR derived trajectory should show X and Y coordinates 
to be within 110 ft and Z coordinates to be within 275 ft. Flight 3 demonstrated this 
p rformancc. A d tailed di cussion of these flight r esul ts is found in Volume m, para­
graph 3. 

3. 5. 2 Flight Test Hi story 

In the course of the flight test program 31 flights were recorded. (For a detailed 
br akdown of th se 31 flight see Table VII.) For the purpose of this discussion 
fli ghts tha t hav similar characteristi cs are grouped in the followin g manner in Table 

Ill. 

Flights 1-3 are call ed shakedown flights because their successful completion 
was a preconcHtion d the inauguration of the formal flight test pr ogram. 1 Equipment 
was checked out, antenna patterns verified, and test concepts were justified. 

Flights 4- 15 are called monitor link flights because we used t11e monitor link 
dish antennas to complete the ground rf link between th transmitter sites and the 
MCS. It was di scove red that the calibration receiver was able to lockup on the rf 
signal emanating from the uplink antennas. After looking at the data provided by 
flights 4-15, it was determined that trajectory accuracy would be enhanced if the 
moni tor links to the MCS were eliminated. 

Consequently, flights 17-23 were conducted with the calibration r eceiv r locked 
on to the uplink antennas. After flight 23 it was determined that the quantity and 
quality of the trajectory data were sufficient for analysis, and the ground system was 
reconfigured at Northrop Strip to begin ILS flights. On 2 Aug. 1972 the MCS was in­
stalled at orthrop Strip and the 11..S test configuration was completed. 

Flights 24-27 wer .' low altitude passes over the !'ll.nway. The equipment was 
the same as the Area Navigation Tests but new antenna patterns and test concepts were 
verified by these initial aircraft passes. Permission for the NC-135A to land on the 
Salt Flats was given, and flights 28-31 simulate most closely a true IIS trajectory. 
n.tring the lat~er 11..S flights the test system was exercised during aircraft sink, 
flare, touchdown, and roll out; these are the critical parameters necessary to evaluate 
621B as a possible instrumented landing system. 

3. 5. 3 Area Navigation Tests 

The environment for these tests was chosen to simulate a typical user performing 
area navigation. Within the limitations of the test environment, such as lack of r eal­
istic satellite emphermerls errors and ionospheric signal disturbances (see para-
graph 3.1), the system concept has been verified using real hardware, and system per­
formanc e has been established for the test configuration. 
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Flt . No. Date OD No. Fl ight Data Non-Data Receiver Status Recorder MTTR Status IU Status 

Profiles Runs Runs (MRL, HAZ, CAL) Status (GFE) (HC) (GAC) 

1. 3/7/72 04 A ,C,Dncent 0 9 CAL NO-GO L TN -61 Rec-,rder Okay A/ D 

Ne>Go 

2. 3/21/7 2 04 A,C,Descer,t 0 6 MR L,HAZ. •MRL,HAZ Okay 

NO-Go• Recorders 
No-Go 

3. 3/28/72 04 A .C.Descent 11 MRLGO •HAZ Recorder Oka Okay 

HAZ Go• No-Go 

CAL GO 

4 . 4/5/72 04 A,C,Descent 9 0 MRLGU Okay Okay Okay 

HAZ NO-GO 

5. 4/7/72 02 A ,B ,C ,Descent 0 9 MRLGO •CAL MAG Okay Okay 

HAZGO Tape Ruined 
CAL GO• 

6. 4/12/72 07 A,C ,D,Ascent 0 7 CAL L TN Recorder Okay Okay 

No-Go No-Go 

7. 4/13/72 01 A,B '.C,De-nt, 4 5 CAL (No-Go Okay Okay Okay 

Orbit Runs 6-9) 

8. 4/27/72 02 A ,B '.C,Descent 12 0 MRLGO Analog Okay Okay 

HAZGO No-Go 
(HAZ In MCSl 

A 

9. 5/1/72 04 A ,C,Descent 9 0 MRLGO Okay Okay Okay 

HAZ •JO-GO 
CAL GO 

10. 5/4 72 04 A, • scent uns 9 0 Okay Okay Okay Okay 

88, Ran Perpen-
d1cular to A path 

11 . 5/9/72 08 D,Ascent 5 kay Okay Okay Okay 

12. 5/10/72 08 C.Ascent 0 8 MRLGO •HAZ Recorder Okay Okay 

CAL-No-Go No-Go 
HAZ GO• 

13. 5/13/72 06 Cloverleaf, 8 0 MRL GO Okay Okay Okay 

90 degrN turns HAZ-No-Go 
CAL GO 

14. 5/17/72 03 A, B; C., Alcent 12 MRLGO Okay Okay Okay 

HAZ-No-Go 
CAL GO 

16. 5/19/72 06 B; Clouds forced 13 
A/C to fly at 

0 Okay Okay Okay Okay 

24K' MSL. (This 
WIii a dev 111tionl 

6. 6/7/72 04 A/C Did Not 0 0 
Take-Off 

17. 6/14/72 08 A,B ' 2 5 CAL-No-Go Okay Okay Okay 

• Aecordef failure 
- Flltfltl ,_ltint in no data 

••Flight 18 11 • mlanomer, the million wa cancellad jUlt prior to takeoff 

•••Flithtl producint good quality 6218 data, but satilfvint duplicate 19lt points 
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Table II Detailed Flight B eakdown 

Data Non-Data Receiver Status Recorder MTTR Status IU Status Sen10rs Used In Ouility of BETS Test Points 
Runs Runs (MRL, HAZ, CALI Status (GFEI IHCI GACI BET (WSMRI (WSMRI fulfilled 

0 9 CA NO-GO L TN-61 Recorder Otcay A/D N/A 1,2,3,6,7 

Ne>-Go Converter 
Malfunctioned 

0 6 MRL,HAZ. *MRL,HAZ Otcay Okay N/ A 
NO-Go• Recorders 

No-Go 

11 MAL GO *HAZ Recorder Okay Okay Optics, Poor- 4,9,10 

HAZ GO* No-Go Rad11r (Tgt. 

CAL GO Uncertain I 

9 0 MRLGO Okay Okay Okay Optics, DOVAP, Poor (Tgt. ••• 
HAZ NO-GO LTN-61 Uncertain I 

0 9 MRL GO "CAL MAG Okay Okay 
HAZGO Tape Ruined a••• 
CAL GO* 

0 7 CAL L TN Recorder Okay Okay 
No-Go No-Go 

4 5 CAL (No-Go Okay Okay Otcay DOVAP, Fair 6 
Runs 5-91 LTN-51 

12 0 MRLGO Analog Okay Okay Optics, DOVAP Good 
HAZ GO No-Go LTN-61 ••• 
(HAZ lnMCSI 

A 
9 0 MRLGO Okay Okay Okay DOVAP, Fair 14, 19,20, 16, 

HAZ NO-GO LTN-61 16,21,22 
CAL GO 

9 0 Okay Okay Okay Okay Optics, DOVAP, Good 56,56,72,73, 
L TN-61 , Radar 67,58 

5 Okay Okay t ' l<ay Okay Optics, Poor (Low 36,36,77,41 
DOVAP Altitudel 

0 8 MRLGO "HAZ Recorder Okay Okay 
CAL-No-Go No-Go 
HAZ GO" 

8 0 MRLGO Okay Okay Okay Optics, Good 76,63,fil ,62, 
HAZ-No-Go DOVAP 89,88 
CAL GO 

12 MRLGO Okay Okay Okay DOVAP, Fair 66,67,42,29, 

HAZ-No-Go L TN-51 30,27 ,33. 17. 

CAL GO 18,23 24 

13 0 Olcay Okay Okay Okay Optics, L TN-61 Fair 
Radar ... 

0 0 

2 5 CAL-No-Go Okay Okay Okay DOVAP 
Fair 92,93 

L TN -51 
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Flt . No. Date OD No. Flt9ht Data Non-Data Receiver Recorder XMTTR IU S.n1ot1U 

Profiles Runs Runs Status Status (GFEI Status Status in BET 

18. 6/20/72 04 A,C 7 0 Okay Okay Okay Okay Optics, DG 
LTN-61 

19. 6/ 22/72 04 A.Descent 7 1 Okay Okay Okay Okay I Optics, DG 
f', LTN-51 

20. 6/26/72 04 A 12 0 CAL GO Okay Okay Okav Optics,ocill 

,, MRL-No-Go (CH21 LTN-51 
HAZ GO 

:', 
,, 21 . 6/28/72 03 D(A/C Hit 0 1 

Buzzard and ,· 
·- - - - -

Aborted ' 
Millionl 

22. 7/27/72 05 8 12 2 Okay Okay Okay Okay Optia, DG 
LTN-61 

23. 8/1/72 07 D 4 5 MRL GO Okay Okay Okay Optia, DG 
HAZGO LTN-51 
CAL (No-Go, Runs 
7-9) 

24. 8/16/72 09 I LS/Fly By 0 5 MRLGO Okay Okay Okay 
HAZ ltn MCS) -
GO 

25. 8/18/72 09 I LS/Fly By 8 2 Okay •HAZ Primary 
No-Go, HAZ 

Okay Okay Optics 

Secondary OK 

26. 9/20/72 09 I LS/Fly By 0 4 HAZ&MRL Okay CH 2 Okay 

.•• Could Not Lock . No-Go -
CAL did lock 

27. 9/7:S/72 09 I LS/Fly By 8 4 MAL Go Okay Okay Okay Optics 
Haz-No-Go I 

28. 9/27/72 09 I LS/Touchdown 0 12 MRLGO •MRL-Recorder Okay Okay 
HAZ-No-Go No-Go -
CAL GO 

29. 9/28/72 09 I LS/Touchdown 6 0 MRLGO Okay Okay Okay Optics 
HAZ-No-Go 
CAL GO 

9/29/72 09 I LS/Touchdown 2 1 Okay Okay CH 4 Okay Optiet1 
Battery I 

1, 
Depleted 

31 . 9/30/72 09 I LS/Touchdown 7 1 MRLGO •HAZ-Recorder Okay Ok y Optics 
HAZ GO• Malfunction 
CAL Power (No HAZ . .! 

Supply Secondary 
Malfunctioned l'lecorderl 
After Run 7 

NOTES: 

• Recorder failure 
-Flights raultin9 in no data 

•••Flights producinv Vood quality 6218 data, but utisfyinv duplicate test points 
'j 

I ' 

I 
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Tabl II Detailed F light 

Breakdown (Concludec 

~ 

Data Non-Data Receiver Recorder XMTTR IU Sensors Used Optimum Test Points 

Runs Runs Status Status (GFEI Status Status in BET BETS Fulfilled 

7 0 Okay Okay Okay Okay Optics, DOVAP, Good ... 
LTN-51 

7 1 Okay Okay Okay Okay Optics, DOVAP, Good 13,26,65,69. 
L TN-51 43,83 

12 0 CA L GO Okay Okay Okay Optics, DOVAP, Good 31 ,32,64 

MAL-No-Go (CH21 LTN-51 

HAZ GO 

0 1 

- - - - - - -

12 2 Okay Okay Okay Okay Optics, DOVAP, Poor 59, 75,96,68, 
LTN-51 (Bad Opticsl 100, 101,38,60 

II,, 4 5 MRLGO Okay Okay Okay Optics, DOVAP, Poor 28,51,80 

HAZGO L TN-51 (Bad Optics 

CAL (No-Go, Rum Low Altitudel 
7-9) 

0 5 MRLGO Okay Okay Okay 

HAZ lln MCSI - - -
GO 

8 2 Okay •HAZ Primary Okay Okay O!)tics Good 1,4,5,3 
No-Go, HAZ IILSI 
Secondary OK 

0 4 HAZ&MRL Okay CH 2 Okay 

Could Not Lock . No-Go - - -
CAL did lock 

8 4 MAL Go Okay Okay Okay Optics Poor 

Haz-No-Go 
... 

0 12 MRL GO *MAL -Recorder Okay Okay 
HAZ-No-Go No-Go 

- - -
CAL GO 

~ 6 0 MRLGO Okay Okav Okay Optics Poor 6,7,8,9 I 

HAZ-No-Go IILSI 

CAL GO 
a' 2 1 Okay Okay CH 4 Okay Optics Poor 10 (ILSI 

Battery 
Depleted 

7 l MRL GO *HAZ-Recorder Okay Okay Optics Good 11 ,15,16 

HAZ GO • Malfunction (ILSI 

CAL Power (No HAZ 
Supply Secondary 

\IP Malfur t t ioned Recorded 
Afti., nun 7 

'J 

; 

"-t 1■tisfyi119 dupl icate test points I 

I; 

I: 
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Tabl VIII light Cat gories 

~ 

Flight Type Fliqht No. 

Shakedown 1 - 3 

Area Nav on Monitor Link 4 - 15 .. 
Area Nav on Uplink 17 - 23 

ILS Fly By 24 - 27 

I LS Touchdown 28 - 31 

••Flight 16 11 not tnclud d ,n the abovp categorizat ,on 
becau of an aircraft abort 

3 , 5. 3. 1 Flight Profiles 

The sp cifi obj cti of th Area avigation Test w r : 

• Establish U1 rang and rang -rat accuracy of a four-channel re eiver in an airborne environment 

• Det rmin th eff cts of the aircraft flight nvironment on th receiver and 
airborne antenna performanc 

• Determine the ff cts of various aircraft-to-simulat d sat Hite transmitt r 
geometries on system performance including acquisition 

• Evaluat th ffec s of different i al power le rn p rformanc . 

To achi ve th t st obj ctiv s, a s ries of flight profil s along with various t st procedur s wer stablish d. Indi idua1 t sts (call d test points) were d fin d and a compr h nsiv flight test program evolved to ar,complish . 11 th te t points. Th flight profil s d s rib d her , r us d for a majority of th flights. In addition 
p cial sts w re add din ord r to resolve qu stions about th ground antenna 

pointing angl s, and t0 gather additional data on alterations of the ground quipm nt configuration. 

Table IX shows th major featur s of the Area a igation Test ompar d to area navigation in th operational yst m. 

