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ERRATA 

for Technical Report SAMSO TR 73-65 Volume ID, Part 2 

1. Page 7-20, top of page, s cond line now r ads; ' At a rec ived signal. .. ". 

Should r ad ; "At received s ignal. .. " . 

2. Page 7-20, second paragraph, fourth line now r ads ; 11 
••• plots of Section 9. " . 

Should rad; " ... plots ofS ction 9, e . g., Figures 9- 9and 9-10. " . 

3. Page 9-5, para. 9-2, second paragraph, nin th line now reads; " . .. and plus a 

dete rmination ... " . 
Should- read; 11 

•• • and in addition a deter mination ... 11
• 

4. Page 9-25, Figure 9-1 , change to; "f igur 9-17 " . 

5. Page 9-61 / 62 , last paragraph, nin th li..n now reads; 11 
••• reduces th · ·tandard 

derivation of ... 11
• 

Should read; " ... reduces the standard d viation of. .. " . 

6. Page 9-79, para. 9. 8.1, fourth line from bottom now reads;" ... due to antenna 

proximity to ground and loss ) between ... " . 
Should read; " ... due to antenna proximl.ty to ground) and loss between ... ' . 

7. Page 9-100, line preceding Equation 21 now reads; " ... terms of the grazing angle, 

and the ... " . 
Should read; 11 

••• terms of the grazing angle, t/, and the ... " · 

8. Page 9-109/ 100, third line now reads; "Note that when D = n T', ••• " . 

Should read; ''Note that when D = n ~, ... " . 

9,· Page 10-17, last line of first paragraph now reads; " ... the low velocities in those 

axis. 11
• 

Should read; " ... the low velocities in those axes .". 

10. Page 10-19, third paragraph, last line now reads; "Hun 02 near touchdown. " . 

Should read; "Run 04 near touchdown. 11
• 
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FOREWORD 

Th r port dat d 11 April 1973, cont2i.rn the findings of a program titled 

"System 621B • er EquJpment Definition and Experiments Program, Phase II Field 

Test" . The work was accomplished ,y Grumman Aerospace Corporation (GAC), 

Grumman Data Syst ms C rp. (GDSC), both of Bethpag , N. Y. and the Hazeltine 

orp ration (HC) at Greealawn, N. Y. and complf ~.s with a ti the l'equ.irements of 

Contr&ct Num r F04701-7l-C-0176. In addition to the receivers which were designed 

and built und r thi contrac , the Air Force provided an additional receiver designed 

and built by th Mag. ox Res ar . Laboratory (MRL) of Torrance , California which 

was also fl ight tested. 

Syst~m 621B is a concept for n global satellite - based precision navigation sys­

tem d1.::signed to meet the requirements of land, sea and air military forcfls in an 

ad antageous cost effective manner. One f the most important elements in this sys­

tem i· the user r e eiv,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-

channe elver in typical fl~t and field environments in order to solidify confidence 

in th e predicted perform nee of System 621B receivers. 

The repor t i published in three (3) volumes and bears thA Air Force report 

numb r SA~SO-IB 73- 65 . Volume I is an Executive Summary, presenting in concise 

form a des ription of th program, the ground and flight equipment and an overview of 

the t st results. olume II contnins the detailed prorram history, equipment descrip­

tion and data pr eseing approach. Volume III contai1\s a detailed presentation of the 

data tnken durin the pr gram and a discussion of the results and conclusions to be 

drawn ther fr0m. 

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

Program Mana e , end Capt. D. Wilson, of the Air Force Space and Missile System 

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

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

This report was prepared by Messrs. J. Courtney, R. Labo, I. Kadar, P. 

Richards , M. Moore, M. Neglia, I. Shulman, E. Graber, L. Pangburn, R. Latham, 

E. Burke of Grumman, R. Regis of Hazeltine, and B. Glazer of Magnavox. 

);l:;i!;i!!:Y. 
621B Director 

Edward 
Special P. 

Publication approval of this technical report does not constitute Air Force 

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

stimulation of ideas. 

Valentine L. Denninger, 
Program Manager 
System 621B 
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ABSTRACT 

System 621B is a concept for a global satellite-based precision navigation 

system dvsigned to meet the requirements of land, sea am air military 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 fllght and ground 

tests conducted at the White Sams Missile Range to evaluate the performance of a 

four-channel receiver in typical flight am field ~nvtronments lD order to solidify 

confidence lD the predicted performance of System 621B receivers. 
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SECTlO VII 

ILS TEST! G - FLIGHTS 25-31 

7.J I TROD CTI 

Th t st y t was x rciccd in an ai ·craft approach and land'ng configuration 
n flight 25-31. Low approaches were accomplished on fli ~hts 25-27 where the air­

craft did not d scend below 100 ft AGL. 0 flights 2 -31, th aircraft final approach 
was carri d to touchdown whi0h was th n followed by a normal takeoff after a ground 
roll f a f w thousand f et. The d:.ta t hroughout both phase • of the ILS testing show 
great consist ncy. Thero arc om important differ ncos in th performance f th 
HC and MRL rec ivors during th s tes' • ., which did not occur during testing in th 
ar a navigation configuration. Th ·~ differ nces are analyzed in this section and re­
lated to the basic receiver design ciifferences. 

Equipment failures on fli!"E,lits 26 and 2 did not permit a navigation solution to 
be computed and therefore these flights will not be discussed in this section. 

7. 2 TEST CONFIGURATION 

The ground system was ' ;ss complex in the ILS configuration than in tr.e area nav­
igation configuration. This simplicity is due to the fact that the calibration receiver 
and the transmitters are separated by a few thousand feet instead of by 20,000 ft as in 
area navigation and there was no attempt to control power level at the aircraft within a 
few db as in area navigation. Consequently, omni antennas were used ai the trans­
mitter sites instead of shaped beam antennas, and a ingle omni was used to receive 
at the MCS site instead of the four parabr,Uc dish antennas needed for the long ranges 
in the area navigation configuration. 

The prin ipal result of this configuration simplification was that there were no 
Spiroline cables used in the signal path , thus eliminating this variable which plagued 
us during area navigation testing. Moreover, because there was only a sing "' omni 
antenna at the MCS calibration receiv r site, th r :. were no cable delays to account 
for in the navigation solution. 

As shown in Figure 7-1, for area navigation the calibration receiver measure­
ments were effectively made at the 4-way power combiner. The signals exp ricnc d 
qua! delays from that point on into th rec iv r. The qual delays wer omputed 

in th navigation solution as part of th user-to-calibration rec i er clock bias (B). 

As discussed in Section 4, the delays from the 4-way power combiner ba k through 
th cabling to the MCS dish, and ov r the link to th transmitt r site uplink ant nna 
had to be known. 

7-1 
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UPLINK ANTENNA 

MCI PARABOLIC DISH 
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• -WAY POWER 
COMBINER 

CALIBRATION 
RECEIVER 

Figure 7 -1 Area Navigation Configuration (F1ights 17-2 3) 

In the ILS configuration, Figure 7-2, t!1e omni antenna at the ~!CS site served 

the same purpose as the 4-way powe r combiner did for area navigation. Therefore, 

since the calibration receiver effectively made the measurements at the omni an­

tenna, the re was no cabling to account for in the individual signal paths between 

transmitter and MCS sites. 

I 

TRANSMITTER 

ILS ANTENNA 

Figure 7-2 ILS Configuration (F1ights 25-31) 
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7. 2. 1 Geom tri nilution of Precision (GOOP) 

Th primary purpose of these tests was to evaluate the system vertical position 

and ink rat accuracy during landing flare-out. In ord r to improve the tee geo­

metr r lati to rtical position accuracy, one of the transmitters was s1• ~pended 

on a balloon at about 5000 ft altitude. 

\\ d fin 

GOOP z = !L!:_ 
<Tm 

and u m is the measurement er ror, assumed to be th same for all channels, with 

no corr lation between channels. This GOOP is simply a magnifi :::ation of the mea­

ur ment noise for an aircraft approaching and landing at the ILS test site, 

Figure 7-3 is a plot of GOOPz in the YZ plane of the coordinate syste- n used in 

this test. The plane is formed by the flare point and the centerline of the 1unway. 

Th absci sa is Y, in 1000 ft increments, measured along the centerline of the run­

way. The ordinate is the GOOP. During almost all of the landings made during these 

tests, the: r ceivers locked up at about 8000 ft before the flare point; note that the 

GDOPz at this point is approximately 40, which means that even a 1 ft meairurement 

error would produce a 40 ft error in Z. The flare point for the normal approach and 

landing occurred at approximately 1000 ft Lefore the runway threshold, toochdown 

was approximately 1000 ft after threshold and the aircraft was on the runway for 

another 5000 ft for a total from flare of about 7000 ft. At this point the GOOPz is 

approximately 30, 

The above discussion is prefatory to an examination of the residuals between 

the 621B solution and the White Sands Missile Range (WSMR) trajectory. As will be 

seen, these residuals are extremely small in the region of small GOOP's and even 

in the areas of large and rapidly changing GOOP's, tho accuracy is excellent. 

Figure 7-4 is a time history of the z-position r esidual. Each of the major 

divisions on the abscissa represents 4 sec, during which time the aircraft travels 

approximately 1300 ft. Flare occurs at 20 sec. It should be noted that the e rror at 

that point is only a few feet. This test system trajectory data has been processed 

with a1: 11-state Kalman filter (see Section 3). The primary cause of the differences 

between the HC and MRL data is a resul t of multipath signals (see Subsection 7. 2. 4 • 

Another way of looking at the same effect can be seen in Figure 7-5 which dhows 

a plot of the YZ trajectory similar to the GOOP plot of Figure 7-3. The plot of Fig­

ure 7-5 shows the error vector between the 621B solution and the WSMR BET in a 

plane perpendicular to the runway and passing through the runway centerline. 

The flight path is scaled at 5000 ft per box, but the error vectors have a scale 

of 50 ft per box. As shown, the error vectors close to the flare point are very small 

and become larger as the aircraft passes through the large GOOP regions. The data 

in Figure 7-5 has not been flltered and therefore reflects the GOOP effect. Figure 

7-4 shows that the GOOP effect is practically eliminated when the data is filtered. 

The system accuracy is summarized in Table 7-1. Table 7-1 presents 

a statistical characterization (mean value, standard deviation and rms) of the 

residuals obtained from the trajectory comparisons. The table summarizes 

approximately 2000 navigation solution points obtained from five test flights. The 
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STATIC MAGNAVOX YZ TRAJ, FLT 29 RUN 6 

--- - - - ---- - - -+-----

GROUNO LEVEL 

l 
(+ I 

I 
I 

2!!! 
FLIGHT PATH 5,000 FT/BOX 
ERROR VECTOR • 50 FT/IOX 

_L 
5,000FT 

- ---
5,000 FT 

-T 

- -------- - (0,01--- -

I 

I ERROR VECTORS ARE EXAGGERATED X 100 

- 20,000 - 15,000 - 10,000 - 5,000 

(FLARE I 
Z (-1 

FEET 

I I 
+5,000 +10,000 

Figure 7-5 MRL Trajectory for ILS in the YZ Plane 

with Solution Error Vectors Overlayed 
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Table 7-1 ILS Navigation Accuracy 

MEAN l u M AN l o 

X, FT X, FPS 

HC 03 3.3 HC 0.2 1.1 

MRL - 1.1 7.3 MR L 0 .2 1.4 

Y, FT Y, FPS 

H - 27 11 .4 HC - 0 .5 1.7 

MRL 2.2 12.3 MR L - 0.2 2.2 

Z, FT Z, FPS 

HC - 1.3 13.3 HC - 0.2 2.3 

MRL - 1.3 8.3 MRL - 0 .4 2.0 

data ar obtain ii from a region on the aircraft fli ght path from approximately 000 

ft bcfot· th nominal aircraft flare point to approximal ly 7000 ft b yond the runway 

threshold at th approach end. This region r quir s the most accurate v rti.;al na i­

gation information and orr sponds to a position 1.m the approach patll wher " the air­

craft i s approximat ly 300 ft above ground to a position where the aircraft is braking 

on the runway. 

Figure 7-6 is another presentation of the same data showing the percentage of 

th data points which ar less than a particular value of a residual; 0 of the data 

points fall below th 9 ft e rror boum.1 . This affirms the high accuracy of too system 

in this mode and its suitability for instrument landing. 

Until now, this discussion has been concerned primarily with Z position and 

velocity, quantiti es which are very important in ILS; however , the errors in X and Y 

are also interesting and will be discussed after examining the X and Y GOOP's. 

Both of these parameters behave similar to the Z GOOP but their magnitudes are 

far different. For exampl , the X GOOP at 5000 ft from the flar point is only 9; 

the Y GOOP at this same point is 125. 

The effect of this great difference in X and Y GOOP's ls illustrated in Figures 

7-7 and 7- . These figures are plots of the static position errors for the HC 

and MRL receivers in the X Y plane. As can be seen, the great majority of points 

are clustered about the origin, but the scattering is primarily along the Y axis due 

to the large Y GDOP's. By utilizing a Kalman filter this effect can be minimized 

as shown in Figure 7-4. 

7. 2. 2 Signal Dynamic Effects 

During the planning for the ILS testing, it was recognized that, because the 

transmitters wer e located close to the flight path, appreciable signal dynamics could 

be gen rat d. 

To determine the mt·gnitude of thi s potential prob! m, a computer simulation 

of the response of a linearized model of the Haz I tine carrier loop tr acking perform­

ance in the presence of signal dynamics along the aircraft trajectory wa perform ed. 

Since th loop paramet rs vary with signal level, th simulation program was im­

plemented to include signal strength as a variable. The HC receiver carrier track­

ing loop open loq> transfer characteristics at th tracking thr shold of -140 dbm i 

given by: 
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Residuals for MRL During ILS Testing 
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wher e, at -140 <furn, A = Amin = 1, T = 25 , Ki = 26. 2, K2 = 343. 2, K3 = 2248 and the 

one sided loop noise bandwidth, BL -=- 10. 9 Hz. The loop gain constant, A, varies 
with r eceived power a~: 

\ J\ntn 10 

A = ~l7. 

Prtaa&xl4 - Po 
20 , P r ece lud < - 115 dbm 

P n ce lud > - 115 dbm 

wher Po = - 140 dbm and Ami n= 1 

To evaluate the HC non-ideal thi r d order linearized carri er tracking closed 

loq> transfer function r e lating the phase error, • (s) , to a given input displacement, 
X(s), on a digital computer , the closed loop transfe r function was expressed in terms 
of integrators by standard block diagram r eduction techniques . 

The closed looo transfer function is giv n by: 

s ~ ½)2 
H ( ) -------- - !1?.i§2 

cs = - X(s) 
s3 + A( K1 s

2 + K2 s + K3) 

·which is shown in block diagram r epresentation in Figure 7-9. This approach allowed 

the use of simple but accurate discrete integration rrutines in the solution of the 
closed loop response. The input to the simulation program consisted of a simulated 

time series of slant range trajectory data derived from the aircraft trajectory with 

respect to a particular transmitter. 

XIII 2 1 1 1 
1 ♦ --•--=ir­

T I T"' && 

+ Ak1 Akz + Ak3 
-♦- --

1 s2 g3 

Figure 7-9 Expansion of the Closed Loop Transfer Function 

We were able to evaluate the effects of r elative dynamics from rny one trans­

mitter on the tracking performance of the carrie r tracking loq>. While the simula­

tion was performed on the linearized equivalent mathematical model of the carrier 
tracking loop, the results can be related to the code tracking loq> performance. With 

both the carrier and code loops of the same order, the simulation results may be re­
lated by the relative ratios of the one sided loop noise bandwidths. The code loop 
one sided noise bandwidth is 1. 4 Hz, so the phase error in the code loq> is related to 

the phase error in the carrier loop as: 

~- = /E, ~- .. 
substituting the r espective bandwidths 

c/> code ,:,. 0, 36 c/> earner 
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The loop phase error may b related to range rate error as: . 
AR = O. 1 <Pcaner, fps 

while for the code tracking loop the range error in terms of the loq> phase error is 
given by: AR = 16 q,ood/1, ft 

The simulation r suits for the maximum tracking errors on II.Bare shown in Figure 7-10, Noto that the tracking errors follow the shape of the third derivative of rang (j erk) along the lin -of-sight (LOS) to a transmitter. The errors in both range and rang rate are small. For the HC receiver the tracking errors due to relative dynamics r duce with increased signal level. The MRL tracking loop nomi­nal noise bandwidths are quivalent to HC at -140 dbm. Therefore, the tracking performance of MRL should be comparable to the HC at -140 dbm and independent of power level. The exact MR L tracking error response due to dynamics, although not simulated, is expected to be somewhat smaller than that for the HC due to the differ ent pole locations and ideal integrators used in the MR L digital impleme.,.ation 
(T = ao in Figure 7-9), providing zero steady state errors to coostant dynamic in­puts. Ulring the II.B flights, the maximum theoretical dynamics are given by: 

_ 4 Vr _ I. 
RM - 25 /5 r2 ' at y - 2 

•. V 2 
Ry = ~, at y = 0 

r 
where VY. is the horizontal component of the aircraft velocity (in the Y-direction) and r is the LOS distance to a transmitter; for the dynamics of the II.B test, the worst case values are: 

·~ °" 13 fps3 , RM °" 62 fps2 , Ry °" 250 fps 

This analysis determined that the error ,nwced in the range and range rate measurements from relative acceleratioo rate dynamics is considerably smaller than the thermal noise contribution and can thus be neglected. 

7. 2. 3 Received Channel Signal Strengths 

Just as we recognized that there would be appreciable signal dynamics in the 11.B testing, we were also certain that there would be large variations in signal strengths as the aircraft passed by each of the transmitters. An analysis was per­formed to determine whether or not this phenomenon would adversely affect the track-ing performance at the receivers. • 
As the aircraft approaches for a landing it passes by channel 1 about 1500 ft before the flare point. Figure 7-11 is a plot of the received signal level from channel 1 vs the Y position (position aloog the runway) of the aircraft. 
As shown in Figure 7-11 there is peak (-110 cl>m) in the channel 1 received power just before the flare point, which coincides with the analysis predictions. As the aircraft comes to the flare point, it is closest to channel 2. Figure 7-12 is a plot of the channel 2 received signal level vs the Y positioo of the aircraft Md shows the power peaking at the flare point to about -li6 cl>m as expected. 
The next transmitter the aircraft encounters is channel 3 about 1700 ft beyond the flare point. Figure 7-13 shows the power peaking for channel 3 as the aircraft passes by. The balloon-borne transmitter, channel 4, shows peak power at tlie air­craft, Figure 7-14, as the aircraft passes by the flare point. 
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The next problem was to determine the effect of these large power variations 
on tracking accur acy. Figure 7-15 is a plot of the r ceived signal level in channel 
4 vs th residuals of the rang diff r ences . These r es iduals ar e gener ally flat in­
dico.ting that th lar ge variations in signal 1 vcl had no effect on tracking accur acy, 

Th conclus lon drawn from the analys is was that th magni tude of the r eceived 
s ignal str ength followed th pr dieted s ignal s trengths obtained by models of the 
IL glide s lope tr aj ctory and the antennas . The wide variations in s ignal strength 
had no eff ct on th MRL r eceiver. P r esumably the ffect on the HC r eceiver was the 

am a that obs r ved during ar ea navigation alt.110ugh this could not be verified due 
to the pr enc of a multipath e rror discussed in the following par agr aphs . 

7. 2. 4 Multipath Environment During ILS 

Multipath r el ctions from the ground or aircraft structur cause p riodic 
errors in both the range and range-rate measurements. A simple two-ray specular 
analysis of the effec ts of multipath on the code and carrier tracking loops has shown 
that a user moving with r espect to the transmitters will create scintillations in multi­
path. Depending upon the r elative geometry, the r eflections can be either specular 
or diffus ,=- , and will create either dominant single frequency or noise-like (multiple 
frequ ency) interfer ence in the r eceiver tracking loops. To evaluate the degree to 
which multipath scintilla tions affect the measurements we determined the rate of 
change of delay between the direct and r eflected signal paths (differential delay), 
Th.e differ ential delay itself affects the magnitude of the error, while the rate of 
change of differ ential delay (which is a function of user's motion) times the free 
space wave number, called fade frequency or differential doppler , r elates to the rate 
of scintillations (i. e . frequency) which are weighted by the tracking loop noise band­
widths. 

The fade frequency is given by: 
27T • 

l::1w = - d rad/ sec 
A ' . 

wher dis the rate of change of differ ential delay and >. is the free space wavelength 
of the source ; dis a function of the relative geometry and user's motion. 

The fade frequencies have been evaluated for the ILS flight geometry, and '1 f 
ranges from approximately 0. 1 to 0. 6 Hz for transmitters 1, 2 and 3 and from approx­
imately 1 Hz to 48 Hz for transmitter 4, which is located on a tether ed balloon. 

The amount of multipath rejection provided in a particular channel is a func tion 
of the r elative geometry, antenna patte rns, polarization effects and tracking loop 
noise bandwidths. Both 1-he HC and MR L receiver tracking loop bandwidths are wider 
than a fraction of a Hz and therefore the multipath scintillations from transmitter s 
1, 2, 3 and at times from transmitte r 4 should be present in the data from both r e­
ceivers. 