Th rea avigation Test utiliz d four basic flight profil s for a majority of the te ts . Th foor flight paths ar summariz d e1ow: 

Fl"ght Path A 

Th A flight path, simulating a rotating 30° satellit configuration as s en from th equat.or, covers a grom1d track over alt iL with a h adin of o0 True orth or 1 oo Tru orth, at an altitude of 34,000 ft l\'lSL straight and 1 1. Th 20 mi m ht path has th following terminal points: 
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Tabl IX ystem Demonstration Test Configuration Characteristics 

Range of Values Expected Rang1 of V■lu• Which W.e 
in Actual System Telted In Simulation 

Parameters Confijiurat ion Confifuretion 

Signal Power Level - 120 dbm to - 135 dbm - 100dbm to -140dbm 

Satell ite/ LI r Dynamics 

R, ft/.c 4000 t 700 

.. 2 
R, ft /• c + 200 ± 16'0 
... 3 
R, ft/sec • 300 i 3300 

Satellite Conf oguratoo n 
and Orbit Parameters Y, Eggbeater Y, Eggbeater 

Satellite/User 10 (Demo l 10° (Demo) 
LOS (worst ca• ) 40° (ILS) 40° IILS) 

GOOP 1 to 6 1.5to13 

WSTM X = 491, 000 and X = 491, 000 
Y = 50 , 000 Y = 388 ,000 

Flight Path B 

The B flight path simulating a rotating 30° Y satellite configuration ..ts seen 
from the continental United States, covers a ground track east of the transmitte1 Y 
configuration. The ground track is 5260 ft southeast of EC-50 and Bomb (SC-50) 
s ites, heading of 43° True North and 223° True North flown in boti: directions at an 
altitude of 34 , 000 ft MS L. The 20 mi flight path has the foll owing terminal points : 

WST M X = 64!>, 500 to X = 446, 500 
Y = 4 4, 500 Y = 395, 000 

Th center of the fligh t path is located at: 

X = 50 . COO 
Y :-: 440,000 

Flight Path C 

The C fli ght path cover s the same ground track as that of the A flight path 
bu t at an al titud of 22 ,000 ft MSL. The 20 mi fli ght path has the same terminal 
points as th A fli ght path . Thi s fli ght path r pr scnts the GOOP and power profile 
of an "Eggbeater" satelli te configuration. 

Flight Path D 

The D fli ght path covers the same ground tr act as that of the A flight path 
but a t an altitude of 7000 ft MS L. The 20 mi flight path has the same t rminal points 
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and h ading :i the ~ fljp;ht P?,t:]i• This fli ght path objective is to exercise dynamics 

of th system in n, R, R and R. On v rsion of th D fli ght path is to fly over one 

chann I at 300 ft AGL on th A ground track tom a ur h' • lock-up capabiliti es . 

Figc1 rc 97 how a typi al fli ght profil diag ram. 

Ar a navigation testing wa accompli sh cl during flights 1-23. Two major con­

figuration w re us cl. Th fir l onfigc1ration u cl both th monitor and uplink out­

puts of lh tran mittcr (Figur 54) dur ing night 1-15, and lhc econcl confip:uration 

used onJ th transmi tt r uplink outµut (Fi :ur 55) during flights 17-23. Flights 

l ·f-23 rep ated man of th tests conduct d earlier to g11in comparison data on the 

s cond onfiguration. 

In geneml, a t st flight lasted two hou1·s and collected 20 minutes of teAt data 

on each receiv r. A view of th0 emphas is placed on vario•1s aspects of the test can 

b s n in Figur 9 . P r imary mphasis was on obtaining data in good geom<'try 

regions at signal levels of -123 dbm. Each number repres nts a test condition spec­

ifi d in lhe test point table . These conditions were established by changing flight pro­

files and equipment operating mudes. A single data run, approximately three minutes, 

was used to meet a single test condition. The circled numbers show test conditions 

which were accomplish d during the field tests. 

In ord r to stabilize th equipment oscillators, each oscillator was turned on a 

day prior to the test. On the average, this meant the oscillators were operating 

from 12 to 20 hours before collec ting test data. In addition, preflight activity started 

a minimum of four hours prior to the test insuring that equipment had ample time to 

warm up. 

A typical fligh t test was conducted in the following sequence: 

• Preflight 

- Br i fings lo \\'SMR, contractor and fli ght per onnel beginning a day prior 

to th l t 

- Pr fll ght checkout of \VSl\IR instrum ntation, ground system, and air­

raft sy t ms begi nning four hours prior to test 

- Equipment status checks and decisions to go ahead with test approximately 

one hou r before test 

• Flight 

Aircraft p i1 trat ' S range airspace within fiv e minutes of start of assigned 

test tim blo k 

ll status ch ks co mpl t cl at one mi.nut prior to first run (and all sub-

s equ nt rw1s ) wilh a d cis ion to pro d with t st or hold 

- Receive r acqui it.on is xp c t don all channels witHn ten seconds of the 

start of a run. Some flight profil s wer worse in this resp ct due to 

ant ru1a o rag . In a ll eas s acquisition was achieved before th air­

c raft r ach d th go geom tr I regions 
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Flight G om try Test Points@ 123 dbm Test Po,nu - 133 dbm Test Points Ten Points with 
- 136 dbm Other Special 

Conditions 

Type A Profile ·, 1, 25, 47 , 48 , 

49 , 50 

\' P B Pr f1lr @ @§ 

TypP C Prof1I @© 83 85 
74, 91 , 4, 5 

Type O Profile @@@@ 34, ... 3, 86, 87 37,54 @ 52 

Other Than 
Above Type 
Profile 

11 . 12, 35, 40, @ 46, @@ @ 44 

@@ 78,79, @@) 
4 4 5 

INDICATES SUCCESSFUL CO PLETION OF TEST POINT 

REFER TO TEST POINT LIST IN GENERAL TESl PLAN FOR DETAILED EXPLANATION OF TEST POINTS 

Figure 9 Planned Fli ht Geometry Vs Pow r Level 

- If low sign l level was desi r d, th aircraft attenuator was swit hed into 
the ant nn:1 inc after acquis ition 

• MP tr?cking inc;trum talion start approximately ten s econds prior to 
I." od rr omctry , L' 10n and is off a t th oth r nd of th good region. For 
area navigation t ts this amounts t.o data collection + 5 n mi of grid ccn-
tC'r or 90 seconds of ti111 corrclat d t s st m ancl\ VSMR data 

- Aircraft compl tes testing within five minutes of the nd of the assign d 
test block 

• ost-Flight 

- Debriefings h ld within three hours of flight 

- Data proc s ing requests arc generated and proc ssing is begun within 
six hours of flight 

- Data reviews of flight accomplishments and equipm nt performanc , de­
briefing information, and recorded measu ·ements (if possib le) are ac­
complished and plans for the next flight, and a sociated equipment main­
tenance and preparation are compl ted 
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The internal calibration features of each receiver were used on every flight. The procedure used was: 

• Hazcltin airborne receiver - self test cycl r cord d before each data run 

• Hazeltin calibra+-ion recei er - self test cycl recorded at least three times du r ing the flight 

• MRL airborne rec iver - self test cycl r cord d befor the first data run. 
The calibration cycl data established receiver performance for each flight on channel delay mismatch data and on channel signal level monitoring devices. This information was used in the data reduction phase to correct navigation measurements. 

Aircraft flight trajectory was coordinated from the gound. A flight controller provided radar vectors to the ai rcraft based on the flight profiles scheduled for the mission. The flight controller together with the WSMR tracking instrumentation con­troller and a representative from the test program formed the test coordination nucleus. Communications channels connecting this group with the aircraft and the ground system personnel at the MCS provided for effei:!tive test control. 

During the course of the program many modifications were made to the basic approach. We started out with our ground preflight six hours before flight time and were able to shorten this to four hours. Similarly the aircraft preflight was shortened from four to two hours. We were able to identify the types of failures which could be handled in a preflight. These included items such as: 

• Inoperative transmitter - generally resolved as loose internal connections, or bad battery power supply 

• Missing data from the receivers - generally caused by poor connections, sometimes shorts were found in subminiature coax connectors and tem­porary fixes accomplish d. 

Certain items were identified which could not be fixed in preflight: 

• Failed oscillators or clements in frequency generation circuitry - this type of failure could not b fixed in the field and had tot e returned to the factory 
• Bad supply voltages from receiver supplies 

• Inability of a processor to lock onto self test signals - occasionally this pro­blem could be fixed in preflight, but generally required the equipment to be removed and fixed in the lab. 

The weathe r was a factor due to our requirement to have o tical tracking. Much of our flying was done at 34,000 ft MSL and high cloud layers would cause real troubl for the WSMR optical trackers . The weath r fore ast would often look much wors than what actually occurr d ch.Iring the flight. There was great temptation to cancel some flights ch.I to poor weather, but waiting the situation out usually proved to be the right d cision. 
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Gen ral improv mcnts in thC' test ope ration occurr d . Initially, it was diffi dt 
to obta in decent data. Probl ms occurred in all C'quipm nts from the re civcr to 
data record r , and occassionally even aia:r::ut probl ms . llow v 1·, this situation 
gradually improved as the test ins taHaEons b am b ttcr understood. Unfortunat 1 , 
much da.t.a was lost du to failur s in quipm nt a.1 ·eas not SJ cifically being evaluated , 
for example loos conn ctions, faulty nvironm ntal ontl'ol cqmpm •nt (a blow r 
failed), and re ord r quipment failur s . Th s failur s wer mos t fru trating sin 
finding causes and making the appropria.t fix did not contribut to th understanding 
of the syst m being cva.luat d . 

3 . 5 . 4 IL Tes ts 

Eight s imulated ILS missions wer p rform d at orthrop Strip, Whit Sands 
l\Ii ssil Rang , ew Mexico to determine the na igation sy t m p rformanrc for us 
in an all-weath r ILS landing system. 

Two missions we re flown to evaluate anteru1 a coverage and transmitter-r ceiver 
fun ctions. The remaining six ILS profile flown includ d tou hdown. and roll out 
rnn mcasurin the s stem performance under actual ILS approach conditions. Th 
fli ght t ting closely followed th fli ght t t plan for ILS (R f. 20) , Th ight mis ions, 
numbers 24 through :n, that wer flown at ort.hrop Strip, s tarted 16 Aug. 1972 and 

nd d 30 S pt. 1972. 

3 . 5 . -Ll FlightProfil andLimitations 

The air trip, approach, balloon and ground transmitt rs were stablish d as 
s hown in Figures 56 and 99. The airs trip and approach markings simula t d an in­
strument (JY.-R ) runway configuration for United States Civ il Airports (Ref. 21 and 22) . 
Certain cl m nt of the approach cliff red from that of a Cat gory IT approach for no 
cl tronic marker sy t m was used. The diff r nces arc as follow : 

• o inner marker, middle marker or out r mark r b aeons wer us d; visual 
aids along the glide slope ground path (Figur 100) w re substituted 

• o localizer b aeon was us d; runway dge markings w re substitut d 

• o threshold or decision lights were us d; approach markings , threshold and 
end of runway markings w re us d 

• o glide slope transmitter was us d; an optical landing aid and theodolite 
were substituted 

Th configuration parameters that w r k pt the sam were: 

• 1000 ft lea r d before and aft r the rw1way 

• Distance from flare to touchdown h ld to 1914 ft a per R f. 23 (Figure 101) 

• Po ition of middl and out r marker am ' as 'atcgory II 

• 2. 5° glid s lop proj ct d to a ir raft via use of Fr sn 11 ns opti a l landing 
aid and b us of manned th odolitc 
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Runway and approach marking consisted of; an outer marker made from ply­
wood painted red, sluiped into an arrow 24 ft long; middle marker made to look like 
the letter ”M" 24 ft high drawn with black road surfacing oil; optical landing aid 
marker, a circle 24 ft in diameter drawn with black oil; flare iK)int, marked with the 
letter "F" in black oil; threshold marker and end of runway marker, a strip of black 
oil across the 150 ft iiinway noting the formal runway terminal points; runway edge 
markers, 7 ft wide strips of black oil 50 ft long running on both sides of the runway 
for 10,000 ft. The nmway surface was prepared for the mission by grading and rol­
ling the 12,000 ft airstrip surface before flights 24 and 20. It was necessai-y to grade 
the runway twice because of heavy rains experienced at Northrop Strip during the 
period between flights 24 and 20. Figures 102 and 10:{ show the flooding caused by 
heavy rains that delayed the 1I.S portion of thi- fli^t test program.

m

•A

Figure 102 Flooded Northrop Strip Access Roads
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ri>;Tirc‘ 10.3 1-'1<kkIimI Ilallotin I auru-li Pad and Northrop Strip

3..').4.2 Halluon Oporalions

'iTio IIi> tost porforniod at N'orthro() Strip utilixod a transniittor suspondod Ifom a 
4."),000 on ft, h* liuni fillod httlloon. I'ho piiiposo of raisin}; a transniittor ,*>000 ft .\t;i 
and plaoinj; it in a spooifio oriontation with rolation to tho r«'st of tho transmil'.ors 
was to o|)tiniizo tho )>oomotry (GfK)P) in tho Z ftho oloxationi axis at>out the flari' 
point (soo para);raph J. 1).

Tho launohinn, maintonanoo and opoi ation of tho Ixilloon was tho i ( SiHoisibility 
of tho .AP CanibiidKo Itosoaioh l.al) (APfltl,). In Ian. 1072 ;i tost inflation and flight 
of tho balloon and transinittor was i>oi tormod. Tho transmitti'r, balloon oontiol 
lKicka};o and radar trans|)ondor was suspondod from tho balloon load bar and flown at 
2.)00 ft .ACL. Tho olootionios woio roniovod from within tho liansmittoi oaso foi this 
fii st tli>;ht ;ind loplaood with load phitos having tho sanu mass. This ohi oUoul llight 
provod tho of|uipmont was satisfaotory for II.S mission.



ILS missions w re flown from Aug . 1972 to Sept. 1972. During that time of 
year, weather played an imp rtant role in balloon operations . Inflation and launch 
could not be accomplished if: 

• Surface wmds exceeded 10 kt for inflation, 20 kt fo r launch 

• Poor \\- eather forecast, i. e ., wind and/or rain 

• Ail' space not cleared by the range 

• Not enough daylight hou rs to complete effort-approximately two hour s. 

Thunder storms in the area of Northrop Strip were tr oublesome . The balloon 
launch pad was covered with water as a result of unusually heavy rains on one occasion, 
which caused the lawich to be delayed. Lightning struck the balloon during a storm 
which destroyed the balloon teleme try package and tore 3-in. holes in the balloon 
fabric while the balloon was moored at 500 ft AGL. Storms in that area were wipre­
dict.abl and grew very rapidly . 

Und r normal c ondition s the balloon was inflated and laun<'hed in about two hours. 
Once the load bar and tel metry package were installed, the transmitter and radar 
transponder vas mounted and checked out. The balloon was then transferred fr om its 
mooring line to the motorized winch and raised tn its desired altitude. The winch 
was positioned so that the balloon's ground projec tion was about 1000 ft west of the 
run• ay cente rline, for safety of flight reasons, and in the area of transmitter pad 
BTR to keep it in line with the flar point. Communications with the balloon grrund 
crew was accomplished by land line intercoms between the balloon van and MCS 
van. The transmitter was commanded on and off at the request of test personnel. 
At the conclusion of the mission the balloon was reeled down, transmitter and trans­
ponder removed and the balloon was transferred back to its mooring line . The balloon 
was deflated only if schedule holds of more than a few days wer predicted. It was 
felt that the balloon should be moored at 500 ft AGL on a separate mooring cable, for 
the cable used by the winch was light, s o as to increase the payload arrying capacity 
of the balloon at high altitudes. The mooring line was quite heavy, increasing the 
safety margin over that of the winch cable line at low altitudes. The 621B equipment 
was rcmo d at the end of each mission to minimize possible damag from lightning 
or oth r natural disasters . 

3. 5. 4. 3 Test Techniques 

The test techniques employed stri ved to simulate a realistic ILS environment 
and colle tall th necessary data required to evaluate th system pe rformance. Ac­
curate aircraft position data were rcqui red from about 4000 ft b for the flar point 
to approximately 6000 ft beyond. Th position data collected by the syst m wa then 
compar cl to th position dat.a collected by WSMR instrumentation - lhe BET. WSMR 
utili z d cinethcodolites to deri lhe BET for JLS. The fol1owing techniques wer 

mplo d to d 'velop an air raft approach that was I oth pr di tabl and rcpeatabl 

• The airstrip and approach markings were constructed so as to guide the 
pilot down a nominal 2. 5o glide slope 

• An approach plat integrating the airstrip approach markings and glide slope 
was given to each pilot at preflight briefings, Figur 104 
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• An optical landing aid ( LA) and manned theodolite were employed to aid the 

pilot down the glide slop 

• Touchdown targ t markings w r constructed on th side of the airstrip at 

th r quest of th pilots, to aid in the last f w s econds of the aircraft's 

approach . 

Th OLA was position d as shown in Figure 56 . Th purpos of the OLA was to 

guide the pilot down th 2.5° glid s lope, (Figur 99) for the las t 6000 ft of th 

26,300 ft approach glid path allowing 20 seconds for pilot correction. (See Ref. 23 

for a detailed d scription .) It was found that the 2. 5° projected beam was not visible 

on bright days for th full 20 seconds, Figure 105. Aft r flight 24 and fligh t 25 it was 
d cid d to supplement th aid with a surveyors theodolite . The theodolite position, 
next to the OLA and set to 2. s0 elevation, was manned during the aircraft's approach. 

The ground obs ·rver would talk the aircraft onto th 2. 5° glide slop via a UHF r adio 

link between aircra ft and the round obs rv r, Figur 106. This m thod was utili z d 

for flights 26 throu h 31 for it was found to improve the aircrafts position during the 

approach and touchdown. The OLA, theodolite, aircraft radar altim ter and approach 

markings were all used to keep the aircraft on the theoretical glide scope. 

The aircraft flew down the glide slope, flared, then passed ovor th ai rst.rip 

at a constant 100 ft AGL, for all of th flight legs of flights 24, 25, 26 and 27. The air­

craft touched down on flights 28, 29, 30 and 31, rolled out and took off. Each time 
the aircraft touched down the impression left by the landing gear tires was marked, 
At the end of each flight, the impressions were surveyed by WSMR geodetics to 

within one foot accuracy. The touchdown was documeted by: 

• A high speed mobile telescope (I'-619) 

• Five cinetheodolites 

• Onboard th aircraft, two acceleromete r s mounted; on in th IU, the s cond, 
in the HC r ceiver recorded changes in "g" fore s during the flight 

• Three auto pilot gyros (pitch, roll and yaw) outputs w re integrated 

• Th operators onboard the aircraft activated the II vent" marker on th IU 
at touchdown 

The above data wer utilized to record the position of the aircraft and IR.JG B tim at 

the instant of touchdown. I 

The comparison of surveyed position data to BETs and navigation solution tra­

jectory data s rved as a check on the position solution accuracy, Figure 107. 

3.5.5 Ground User Multipath Test 

The scope of the multipath tests was to examine the test receiver ranging p r­

formance in selected multipath environments typical of those encountered by a ground 

user. Parameters associated with terrain, atmospheric conditions, time, signal 

strength, attenuator settings, test antenna height, polarization and fine rang dif­

ferenc were recorded so that multipath errors could be examined. 
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Figure 107 Implementation for Checking 621 B Position Solution Accuracy 

Suitable test environments were found at WSMR to simulate conditions of smooth 
earth, rocky terrain, undulating hills, and high density vehicular traffic. 

Tula Peak was selected because of its height and the large rocks scattered along 
the side of the hill. Dead Man's Canyon was selected for the height and the intense 
vehicular traffice associated with a road construction crew operation. 

Two locations were utilized in the Northrop Strip area. One was the strip 
itsell; it was used for smooth earth tests. The other was centered in the sand dunes 
adjacent to the strip. These dunes roughly 25 to 40 ft high, were used to simulate 
hills (rough earth). 

3. 5. 5. 2 Test Tcchniqu s 

Preliminary Multipath Test Ch ck-Out 

IAle to the delays in checkoot of the HC receivers and transmitters and system 
tests during Dec. 1971, a complete initial checkoot could not be performed at our 
plant. A preliminary checkout was performed using a HC transmitter on cw 
and the Polarad receiver installed inside the MCS. Readings were taken 
first through the dish antenna and then throu • the omni antenna which was mounted 
on th M S mast. It was origina lly planned to use two rcceiv rs and a dual chann l 
recorder to gath r data; time did not permit it. This checkout served 2s a training 
exercise on th available quipment. As a consequence of this exercise, supporting 
struts were added to the dish antenna trailer. A diagram f the t st set-up is shown 
in Figur 10 . 
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Eight dish antenna w r purchased for the field te t progra m. Four of th an­
tenna w r mounted at the MCS Site and one at each of th transmitt r sites in th . 
50 mi ar a, The di h antenna mounting brackets at 0ach of the transm:itt r sit s p r­
mitted :±-10° tilt while the mounting brackets at the MCS permitted -5 to +50° tilt. 
Sine the di h ant nnas at th transmitter sites were not required for fli ghts 17-23, an 
ant nna wasavailabl foru on the dish antenna multipath trail r. The trail r, how­
c e r, requir ed th useofth c - 5°to+~o0 tilt mountingbrack t in rd rtop ro id th 
cov rag fot· the multipath t sts. It was decided to pull th dish ant nna and moru1ting 
bl'a kct from E - 50 and swap it fo r the EC-50 di r ctcd dish and mow1ting bl'ack tat 
th 1 north pol . The swap was ac omplish d on 27 July 1972. On 4 Aug. 1972, 
th dish antenna was install d on the multipath trailer and tak n out to th MCS Si t 
at orthrup Strip. Prior t 4 Aug. 1972, the multipath site8 had been located , in­
spected and dispositioncd . On 17 July 1972, a road was bladed smooth from the bal­
loon launch pad to a ll the sites to be us cl in the Northrup Strip smooth a rth and 
Whit Sands Dunc Rough Earth Multipath Tests. The bladed road was required for 
tra11sport of th balloon winch truck, the M Sand th multipath trail r. 

Decision to Use MCS Mast in Place of Fi ld Probe to Support the Omni Antenna 

In order to obtain the necessa ry geometry chang s du ring the multipath t sts , 
tbe omni antenna h ight was to be varied approximately 30 ft. An e rectablc mast 
of sufficient h ight , the rf field prob , Figures 109 and l 10, was planned for this 
purpose. The M was t·o be configur d as shown in Figure l 11 and the fi eld 
probe height varied until a satisfactory h ight in terms of time delay chang sand 
signal str ngth was obta ined. This test set up was required at each multipath si t 
After the initial checkout at the first site at Northrop Strip, it was de ' ided to use th 
MCS 35 ft ret ractabl e mast for the multipath tests inst ad of the fi eld probe . Orig­
ina lly it was felt that the dust condi tions would cause extr me wear on the IC mast 
s als . llowevc r , the s t -up was much simpler with th MC retractable mast. and 
satisfactory multipath pcl'formancc was obtained, so the rf fi e ld probe was abandoned. 

F ine Range Diffcl'cn as MultiJ ath Indicator 

The fine range difference from th receiver wa investigat d as a men ur m nt 
of multipath effects on the recei vcr . The test set-up is shown in Figure 1 J J. Th 
receiver fine rang outputs were observed on a duel trace scope . By observing th 
behavior of fine range output d rived from th charu1el onncctcd to the omni r c i ving 
antenna with respect to th b havior of the fine range output dcri v d fr om the han-
ncl connected to th di h r eceiving antenna whil e diff rent multipath condition w r 
er ated, we wer e able to d t rmine that the fine range utputs would provid a 
suitable multipath m asur mcnt point. For this and ub equcnt t st , it wa s d cid d 
that channe l 4 would be th r ef r nee chann I (direct channel connected to th dish 
antenna) and that hann I 1 or 3 would b compar d t it \vith th con ntion h wn 
in Figur <> lJ 2. Further t sting showed that channel 1 and hatm I 3 fine rang out-
put b hav did nti ca lly as multipath onditi n wer changed. Channe l 2 wa n t 
used inc th r ci \'e r mechanization causes thi s igna l utput to hav an inh r nt 
range di pin e m nt from channel 4. This made it vc r di ffi cult to di pla , on the 
o cillosc p without introdu ing an ambiguou reading. 
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Receiver Calibration of Fine Range Diffe rences 

An inherent requirement of multipath testing was to use two distinct signals 
(direct and reflected), This required the use of two RF /IF sections in the receiver. 
To determine if these RF /IF's were identical, a test was performed. 

For this test, the equipment was set up as shown in Figure 111 with the calibra­
tion receiver control switches sequenced and the antenna cables connected as in­
dicated in Table X. The fine range difference observed for these configurations is 
noted in Table X. 

Table X Fine Range Difference Receiver Calibration 

Antenn• Connection Calibration R-iver Control Switch PositioM Fine Range Oifference 
Channel Multiple 

Tut Dish To Omni To A/B Tnt 2nd/3rd Ordef 1:4 2:4 3:4 

1 Jl J2 
Ch A Ch B A Off 3rd - 2 - 19 -2 

1 Jl J2 
Ch A ChB A On 3rd ♦ 1 -17 ♦ 1 

1 J2 J1 
ChB Ch A B Off 3rd 0 -17 0 

1 J2 J1 
Ch B Ch A B On 3rd FORBIDDEN OPERATION 

2 J1 J2 
Ch A Ch B A Off 3rd - 3 - 20 - 3 

2 J1 J2 
Ch A Ch B A On 3rd - 5 - 20 - 5 

2 J2 Jl 
Ch B Ch A B Off 3rd - 1 -18 - 1 

2 J2 Jl 
ChB Ch A B On 3rd FORBIDDEN OPERATION 
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on idcring that th trans mitte r was suspcnd<'d fr om a ball on xp ri ncing 

wind gusts during this calibration and th inh rent jitt r of the system (± 3 nanos c), 

the fin e range cliff r nee b tw n the two rec iver RF / IF channels remained essen­

tially con tant for th variou • r c iv r configurations. 

[twas d cid cl that no substantial rror s exi ted betw n th two r ei r 

RF /fF channels . 

The r c i er ignal level display m ters w r ca librated by taking th self test 

ignal and feeding it into hanncl A of the r cciv0r via a va riable att nuator. A s t 

of att nuator va lu er sus calibration receiv r display readings was obtained for 
proc s or chann Is 1, 2, 3 and 4. This calibration was r peat d for chann I B. A 

pl t of th s data , r fL n •nccd to th0 rccciv r inp11t power, is hown in Figur l 13, 

Induced Multipath T st 

To dot rmine credioility in the multipath test set-up, the bench test shown in 

Figur 114 was performed. 

The self test signal emerging from self te jack J3 was fed to a splitter, on 

output of which went diredly to channel B of the receiver while the other went to 

channel A via a trombone in series with an attenuator. The fine range differenc , 

was observed when the trombone was displaced at increments up to a wavelength while 

the attenuator was adjusted so that the r ceiver signal level display readi_ng remain d 

constant. As anticipated, th fine range difference was observed to change indicating 

that induced multipath was present. The fine range was observed to change consis­

tently with trombone settings, and was q·tite readable. We concluded that this method 

of recording the data would be satisfactory. 

Minimization of Multipath Signal in Dish (Reference) Antanna 

A sightinh tub wa s clamped to th" bottom of the dish parall l to the feed horn. 

The dish wa s fir st m chanically and then electrically boresighted to the transmitting 

antenna, and th angle (A1) between a line parallel to the ground (a datum ) and the 

sighting tube was noted. The dish was then levat d until minimum signal was ob erved. 

This angle between the datum and the tube was noted as A2. The critical reflection 

region was detcrmin d e mpirically by walking on a straight line between the Dish 

and transmitting antennas and observing by means of an inclinometer the angles be­

tween the ground and bo h antennas. The critical reflection point is located at the 

point where the angles between both antennas are equal and noted as A3. The antenna 

was then tilted below the datum to an angle equal to A3 + A1 -A2. At this point, 
minimum multipath enter d the dish (reference) ant nna. 

Multipath Procedure 

1. The equipment was set up as shown in Figure 111 at the preselected sites. 

2. The transmitting trailer with onmi antenna was pointed to the MCS 
and l veled by means of cinder blocks and scrap wood so that it was 
stable. If required, the trailer was tied down. The transmitter was 
turned on. 
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3. The receiving dish antenna trailer was positioned, leveled an<.1 tied down. 

The dish antenna was adjusted so that its multipath was minimh:,ed. 

4. The geometry of the site was measured and recorded. 

5. Meteorological data recording was initiated and continued throughout the 

test period. 

6. The MCS omni antenna was mounted on the M CS mast and a steel measuring 

tape was taped to the antenna cable. A datum line was affixed 5 ft above 

ground. Mast height was read directly off the tape with the 5 ft added 

giving antenna hei ght above gr ound. 

7. The MCS !RIG ''B" time generator was set to local time. 

The MCS receiver was set on self test for channel A and the time and 

processor outputs were recorded by hand and on tape. 

9. Same as above for channel B . 

10. Th e MCS r ecei ve r was placed in normal with the dish antenna connected to 

channel A. Th e fixed attenuators wer e adjusted so that the calibration r e­

ceiver di splay read approximately 30 on each channel. The alue of the 

fixed attenuators wa s r ecorded. The time and processor outputs wer e re­

corded by hand and on tape. 
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11. The dish antenna cable and fixed attenuator was removed from channel A. 
The omni antenna cable was connected via the Alfred Attenuator to channel 
A. The Alfred Attenuator was adjusted until all channels read approxi­
mately 30 on the calibration receiver display, The setting of the Alfred 
Attenuator was record d. The time and processor outputs were recorded 
by hand and on tape. 

12. Step 11 was repeated for channel B. 

13. Step 10 was repeated for channel B. 

14. The r eceiver multipath test On-Off swit{:;h was placed in n position. 
This connects channel A to proces ors 1, 2 and 3 and ch.mllt!t B to processor 
4. The dish (direct) antenna was connected to channel B and the omni 
antenna was connected to channel A. The time and processor outputs were 
recorded on tape. 

15. Step 14 was repeated with antenna cables at the receiver interchanged. 

16. The MCS mast supporting the omni antenna was raised to its maximum 
height (31 ft) and time, processor -1 calibration receiver display reading 
and fine range difference between processors 1 and 4 were recorded by hand. 
Time, all processor outputs and fine range differences were recorded on 
tape. 

17. Step 16 was repeated using test antenna (dipole) in vertical position. 

18. step 16 was repeated using test antenna (dipole) in horizontal position. 