The HC receiver carrie r t racking loop noise bandwidth vari es with r ceived 
power. The variation of loop noise bandwidth (single sided) can b expressed appr ox-
imately as ] 

( f, PIN - Po 
, 10. 9 L10 

20 fi z., frn < - 115 dbm 
BL = \ e 9 Hz, Prn > -115 dbm 
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where P = -140 dbm and Pin is th received power in dbm (e~ g. at Pin = -140 dbm Be = 10.i Hz see Section 4). At a received signal strengths in the balloon channel of -120 to -130 dbm the HC carrier tracking loop single sided noise bandwidths ar respectively 109 and 34. 5 Hz which will pass the balloon transmitter-caused multi­path at an average fad fr quency of 24 Hz. At the same time the MRL receiver is not expected to r espond to balloon caused multipath, since the MR L carrier tr:i kin loop noise bandwidth is approximately 10 Hz (single sided) and is not a function o power level. 

a.iring the ILS flights, a cyclic variation of the Z-position r esidual highly "Or­related with the variation of th r ceived power from the balloon transmitter (channel number 4) as a function of user Y-position was observed for the HC r eceiver. 
A good example of this phenomena is shown in run 6 of flight 25. A plot of th static Z-position residual and the received power in channel 4 (balloon channel) as Q function of user Y position, Figure 7-16, shows marked similarity to the multipath error and power plots of Section 9. As expected, this occurs only in the HC r e"Piver data. On the same run, the channel 1 Z-position residual of both the HC and MR L receivers shows a slow c relic variation at a rate of approximately O. 25 Hz as ex­pected. Multipath errors are als,.., e;:hibi ted in Z-velocity by differencing the ~R L and HC static solutions (see Figure 7-17). The Z-velocity error (in the solution domain) is representative of the balloon channel (transmitter 4) measurement error which in this case is a characteristic of the transformation geometry betw en t: two domains. 
It is important to observe that the balloon channel multipath scintillation rate at times is very much above the data sampling rate of 5 sample/sec, representing a 2. 5 Hz bandwidth system. Therefore, the highest frequency in the record d data can­not exceed 2. 5 Hz. The approximate frequency of Z-velocity differences between MRL and HC is in the range of O. 5 to 1 Hz, although the scintillations could have been as high as 48 Hz. 

-100 100 z. 

-110 IO 

----- - - - - ~ ,-, 
\ I \ 
\./ \ 

'-- r--, -
\ ,-J 

\..J 

-130 -IO 
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-• - HAZ CH• SIGNAL LEVEL 
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FT 

Figure 7-16 Aircraft Position Along Runway Centerline (Y Position) 
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7. 3 SUl\1 1ARY 

-4000 

The lLS testing conclusively demonstrated the sui tability of th s st m in an 

aircraft landing environment. The mean error for vertical position was about 1. 5 ft 

and for vertical velocity less than 0. 5 fps. These are representative of ab olute 

errors with a filtered solution. This quality of system performance is mor than 

adequate for landing and the test results indicate that the signal environment (larg 

dynamics, large changes in poWer, and multipath effects) during this phas of aircraft 

op ration do ot degrade the navigation accuracy. 
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SECTION VDI 

ANALYSIS OF EQUIPMENT FAILURES THAT OCCURRED DURING FIELD TESTING 

In order to have a successful flight (obtain useful trajectory data), several hard­
ware items must function properly and-certain events must occur. A failure in some 
hardware components may only degrade the data, while other types of failures will 
result in complete loss of data or in fact prevent a flight from occurring. As a mini­
mum the following items had to be available and operational for a successful flight: 

• Airborne Equipment 

- Aircraft (NC-135) (GFE) 

- At least one airborne 621B receiver 

- Interface Unit 

- Recording System (GFE) 

- Timing System (GFE~ 

• Ground Equipment 

- Calibration 612B receiver 

- Data Acquisition System and Recording System 

- Timing System (GFE) 

- Four Transmitters and Antennas 

In addition, for the ILS test phase a transmitter and antenna were carried aloft . 
by a balloon (GFE). 

• WSMR tracking instrumentation and reference trajectory (BET) 

• Data reduction facility and software. 

8. 1 MISSION SUCCESS RA TE 

It became apparent that a high mission success ratEi could not be achieved sim­
ply by speclfyt~ a high predicted Mean Tlme Between Fallure (MTBF) for the 621B 
receivers and transmitters, since the receivers and transmitters were only two very 
important items in a serial chain of equipments and operations that were required for 
a successful mission. Table 8-1 is a summary of 31 attempts to obtain data (flights). 
Note that ten flights did not yield useful data, for an indicated mission succeaa rate 
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of approximately 68%. For example, two flights were aborted because of aircraft 
failur ; on on fli ght no data was obtained because of balloon equipment failure and 
on several flights th airborne r ecorde r s failed, 

.2 HAZ ELTINE EQUIPME NT FIELD FAILUR E ANALYSIS 

The failures during fi eld testing are treated in two categories: those which 
directly affected the complete sue ess of flights and failures during ground test, rou­
t' .1e maintenance and flight t ests. The former is subdivided into the categories of 
r ec iver availability and loss of data including a tabularized analysis by flight. The 
latt r is presented by type of failure associated with a major system cm 1ponent. 

Table -2 i s a summary of all equipment failures grouped in broad categor­
ies with the cause, number of flights affected, and detectability of the failure listed. 
These fa ilures are not the receiver alone but rather include the equipment required 
to achieve good r ecorded data. Flights where only partial data was acceptable are 
included in this tabl e. 

Table -3 is an overall analysis and history of failures which are summarized 
in Table -2. Each failure is li sted with corrective actions taken, 

Trends which are indicated by this analysis show that two problems existed in 
the Mobile Calibration Station (MCS) receiver frequency synthesizer causing loss of 
data and repeated failure of the receiver. The major problem has been a marginal 
d sign on the 15 MHz board. Changes in the 15 MHz level due to aging of components, 
vibration, et.c., may result in insufficient drive on the following multipliers causing 
either a spurious mode of operation or no output. The subsequent receiver failure 
may be indicated by loss of doppler data, lnablllty to lock on self test or loss of lock 
on all channels caused by a loss of, or noisy 90, 75 or 1.125 MHz signals, respective­
ly. 

A second problem which existed in the 1.125 MHz chain which has been masked 
by the 15 MHz probl m was detected and corrected in October. In the 1.125 MHZ 
multiplier chain a multiplier driven by the 15 MHz was tuned at a point which was sen­
sitive to input level causing excessive warm-up time and possible intermittent dropping 
of all channels. This has been returned +o a stable mode and this problem bas not 
been observed in subsequent receiver oper:\tion. 

Data losses which were a result of defec~tve synthesizers, intermittent connec­
tors, etc., were not always detected until printo:its of the data were examined. A 
certain percentage of this type of failure was detected during the pre-flight checkouts 
by examining the serial data stream to the recorders and were corrected. However, 
since lt was not possible to monitor the data stream during .the flight and the inter­
mlttency of the problem, a large percentage of these failures were not discovered 
until post flight data analysis occurred. At the MCS (ground calibration receiver 
location) where it la possible to monitor the data stream, the test set la being modi­
fied, to permit this mode of operation during future use of the equipment. 

The preceding discussion dealt with failures which directly affel'ted the results 
of scheduled flights. Total failures must be examined for an indication of the operi­
tlng equipment failure rate versus operating hours. Table 8-4 lists the specific 
failed components normally considered in a rellablllty predication, as well as oi;ber 
failures such as broken wires, r et\.ming circuits and open/short circuits. This table 
covers the period January to October, 1972, during which an estimated 3000 and 6000 
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Table 8-1 

Flt. No. Date OONo. Flitht Data Non-Data Receiver Statu1 R-.ler IU Statu■ Sen-■ Ulld In 
Profile■ Run■ Run■ (MRL. HAZ, CALI Status IGFEI (GACI BET (WSMRI 

1. 3/7/72 CM A.C,0-nt 0 I CAL NO-GO L TN-111 R-.ler AID NIA 
Nc>Go Conwertar 

f 
2. 3/21/72 CM A,C,o-nt 0 • MRL,HAZ . -MRL,HAZ Okay Okay NIA 

NO-Go• R--. 
No-Go 

3. 3/21/72 CM A,C,o-nt 11 MRLGO 0 HAZR--, Okay Okay Optics, 
HAZGO° No-Go Radar 
CAL GO 

•• 4/1/72 CM A,C,0.-rlt I 0 MRLGO Okay Okay Okay Optics, DOVAP, 
HAZNO-GO LTN-51 

I. 417/72 02 A.B.C.o-nt 0 I MRLGO "CAL MAG Okay Okay 
HAZGO Tape Ruined 
CAL oo· 

•• 4/12/72 07 A,C,D~ 0 7 CAL LTNRemrder Okay Okay 
No-Go No-Go 

7. 4/13/72 01 A,B '.C,0.-.t, • 5 CALCNo-Go Okay Okay Okay OOVAP, 
Orbit Run■ I-II LTN-51 

I. 4/27/72 02 A.B:C,0.-.t 12 0 RLG Analol Okay Okay Optica, DOVAP 
HAZGO No-Go LTN-11 
IHAZ lnMCSI 

•• 1/1/72 A,C,o.-nt I 0 Okay Okay Okay DOVAP, 
LTN-11 

10. UIII • 0 Okay Okay Okay Okay Optim, DOVAP, 
•• Ran Perpen- L TN-111, Radar 
dicular to A 

11. 1/1/72 OI D.Ament I 1 Okay Okay Okay Okay Optica, 
DOVAP 

12. 1/10/72 OI C,Ament 0 I RLGO 0 HAZR--, Okay Okay 
CAL-No-Go No-Go 
HAZGO• 

13. 1/13172 OI ao-tNf, I 0 MRLGO Okay Okay Okay Optia, to..,_,_ HAZ-No-Go OOVAP 
CAL GO 

·"· 1/17/72 03 A,B,'C.~t 12 MRLGO Okay Okay OLay DOVAP, 
HAZ-No-Go LTN-51 
CAL GO 

11. 1/11.'72 OI B;aou•torcec1 13 0 Okay Okay Okay Okay Optim, LTN-11 
A/C t.> fly at Radar 2,K •• L. CThll 
- a deviation} 

11. 1/7/72 CM A/C Did Not 0 0 
TIiie-Off 

17. 111~72 OI A.II ' 2 5 CAL-No-Go Okay Okay Okay DOVAP 
LTN-51 

................ 
_,....,_,.......lnno•• 
.. ,. ..... 1111 a....._., die million - ..... jult prior to talleoff 

... ,....,_ pra du11111 fDOd quality 1218 data, but 11119fylne -.i1oate wt pointl 



Table 8-1 Detailed Flight Breakdown 

Data Non-Data A-iv• Statua A-der IU Status s.n-au.ctln 01111lity of BETS Ten Points 

Aunt Aunt IMAL, HAZ, CALI Status IGFEI IGACI BET IWSMAI IWS."AI F11"illed 

0 • CAL NO-GO LTN-81 A--, AID NIA 1,2,3,1,7 

Ne>Go eon-. 
f 

0 I MAL,HAZ. 9MAL,HAZ Okay Okay NIA 

NO.Qo• A~ 
No-Go 

11 MAL GO •HAZA--, Okay Okay Optics, 
, _ _ 4,1,10 

HAZGO• No-Go A.._ ITtt. 