19. Calibrate receiver display versus input power for both channels. 

20. Measure antenna rf cables for insertion loss and time delay using the 
procedure shown in Figure 115. 

Multipath Procedure Comments 

The above procedure evolved from the tests performed at WSMR. The procedure 
was modified at some sites due to the slightly differing requirements of each site. 
To perform these tests, a minimum of three men were required for setup. If the 
rf field probe on the transmitter trailer had been used, a total of five men would 
have been required for setup. 

3. 5. 5. 3 Tula Peak Multipath Test 

Tula Peak is located en the eastern border of WSMR and is approximately 260 
ft higher than its surrounding terrain; its top had been flattened to form a plateau 
200 ft square to support WSMR test facility. The 621B transmitter was set atop 
the plateau with its omni antenna facing down Tula Peak's east slope. The MCS was 
positioned in two places 1550 ft and 1000 ft down the slope with its dish and omni 
antenna looking west up the Tula's east slope at the 621B transmitter omni (Figure 
116). This site provided a multipath environment containing mediu.m size 
rocks (~1-2 ft diameter) and small desert bushes. 
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3. 5. 5. 4 D ad Man Can on Test 

The Dead Man an on l\1ultipath Test was run on the west boundar of WS 1R at 

the base of the San ndres Mountains in a gravel quarr located within Dead Man 

Canyon, Figur 117. Th canyon contained small sa lt bush brush, a grav I pi! , 

two water tanks, a cliff drop-off resulting from the removal of soil used to construct 

road beds, heavy construction quipment traveling in and out such as trucks, dozers, 

buckets and stationary gravel processing equipment. During the multipath testing, 

trucks and bucket loaders ran at random through the field of view of the receiving 

antennas. 

3. 5. 5. 5 Smooth Earth Test at orthrop Strip 

The smooth earth multipath test was conducted on the Salt Flats in the area 

southeast of Northrop Strip on WSMR, Figure 11 . Thi test utilized a balloon­

borne transmitter. The balloon was launched carrying the transmitter aloft to 

2000 ft AGL. The position of the MCS receiving site was moved along a constant 

145° azimuth (TN) to oresurveyed sites to form look angles of approximately 60°, 
o o o o • d 

40 , 30 , 20 , and 10 from receiving to transmitting antennas. The groun surface 

tween receiver and transmitter antennas was extremely flat, dry, and hard consisting 

of gypsum, sand and a high degree of salt. 

3. 5. 5. 6 Rough Earth Test at White Sands Dune Area 

An area of sand dunes southeast of the WSMR Salt Flats was selected to run the 

rough earth multipath testing. Dunes ranging from 10 to 60 ft high spaced 100 to 

b -

200 ft peak to peak, formed the rough earth test area. The sand, salt and gypsum 

surface was relatively soft and granular for about 3 to 6 in. in depth. Dust storms, 

b lowing fine sand, are common to this area. Unlike beach sand, the dune's sand was 

ver small in grain size. Three sites in the dunes area with look angles to the balloon 

of 3C0
, 10°, and 60° were utilized . Figure 119 shows a typical setup in the dunes 

area. 

A more detailed description of the factors at each site affecting the multipath 

measurements is presented in Volume III along with the test results. 
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SECTIO IV 

D TA PRO ES ING 

This section d scribes the main flow of data from the raw m asurement tapes to 

the final output. In this discussion we will go to a l v 1 of detail commensurate with 

the results pr sent d in olume ill. A compl te discussion of the various software 

el mcnts f this proces can b found in Ref. 25 , 621B Softwar Docum ntation Li­

brar . . 

4 . 1 ( .. EI LL D T C 'C t T 

The dn ::i coll ection, reduction and analysis processes of the flight tests is scp­

arat d into sevC' n distinct parts: 

• Three independent instrumentation systems collect time-tagged data for each 

of the three receivers and direct it to separate magnetic tapes 

• The engineering units/validation program (EUVAL) simultaneously reads the 

three raw data tapes, reformats the tapes for computer compatibility, 
validates the time data and writes a single, chronologically ordered output 
tape 

• The navigation and calibration program (NA VCAL) forms the total user 
pseudo-range quantities from ground and airborne measurements, performs 

the deterministic navigation solution and supports, in part, the field data 
analysis effort by estimating system random errors in the r:i,avigation solution 

• The filter program (FILTER) implements the two-state clock bias filter in 
order to reduce the random error component of the static trajectory (i.e. , 
from static to dynamic GOOP sensitivities) 

• The trajector merge program (MERGE\ lays the foundation for complete 
1ata anal 1sis by computing system versus reference trajectory residuals 
(that is, estimates of navigation solution errors) and plotting them versus 
time and other system parameters on a per-run basis 

• The trajectory residual characterization program (INQ IRE) statistically 
analyzes short time series of MERGE residuals (data slices within a run) 

for bias, random and periodic content 

• The cross plot analysis program (CORLATE) supports the overall data 
analysis function by plotting the I Q IRE error statistics against system 
state parameters taken over the ensemble of runs and flights. 

Thus the data system takes the data engineer/ analyst from raw receiver 
measurements to plots which display system error quantities as a function of 
system state. 

Our discu ion of this data system starts with a brief account of data logistics 

and flow, then proceeds to the detailed descriptions of each of the major system 
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components. We shall then mention the numerous additional programs which were 

developed in conJunction with the G21B tests but w r not a part of the major flow of 

data, and complete th section with a discussion of th reference data trajectory 

generation program from Whit Sands Missile Range. 

4. 2 DAT II DUNG 

The acquisition of data during a flight test occurs a~ each of the three recei ers 

simultaneously through three independent instrumentation systems. There are 

relatively few measurements: 

• Four channels of pseudo-range information 

• Four chann ls of pseudo-doppler measurements 

• Four channels of r ceived signal level data 

• Receiver status discrete data including receiver mode and channel lock 

status 

• Instrumentation status data including tape ID, antenna select and airborne 

attenuator sel ct 

• Instrun1 ntation time of data sample . 

Time Correlation 
While descriptions of the instrumentation systems are containc>d in Section 2, time cor­

relation of the data sources is of particular interest in the discussion of the data system. 

A fundamental problem in the test data configuration is the manner in which the 

data recorded at the calibration site, on board the aircraft, and at WSMR aircraft 

tr eking devices are correlated to time of da . The timing system was designed to 

accommodate time correlation errors likely to be encountered as the results of air­

craft dynamics associated with :i high speed aircraft (i.e., RF-4C). Since the flight 

test bed was an C-135A, the aircraft dynamics involved in the tests were small, and 

the data our es need only be orrelated in time to about 1 ms. At aircraft speed 

f 00 fps, a 1 ms timing rror between the data recorded on-board the aircraft 

and th \ SMR referen e trajectory result in a 0. ft position error. This i the 

worst ase and is considered an acceptab le alue onsidering the accurac·y obtain­

able from the WSMR reference trajectories . In order to achieve the 1 ms time 

correlation, the following technique was utilized: 

White Sands issile Range supplies accurate time of da information to all 

range users vi:.i. microwave and hardwire links. Thus the calibration site and WSMR 

r [er nee trajector s stem \••ere ynchronizecl b this network. The aircraft data 

system contained, as GF , an IRIG modulated B format time code generator which 

was aligned to the WSMR time b fore each flight. Misalignment measurements were 

made before and after each flight by simultan oust recording WS R and aircraft time 

on an oscillograph. Th misalignment data allowed us to make offs t and drift 

estimatPs and the data were subsequ ntly corr cted during data processing for time 

misalignm nt. Typical aircraft-W MR offsets w r 0. 5 to 1. 5 ms, and the drifts 

o small (typically 1. 5 ms over a 3-hour night) that the mean offset was u ed a the 

correction factor in the softwar • 

1 2 



Test Data Flow 

After each flight the data tapes were collected and transmitted to the data pro­
cessing personnel. The CDC 6600 computer at Kirtland AFB served as the data re­
duction center for the field programs, and, referring to the overall data flow diagram 
on Figure 120, the three tapes were transmitted from HAFB to KAFB via a microwave 
data link. The engineering units and validation program (EUVAL) was then executed. 
This program selects time slices of data for processing, reformats and validates the 
raw data and combines the three source input data on a single chronologically ordered 
E. U. tape. The program also produces tabular listings of the measurement param­
eters which were used by field analysis personnel to isolate and analyze data 
anomalies. Immediately following EUVAL processing the navigation and calibration 
program, NAVCAL, was exec 1ted. This program contains a major portion of the 
system navigation algryrithm , namely the deterministic navigation solution, plus a 
certain amount of data analysis capabili ty. Files of diagnostic information about re­
ceiver and navigation solution status are provided in chronological order along with 
random error estimates based on variate differences and polynomial fits. Unfortu­
nately, by necessity, the A VCAL program cannot produce estimates of system bias 
errors. This analysis must be deferred until a reference trajectory is available. 

In the case of an IL5 flight, a cinetheodolite-derived balloon trajectory is in­
corporated into the ephemeris subroutine of NAVCAL. This tape was supplied by 
WSMR and interpolated to the 621B time. 

After the EUVAL and NAVCAL processing produced acceptable results, the 
deterministic trajectory data (also called the static trajectory) was forwarded to 
Grumman personnel on the East Coast. Here the data were filtered using a 
two-state Kalman filter (the clock bias filter) to produce the navigation solution best 
estimate of trajectory (BET). The two-state filtered data were reformatted in 
accordance with SAMSO requests and transmitted to the Air Force as an official data 
submittal. After this submittal, the trajectory reference data from the tracking 
ra,;ge were supplied to Grumman for system analysis purposes. These analyses 
start with a computation of trajectory residuals by the MERGE program, which 
interpolates the WSMR data to 621B time, forms the residual error estimates, de­
rives a predicted error banrl for the random components of the test system data and 
WSMR data and plots time-histories and cross plots of these data. The MERGE out­
put plots proved invaluable in the detection and identification of predominant system 
errors. Further, these plots vividly demonstrate the absolute accuracy of the test 
system with respect to the WSMR references. 

Two steps remain in the complete analysis of system errors: the formation of 
error statistics, and the presentation of these statistics taken over the ensemble of 
data flights. Data processing programs INQUIRE and CORLATE perform these two 
steps. 

The statistics program, INQ IRE, considers manuall selected time slices of 
ten-second duration. These slices generally start after the first 621B-WSMR time 
match and continue, 50 points at a time, until the end of the run. The manual override 
in slice selection is provided to preclude any wild or blunder points which may have 
occurred in either the test system or reference trajectories. INQUIRE then computes 
a variety of statistical quantities from the 50-polnt data slice. Average errors of the 
position and velocity r esiduals as well as estimates of the average error in the test 
system channel range measurements are computed. Random errors are characterlz , 
by moments nd ordered statistics of the data. Finally, frequency content of the data 
ls determined by a power spectrum analysis and by computing the autocorrelation. 
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Program CORLATE reads the INQUIRE tape(s) and produces cross correlation 
scatter diagrams of the residual statistics vs various system parameters. For ex­
ample, interchannel bias errors (i.e., mean of range 2 minus range 1 residuals) may 
be plotted against received signal level in channel 1 or, say, elevation look angle from 
channel 2. These plots represent the final output of the data system and are '..1Sed to 
reveal error dependencies not obvious in the per-run data. 

4. 3 621B DATA PROCESSING PROGRAMS 

Each major r,rogram in the mainstream data flow (Figure 120) is discussed in 
the following paragraphs in sufficient detail to show the primary computational con­
tent. Interested readers are directed to Ref. 25 for a more thorough treatment of 
the individual programs. 

These programs were specifically developed for the WSMR field test, and, as 
such, contain features which are peculiar to flight testing. These features, such as 
diagnostic files and quick look statistics, would not become a part of the normal data 
flow in an operational system. They serve the purpose of alerting analysis person- • 
nel to data inconsistencies, but also obscure such operational studies as computer 
sizing and timing allotments. 

Although the software was, for the most part, perpetually changing to accommo­
date unseen analyses and debug, the underlying technical approach d!d not radically 
chang" from the outset. Therefore. we will not dwell 11pon the system theoretical 
formulations but rather on the way the test data is actually handled. The details of the 
system theoretical foundation can be found in the Phase I Final Report (Ref. 1). 

The programs are described in sequence of use in the data flow. See paragraph 
4. 2 for an overview of the data flow. 

4. 3. 1 EUVAL, The Engineering Units and Validation Program 

Program EUVAL is the first program to be executed in the data system. Its 
purpose is threefold: (1) to decode and reformat the raw receiver data tapes from its 
hardware-oriented word structure to a software-oriented one; (2) to check data for 
hardware validity (such as record length, sync word pattern, etc. ); and (3) to output 
tabular and tape files of computer compatible engineering units data. The EUVAL 
data flow ls shown in Figure 121. 

EUVAL accepts inputs of time slice specification cards (one run per slice) and 
the three raw data tapes. The three data sources are assigned alpha and numeric 
iooicators as follows: 

Source 

HC ground calibration receiver 

HC airborne user receiver 

MRL airborne nser receiver 

Alpha 

CAL 

HAZ 

MRL 

Numeric (INDIC) 

1 

2 

3 

Each data source (receiver data tape) is processed for the time slice specification. 
'Ibe data are ordered in the computer by record and tagged with the appropriate 
INDIC value. 
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Figure .21 Engineering Units Validation Program Flow 
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END OF RUN 
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DEICRl"OR STATISTICS 

D 

A 

YES 

EU CONVERSION 
11 REFORMAT INPUT RECORD 

TO CDC STRUCTURE IV 
SHIFT/MASK OPERATIONS 

EU CALCULATIONS 
11 PACK DISCRETES 
21 COMPUTE AOC VALUES IN DIM 

FROM CALIBRATION CURVES 
31 COMPUTE MEASURED PIEUDO RANGE 

AND PSEUDO DOPPLER 

EU LIMITS 
11 CHECK EU DATA AGAINST 

REASONABLENESS LIMITS 
21 DIAGNOSTIC FOR OUT-OF-LIMITS 

WRITE EU TAI. OUTPUT 

C 

I 

TWIN 
RECORD 

Figure 121 Engineering Units Validation Program Flow (Continued) 
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Figure 121 Engineering Units Validation Program Flow (Concluded) 
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The validation of time data is of primary importance in the EUVAL program 
since wild time points or constant time offsets seriously affect results in computation 

of the navigation solution. Therefore a time validation scheme was devised. The 

data flow is summarized below: 

• A check of the ti m data must be made to determine where the first good time 
exis ts on the data tape in order to initiate the time validation process. 'Ibis is 
don b. a probabilistic m thod which considers the first 100 data records on 
the source tapes . The first 100 r ecords are examined as a set of points in 
which the time data between successive samples should be the inverse of the 
sampling rate. Lines are fitted to the data and wild points eliminated so 
that the first good time on the tape may be determined. The input tape is then 

positioned to the first good record and probabilistic statements about the suc­
cess of the analysis are made based on the ratio of good to bad points. 

• During the mainstream program execution checks are made on the input time 
data for proper in r·ease since the last validated tlme point. If a time dis­
continuity occurs the 1ogic must determine its validity. A jump is 
assumed valid if: (1) the jump is a positive even multiple of 2Q0 ms: 
(2) the time jump is greater than two minutes; or (3) the last three data 
points after an assumed bad time jump have increased by the proper 200 ms 
interval. The time jump is assumed to be a defect if it shows no time change 
since the last record or does not satisfy any of the three criteria above. 

While this timing logic is certainly not flawless, it has proven very effective in the 

EUVA L program. However, the consequences of invalid time data are so severe (es­
pecially when only subtle discrepancies result) future instrumentation systems should 
incorporate a low accuracy redundant time source (such as a free-running binary 
counter) so that an exact decision can be made by the time validation logic. 

After the time of sample has been validated it ts chec,ked against the time slice 

specification. Within the slice limit s the following processes occur: 

• EU conversion of the raw binary tape data parameters to CDC 6600 binary 
word structure (60-bi t word) 

• Calcu1ations involving EU parameters such as age calibration assignments, 
pseudo range, doppler calculations and packing of discrete information 

• Limit checks for data reasonableness 

• Storage of pertinent data siKtistics for run summary information (e. g. anten .. 
na switch position, in sync etc.) 

• Generation of the EU tabular data listings 

• Buffering of all EU parameters to inte rmediate storage disk files. 

When the end of the time slice is encountered on all three data sources, the 
second section of he program completes the per-run processing by calculating statis­

tics for tabular and tape output and writing a chronologically ordered EU tape from 
the disk file data. 



4. 3. 2 NAVCAL, The Navigation and Calibration Program 

The Quick Look Navigation/Calibration Program ls executed immediately after 
the Engineering nits/Validation Program. The NAVCAL Program reads the engineer­
ing unit t ape, performs a static navigation solution and generates first-cut statistics 
describing syst m r andom er rors . P rogram output consists of tabular listings and a 
magnetic tape. 

The primary source of input data for the NA VCAL program is the engineering 
units tape. Other data required for NAVCAL proces~ing (transmitter locations, 
indicators , etc. ) are input on cards or exist in resident tables except for the ILS test 
flights when the coordinates of one transmitter are determined by interpolation of the balloon trajectory tape supplied by WSMR (transmitter 4 position for JLS). 

Data flow in the AVCA L Program occurs in three major phases per run: 

• Reading the E (and balloon tapes and performing the static navigation 
solution. The solution outputs are directed to disk files 

• Writing a tabular and tape output of navigation solution data. 

• Performing statistical analysis on disk file data 

The detailAd data flow in the program is described by Figure 122. Referring to 
this figure the first part of the NAVCAL flow sets up the data required by the static (or deterministic) navigation solution. The EU run description statistics are read from the 
E tape and run suitability determined by considering channel in-lock percentages. If 
the run is suitable for navigation processing, a record of EU data is read, the 
ephemeris data (transmitter position) established by table look-up for the run's geom­
etry and, if necessary, the ballc., on tape is time aligned and interpolated for the ex­
traction of transmitter 4 trajectory data. The static navigatior subroutines are then 
called and a s tatic solution produced. The trajectory is stored on di'!k for subse­
quent stati stical processing and pertinent data output to tabular and tape files. 

Quick look s tati stics for the deterministic trajectory are generated by variate 
diffe rences and polynomial fits taken over short data slices. The slices are arranged 
to have approximately stationary statistical qualities by initiating a new slice when: 

• The static GDOP's change by more than a factor of 1. 4 

• The number of points in the slice exceed 250 

• A time jump occurs in the data. 

The quick look statistics do not warrant further discussion here, but the interested 
reader is directed to Ref. 26 which details the method, its derivation and simu-
lation results. 

4. 3. 2. 1 The Stat ic Navigation Algor ithms 

The deterministic solution of the four pseudo-rangipg equations (the static 
Navigat ion Solution) forms a major part of the NAVCAL program. It is composed 
of severa l subroutines which: (1 ) construct th~ total user pseudo range from ai rborne 
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and ground measurements; (2) correct the pseudo ranges for interchannel delays and 
tropospheric refraction, and (3) solve the navigation algorithm (quadratic in Z) for the 
user's rectilinear position and velocity plus measured clock bias and bias rate. 
Paragraph 1. 3 gives th mathematical formulation for th solution. 

Th Static Navigation Solution data flow is presented in Figure 123. It con-
sists of an executive subroutine (8TATNV) aod subordinate subroutines. The executive 
subroutine screens the data for diagnostic information and routes it according t data 
source and receiver status. The major functions are perform_ed in the subordin:ne 
subroutines as follows: 

• CHANDEL - computes instantaneous and filtered values of channel delay 
mismatch for the Hazeltine callbraticn and user receivers 

• CALRO T - computes calibration site and transmitter eometry and the 
alibration information for the pseudo-ranging algorithms 

• HAZRO T - computes Hazeltine user receiver information for the pseudo­
ranging algorithms 

• CAL SE - computes the total pseudo-ranges and pseudo-range rates for both 
users by combining the calibration and user psecdo-ranging information 

• STATSOL - performs the deterministic pseudo-range and pseudo~oppler 
position and velocity navigation solution and calculates related quantities in­
cluding linear error analysis terms and tropospherl.c refraction corrections. 

The sc~e of this volume does not permit the complete discussion of each algo­
rithm presented in Figure 123, but a few items of interest are pertinent to the inter­
preta ti on of the NAVCAL program and the data in general arc described below. 

4. 3. 2. 2 Recycling Ambiguities 

Since the test system pseuclo random noise (PRN) code is not of infinite duration 
the measured values of received pseudo range must recycle as the code recycles. Th~ 
~oftware must, then, remov the ambiguity which results when a single channel recycler;:; 
independently of the others and when the combination of ground and airborne pseudo­
ra_nge compone~ts result in ambiguous total pseudo ranges. For the Hazeltine equipment 
this procedure 1s executed at three separate points in the logic: (1) after the orrection 
for channel delay mismatch; (2) after the formation of the received pseudo range by the 
differencing of replica and reference clocks, and (3) after the combination o~ ground and 
user measurements. The Magnavox equipment performs the first two functions above 
within the receiver itself. The third function, however, is not as obvious in this case 
due to the short MRL ambiguity interval (4096 chips). For the MRL data the ground and 
user measurements are combined as usual but th subsequent ambiguity check must con­
side r alJ four channels simultaneously to ascertain resolution. Channel 1 is taken as 
reference and the other three adjusted to be within 4096 chips. 

4. 3. 2. 3 The Deterministic Navigation Solution 

The deterministic solution of the four pseudo-range and pseudo~oppler equations, 
along with related calculations, are performed in subroutine STATSOL. The quadratic 
pseudo-range position solution is used so that one of the Z roots must be discarded. 
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:,; 

This is done by comparing both Z roots to a test value, and selecting the root which 
is closest. The test valuee, are: 10, 000 ft for the area navigation tests, and 250 ft 
for the instrument landing oystem tests. The linear velocity equations are solved by 
Cramer's rule. The GOOP sensitivity matrix, which ls identical to the veloclty solu­
tion matrix, ls saved for output along with other error analysis terms. 

4. 3. 3 FILTER, The Two-State Blas Filter Program 

After the static navig:ition solution has been determined by the NAVCAL program, 

a simple two-state Kalman filter ts used to demonstrate one of the advantages of 
pseudo ranging over range differencing - the well behaved clock bias. 

While the range diffei·encing equations have a computational advantage over the 
pseudo-ranging equations, the formation of range differences causes a loss of infor­
mation about the bias between the user reference oscillator and the overall system 

time reference. This term, usually expressed in feet, is called the pseudo-range 
bias and it re lates the measured pseudo-range quantities to the user's true range from 
each of the 621B transmitters: 

r 1 =- R1 
- B 

where r1 are the true ranges, R1 the (measured) pseudo ranges and B ls the pseudo­
range bnis. 

The pseudo-range bia's is, ideally, a function of user and ground timing only, 
and is therefore well bebaviad. In fact, with no oscillator drift, the pseudo range is 
a straight line in time. 

When the pseudo-ranging concept ls applied to_ the measured doppler signals, a 

similar bias term evolves. This bias, usually expressed in feet per second, relates 

the frequency of the user and ground osclllators and is called the pseudo-doppler bias. 

The true and pseudo-range rates are related by the pseudo~oppler bias, B/ft sec: 

r. = R. - B 
1 1 

where r1 and it1 are true and pseudo measurements respectively and B is the pseudo­
doppler bias. 

Further, to first order: 

. 
' dB 
B = -dt 

Since both biases B and B are will behaved anrf are strongly related to each other, they 

are especially adapted for filtering. By rendering the error in estimating the value of 
these biases insignificant, we may realize four true measurements from the four avail­

able pseudo measurements and thus reduce the random errors in the user trajectory. 
Program F1LTER implements this concept. 

4. 3. 3.1 Two flate Filter Design 

The filter states are bias and bias rate: 

i • [:] 
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and the state covarian e is derived from the sensitivity analysis of the pseudo-ranging 

equations: 

- - - - 2 {Y - X.)•(Y - X) • (R . - B} 
C I C I I C 

ex - x. > 
C I 

R - B I c 

- ... . . 
(V - X.} • R1 - B 

C I C 

where Yc, Be, Ve and B~ are the deterministic position and velocity navigation solution 

and r.1 and .1Ci are the location and velocities of the four transmitters similar to a true 

satell te rotating Y configuration. The sensitivity analysis gives state covariance from 

predicted pseudo measurement errors. The state transition matrix uses the first order 

approximation. 

where ~tis tp_e elapsed time between samples. The plant noise matrix models bias 

acceleration (B, oscillator drift rate) as a zero mean normal radom variable. The 

filter is initialized by the deterministic navigation solution and subsequently accepts 

inputs of: (1) the predicted pseudo range and pseudo-dq,pler measurement errors; (2) 

the predicted bias acceleration variance, and (3) the measured static biases Be and :he, 

Once the filtered values of the biases ar· , available, this added information ts 

applied to the coordinate trajectory. This is accomplished by forming four true ranges 

and range rates: 

rfi = Ri - Bf 

where the f subscript indicates the flltered value. These four true measurements are 

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

squares solution is realized by the pseudo-inverse technique. The r suiting decrease 

i.n random errors in the user trajectory is summarized by the filter improvement factor, 

,defined: 

flf • 

where the f subscript indicates the filtered error predictions. For the 621B Area 

NavtgaUon Tests typical improvement factor values are 

fif i-=i 1 at the beginning of the run, (60,000 ft down range) 
fif - 3 over the center transmitter 
flf - 2. 5 at the end of the run 

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

highly elongated ln Z to approximately spherical. 
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4. 3. 3. 2 Modes of Filter Operation 

Under norma] conditions the filter program ~erates in the (two-state) filter 

mode . Two degraded modes are available: (1) the secondary three-measurement mode, 

and (2 ) th t rtiary extrapolate (or dead r eckon) mode. 

The three-measurement mode is invoked when one channel produces bad measure­

ments and at least one previous acceptable navigation point is available for bias extra­

polation. The three-measurement navigation solution is derived in Ref. 27. 

When there l s no deterministic navigation solution available and/or the primary 

and secondary modes have failed, the full extrapolation mode is used in 11n attempt to 

fill the gap in the data. This highly degraded mode is not used for more than two con­

secutive seconds and r equires at least five seconds of previous data to operate. The 

extrapolation is ·_Jerformed on the trajectory coordinates independently by least-squared 

residual polynominal fits. A linear curve is fitted to ti. e velocity data and is sub­

sequently integrated for position extrapolation. The cor.-,tant of integration is deter­

mined by fitting the integrated velocity curve to the posih·">n data by least-squared 

residuals. 

The filter program selects its operating mode in accordance wW1 the logic shown 

in Figure 124. The channel-locked discretes from the user and ground calibration 

station are checked first. If all four channels show good locks, the deterministic 

navigation solution is then checked for feasibility. In the present program configuration 

this feasibility 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 possibll!ty is checked by comparing the first difference of the four pseudo 

dopplers to the secooo difference of the four pseudo ranges. 

When all three program modes fail to produce a meaningful trajectory, the lost 

data results in time jumps in the output. 

4. 3. 3. 3 Filter Models 

The two state bias filter requires two externally derived parameters: 

• The predicted variance of bias acceleration IF estimated from system oscil­

lator statistics aoo refined through examinati ,n of flight data. It is used in 

Q matrix computation. 

•• 2 2 
Var (B) = 0. 0005 (ft/sec ) 

Th is value is admittedly very conservative. The clock stability is good, and, 

if it were the only unmodelled error, the Q matrix could probably be set to 

zero. nfortunately, unmodelled measurement bias errors have forced the 

insertion of a large filter Q so that the filter does not diverge from the static 

soluticn. This is done at the expense of the filter improvement factor (re­

duction of random error content). This situation coold be corrected by im­

plementing a higher statk filter which would model measurement bias errors. 

• The predicted variance of pseudo-range and pseudo-doppler errors is used 

to obtain the predicted state covariance. These errors are predominantly 

thermal noise and are modelled such: 
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Figure 124 Filter Mode Selection 
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RecPived power watts is 

Ptol ., 10 ((Pcbm - 30)/10] 

Defining constants 

K • code 
cT 

C 

K • /sw carr carr 

2 

No/10 
10 

where 

then 

c = speed of signal propagation (ft/nanosec) 

T = phase chip length (nanosec) 
C 

BW od = two sidErl noise bandwidth of code loop (Hz) 
C e 

BW carr = two sided noise bandwidth of carrier loop (Hz) 

N
O 

= noise density (dbw /Hz) 

T DOP = doppler counting time (sec) 

fcarr = carrier frequency (GHz) 

a • K /r;;;-
R code/.J PW 

0i K _/ 
• carr/JPW' 

where: 

T = 100 
C 

BW od = 5.6 
C e 

BW = 43.6 carr 

TOOP = 0.1 

fcarr = 1. 575 
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Other sources of measurement error have been lumped into a single contribution. 
These errors have been empirically assigned as: 

2 2 
CTR= (2) for HC 

2 2 
CTR = (1) for MRL 

2 2 
CTR= (0. 25) for both receivers 

4. 3, 3, 4 Computer Implementation 

The two-state 621B bias filter has been implemented on the CDC 6400 computer 
with emphasis on producing a maximum amount of useful flight testing information. 
Overall flow charts of the executive program and major subroutines appear in Figure 
125. 

The executive program reads the deterministic navigation solution information 
from the NAVCAL program output tape. It then checks data status, selects the filter 
mode and calls the corresponding subroutine. A separate subroutine is used for tape 
and tabular output. 

4. 3. 4 MERGE, BET Residual Calculation and Presentation Program 

After the BET has been transmitted to SAMSO, a reference trajectory from 
WSMR is made available to us for comparison purposes. The MERGE program cal­
culates trajectory residuals and presents them graphically. 