CAL GO 
U-1ainl 

• 0 MAL GO Okay Okay Okay Optic!!, DOVAP, '-ITi,t. 

HAZ NO-GO 
L TN-51 u.-rtainl 

. .. 
0 • MAL GO •CAL MAG Okay Okay 

HAZGO TapeAuined 
•••• 

CAL oo• 
0 7 CAL LTNA-rdar Okay Okay 

No-Go No-Go 

4 5 CALINo-Gc Okay Okay Okay DOVAP. Fair G 

A-Ml LTN-51 

12 0 Analot Okay Okay OptiGI, DOVAP Good 

HAZGO No-Go LTN-81 ••• 
IHAZlnMCII 

• 0 Okay Okay Okay DOVAP, Fait' 14, 11,21>, 111, 
LTN-81 11.21 .22 

• 0 Okay Okay Okay Okay OptiGI, DOVAP, Good 111,11,72,73, 

LTN-81,Aadar 57,51 

II 1 Okay Okay Okay Okay OptiGI, '-IL- 31,31,77,41 
DOVAP Altitu•I 

0 • ALGO •HAZA--, Okay Okay 

CAL-No-Go No.Qo 
HAZGO• 

• 0 MAL GO Okay Okay Okay Optics, Good 71,13,11,12, 

HAZ-No-Go DOVAP .... 
CAL GO 

12 MAL GO Okay Okay Okay DOVAP, Fair 111,17,42,21. 

HAZ-No-Go LTN-51 30,27,33, 17, 

CAL GO 
11 324 

13 0 Okay Okay Okay Okay Optia, L TN-& 1 Fair 
A.._ ... 

0 0 

2 5 CAL-No-Go Okay Okay Okay 
DOVAP Fair 12,13 
LTN-51 

8-3 



Table - 1 Detail ed Flight 
Breakdown (Concluded) 

Flt. No. 0.t• ODNo. Flilflt Dal• Non-Data A8Niwar A--, XMTTR IU ..._,.UIIII 
,,.,, ... Rune Aunt stat .. Stat .. lGFEI ...... Status in BET 

18. 1120/72 Oil A,C 7 0 Okay Oby Oby Okay OptiGl,DOY 
LTN-11 

19. 1122/72 Oil A,o-.nt 7 Oby Okay Okay Okay OptiGI, DOY 
LTN-11 

20. 1121172 Oil A 12 0 CAL GO Oby Okay Okay Optic■, DOY 

MAL-No-Oo CCH21 LTN-11 

HAZGO 

21 . 1121/72 03 Hit 0 
Bun■rd1nd 

Abor1ad 

22. 7/27/72 CJ& B 12 2 Okay Okr,' a..y Okay OptiGI, DOY 
LTN-11 

23. 111/72 07 D ' II MALOO Oby Okay Okay Optics, DOY 
HAZGO LTN•li1 
CALINo-Go,Au 
7-11 

2,. 1111172 OI ILi/Fiy By 0 II MALGO Oby Okay Okay 

HAZ llnMCII 
GO 

21. 1111172 OI ILi/Fiy By I 2 Okay Okay Okay 0ptiGI 

a . t/20/72 OI ILi/Fiy By 0 ' HAZliMRL CH2 Okay 

Could Not Lock. No-Go 
CAL did lock 

27. 912tl72 OI ILi/Fiy By I ' MAL Go Oby Oby Okay OptiGI 

Hu-No-Go 

21. 9127/72 OI I LI/Touchdown 0 12 MALOO -MRL-11_., Oby Okay 

HAZ-No-Go No-Go 

29. 9121172 OI !LS/Touchdown I Oby Oby Oby Optia 
HAZ-No-Go 
CAL 0 

112111i OI ILIITOIIIIMown 2 1 Oby Oby CH, Oby OptiG■ 

■-nary 

o.-ci 

31. t/Xf72 OI ILIIT...,_ws: 1 1 MRLOO •HAZ-11_., Oby Ok■y OptiGI 
HAZOO• Malfunction 
CAL,._ CNoHAZ 
~ lnalldaly 
~ R-.l■rl 
After Aun 7 

NOTEI: .,._.,.....,. 
-Flilhtl ........ In no--■ 

... Flilhtl ll'odulilll tood .-itv 1218 dlta, but llltllvinl du,IIGl111 ... poin• 
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lj 
'I 
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II 
I 

I• I 

~-

• 
R..iv., R_., lCMTTR IU ..,_,.u. Optimum Tait Points 

) 

ltat111 Stat111 IGFEI ltet111 ltet111 lnlET BETS Fulfilled i 
Okey Okay Okay Okay Opdaa, DOVAP, Good 

LTN-11 
... 

Okey Okay Okay Okay Optla, DOVAP, Good 13,21 ...... I 
LTN-11 43,13 • 

CAL GO Okay Okay Okay Optia,DOVAP, Good 31 ,32,14 i 
MflL-No.Qo ICH21 LTN-11 

HAZGO 

- - - - - - -

CIiiey Okay Okay Okay Optla, DOVAP, Poor 111.1s.11,a. t 
LTN-11 lllad Optical 100, 101,31,80 I 

... LOO Okay Okay Okay Optics, DOVAP, Poor 21,51,IO J 
HAZGO LTN-51 lllad Optics 

CALINo4o,Ru .. L- Al1i1Uclal I 
7-11 
MRLGO Okay Okey Okay ! 
NAZ llnMCII - - -
an 

I 

Okey - n,u. ...,,_., 

°"'" Okay OptlGI Good 1,4,1,3 

No-Go, HAZ IILII 
\ 

Secondary OK 

HAZIMRL Okey CH2 Ollay i 
Could Not Lock. No-Go - - - I CAL did lock 

MRLGo ()llay Okay Okay OptlGI p- ... 
Hu-No-Go 1 
MIILGO -MRI._,._., Okay Okay 

HAZ-No-Oo No-Oo 
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hours have been accumulated on th two 621B receive rs and four transmitters, re­

spec tively . Failures occur ring prior to shipping the equipment to the field in January 

have not been conside red, nor have the additional operating hours accumulated prior 

to field testing. 

Based on the failure counts and 3000 hours operation, this r eceiver indicated 

MTBF is 40 hours as compa red to a predic ted 200 hours. Similarly, the transmltte.r 

indicated MTB F is 400 hours based on 6000 hours as compared to 2770 hours predicted. 

Table -2 um mary Analysis of Flight Test Failures 

Failure Category Cause 

Airborne Receiver Not MC Rcvr Synthesizer 

Available for Flights Ai rborne Rcv r Synthesizer 

Airborne Rcvr VCXO's 

Airborne Data Failure Failed IC 
Erratic Coax Pin 
(Probable) 

Airborne Recorde r Failure Unknown 

(GFE) 

MCS Data Failure Broken Wire 
MSC Rcvr Synthesizer 
E rratlc Coax Pin 
(Probable) 
Noisy 

Transmitter 3hut Down Battery Failure 

Dµrlng Flight 

Table 8-3 Failure Analysis 

Failure 

1. Processor 6 (channel 3) failed to lock prior to start of 

first run. Determined to be an intermittent short 

unde a boa,·d. Program connector was put in spare 

Processor 1 during which a wire was broken. Print­

out e',owed missing fine doppler and range. 

2. Ne doppler data from Processor 2 (channel 1). 

Suspected erratic coax pin. 

3. Receiver would not lock caused by failed 

synthesizer. Traced to a burned res la tor. 

4. Erratic doppler data due to noisy 90 MHz from 

synthesizer. Recurred during last half of flight. 

Returned F . E . I. where 15 MHz was retuned. Both 

\Dlita were checked out including operation with tem­

perature, vibration and power supply variation. The 

MCS receiver synthesizer was returned for ~,ad 90 

MHZ and was for low 100 MHz. The airborne re­

ceiver was used in the MCS during this cycle and 

two Oigbts were lost. 
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No. 

3 
1 
2 

3 
1 

5 

1 
2 
2 

1 

3 

Rcvr 

MCS 
Rcvr 1 

MCS 
Rcvr 2 

AIR 
Rcvr 1 

MCS 

-
Detectable 

N/A 
N/A 
N/A 

Yes 
Yes 

Unlmown 

Yes 
Yea 
Yea 

N•> 

Unknown 

Flight 

1 

2A 

4 

6 
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Table 8-3 Failure Analysis (concluded) 

Failure 

5. Fine range bad on Processor 5 (channel 2). No cause 
was ever determined and suspect erratic co-ax pin. 

6, Doppler bad on Processor 2 (channel 1). No cause 
was ever determined and suspect erratic co-ax. 

7. Two flights missed for the airborne ,·eceiver when 
three VCXO failures occurred foilowing trans­
porting from the HAFB shop to the MCS for test­
ing. All had mechanical type failures probably due 
to severe vibration/shock during transportation. 

Rcvr 

AIB 
Rcvr 1 

MCS 
Rcvr 2 

Am 
Rcvr 1 

8. Doppler data erratic for 5 runs caused by noisy 90 MHz. MCS 
Returned to F . E. I. for returning of 15 MHz. Rcvr 2 

9. Receiver dropping lock intermittently. Determined MCS 
t.o b.:; noisy 1. 125 MHz. No loss of data on flights. Rcvr 2 
Returned after flight 19 to F. E . I. where 15 MHz was 
retuned. 

10. Receiver developed bad synthesizer pri.ortoflight 24 MCS 
and was returned to F. E. I. for repair. When returned Rcvr 2 
to HAFB the 75 MHz was found to be erratic. F. E. I. 
found that thel5 MHz had been mistuned and was jump-
ing t.o an oscillatory mode. Airborne receiver was used 
in MCS and missed Flight 24. 

11. Coarse range bad on Processor 5 (channel 2). Dis- Am 
covered after looking at data printouts. Was easily de- Rcvr 1 
tected on the Test Set and should have been found during 
preflight for flight 26. Data loss due to failed IC chip. 

12. Processor 1 (channel 1) would not lock on self testcode Am 
but was ok on code A. This problem first appeared Rcvr 1 
during pre-flight for 28, but cleared itself. All "ontrols 
were reaching IC's but code changeover did not OC1,;~\r 
because of a failed IC chip. 