Figure 126 shows the MERGE flow. Transmitter positions are extracted from 
the Run Descriptor Record (except in ILS tests where the balloon position is contained 
in the data record) and reference range and range rate trajectories calculated from 
them. Both WSMR and Aerospace Corporation BET's are accepted. Linear inter­
polation of the reference data to 621B time ls performed. Trajectory acceleration and 
jerk are computed from the reference data by differentiation of the velocity informa­
tion. 

The trajectory residuals calculated are: 

• X, Y, Z position and velocity 

• Range and range rate from each of the transmitters to the user. 

These residuals are esUmates of the system error (if the reference BET were 
perfect, the residuals would be the system errors) and are plotted, according to card 
input options, versus time or other system parameters. 

On the time history plots a second curve may be added. This is the predicted error 
band for the random error in the resiwals. It is calculated as the 3-sigma point of the 
root sum of squares (RSS) value of the test data and reference BET predicted errors. Since, 
in general, the reference position trajectory is much smoother than the Fl L TER trajectory, 

the error band is almost completely due to the test system contribution. (In the vel­
ocity trajectory the opposite ls true an.1 the error bards are almost completely due 
to the reference BET.) The purpose of the error bard ls to alert the data analyst to 
unmodelled errors. If the residuals fall outside the band more than (approximately) 
99% of the time, an unmodelled source of error has become significant. 

205 



LDIT DAU 
~ EAADA 

THIIIE IIANOl 

FILTlll 

READ-MUTE 
TA,[ LAl[L 

READ DATA CAIID 

IIEAD SU TISTIC SOL •N 
DATA IIECDIID 

ND 
1110 

LOST DATA~ 
!INI TIALIZE 
flLTEllt 

lkTll.voLATlTHIIOUOH 
TIME.-

J -l'DIIIILE -l CHAIIQEI - - -

t-:::--.An 

LDIT DATA 

WRITE OUT~IJf 

'IHTUT 

Figure 125 Two-State Bias Filter Implementation, Executive Flow 

206 



IW\.111: 
ITATIC mL'N IT-. Y, V, ■, al 
STATIC IINIITIYln PAIIAMITIIII: 

l - DIIIICTION COIINII 
r - POI. - YU CDUPUNG 
M '1 - QDOD IINIITIYIT . MATRIX 

TIIIA-ITTlll LOC. AND 1'il. 

ti1, ii 
PlllDICTID IIAIIIANCf o> IIIAllllll 
AIIIO IIANGl IIATI 111110111 

to' " r o1
11il 

PIIIDICTID MIAN OP RANGE AND 
IIANGI IIATI lllllDIII 

, ... ,. .. ... ,1111 

ITATIC PIIUDO IIIANGl , IIOPPUII 
MIAIUIIIMINTI !PIii; PD11 

CON■TANTS: 

PIIIDICTID IIAIIIANCl OF ■IAI 
ACCIUIIATION EIIIIOIII 
101,1 -

I 

I 
,_STATl•AI 
PILTIII 

I 
ANION : 

ITATl x- [:] 

I 

I 

MEAIUIIEMINT COYAIIIANCE 

[ 

• ·11 1 , l 
11.,-

0 o• Ill,. ~ 

cm.vu I TATE COIIAIIIANCE . .,._ USING 

MIAIUIIIMENT COIIAIIIANCl AND STATIC 
IENIITIVITV ANALVIII : 
FILL T: 

•1 .1 • ,..·!. I • 1,• 

•1J _• _o __ l •_1_.1 

'2.i. "'·! r "'-~ i . , .• . 11. , ., 

12J • "'41
.i I • l .• . I • I.I 

' NOW • Tfl,.,TT •I (UC6 XT ) 

~>-v_•;.;•-----1 

PIIDPAQATE ITATI : 
0 1 • TIMI - 'OLD 

- • r1 " ~ • l!I 1J 
X,.110, • i, i(OLD 

I 

cm.un PLANT NOIII UIING ■IAI 
ACCEUIIATION IITIMATID 

v•:•~f:~J 

I 

PIIDPAGATE STATE CDIIAIIIANCE : 
- -- - T -
,,.,.a,• o 'oLD lb •0 

I 

cm.vu KALMAN MIGHT : 
- - - - ., 
"'. ',110, ""'°' . ,_, 

I 

FIUEII ■IAI: 

0• • • - '?110,11 

o■ • • - '?110,12 

at•-,flO,II • •it d i • • u .61 

et • •pf110,J2 • w21 ti■ + •2:2 lli 

OUTPU11: 
PILTIIIID IOL'N IYI Yf 91 911 
PIIIDICTION YAIIIANCI 0, PIL TIIIID 
■DLUTION 

to• Rti' o• llfi• o• Yf' •• vtl 

ITIIUI IIANGI AND IIANGI IIATI TO PILTIIIID UNII 

... ,."'i' -

IAIIE : 
TIMI - 'OLD • TIME 

STATI - iOLD • X 
STATE CCHAIIIANCI -

'oLo·'-
IIT FILTIIII D • STATIC IOL 'N 

I 
I II ETUIIN I 

Figure 125 Two-State Filter Flow, Filter Algorithms (Continued) 

207 



TWO&TATI flLTlll PLOW 1--1 

• 
COMPUTE IIANOf AND II ANOE IIA Tl 
COIIIIECTIDIII TlllMI : 

~ • d fll • e - et • w 
' II, -

AA • ti", • 9 - If " A, 

I 

COMl"IJTE COORDINATE CORAECTtONS 
ILEAST SOUAREII : 

C• [:::]- STATIC OIIIECTIOIII 
COIIIIIU 

ii I t T ] • 
STATIC l'OtltTIOIII-
VELOCITY £1111011 

I T COUPLIIIIO TERMS • 
z:v • 1c'c1 ·

1c "" 
;;v . ,c'c1 1 ,;;; _ ic1c "i" 1 co ,;v 

I 

-LY CODIIDIIIIATl COIIIIECTIDNI: 

Yf - i• ii 
Vt• V • 6 V 

I 

UPDATE ITAH COVAIIIAIIICE · 

'OLo•WP-WT • tl-WW,1101'11-WIT 

I 

DIA-TIC COYAIIIAIIICE PIIIIIIT 

P-AIIID,OLD 

I 
COMPUTETIIUEIIAIIIGEIAIIIDIIAIIICl( 
IIATH 

rf i • , l1vt - i t tvt - i ii 

ifi • .., , i twf - ;;, 

I 

UPDATE ,11ED1CT~D EIIIIDIII 

oJ YI• ICTCf 1c;·T4oJ II• POLOIII UCTCl "1c·~ 
oJ VI• tf'CI I TCloJ 11 • 'OLDD • 

ii · ' Yfjj•T1 1c1c.-1c ·T 
T 

0 1
111 • c 

01 
yfT • 'DL011 

J - J -T - J T 
o lit • C a Vt C • , OLDl2 • Do yt • 0 61 

I 

DIA-TIC ,111oicno 
(1111011 PIIINT 
o111o" 1a,io., 

I 

I IIITUIIIII i 

Flj~re 125 Two-State Bias Filter Data Flow, Filter Algorithms (Continued) 

208 



INP\111: 
T- OI' l'tllNNT -LI 
PIIIYIOUI ITATIC IMH.UTIU.: 

'"•· " 1· • 1· • 1· .,_,11 • , .. 
l'SIUOC.IAIUIIIMINn IPll1, PIii' . , .. 
TIIA-TTIII LDC, AIIO VIL. 
ci 1, i 11 , . , •• 

_,11 OF CHANIIIIL 111.-cnD 

CONSTANTS: 
TIIT AL TITUDI FOii lfLfCTING 

QUADIIA TIC t lMH.UTIOIII 
IYAIIIU FOIi iLi Tllnl 

DIOIIAOID-1 
,.._11111.UTIOIII 

PIIO,AOA Tl .. All. USING MIOHTID 
AYIIIAO( Of PIIIYIOUI • STATIC 
aot.UTIU. 

• 1· ,. 

II 
,.. r • 

.. , f 

I II ... ,. !, •1•, 

I II 
iU • TIME - N ,: , • • TtME1 

I II 
If•,..:, •P .• Olllf 

•NOTE : FLIGHT DATA IH«­
IQUAL WIIOHn All( IUFFICIINT 

r----
1 

I 
'I'll 

I 
I 

I 

I 
I 

I 

I 

In ULIIH J IIANGI OIOMITIIY 

L __ _ 
LOOP fllO 

-ITIOIII ID&.UTIOIII OI' 

IYf - UHYi - 01 • ;2 
-ICM II CIUADIIATIC III t . 
111acT FALN 1111.UTIOIII 
-0 0111 Tiff AL TITUOI . 

YILOCITY aot.U .. 10111 OI' 

, ,1iii - iJ1 • ; 

~I TIIUI IIAIIIOI MO 
IIANOI IIA Tl TO 101.UTIOIII 
AIIIO FILL ll■-1-11 OI' 
OUTNT IIICOIIO WITH HIIOI. 

IIITUIIN 

lllTUIIN 

OUTNn: 
FIL TIIIIO -UTIOIII IDIOIIADIDI 
IYl, YI Jf. atl 
TIIUI IIAIIIOF AIIO IIANOI IIATII TO 
IOlUTIOIII 

Figure 125 Two-State Blas Fllt.er Data Flow, 3-Range Navigation (C011tinued) 

209 



INl'UTII: 
TIMI OP PIIHINT-U 
PIIIYIOUI ITATIC IOI.UTIONI: 

IY1• v1• a1• · •• Tllll i' I • 1.a I 

CONITMTS: 
TIIIH LIMIT APTIII -ICH 

EXTII.VOLATION II IN\IALIO 
ITLIMI 
IITTOIII~ 

I 

I 

I 
I 
I 
I 
I 

I 
I 
I 
I 
L_ 

DIGIIAOIO - PULL 
IXTIIM'OUITION 

LOOPITAIIT 
I• 1,J ,3 t a ,y,I ) 

I 

VELOCITY UTIIAPOLATION: 

IIITUIIN 

IIITUIIN 

IIITUIIN 

FIT llNlAII POLY-Al TO VllOCITY 
DATA UIINO LEAST IQllAIIH 
IIHIDUALI 

,.1,1 • .. 0 • .. ,, 

I 
FllTllllO VHOCITY : 

Vf
1 

• '•ITtMU 

I ·-
INTEGIIATI VELOCITY POLYNOMIAL 

P _,h i ••,•• a,212 

. , . .. o 

•2 • .. 112 

I 

OITEIIMINI CONSTANT OF INTIGIIATION 
■Y LEAST ~Allll FIT TO PO■ITION 
DATA : 

1 I 

•o ·, ~, ","""\1 - • J' 

I 

Fil TIIIED PO■ITION : 

Yfi • P ,ITIMfl 

I 

- LOOP ENO ] 
I 

Ill Pll TIIIED ■IAIH TO 11110 
If• t' •O 

I 

COM"UTE TIIUE IIANOI AND IIANGE IIATI 
TO IOLUTION AND Pill lllMAINOIII 
OF OUTPUT IIECOIID WITH HIIOS. 

I
CllofflUTI: 
Pl L TIIIID IOI.UTICIN IDIGIIAOIDI 
IYI . VI. M, MI 
TIIUI IIAIIGI AND IIANGI IIATI TO 

IOI.UTION 

Fjgure 125 Two-State Filter Flow, Dead-Reckon Navigation (Concluded) 

210 



NO 

D B 

STOP 

AEADINPUTCAADS ~, __ _. 

READ 621B AUN 
DESCRIPTOR, EXTRACT 
LOCATIONS OF XMTRS 
1,2,3 

READ 621B DATA 
11 TIME 

21 x. Y, z. ><. Y, i . R, A 
31 o621B PREDICTED ERRORS 

41 XMTR 4 IBALLOON IN ILSI 

EOF 

EOF 

x.v.z.x.v.z 

PARITY 

READ REFERENCE DATA 

WSMR DATA 
11 TIME 
21 x. Y, z. ><. Y, Z 

OTHERWISE 

31 oREF PREDICTED ERROR 

COMPUTE REFERENCE RANGE 
AND RANGE RATE FROM 
REFERENCE X, Y, Z, X, Y, ZAN 
121B XMTR LOCATIONS AND 
VELOCITIES 

TIME ALIGN TAPES 

LI RPOLA E 
REFERENCE DATA TO 
821B TIME 

A 

Figure 126 MERGE Program Flow 
I 

211 

PLOT 
OPTIC;,,5 

AEROSPACE DATA 
11 TIME 
21 x. Y, z. ><. Y, Z 
31 aREF PREDICTED E~ROR 

C 



D B A 

Ct -. .,. UTE AtllilDUI\LS 
6 • 821B- REF 

YES 

STORE LAST &POINTS 
FOR DIFFERENTIATION 

WRITE OUTPUT TAPE 

WRITE TAB. OF 
REFERENCE TRAJECTORY 

COMPUTE HIGHER ORDER 
DYNAMICS IV DIFFERENTIATION 
OF 5 SAVED POINTS 

11 x. v.z. x. v. z' 
21 R. R 

COMPUTE RANDOM ERROR 
PREDICTIONS FOR RESIDUALS: 

2. 02 ♦ 2 0 6 1211 °REF 

COMPUTE ERROR BAND 
FOR PLOTS 
E.B. • 3o 6 

PLOT TIME HIITOAIES 
11 ti., f'.I. FOR SINGLE 

POINT PLOTS OR 
21 ~. E.B. S4 OVER N 

POINTS 

PLOT CROSS PLOTS 
11 NORMALIZE RESIDUALS 

6 1 -~ 
06 

21 PLOT SPECIFIED BY CARD 
INPUT C.TIONS 

Figure 126 MERGE ProgrJm Flow (Concluded) 

212 

C 



4. 3. 5 INQUIRE, The Trajectory Residual Characterization Program 

While the MERGE output plots graphically present each trajectory residual, they 

cannot fully characterize the properties of system errors. We must draw on mathema­

tical statistics for this task. Program INQUIRE forms statistics for the MERGE 

residuals. 

The program considers manually specified time slices of the data. Manual 

slice selection allows wild point editing before statistical analysis. Each slice is de­

fined to be 10 seconds (50 data points) in length and is assumed to have stationary 

statistics (inspection of the MERGE p1ots shows this to be a valid assumption, espec­

ially in the good GOOP regions). Statistics related to deterministic, random and peri­

odic analyses are calculated: 

• Deterministic error characterization 

- Sample mean 

- Least squared residuals linear flt witl-, sample number, slope and intercept, 

residual standard deviation 

Difference sign test statistic for whiteness test against trend (number of 

times that the series increases) 

• Random error characterization (for the data) 

- Second through fourth central moments 

- Unbiased estimate of standard deviation 

• Random error characterization (for the linear fit residuals) 

- Residual range 

- Residual median 

- Residual percentage points (1, 5, 10, 50, 90, 95, 99%) 

• Periodic error characterization (for linear fit residuals) 

- Turning points test statistic for whiteness test against periodicity (number 
of turning points in data) 

- First 20 serial correlation coefficients (correlogram through lag 20) 

- Power spectral density to one-half Nyquist frequency 

- Two-term Yule autoregressive c.'Oefficients 

- Frequency of maximum power spectral density. 