13. The receive;r developed a problem in which a!l channtils MCS 
dropped s imultaneously and then reacquired at the next. Rcvr 2 
COP. Due to the intermittent nature of the problem, 
the cause could not be determined. Subsequently, ex-
cessive time was required before the receiver could 
achieve lock. On 9/3/72 all outputs of the synthesizer 
were observed and found to be normal except the 1. 125 
MHz which was noisy. Tuning of the 15 to 45 MHz multi-
plier corrected this problem. Circuit component aging 
caused the multiplier to be sensitive to the 15 MHz input 
in that it went to a spurious osclllatory mode when the 
15 MHz was at a "low" amplitude. Receiver dropping 
lock has not been reported since tuning. A power supply 
failure occurred prior to run seven of flight 31, a diode 
had failed. 
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Table 8-4 Detailed Failures 

Equipment Component/Type Failure Air MCS Failures 

Receiver Analog I. C. 2 1 3 
Digital I. C. 4 2 6 
Zener Diode 1 0 1 
Coil 3 0 3 
Potentiometers 2 1 3 
Varicap Diode 1 0 1 
Resistor (RC07) 1 0 1 
Capacitor (CK21) 2 0 2 
Co-ax Pins 7 4 11 
Matched Filter 0 1 1 
Shorts, opens, retuning 
broken wires, et.c. 18 15 33 

TOTAL 41 24 65 

Power Supply Rectifier Diodes 3 2 5 
Capacitor, Alum. Electrolytic 0 1 1 

TOTAL 3 3 6 

Transmitter Balanced Modulator N/A N/ A 1 
Power Splitter N/A N/A 3 
5 MHz Oscillator N/ A N/ A 5 
Power Supplies • N/A N/A 5 
Potentiometer N/A N/A 1 
Broken wires, retuning, etc. N/A N/ A 4 

TOTAL N/A N/ A 15 
-

8, 3 DAS EQUIPMENT F ArLTJRE 

A mlsh11p occurred at the MCS during flight 5 which prevented a 621B trajectory 
from being obtained. A recycled tape which had been recertified by KAFB, had been 
used. Post flight data analysis revealed the tape was overprinted with spurious in­
formation making it unreadable. As a result of this incident, it was decided to use 
only virgin tapes for all subsequent flights. A reoccurrance of this problem was not 
encountered during the remainder of the flight program, 

8. 4 MRL RECEIVER FIELD FAILURE ANALYSIS 

The following has been extracted from SAMSO TR-72-213, a report generated 

by ltffiL. 

The MX-450 Navigation Receiver failed during flights 2 and 20 during tne field 
tect and two additional failures occurred during bench testing. Total operating time 
was estimated as being 1400 hours. 
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8. 5 PREDICTED/INDICATED MTBF 

Refer to Table 8-5 for a summary of predicted/indicated MTBF for all 621B 
receiver and transmitter equipment used during the Oight teat program. 

Table 8-5 Summary of Predicted/Indicated MTBF 

Equipment Predicted MTBF Indicated MTBF 

Haz. Receiver 200 hr 46 hr 
Haz. Transmitter 2,770 hr 400 hr 
MRL Receiver 369 hr *350 hr 

*Estimated on reported failures during 1400 hr of operation 
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SECTION IX 

GROUND USER MULTIPATH DATA ANALYSIS 

9. l INTRODUCTION 

The overall objective of the multipath test was to evaluate the sensitivity of a 
521B-type receiver to multipath signals from typical ground environments. Multipath 
signals degrade the ranging accuracy of the receiver ty creating a distortion of the 
modulation envelope of the total received signal. This develops an error in the re­
ceiver code tracking loop which effects the range measurement accuracy. 

Establishing a valid multipath test required: 

• Determination of a test geometry to simulate radiation received from a 
satellite 

• Sufficient variety of topographical features 

• Selection of test signal levels to insure that the multipath signal is above 
the threshold sensitivity _of the receiving system. 

Broadly speaking, multipath effects are created by ground reflections of signals and 
by signal scattering from both natural and man-made localized obstacles. Ground 
reflections originate from either dry or moist soil or from water and can be clas­
sified as smooth or rough. Natural localized obstacles are typified by rocks or 
boulders and by dense foilage. Man-made obstacles include buildings, fences, 
co.-..1munications lines, and moving vehicles. 

The severity of a multipath is measured by the relative amplitudes of the direct 
and reflected signals, the phase angles of the two signals, arxl the differential delay 
between the two signals. Signals exhibiting various values of these characteristics 
can be generated by 'lelPcting different types of reflective surfaces and by choosing 
various geometries for the ~ransmitting and receiving antennas. 

Four test sites were used at the White Sands Missile Range (WSMR). These 
typified certain classes 0f ground reflection environments; smooth and rough earth, 
small natural obstacles, and man-made obstacles. To simulate various satellite 
tr~nsmitter positions, elevation angles from receiver to transmitter of 5°-60° were 
included in thes tests. The tests were conducted using a balloon-borne transmitter 
at approximately 2000 ft above ground level (AGL) for the high elevation angles, and 
using a transmitter antenna 10 to 20 ft above ground level for the lower angle geom­
etries. In each case, the test configuration was sufficiently controlled to achieve an 
accurate measure of the differential range, effective reflecting area (first Fr snel 
zone) and grazir.;; angle to permit an evaluation of the test results. 
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9. 1. 1 Relationship of the Multipath Tests to an Operational Situatio~ 

Ther e are a number of points to be made about the characteristics of the multi­
path tests conducted at WSMR and the characteristics of an operational satellite 
situation. The WSMR tests specifically addressed situations typical of a class of 
ground users. These ground users are essentially motionless while making measure­
ments from th system. Care must be used in attempting to extend these test results 
to other classes of users. The following paragraphs point out some important multi­
path characte ri stics not simulated in the WSMR tests which are inherent in some 
clas ses of users. 

There is a difference between the ground tests and the satellite system for 
users making measurements while in motion. In an actual situation, the path length 
difference between the direct and reflected ray (differential delay) changes with 
time due to user motion. This causes the net received signal strength to pass 
through a series of maxima and minima. The rate at which the two signals ''beat" 
against one another in this manner is called the fade frequency 01· differential dop-
pler for smooth earth reflections. In a rough earth area geometry the fade fre­
quency becomes the highest beat frequency between the direct signal and the in­
dividual components of the scattered signal, which also contains the frequency pro­
ducts from mixi~ of the scattered signal components. In this case one has to define 
a fading bandwidth rather than a "signal" fade frequency as in the smooth earth case 
(Ref. 37). Hence, in a dynamic system the range and range rate errors become a 
function of the interacting design of the code arxl carrier loops which was not simu­
lated duri~ the ground tests. However, since the ground multipath tests did not 
simulate the motion of the user relative to the signal source, the multipath range error 
behavior followed the code tracking loop static characteristics without any benefit 
from the filtering (averaging) effects of either the code or the ca:-rier loops. Con­
sequently, the ground multipath test results are representative of system performance 
under worRt-case conditons. 

The multipath test geometries utilized have some application for both airborne 
and gro\Dld users. A representative geometry of a satellite in circular equatorial 
synchronous orbit and an airborne user (aircraft) is given in Figure 9. 1. The . 
minimum dlff erentlal delay and differential doppler for specular reflection to an 
aircraft (flying due north and level) at 30,000 ft AGL, with the reflecting surface 
being flat and tangent to the earth's surface directly below the aircraft has been 
evaluated. Scaling the frequency from UHF to L-band (].. 6 GHz), a plot 0f differen­
tial delay and fade frequency are given in Figure 9. 2 as a function of aircraft 
latitude. The range of differential delays and grazing angles of this typical sateUlte 
geometry were simulated by the ground tests. However, in the satellite-to-aircr.ut 
geometry the predominant reflections will be diffused, except when the aircraft is 
at h.tgh latitudes. The diffuse, reflected signals, combined in random phase under 
dynamic conditions, will cause random, noise-like errors in the range and range 
rate measurements we ~o the scinUllation of the multipath signals. These signal 
characteristics are not present in the WSMR multipath tests. 

In the case of a ground based user (i.e., backpack or slowly moving vehicle) 
the operational system multipath errors will be comparable to those measured during 
the ground tests, except that, the operational case will be compllcated by the presence 
of the satellites. One would, however, expect that the multipath interference con­
tribution from each of the four satellltes would be comparable. 
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This could cause the effect of multipath interference to be cancelled in the pseudo­
range algorithms and thus would yield smaller position errors than in the static test 
environment. 

Each WSMR test evaluated the interference effect umer unique conditions per­
taining only to that geometry and surface characteristics of the indicated multipath 
environments. Therefore , the results from one test geome':cy caMot necessarily 
be correlated to a different one. 

9.1. 2 WSMR Multipath Test Sites 

The test results of Tula Peak are representative of short differential delay with 
low grazing incidence causi~ specular reflection. Dead Man Canyon is characteristic 
of a terrain with obstructions in the line-of-sight causing signal diffractions resulting 
in bias-like multipath errors. The tests at Northrop Sf:rip encompassed both high 
and low grazing angle geometries (diffuse, partly diffu:Je and partly specular reflec­
tions) both with short and long differential delays. The tests in the White Sands Dunes 
Area had a surface roughness characteristic, expressed in terms of the root-mean­
square deviation of the terrain profile relative to a smooth curve-to-wavelength ratio, 
which varied from test to test. The area of signal reflections in some of these tests 
(e.g., test position number 5 in the Dunes Area) was localized in a region of smooth 
terrain although total terrain profile between the transmittlng and receiving antennas 
was characterized to be rough. The results in this case are in agreement with a 

• theotectical model of smooth surface reflections. 

9.1. 3 Multipath Test Evaluation Technique 

A theoretical simulation model was developed both as a tool to check the 
reasonableness of the test results and as an aid in interpreting the nature of the 
reflections. The mathematical model of test site terrain profiles, electromagnetic 
propagation, antenna patterns and receiver tracking characteristics was included in 
the simulation program (see Section 9. 8). 

The simulation model is an approximation to the real world. It represent_s 
an analytical tool by which one can evaluate the measurements with respect to 
"lmown'' system behavior. The mathematical simulation did not include unique 
peculiarities of the test site propagation path, e.g., signal diffraction by obstacles. 
Such conditions are difficult to model since they are a function of se•reral uncon­
trolled and unknown variables. The parameter va ues used in the simulation pro­
gram represent best available data obtained either by measurements or by empiri­
cal estimates. No attempt was made to optimize the parameters to fit the measure­
ments. The electrical properties of the terrain were estimated based upon avail­
able measured data for similar terrain profiles and soil characteristics. 

The multipath test results are categorized by site location in the discussion 
that follows. A feature of each discussion is the comparison of the test results to the 
theoretical predictions obtained from the simulation program. In these discussions 
the fine structure of the multipath error predicted by the simulation ls magnified and 
the_ location of the measured data values (for vertical polarization only) with respect 
to the simulation results ls indicated. Due to the sensitivity of multipath range error 
to antenna height for a given geometry (i.e., the sensitivity of differential delay) any 
error in recording th actual ante1D1a height above the ground during the test can 
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cause an o • set betw en the measured and simulated values. Furthermore, the simu­
lation is only meant to be an approximation to the complex test conditions , geometry, 
and irregular surface characteristics. The fact that ,ievertheless the measured data 
points are generally in good agreement with the prEdicted multipath fine structure aoo fall well within the multipath error e nvelopes is consisted a remarkable verification 
of the validity of the mathematica l model developed. 

9 . 2 CHANNEL DELAY, DATA CALIBRATION A D DATA RECORDI G 

The inher ent receiver inter hannel de lays (chann I mismatch) affect the 
tim -of-arrival measurements by introducing an unknown time delay in the 
measurements . Ther efore , to det rmine the unknown receiver channel delays, 
th chann l ha ve to track a single lmown signal (see Section ~. Volume Il) to 
allow the computation of the interchannel receiver delays (biases ). The interchannel 
biases are then used to correct the receiver apparent time-of-arrival measurements. 

TI1e equipment configurations aoo test procedures used to obtain the calibration 
data are discussed in detail in Volume IT. The import:lllt point to realize here is that 
the receiver is virtually acting as two receivers for the multipath test. An omni 
antenna, rf cabling, and an RF / IF section feed a range tracking channel which sees 
the entire multipath-contaminated signal . At the same time, a directional antenna 
(parabolic dish), rf cabling, and a second R ! /IF section feed aoother range tracking 
channel which sees a signal free of multipath reflections . . The common elements of 
these "two" receivers allow the direct comparison of the two range tracking channels 
and plus a dete rmination of the ef(ect of multipath signals on the receiver. The signal 
delays through each path from antennas to receiver output must be calibrated to sep­
arate these de lay components from the multipath effects of interest in the receiver 
output data. The following paragraphs present the results of the calibration proce­
dures. 

By taking fine range differences between channels 4-1, 4-2, and 4-3 under 
two conditions, i.e., omni antenna connected to processors 1, 2 and 3 and the 
dish antenna connected to processor 4 (Condition A), and then interchanging 
the connections (Condition B) the following data were obtained: 

Ch(4-1) Ch(4-2) Ch(4-3) 

Condition A, nanosec -10 -20 -10 
Condition B, nanosec +8 -8 +9 

With multipath error defined as the difference between the omni and dish chann° l 
measurements, the channel delay correction in terms of the ahove measurements 
may be expressed as: 

CHDCOR(i) = CH(4-i)/ A + CH(4-i)/ B , i = 1,2,3 
2 
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The cable delays between the omni antenna and the receiver input terminals and 

the dish antenna and the receiver input terminal were measured as: 

coo COD 

Omni Dish 
-· · · ·· -- .. 

I Total Cable Delay 83.8, nanosec 111. 2 nanosec 

The multipath error, E, in nanoseconds can be expressed in terms of the measured 

quantities as: 

E(l) = CH(4-i) - CDD + COO - CHDCOR(i) 

where CH(4-i) is the fine range difference data recorded during the multipath tests. 

As an example, consider two data points taken fer the "Rough Earth Balloon 

Test", Site Number 6: 

Data Point No. 

1 
2 

Antenna Height1 ft. 

13.5 
5 

Vertical Dipole CH(4-3) 

-40 
+4 

The multipath error, for the above example is given by: 

-10+9 
E1 = -(-40) - 111. 2 + 83. 8· -~ = +13.1 nanosec 

-10+9 
E2 = -(+4) - 111. 2 + 83. 8 -~ = -3~. 9 nanosec 

Using the above rules, all multipath data recorded during the tests were converted 

to multipath error, plotted as a function of test antenna heights and presented in 

parallel with simulation results for each test configuration. 

The data recorderl during the tests were taken· at discrete antenna heights. 

The data points are thus presented in discrete rather than continuous form and no 

attempt should be made to connect the data points with continuous smooth curves 

since the sampling distance (i.e. , the distance between adjacent antenna height 

locations) was not always sufficiently spaced to record the multipath fine structure. 

(Refer to simulation program in Section 9. 8.) 

During the smooth earth tests at Northrop Strip in !bur test configurations 

(test points 2, 3, 4 am 5, see Section 9. 5) the pseudo range data were recorded on 

magnetic tape in addition to the CRT display data recorded at the other test sites. 

TI1e data were recorded continuously at a rato of one sample per secorxl. For each 

test point the time interval spent at every antenna height location was recorded. This 

allowed time slicing the tape recorded data into discrete data blocks for every anten­

na height and polarization. For each data block (antenna height) the mean am stan­

dard deviation was computed am plotted (see Section 9. 5 ). 
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9.3 TULA PEAK MULTIPATH TEST 

A multipath test was conducted on Tula Peak located on the eastern border 

of WSMR. Tula Peak is a hill approximately 260 ft higher than its surrounding 

terrain; its top has been flattened to form a plateau 200 ft square to support a 
radar test facllity (Figure 9-3 and -4). The transmitter was set atop the plateau with 

its omni antenna facing down Tula Peak's east slope. The receiver was positioned in 

two places 1500 ft down the slope with its dish am omni antenna looking west up the 

Tula's east slope at the transmitter omni antenna. (Figures 9-5 aoo Fig. 9-6). 

Figures 9-7 and -8 are the result of a geodetic survey of the Tula Peak multi­

path test configuration and associated land contours. Slant ranges, elevation and 

ground track distances were calculated for the separation between the omni antenna 

at the transmitter and the receiver reference channel dish feed tip which remains in 

a fixed position for each test*. A 6 ft diameter reference channel dish with a linearly 

polarized feed was utilized in all tests. The X, Y and Z position of the receiver omni 

anteMa is reported at the ground level below the telescoping omni and dipole anteIU1a 

mast because both omni and dipole receiving antennas heights were varied, as part 

of the test procedure, from 5 ft to 31 ft AGL. The elevation and slant range between 

receiving and transmitting omnis are functions of the receiving omni height above the 

ground (Fig. 9-7). 

The ground texture in front of the receiving anteMas was saooy and very dry. 

Small salt bushes and rocks 5 in. to 3 ft in diameter were scattered between antennas 

along the line of sight. A pole line suspending communication lines 22 ft above ground 

level ran parallel to the line-of-sight between antennas as shown in Figures 9-6 

and -8. During the time data were taken, cars and trucks were kept clear of the 

anteMas' line of sight. 

9. 3.1 Tula r~ak Test Results 

The Tula Peak configuration is representative of a slightly rough surface with 

a predominantly specular reflection characteristic. This ls demonstrated by the multi­

path error curves of Figures 9-9 and -11 which follow closely the variation of the re­

ceived power shown in Figures 9-10, -12 for the three polarizations considertad, viz. 

right hand circular, horizontal and vertical. This correlation between multipath error 

and received power is characteris c of specular reflection. 

The shape of the curves shown in Figures 9-9 to 12 are good representatfans 

of the observed receiver behavior even though the quantitative measurements form-

ing the basis for these curves were made at discrete anteMa heights and not con­

tinuously as the curves might imply. In moving the antenna from one height to another, 

the power level and range measurement displays were observed to insure that no peaks 

or nulls were missed during the test. 

*Adjusted in a manner to reduce the reception of reflected energy. 
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Int st po ition o. 1, the grazing angl seems to be close to the Brewster 
an I f r , rti cal p larization, computed to be approximately 14° for average 
gr und, a indi at d by th harp dips for horizontal polarization and essentially 
Oat pr ofil for rtic al polarization (Figure 9-10). The similar power profiles for 
both th hori zontal and v rtical polarizations at te t position no. 2, Figure 9-12, 
indicat that lh i position had a grazing incidence well below the Brewster angle . 

Th d la , 1 k loop impl m ntation in th r ccive r used to track the coded 
rang ignal ha a th or ti all y pr dictabl e response to multipath ignals which 
indi at that th tracking rror hould not exceed 50 nanosec. (Tho delay lock 
loop multipath r esponse is discussed later. The model predictions had been verified 
by laboratory bench t sting be for commencing tho fie ld tests, so· we we re quite 
surpri ed to find a region of multipath on the first day of testing which produced re-
ei v r tracl·ing rror greater than 130 nanosec . This condition was obse rved 

(Figu r - !)) for th horizontally polarized signal at an ant.enna height of 19 ft 10 in. 
with th ante nna located at position no. 1. The condition was repeatable ; howeve r, 
th r iv r behavior wa somewhat erratic. This was due to the low signal level 
at which th receiver was operating. A very deep signal fade, approximately 30 db, 
wa a ociat d with the large tracking error. This placed the signal level in the 
tracking loop at approximately -1 40 dbm, resulting in noisy range measurements. 

The large multipath e rror can be caused by a number of phenomena not pre­
viou ly recognized while studying the tracking loop characteristics. Either a false 
lock of the r ece ive r code tracking loop discriminator under deep fade conditions or 
tracking of only the reflected signals instead of the composite signal containing both 
direct and refl ct d ray components could be responsible for the large observed 
e rrors. In this cas the -1 30 ft multipath error was due to false lock. This is 

hown by th sub tantial drop in the received power which occurred simultaneously 
with the tracking e rror (see Figure 9-10). If the large multipath error were caused 
by tracking the r fleeted signal, the received power would stay constant. 

In the Tula Peak test, the s ignal environment results in a specular reflection 
ignal fad c ndition. This is due to a combination of effects. The geometry 

produce a hor t differential de lay, under 7 ft, and a low grazing incidence of 
appr ximat ly 12° . The eff ~cti ve voltage reflection coefficient magnitudefor 
hori zontal polarization is clo e to unity. These factors together with the antenna 
array effect above the ground plane cause a phase change in the reflect d signal 
which results in the signal fade condition. 

Th e conditions were modelled in the multipath simulation program. For th 
purpo es of simulation the geometry of Figure 9-7 was r placed by an equivalent 

qually rough terrain model with antenna heights of approximately 175 ft and a 
epar ation distance of 1566 ft for position no. l; and ant.enna heights of approximat.ely 

75 ft and a sepa ration distance of 1041 ft for position no. 2. The grazing angles for 
thi geometry are 12° for position no. 1 and . 5° for position no. 2. The dimen-
ion of th fir t Fresnel Zone (Ref. 3 ) (for position no. l ) centered midway be-

tw nth rec iving and transmitting antennas are 72 ft x 15 ft describing th climen­
ion of an e llipse with minor axes perpendicular to the line-of-sight between anten­

nas . Therefore, the area of reflection is localized to a relatively smooth location 
alono- th t.errain. 
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Figures 9-13, 13A and 9-14, 14A, show the theoretical simulation of the equiva­
lent geometry with the measured data points superimposed, for vertical polarization 
conditions at the two test sites us d at Tula Peak. The measured data, represented 
by square s on th figur , hows th actual receiver range measurement error re-

ulting from th multipath environment. For these tests, the antenna heights were 
known to an acctffacy of about 1 in. so th jJlots are an accurate representation of 
the tru rror . 