These statistics are calculated by a general purpose subroutine EXAMINE. Of 

particular importance to our discussion are: (1) the sample mean which estimates 

system bias errors; (2) the sample standard deviatioo which estimates system ran­

dom error; (3) the turning point test statistic which determines if the errors are 
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white noise or contain some low frequency component(s), and (4) the frequency of 

maximum power spectrum. The Roftware is implemented so that the maximum 

spectrum frequency is ignored unless it is significant. 

Program INQUIRE calcqlat.es. all or the above statistics for both the rectlllnear 

coordinate residuals (X, Y, Z, X, Y, Z) as well as the interchannel residuals: 

~Rj-i = (PRj - PRi)621.B - ( Rj - Ri)Reference 

(j,i) = f (2,1), (3 ,1 ) , (4,1), (3,2), (4,2), (4,3)1 

where j and i are channel number, PRk the pseudo ranges (or pseudo dq,plers), 

and Rk the reference trajectory true ranges (or dopplers) from. user to transmitter. 

The interchannel residuals are of particular importance because, unlike the X, Y, Z 

errors, they are independent of geometry. Caution must be exercised, however, In 

interpreting interchannel results because the statistics contain effects from both 

channels. This is the unfortunate consequence of not having any accurate knowledge 
of the true value of the clock biases. 

While the system error statistics are important, ultimately we wish to uncover 

any dependencies between the errors arxl other external parameters. Program IN-

Q IRE, to this end, characterizes the 50 point time slice over which the residual 

statistics were taken by evaluating the average values of: 

• The user's rectilinear position on range 

• The user's velocity vector in polar coordinates 

• The user's rectilinear acceleration and Jerk 

• The true range and range rates from user to transmitters 

• The azimuth and elevation look angles from transmitters to user 

• The true range accelerations and jerks 

• The received signal level at the user 

• The elapsed time into run from initial receiver lock-up 

• The GDOP s~nsitivity arxl direction cosine matrices. 

A sample output of Program INQUIRE ls shown In Figure 127. 

4. 3. 6 CORI.ATE, The Cross Plot Analysis Program 

The magnetic tape output of program INQUIRE contains residual and system 

characterization parameters taken over short time slices. By combining the INQUIRE 

outputs from multiple flights by tape copy operations, program CORLA TE presents 

cross plots of these parameters taken over the ensemble or flights, runs and 

test points. These plots are used to show consistencleA (or the lack of consistencies) 

in the data from flight to m6nt and run to run. One-hundred eight pertinent parameters 

are available for cross plotting, resulting in over 10,000 possible combinations. Of 
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these, about 200 are considered noteworthy and are included in the program as a 

standard plot set. They are separated into four categories: 

• Overall characterization plots 

- Flight number and time of day data 

- Power level variations with geometry 

- Range vector geometries attained 

• Pseudo-range bias error analysis plots 

- Interchannel mean error vs: 

o Range vector geometry in thr ~e-space 

o Range dynamics (velocity, acceleration, jerk) 

o Signal level 

o Time of day, flight number variations 

o User velocity vector heading 

• Random error analysis plots 

- Interchannel error staooard deviation vs: 

o Elevation look angles from transmitter to user 

o Signal level 

o North-South position on range 

o User velocity vector heading 

- Rectillnear error standard deviation vs: 

o Signal level 

o Time of day 

o Interchannel frequency content 

• Pseudo-range, pseudo-doppler perlodlcltles plots 

- Pseudo range, doppler frequency content vs: 

o Elevation look angles from transmitter to user 

o Signal level 

o North-South position on range 
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o User velocity vector heading 

The plots are generated using an elaborate auto-scaling technique with different 
plot symbols identifying each flight. The plot parameters are screened for reasonable­
ness by limit checking before they ar e placed on the grid. See Volume III for plots 
which show significant results. 

4. 4 ADDITIONAL SOFTWARE 

The data processing programs described in the preceding section ace;ounted for 
the major software development effort for the field test. However, numerous 
special purpose routines were developed which did not fit into the mainstream pro­
cessing but produced important results. In this section we briefly describe these sub­
ordinate programs. 

-1. 4.1 Reformatting Programs SH FFLE, MEAS RE and ARRA NGE 

Two reformatting tasks were of particular importance. Program SHUFFLE was 
written to simplify the format of the navigation solution FILTER tape for transmittal 
to SAMSO. The normal FIT_ ER output tape contains label and run descriptor records 
aR well as peripheral test data information such as signal leve , channel lock status 
and GOOP sensitivities. SHUFFLE strips out the pertinent traJectory information and 
writes an output tape compatible with SAMSO requests. 

Program MEASURE was written to simplify the EU tape format for use in ground 
user multipath tests and other analyses. It, as an option, writes a.11 IDM compatible 
binary tape. 

A third reformatting program, ARRANGE, was written to enablt, MERGE pro­
cessing on the static navigation solution. This program reads a NAVCAL output tape 
and reformats it to a FILTER tape, with the static navigation solution rt-placing the 
filtered quantities. This program was used extensively in ILS processing since the 
FILTER program only produced valid output in the (small) regions of good GOOP. As 
an option, ARRANGE also .'eformats a cinetheodolite trajectory tape from WSMR, 
which allows processing to residuals of cine-BET trajectories. 

4. 4. 2 Field Analysis So!tware, READY, SWIFT and DELAY 

Receiver readiness tests require a means of estimating channel noise under 
bench test conditions when a navigation solution is not produced. Program READY 
applies the variate difference method to the pseudo-range data on an EU tape to obtain 
these estimates. The program produces a separate set of standard deviation estimates 
for each file on the EU tape. 

Other bench tests, used to investigate interchannel effects, require the com­
putation of statistics on the differences of the pseudo-range measurements among the 
channels. One chann-?l is taken as "common", and the difference between its measure­
ment and that of the other channels ts computed at each sample time. Program 
SWIFT performs these computations from EU data, allowing the selection of the com­
mon channel and of wild point edit limits. The differences are printed along with the 
sample time, and means and standard deviations of the differences are computed for 
each file of data. 
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The programs discussed above all operate without using external reference data. 

However, once a reference trajectory ls available some addition calculations can be 

made on a quick-look basis for field diagnosis of problems. Program DELAY was 

written to perform a set of calculations especially useful for this purpose. DELAY 

compares a reference trajectory to the computed solution and calculates the error in 

each computed range. One range error, arbitratlly designateJ as the ''common", is 

subtracted from the others. The resulting differences are useful because they are not 

directly dependent upon the GOOP factor and because error components common to 

both ranges are canceled. Exact agreement with the refe ence trajectory can be 

achieved only when all of the differences are zero. 

DELAY also calculates statistics on the error differences for each successive .' n­

tervals of specified length. sually, 25-second slices ••,ere speclfled. To increase 

com\'.,luter efficiency, DE LAY operated on reformatted versions of the reference and 

621B solution tapes. An option allows the generation of a tape with error differences, 

so that they may be plotted at the KAFB/Holloman computer facility. 

The field analysis software described above was supplemented by a number of 

minor programs uswt to edit, reformat, and plot the data. These routines, together 

with the 6585th Test Group supplied trajectory comparisons, satisfied the field analy­

sis software requirements of the program. 

4. 4. 3 Tabular Listing Program, REVEAL 

Program REVEAL generates a tabular listing of data on the NAVCAL tap ~. It 

was used to present, in an easily read format, the contents of the static navigation 

solution tape to facllltate debugging of subsequent programs. Time slices, output 

parameters and sampling rates are manually selectable. A tabular plot of the static 

trajectory ts produced in the X, Y, Z dimensions. 

4. 4. 2 Random Error Analysis Program, RANDOM 

Throughout the analysis of the data (or any other passive u,3er navigation data), 

we are constantly troubled by the absence of a complete referen..:e data set. That is, 

there is no reference 'trajectory" for the oscillator bias terms. This forces the 

analyst to use inter-channel quantities for his data base or to n .ake some broad assump­

tions about the clock biases. 

In the case of random error analysis we may use our knowledge of the relative 

smoothness of the true aircraft trajectory to supplement the data characterization by 

statistics. Namely, we may apply the method of variate differences to obtain variance 

estimates for the ramom error components in each channel independently. Program 

RANDOM implements this concept. 

The program selects 50 point data slices for analysis. The slice is rejected if 

it contains a time jump or produces a GOOP factor greater than 50. The statistical 

analysis, performed on aper-slice basis, consists of a whiteness noise test by turning 

points ( a 3-sigrna limit is used) on the range-doppler comparison data and variate 

difference variance analysis on the per-channel and interchannel pseudo ranges and 

pseudo-range rates. Estimates of the covariance terms are made by combining the 

variance estimates from the per and inter-channel data. The variance estimates are 

sorted by power level and user Y position and are directed to tabular output for manual 

analysis. 
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4. 4. 5 The Trajectory Accuracy &lmmary Program, SUMMARY 

While the measurement accuracy is of prime importance to the data analyst, 
the overall system accuracy claim must ultimately be made in the navigation domain. 
That is, we must answer the question, ''How well can we navigate"? Program 
S MMARY was written to answer this question through data presentation by three sepa­
rate techniques. The progr am reads a MERGE tape and produces, for HC and MRL 
static and (two state) filtered trajectories: 

• XY and YZ trajectory plots on a per-run basis which show the WSMR refer­
ence trajectory and magnified 621B errors 

• Scatter diagrams of X and Y user errors for the ensemble of 621B flights 

• Histograms, sorted by power level, of X, Y, Z horizontal and total 621B errors 
for the ensemble of flights 

The S MMARY results are used in a limited manner for data analysis and as the primary 
data presentation in the Executive &Im ary Volume. 

4. 5 GROUND USER MULTIPATH DATA HANDLING 

The software supporting ground user multipath analysts ts divided into three 
parts ; namely, a data reduction program, data analysts program and a prediction pro­
gram. 

The data reduction program processes the data recorded during the tests from 
MEASURE tapes and card inputs. The program time slices the data and takes sample 
means and variances over the available sample size at a rate of once per second. The 
data available for analysis consists of the channel delay calibration points representing 
relative channel delay mismatches, cable length calibration, and relative power levels 
recorded from test data sheets. 

The reduction program removes the effects of channel delay and cable differences 
and computes statistics on the observed differential delay due to multipath. 

A simulation program utilizes mathematical models of the surface, the electro­
magnetic wave propagation and the system characteristics to compute the multipath 
er ror predictions for a given geometry and test configuration. The predicted errors 
are then compared to the measured errors. Differences in these errors are analyzed 
and presented in summary form in tabulated outputs. 

4. 6 WSMR REFERENCE TRAJECTORY DATA GENERATION 

One area of primary importance in the analysis of 621B t rajectory residuals is 
the gem~ration of the WSMR r eference trajectory, or BET. If one assumes that the 
WSMR BET is pe rfect, he may be led far astray from the truth about the field test 
system errors . On the other hand, advertised accuracies (sigmas) of the WSMR BET 
are quite a bit smaller than those of our test data (about a factor of 3 to 5) and, for 
random errors at least, the assumption has merit. BET biases are not quite as firmly 
under s tood as the random components, but they are probably adequate to give good 
confidence to statements about pseudo-range bias errors. 
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We present here an abridged discussion of WSMR BET generation with emphasis 
on trajectory and measurement modelling. The full document, Ref. 24, w&s prepared 
by William s. Agee and Robert H. Turner of the Analysis and Computation Division, 
White Sands Missile Range. (See Figure 128 for WSMR BET data flow.) 

4. 6. 1 Trajectory Modelling 

One of the primary reasons for developing a BET at WSMR is to provide a single 
estimate of position, velocity, and acceleration through the combination of all available 
range measurements. Any technique developed for this application must apply to most 
of the flight test programs at WSMR for which there are data reduction requirements. 
Obviously, this requires the use of a rather general dynamic model of the flight test 
trajectory. 

One model which meets this requirement is the second order polynominal model 
presently used in the data reduction process. In state variable from this model ls 

xl = x X4 

x2 =y X5 

X3 = z x6 

x4 = x x7 . x = f(x) = x5 =y XS . 
x6 =z x9 

x7 = X 0 

Xg 
.. =y 0 

.. 
0 X9 =z 

This very simple model has been used with some success in stiuations where 
dynamics of the progess are not too severe such as aircraft tracking and free flight 
missile trajectories. 

. WSMR has had much more success with a dynamic model which, rather than X, 
Y, and ~ as states, uses acceleration components close to '\vhere the action is" namely 
tangent and normal to the trajectory. Let A, (tangential acceleration) be tangent to 
the trajectory, AN (normal acceleration) be normal to Arr and lie in the vertical plane, 
and AL be normal to the AT and AN directions and complete right-handed system, 
Figure 129. 

221 



COMPU I E COOROINAT ES 
OF INSTR UM NTS IN 
LAUNCHER FRAME 

COMPU 'T [ TRANSFORMATIONS 
FROM INS TRUMENT FRAMES 
TO LAUNCHER FRAME 

RANCE RATE 

COMPUTER 

EDIT 

COMPUTE .1!_ ,. 

COMPUTE 
VARIANCE 
OF 085 

REFORMAT MEROE 
IOBSERVATIONSI TAPE 

INITIALIZE 
F:ILTER 

REAO NEW 
08SEAVA flON 

PREDI CT STAT[ 
ANO COVAR I ANC E 
OF NEW TI M E 

WHAT TYPE OF 08S[RVATIONSI 

AAOAA A, A. E 

""" COMf'UTE R, A , E, 
II, A, EAT RAOAR 
SITE IN 
LAUNCHER FAAME 

EOIT 

COMf'UrE VARIANCES 
OF OBS 

, R 
COWUTE X ,A 

•• 

COWUTE CORRECTED STATE 
ESTIMATE ANO UPDATE 
SOUAIIE IIOOT OF COVARIANCE 
MATRIX 

COMPUTE 
COVARIANCE 
MATRI• 

BIAS 
FILTER 

C)Pl 

EST 

CAMERA A, [ 

COMPUTE A, E 
IN LAUNCU Ef1 FRAME 

"" COMPUTE A E 
AT CAMERA SITE 

EDIT 

CO-,PUT E VAIHA.NCE S 
OF 085 

COMPUTE aA aE 
;l )( 1l X 

Figure 128 Functional Flow of WSMR B t 

222 

COMPU r E SQUA RE 
ROOl OF P K/ K 1 

EDIT 

COMPUTE 
VARIANCE 
OF 085 



.. 

AN 

Figure 129 Acceleration Components 

It is assumed that these acceleration components do not contain the effect of gravity. 
Using these accelerations we define the following dynamic material. 

XI • X Xi, 

xz = y X!I 

XI = z x, 
• X1,X7 x1ix,x1 ♦ ~ x, a X -v- - VGV V 

• • X5X7 xsx,x, .~ xs • y X: f(x) = -v- - vr,v V 

• x,x1 x1Vc; XI: Z -v- ♦ -v- ♦ g 

x, = "T 0 

x,. AN 0 

x, ■ AL 0 

where 
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This is the model which is presently in the BET program. Note that White Sands is 
still using a constant acceleration assumption as in the quadratic model but that the 
present model is nonlinear. One reason that this model is considerably more useful 
is that acceleration measuremen s, which are made aboard the test vehicle, are 
usuall much asier to model in terms of tangential, normal, and lateral accelera- . 
tions. 

4. 6. 2 Measurement 1odelling 

Besides modelling the trajector , the measurement must also be modelled in 
'erms of th traj ctor state variable . Thus, for eacl1 measurement WSMR specifies 
a nonlinear measurement fu nction h(x· which relates the ideal measurement to the 
trajectory ~tate. It is assumed that the position and velocity state variahl s (x1, x2, 
x , x4, x5, x6) of the traj ectory are with r Jspect to a coordinate system which is 
c lied the launch system. 

4 . 6. 2. 1 Radar Measurements 

Radar observations are usually from the FPS-16 instrumentation rad~rs. 
These radars measure range, aizmuth, and elevation of a target in a local radar 
Cartesian coordinate system. Some of the radars also measure the range rate of the 
target. The observed range, azimuth, ard elevation (RAE) are first corrected for 
calibration and r efraction. Direction cosines are computed from these corrected 
observations and then related to the launch coordinate system where azimuth and 
elevation angles are recomputed . In terms of the trajectory state variables which 
are in the launch coordinate system the radar measurement functions are: 

Range 

.. ___ __ 

Azimuth 

Elevation 

where (x1, Yp zi) are the coordinates of radar in the launch coordinate system. 

Range Rate 

4. 6. 2. 2 Optical Measurements 

The fixed cameras ard tracking cameras measure aizmuth and elevation of the 
line-of-sight to the target. The observed angles are corrected for calibrations and 
refractions. The measurement functions for the cameras are the same as for the 
radar azimuth and elevation measurements. 
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where (xl' y 
1
, z

1
) are coordinates of camera station in the launch coordinate system. 

4. 6. 2. 3 DOVAP Measurements 

The DOVAP measuring system is a two-way doppler system. The basic digit­
ized measurement is the doppler cycle count over the sampling interval (t1, t

2
), which 

when properly scaled yields the change in loop range from transmitter to rarget to 
receiver. U an a<:dition the measurement is divided by (t2 - t1), the result is the 
average loop range rat e -:wer the interval which approximates-the insta1:taneous loop 
range rate at 

Following this procedure WSMR represents the DOVAP observation by the measure­
ment function 

where (xT' y T' zT) and (xR' ~• zR) are the coordinates of the DOVA P transmitter 
and recerver. Th~ quantitres KT anti RR are 

2 2 2 1/2 R.r= [(xl-x,.) +(x2-yT) t(x3-zT) ] 

2 2 2 1/2 
RR= [(xl-xR) +(x2-yR) +(x3-zR) ] .. 

4. 6. 2. 4 Inertial Measurement Unit 

An important class of acceleration measurements comes from inertial measure­
ment units (IMU). This is the type of measurements on the 621B Navigational Satel­
lite Tests. There are many configurations for the IMU measurements. Some IMU's 
make acceleration measurements in a coordinate system slaved to the local vertical, 
some in an Inertial coordinate system set up at a launch point, etc. In addition to 
acceleration measurements, attitude measurements of the body with respect to the 
reference coordinate system are also available. 

One simple type of IMU measurements which have been processed with the BET 
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program came from a purely inertial system. In this case the inertial system was 
aligned with the airer~ at a specified time. The future accelerations were then 
measured in this coordinate system. This measurement configuration ls shown in 
Figure 130. 

Although inertial platform misalignments and drifts, accelerometer scale 
factor errors, and acceleroµieter zero set errors must be modeled and estimated, it 
is assumed that these are zero for the present discussion. In absence of these errors, 
the acceleration measurements may be modelled in terms of the trajectory accelera­
tions as 

Al AT 

A2 = Mle "et ~ 
A3 

3•3 3,c3 
AL 

Where Mie is the rotation matrix from the earth fixed launch coordinate system to 
the inertial system and Met is the velocity dependent rotation matrix from the trajec­
tory coordinate system to the launch coordinate system. In any case the scalar ac­
celeration measurements are linear functions of the trajectory accelerations. 

where the vector M = M(x) is state dependent. 

ACCELERATION MEASUREMENTS MADE 
IN AN INERTIAL IVITEM ESTABLISHED 
HERE. 

AIRCRAFT TRAJECTORY 

Figure 130 IMU Measurement Configuration 
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4. 6. 2. 5 Extended Kalman Filter 

. The White Sands ·BET program is basically an extended Kalman filter . For the 

case of systems whose dynamics are linear, the measurement functions are Un ar 
and all uncertanties have Gaussian statistics, the Kalman filter is known to provide 
the optimal recursive estimate of the state. For nonlinear systems the xtended 
Kalman filter obtained by linearizing the nonlinear functions about the current esti­
mate of the state has become a popular and highly useful estimation proc ure for non­

linear systems. 

For our extended Kalman filter we assume the dynamic trajectory m el 

x = f(x) + w 

where f(x) was previously given and w is a white noise term with zero mean and co­
variance Q. The presence of the state noise w or rather its covariance is used to 
compensate the filter gains for the errors made in modelling, in particular for the 
errors in the trajectory model due to the constant acceleration assumption. 

Observations z(K) are available, at discrete instants of time t . It i assumed 

that the z(K)'s are statistically independent scalar observations. T~ processing of 
scalar observations provides a numerically efficient as well as intutively appealing 
method of processing the observations. The assumption of statistical independence 

of the observations can be removed if necessary. The scalar observations are rep­
resented as 

Z(K) • h(x(K))tv(K) 

w~ere v(K) is a measurement noise term assumed to have zero mean and variance 
r (K). 

Let x*(KA<-1) denote the filtered estimate at time tK after processing all obser­

·;ations through tK-1• and x*(K) the filtered estimate at tK after processing all obser­

vations through tK. Assuming that the state estimate x*(K-1) has be n computed , th e 

predicted state estimate for the next measurement time tK is computed b numerically 
integrating the trajectory model x = f(x) using a second order Taylor seri s integra­

tion procedure 

where 

and 

x*(KIK-1) = x*(K-l)+f(x*(K-1)}6tK+J(x*(K-l))f(x*(K-l))(~K)2 

2 

J~x*(k-1)) - [ at] 
9M9 - b x*(K-1) 
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The covariance matrix of the pr.aclicted state estimate, which satisfies a 
matrix Ricatti differential equation between tK-1 and tK, is computed by using a 
t r apezoidal integration procedure. LetP*K-1 denote the covariance of X*(K-1) and 
P*K/K-1 the covariance matrix of x * (K/ K-1). Then we compute P*K/K-l by 

where 
(t\t )2 

tK = l+J(x*(K-1))6tK+J2(x*(K-l)) ~ 

and Q is th e covariance of the additive state noi se w. 

The extended Ka lman filter employs a matrix square root formulation of the 
covariance equations, see Ref. 1. WSMR has found that the square root formulation 
not only provides a numerically stable estimation procedure but it is computationally 
efficient as well. For the predicted covariance matrix P*K/K-1 computed above, the 
matrix square root LK/K-1 such that 

is computed by means of Choleski decomposition: 

For each scalar observation occurring at the new time tK an updated state 
estl rate and an updated square r e,..,• of the covariance matrix are computed. Let 
x • < (K) denote the state estimate after processing the 1th sfialar observation at tK 
and let L(i)K denote the square root of the covariance of x • < )(K). These quantities 
are computed from 

.(i-1) 
X (K) 

xt~~) • x*(KIK-1) 

i: 1, • = f of observations at tK 
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4. 6. 2. 6 Measurement Blas Estimation 

So far one of the most important considerations in the development of a BET 

program has not been discussed, namely, to account for the ' 1conslstencies produced 

by bias errors in the measurements. There ls a natural way of including bias terms 

in the extended Kalman filter; one merely adds an additional state variable for each 

bias term to be considered arxl forms the optimal estimate of the biases in the same 

way as for the trajectory state variables, This technique is fine for cases where 

there are only a few bias terms to be estimated. However, a typical application of 

the BET program has a large number of measurement.a involved. For example, a 

LANCE flight test might have two radars, 28 DOA VP receivers, eight fixed cameras, 

and eight cinetheodolites. Considering only one bias term per measurement this 

results in 66 additional state variables to be estimated. With a trajectory state 

dimension of nine we then would have to compute estimates for 75 state variables. 

An ordinary Kalman filtering program using 75 dimensional state vector is computa­

tionally prohibitive at the present time . Fortunately, Friedland has developed a de­

compoqition technique for Kalman filters which WSMR was able to adapt and extend 

to the measurement bias estimation p ·oblem. The application of this decomposition 

procedure has resulted in a computationally feasible BET program which includes 

estimation of measurement biases. 

The filter described previously will be called the zero bias filter and the esti­

mates x* (K) obtained from this filter the zero bias estimates, Let b denote a p-vector 

of bias terms. The previous measurement model is revised to include these terms. 

z. (K) = h1
(x(K )) + g:(x(K))b + v.(K ) 

• 1 11.xp 1 

Thus, one allows the blan of each measurement to be a linear function of several 

bias variables. For example, a model for the bias of a radar azimuth measurement 

might be 

It ts assumed that the constant dynamic model for the bias 

b( K+l ) = b( K) 

Note that a state noise term is not included in the bias dynamics to account for the 

possible misassumption that the biases are constant. The reason for not including 

a state noise term will become evident later. 

Now let the bias state vector b, be adjoined to the trajectory state x to form the 

augmented state vector y 

229 



y • [:] 

(p+9)>el 

One could proceed directly and obtain a ne·N ex~ended Kalman fl ter giving the state 
estimate 

; . rn 
However, as previously mentioned this is computationally prohibitive for large p. 
Instead the filter decomposition procedure developed by Friedland (Ref. 29) is em­
ployed. This procedure attempts to write the optimal estimate x, which includes 
the effect of biases, as 

x(K) = x*(K)+T(K)b(K) 

where x*(K) is the zero-bias estimate already obtained and T(K) ls a 9 x p matrix to be 
determined. Upon examination it is found that the decomposition holds if the filter 
satisfies certain restrictive conditions. The details of the derivation are tf'ldlous and 
will not be presented. The restriction imposed by the decomposition procedure ls 
merely an assumption that has been alread made: 

The bias dynamics must not include a state noise term. This may not seem like much 
of a restriction since it was assumed to begin with, but this was hindsight. Indeed, 
this is a very severe restriction since the state noise covariance is used as an adjust­
able filter parameter to account for mlsmodelling errors. Fortunately, there is an­
other way of accoW1ting for mis modelling errors in the bias dynamics for which the de­
composition does hold. Specifkally, WSMR has been able to extend the .<lecompositton 
(Ref. 30) procedure to the case of a failing memory Kalman filter in whichdeweighting of 
past observations is accomplished by exponentia ly weighting past residuals. We use 
small fading factors to account for bias mismodelling errors and use the state noise 
covariance of the zero-bias filter to account for trajectory mlsmodelling errors. 

The form of the bias filter is almost identical to the zero bias filter with the 
residuals from th e zero-bias filter forming the observations. Again square root for­
mulation for the filter is employed. At a new observation tin,e one has the prediction 
equations 

b(KIK-1): b(K-1) 

Cb(KIK-1) = Cb(K-1) 

T(KIK-1): ~KT(K-1) 

where Cb (K) is the square root of the covariance of b(K), ~K ls the transmitlon 
matrix from the zero-bias filter and T(K) is the combining matrix of the decomposi­
tion (Ref. 31). For each observation Z1(K) at the new observation time new bias 
estimates bi(K) and the square root of its covariance Cb(i) (K) are computed from 



where 

r 1(K) = zi(K)-h ~ (K) = residual from zero bias filter * ( "Ci-1)) 

and w~i)(K) ia the vector ~alman gain ~iven by 

c<i-l)(K)CT(i-l)(K)s (K) 
w(i)(K) • b b f 
b " a/(K)+sic~i-l)(K)~(1-l)(K)si 

a:(K) • r~(K)+HiL~i-l)L~(i-l)Hi = variance of residual 

T T( *U-1)) , •1 • 11 x (K) +HiTi-l(K) 

i • 1, ••#observations at TK 

The square root of the oovartance matrix ts updated at an observation by 

For each measurement the combining matrix is upjated according to 

T1(K) • T1_1(K)-wij>aI(K) 

'. T(K) • T
11 

(K) 

.. • · T
0

(K) • T (Kl K-1) 
. ' . . (i) 
~ w6 (K) is the vector 1ain fl'0lll the zero-bias filter. 

~ ' (i) 
,The optilMl atate estimate~ (K) is computed as 

;<i)(~) • x*(l) K)+T (K)b(i)(K) 
i 

., To modify the abo•e equations for the fading memory filter, first 
~•• a fading factor oK~l. The above equations are th~n replaced by 

C,,(KIK-1): °i(<i,(K-1) 
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Where w*(i)(Y.) ls the vector gain from the zero-bias filte1. 

The optimal state estimate ~(i )(K) ls computed as 

To modify the above equations for the fading memory filter, first choose a fading 

factor crK~l. The above equations are then replaced by 

4. 6. 2. 7 Computation of Observation Variances 

For each of the scalar measurements Zl(K) a measurement noise variance rl2(K) 
must be available for use by the Kalman filter. Several posslbllltles exist for sup­
plying the variance. An immediately obvious method is use the variance values given 
in specifications of the instrument or to use variance values computed from past per­
formance history of the instrument. These methods are most useful when the mea­
surement variance ls stable from day to day and mission to mission. Another method 
which ls "ften used ·1s to compute variances from measurement residuals 

produced in the BET program. method for computing variances from the residuals 
which is economical in both computing time and storage is the f adlng memory variance 
estimate defined by th following equations 

P : 1 + wP l' P = 1 
n n- 1 

Si(n) = ws1(n-1)+(1-~
0

)(pi(n)-pi(n-l) 
2 

f = P -II / P 
n n n n 

2 
Hn = l+w Hn-l' H1 = 1 

2 8. ( n) 
l. 

S. (n) 
l ·-r n 
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In the above pt(n) is the estimate of the res\iual mean, w, 0Sw$1 is a fading factor, 

andJ;1 (n) is the variance estimate for the l measurement. 

An cptlonal approach to the estimation of the meaourement variance is the fading 

memory variable difference technique, see Ref. 3. Let Yi (n) be the kth backward 

difference of the observation Zi. ll one assumes the mean of the Kth differences are 

zero the following equations define the fading memory variate difference method 

• 2 
s1(n) = wS1(n-l}+yi(n) 

rn = wrn-1•(!1<) 

2 Si (n) 
81 (n) = r;-
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