Th d viation of th th oretical curves from these data is due to the difficul­
ties of approximating th actual geometry in the mathematical model. This is in 
part caused by th presence of the communication lines which may cause additional 
reflections (see Figure 9- ) that were not taken into account in the simulation pro­
gram. 

9. 4 DEAD MA A YON M LTIPATH TEST CO 1 FIG RATIO 

Th Dead Man Canyon multipath test was run on the west boundary of WSMR at 
the base of the San Andres Mountains in a gravel quarry located within Dead Man 
Canyon. The canyon contained small salt bush brush, a gravel pile, two ,~ater tanks, 
a sharp terrain drop-off resulting from the removal of soil used to construct road beds, 
heavy construction equipment traveling in and out such as trucks, dozers, buckets and 
stationary gravel processing equipment. During the multipath tests, trucks and buck­
et loaders passed randomly through the field of view of the 621B receiving antennas. 

The receiving antennas were situated at the entrance to the quarry and not 
moved during the test, while the transmitter was positioned on a rise above the mov­
ing construction equipment at three separate locations. The positions of each antenna 
as well as all the obstacles in the antennas' field of view were surveyed and are 
shown in Figures 9-15 and 9-16 plotted in White Sands Cartesian System (WSCS) 
coordinates, Ground track and slant range distance were calculated from WS S co­
ordinates. The elevation of each antenna was surveyed aoo is reported in Figure 9-16 
with the exception of the mast-mounted omni antenna at th receiver site. The 
elevation of the r ce iver omni and dipole was varied from 5 ft AGL to 31 ft AGL as 
part of the test procedure. The antenna coordinates (X and Y) and elevation (Z) r e­
ported in Figure 9-16 refer to point of intersection of the antenna mast with the 
ground. The slant range reported is from the receiver dish antenna feed tip to the 
transmitter omni antenna. The total distance travelled by the "direct" signal is the 
slant range plus 5.1 ft allowing for the distance between the feed and parabolic r e­
flector. 

Figure 9-17 is the receiver site at the entrance to the quarry and the 621B 
transmitter set up at position one, typical of all three transmitter sites. It should 
be noted that the terrain in front of the receiving antennas was rolled and packed 
down dry soil while the ground in front of the transmitter was covered with salt bush 
and chapperal type vegetation int rmixed with dry soft saoo and O. 5 in. to 2-ft dia­
meter rocks . Figure 9-1 has two views of position one; from receiver to trans­
mitter, and from trans mitt r to receiver. The gravel pile shown in Figure 9-1 i 
made up of small gravel O. 25 to O. 5-in. in diameter lightly moist from rain a few 
days prior to the test. Figures 9-19 and -20 show position no. 2 and 3 respectively. 
The gravel processing quipment noted in Figure 9-21 wa being oporat d during th 
multipath tests at all three positions . 
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Figures 9-15 and 9-16 depict the top and cross sectional views respectively of 

the three configuration geometries used in the Dead Man anyon tests . In the first 

and third configurations, gravel pile and gravel processing equipment blocked part 

of the transmitted energy from r eaching the r eceiving antennas; in the second test 

configuration there was no obstruction in the vicinity of the line-of-sight. 

The types of obstrur tions shown in Figures 9-15 and 9-16 are sometimes 

referred to as ridges. Ridges in th vicinity of the line-of-sight between the trans­

mitting and receiving antennas diffract part of the energy as it passes from the 

transmitter to the receiver. There was no ridge in the way for test po ition two, 

but positions one and thre are representative of diffraction by a ridge r eferred to 

as Fresnel diffraction. In these two cases, it was confirmed that the diffracted 

e lectromagnetic fie ld several wavelengths away from th ridge is substantially in­

dependent at polarization. This is exemplified in Figure 9-22 which shows a 

plot of the antenna height in feet vs the multipath error in nanosec for three differ ent 

polarizations, right hand circular, horizontal, and vertical. As the antenna height 

was varied from about 13 ft to 31 ft, the mu!tipath error r emained within 5 ft and 

the three errors are practically coincidental. 

Figure 9-23 is a plot of antenna height vs signal level for the same test. Again 

ther e are three curves, one for each of the three polarizations. From this figur 

it is clear that there is multipath present, since there are significant (5 db) signal 

level power variations for a particular polarization. The three curves are separated 

as shown in Figure 9-23, since the antenna gains for the r espective polarizations 

are not normalized. 

Test position three data, Figures 9-24 and 9-25 show a signal environment 

similar to position one. 

In order to assess the degree of obstruction taking place (relative to free pace) 

by the ridge, one ne ds to compute the ratio of the path clearance to the first Fresnel 

zone clearance . 

The following is a simplified figure of the test set-up for positions ono and 

three. 

RECEIVING RIDGE 

/ ANTENNA 1 TIOANSMITTING 

✓------- - -~ l" ---- - __ /ANTENNA 

L.. -1-r .,_J 
With the path clearanc H b tw en th lin - of- i~ht f th ant nna and th 

top of the ridge (i. e . e ither th gravel pile r the granl proce, ing cquipm nt 
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corresponding to test configuration one and three r espectively) the first Fresnel 
zone clearance is given by: _ _ _ _ 

H -j~dl d2 

o dl + d2 

wh r e d1 is the distance from the transmitting antenna to the ridge, d2 is the dis­
tance from the receiving antenna to the ridge, and ~ is the wavelengtti for a frequency 
of 1575 MHz. 

The r tio of the path clearance, H, to the first Fresnel zone cle?.rance, H is 
0 

The ratios H/ H0 for the r~e of omni antenna heights (AGL) varied from 1. 75 
to 3.1 for test position one and from 2. 4 to 3. 7 for test position three. 

In test position two, the line-of-sight between antennas was clear of obstruc­
tions. In this case there is more variation between the multipath error and received 
signal strength data for the three polarization test conditions. 

Figure 9-26 is a plot of antenna height (ft) vs multipath error (nanosec) show­
ing a peak to peak variation of approximately 12 nanosec for site position two, as 
opposed to the 5 nanosec for site positions one and three. 

Figure 9-27 is a plot of antenna height (ft) vs signal level (db) for site position 
two (no obstructions) for the three polarizations. This figure shows a smaller varia­
tion in signal level than was the case for test positions one and three. 

A theoretical simulation has been made for all three of these site positions, 
am is explained in detail in Section 9. 8. The esults of this simulation are plotted 
in Figure 9-28 which shows antenna height (ft) vs multipath error (nanosec) for site 
one. The straight line parallel to the abscissa is the theoretical simulation result 
assuming average ground characteristics. The points below this line are the mea­
sured data for the vertical polarization case. Since the theoretical simulation does 
not model diffraction by obstacles, the two sets of data do not coincide. This same 
conclusion can be drawn from Figure 9-29 showi~ data for site position three. 

Figures 9-30 and 9-30A are the same type of plots for position two, which was 
free of obstruction. Here the two data sets are somewhat closer than the diffracted 
cases just presented. In this case, approximations used in converting the actual 
geometry of the test to the level simulation geometry can account for the discrepancy. 
In addition, the electrical properties of the terrain were only 11pproximated from 
published results of comparable terrain types and profiles. No attempt was made to 
optimize the simulation parameters to fit the data. 
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9. 5 SMOOTH EARTH TE TAT NORTI-ffiOP STRIP 

The smooth earth multipath test was conducted on the Salt Flats in the area 

southeast of Northrop Strip on WSMR. This test utilized a balloon-borne transmitter, 

the MCS and a set of receiving antennas. The balloon was launched carrying the 612B 

transmitter aloft to 2000 ft AGL. The position of the receiving site was moved along 

a constant 145° azimuth (TN) to presurveyed sites to obtain look angles of approxi­

mately G0°, 40°, 30°, 20° and 10° from receiving to transmitting antennas, Figure 

9-31. The balloon was positioned nominally over survey marker BTR, but was not 

always directly over it .because of varying wind conditions. The look angle, 8 , was 

measured during the time data were taken on position one (600) and was found to vary 

as much as 5° during the run. Data taken by geodetics on 24 Aug. 72 at position one 

show the mean was 59.4° with a standard deviation of 1.23° and on 25 Aug. 72 the mean 

was 58. 3° with a standard deviation of 1. 82°. The angle data show that the ground 

track distance and slant range varied during the test. Nominal ground track and slant 

ranges between receiver dish feed tip and transmitter omni are shown in Figure 9-31. 

On position one, 6<>°, the balloon transmitter drifted out to the s0 fie Id of view of the 

dish antenna. An omni antenna, placed at ground level to eliminate ground reflected 

signals, replaced the dish antenna. Positions twn through eight used the dish as shown 

in Figure 9-32. 

An attempt was made to track the balloon transmitter with two theodolites manned 

by geodetic personnel standing over surveyed ground stations. Data were taken simul­

taneously at five-minute intervals. The resulting balloon position determined from 

measurements by two theodolite stations, proved to be highly variable because of the 

position error sensitivity to small changes in elevation angle. The tracking effort 

was abandoned after two attempts on 24 Aug. 72 and 25 Aug. 72 at position one. 

Elevation angle ( 8) from receiving antenna to transmitter omni was taken with a 

''bubble" inclinometer at each receiver position of rough earth and smooth earth test 

after 25_ Aug. 72. 

The ground surface between receiver and transmitter antennas was extremely 

flat, dry, and hard consisting of gypsum, sand and a high degree of salt. The 621B 

ILS runway was constructed on this same type of surf ace and withstood the touch down 

of a NC-135 aircraft weighing 186,000 lb, 31 times without showing appreciable sur­

face degradation. 

Figure 9-32 shows a typical receiver transmitter configuration for smooth 

earth testing. During test measurements, all vehicles were kept out of the line of 

sight between antennas. 

9.6 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 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-i:-l. in depth. Dist storms, blowing 

fine sam, are common to this area (see Figure 9-33). Unlike beach sand, the dunes 

consist of very small grain size sand. 

Sites were selected within the sand dunes to yield a 60°, 40°, 30°, look angle 

between the receiver and the balloon transmitter po.iitioned at the edge of the dunes. 

After the data wore taken, the sites were surveyed. The result of the survey 

are shown in Figures 9-34 and 9-35. As in the smooth earth t st, only nominal ranges 
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can be reported because of balloon Yariation. Figure 9-36 shows the post tion of 

communication lines suspended from poles running perpendicular to the receiving 

antennas line of sight. These communication lines were about 24 ft AGL and 100 ft 

in front of the MSC. 

Figure 9-37 is a tabulation ot' relative distances between receiving antennas and 

their relationship to the MCS. Each measurement was taken from a reference stake 

located at each site. 

9. 7 TEST RESULTS FOR SMOOTH AND ROUGH EARTH MULTIPATH 

The theoretical envelope range tracking error as a function of multipath dif­

ferential delay between the desired and interfering signals is shown in Figure 9-38 

for a reflection coefficient of 1. o. Receiver ranging errors can take on any value 

wt thin this envelope depending on the exact signal differential delay. Inside the 

theoretical envelope is drawn another smaller theoretical envelope corresponding to 

the test con1itions at WSMR where the average reflection coefficient was o. 7. The 

test results for the smooth earth tests follow this prediction as shown in Figure 9-39 

which is a plot of antenna height (and corresponding differential delay) va multipath 

error in nanosec. Figure 9-39 contains all the data collected for smooth earth tests. 

The smaller theoretical envelope from Figure 9-38 has been superimposed on this 

figure. Since differential delay is essentially a linear function of antenna height for 

the tests under consideration, the absciBBas of Figure 9-39 are related as indicated. 

The data on this figure show that the multipath errors were caused by reflections 

with predominately short (less than 50 ft) differential delays with an average effective 

voltage reflection coefficient of approximately O. 7. 

The few points wl-Jch fall outside of the envelope are 1t result of uncertainty in 

the true transmitter position, variations in the receiving antenna position due to 

wind and therefore, of uncertainty in the value of differential delay determined from 

the transmitter-to-receiver geometry. This uncertainty means that the measured 

tracking errors (ordinate) cannot be properly located on the plot of Figure 9-39. 

The transmitter position could not be precisely measured since, for these tests, the 

transmitter was carried 2000 ft above the ground by a tethered balloon which drifted 

slightly in the wind. 

To examine the effect of balloon position variation on the multipafr. err')r one 

needs to compute the perturbation of differential delay, D, which directly .:iff ects the 

magnitude of the multipath error. The following ls a simplified sketch of the test 

set-up. 

"ICIIVINQ 
ANTENNA 

j_ I ., 
I ♦ 

r 
•2 

l 
PflCMl:CTIO OlaT.UOC:l llll'WHN MLLOON 
AND •1.CltVtNG ANTINNA 

9-49 



BALLOON

COMMUNICATION
LINES

ja ^e^iu-—c

DUNES

I'iLiurc ‘J-.'!ti Rouuh i:arfh Multipath Test Position, No. s, 0 = 30^

9-.50



GROUND 
LEVEL 

Date PTNo. 

t-24-72 1, IO" 

10-02-72 1, 58" 

1CMl:J.72 2, 31" 

1CMl:J.72 3, 21" 

1CMl:J.72 4 A' 

1CMl4-72 5, 1cf 

10-&72 •· sf' 

10-&72 7,38° 

10-&72 8, 29.5 

DISH ANTENNA 

' 
Dim. A. 
F•t 

1109 

1109 

2• 

3471 

5503 

11,301 

-
2,551 

3,528 

GROUND -.----4-- N 

PROJECTION 

1 1 
BALLOO 

l ~1A •I• c~ _J_ 

t~ cqot 
DISH 

OMNI 

RECEIVER SITE 

Dim. a, Dim.C, Dim. D, Dim.E, Dim.F, 

F•t FNt FNt FNt FNt C-11 

Omniu_, 

9.2 9.0 17.4 0 0 on eround 

15.4 17.2 4.0 9.0 9.7 

17.4 14.8 4.2 7.4 10.5 

23.8 14.4 17 7.4 

18.2 14.5 2.5 3.0 10.5 

19.9 14.5 3.8 1.0 10.4 

Balloon at 

18.2 11.8 2.3 8.4 11.1 1110feet 

17.8 15.1 2.8 9.0 10.1 

20.0 15.4 3.4 1.0 11.1 
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9- 51 



RANGE 
TRACKING 
ERROR 

50 

-50 

THEORETICAL ENVELOPE 
CORRESPONDING TO TEST 
CONDITIONS AT WSMR 
!REFLECTION COEFFICIENT • 0.71 

WORST CASE ENVELOPE 
!REFLECTION COEFFICIENT• 1.01 

REGION OF ENVELOPE REPRESENTING 
ACTUAL TEST CONDITIONS 

Figure 9 .. 3 Th ort:tical Envelope of Range Tracking 
Error Caused by Signal Multipath 

50 

CJ 

I 0 

C z 
ti 
0 a: 
a: 
l&I 

% 
~ 

f 
i= -50 .., 
i 

0 I I I 
0 5 

5 

THEORETICAL BOUNDARY 
FOR REFLECTION COEFFICIENT 
R• • 0.7 

I I I 
10 

: : ' ' ' t • • • I ' I • 

I I I i i I I i i ! i ! i ! ! I i ! l 
; i ! i 1 1· 1· ' 1 i I I i I I I I 1 di,, '" ' 'I I I • I 

I 

. l 
I 

I 
I 

I 

I 

I 
15 •o 

I I 

I I 

I 11 I I I I I I I I I I I I I I I I I 
15 20 25 30 

ANTENNA HEIGHT, FT 

15 
DIFFERENTIAL DELAY, NANOSEC •o 
CORRESPONDING TO 
THEORETICAL BOUNDARY 
R• •0.7 

I I 
35 

Figur 9-39 Composite Summary of Test Data for Smooth Ea rth Tests 

9-52 



The s nsitivity of differential delay for the geometries of test positions two, 
thr ' , f ur and f:., (smooth earth) with h2 >> h1 and h2 ~ r is given by 

wh r h1 i h r ceiving antenna height (AGL), h2 is the balloon transmitter height 
(AGL) and r is the projected distanc between the balloon and the receiving antenna. 
Since for these tests, the sensitivity of &D with changes of &h2 is approximately 
z ro, the ov rall results are essentially unaffected by the uncertainty in the position 
of th balloon, except that the data is noisy as a result of small changes in &h1 
due to \vind. 

Figur 9-40 is a plot of antenna height (ft) vs multipath error (nanosec) for 
three polarizations, circular, horizontal, and vertical, the first of the smooth 
earth tests at position one, a look angle of 60°. In this cnse the relative motion 
b tween transmitting and receiving antennas caused by the wind also induced anges 
in the point of reflection, grazing angle and reflection coefficient. An examination 
of the relative magnitude of the reflection coefficient for horizontal and vertical 
polarization for this grazing angle of 60° shows a greater sensitivity of the horizon­
tally polarized system to changes in geometry than the vertically polarized set-up. 
This fact is illustrated by the spread of the points for the horizontal polarization, 
40 nanosec, compared to the vertical polarization spread of 20 nanosec. 

Figure 9-41 is a plot of antenna height (ft) vs signal strength (db) for the same 
test. This figure also illustrates the sensitivity of the reflection coefficient for 
horizontal polarization by a large spread in received power. The peak-to-peak 
variation here is 20 db for horizontal vs 5 db for vertic.11 polarization. 

Figure 9-42, shows the theoretical envelope of multipath error for the smooth 
earth test at test position one. The multipath error vs antenna height for vertical 
polarization were plotted for antenna heights of O to 6 ft, 6 ft to 12 ft, 12 ft to 18 ft, 
1 ft to 24 t't, 24 ft to 30 ft, 30 ft to 36 ft, and a composite O to 36 ft. Figure 9-42 
is a Oto 36 ft plot and represents the total multipath error envelope. However, 
all the O to 36 ft plots show moire patterns due to aliasing of data points within the 
envelope due to insufficient sampling rate. These patterns within the envelope have 
no consequence to the rtisults. The measured data points are shown by "squares" 
superimposed on the plot of the theoretical envelope. In this case it can be seen that 
all the measured data falls within the theoretical envelope. 

Figure 9-43 is a blown-up portion of the same data. Each increment on the 
abscissa (antenna height) in this figure is only 1 ft as opposed to the abscissa on 
Figure 9-42 where each increment 1s 5 ft, However, in Figure 9-43 there are no 
moire patterns due to aliasing of data points, and the sinusoidal curve shows the 
structure of the signal. Here again one can see that all the measured data points 
fall within the envelope of the fine structure. 

Figures 9-44 and 9-45 are the same kind of plots as Figures 9-40 and 9-41 but 
for the second smooth earth test position two. These two figures again demonstrate, 
as did Figures 9-40 and 9-41, the sensitivity of the magnitude of the reflection 
coefficient for horizontal polarization as a function of changes in geometry. 
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Figure 9-46 is a plot of th means (square symbol) and the standard deviations 

(dot symbol), for a number of measurements taken at a particular antenna height vs 

the multipath error in nanosec , at site position two, for a circular polarization. 

Figure 9-47 is for ve rtical polarization, and Figure 9-48 for horizontal polariza­

tion. This presentation of th- data highlights the effects of wind as shown by the 

substantial incr ase in the spread of the standard deviation of multipath error for 

horizontal polari zation. Th increarnd noiseness of the data is a direct result of 

changes in cliff rential d l &.y and apparent electrical properties of th terrain. 

The <: hange in the standard deviation of multipath error is correlated with the 

wind dlrecti n and speed for a particular geometry (See Appendix B). However, 

the receiver noise contribution to pseudo-range error in any of the receiver channels 

is in the order of O. 5 ft, s ine the receiver power levels during the tests were in the 

r egion of -120 dbm to -110 dbm. Therefore, the noisiness of multipath data is 

predomJnantly a function of the change in the relative geometry caused by trans­

mitting and receiving antenna relative motion. The standard deviation of multipath 

error becomes smaller as the elevation angle decreases. This is a direct result 

of the larger geometry (i. e., increase in projected distanc ) reducing the sensitivity 

of differential delay. 

The data from test position three and four exhibited the same characteristics 

as the data from test positions one and two (See Figures 9-49 thru 9-62). In these 

tests however, the data shows the reduction in the noisiness of multipath error as 

a result of decreased look angels. 

Figu1·e 9-63 and 9-64 are a presentation of the measured data (square symbol) 

superimposed on the theoretical envelope with most of the measured points falling 

within the theoretical envelope. In gener .:- '. it is not reasonable to expect that all 

simulated and measured values agree, and this is especially true in these tests, 

since no attempt was made to adjust or optimize the simulation parameters to fit the 

data. Discrepancies can be attributed to a number of factors. One such possibility 

is poor modelling of the geometry of antenna heights, terrain roughness. As an 

additional factor, the complex reflecting surface (which is practically impossible to 

model accurately) may have caused the point of reflection of a single specularly 

reflected signal to deviate from the theoretical model, or may have caused multiple 

and strong specularly reflected signals to reach the receiving antenna. These latter 

effects would cause a bias shift to the multipath data. 

Buch a shift has taken place in the data at site positi( n five. Figures 9-65 and 

9-66 are plots of antenna height vs multipath error showing the measured data as 

square symbols superimposed on the curves of the theoretical model. The theoretical 

curves are generally above the measured data points as a direct result of multipath 

bias shift. This effect was not modelled and the shift between the theoretical curves 

and m~asured data points is expected. The statistical summary plots, multipath 

error and received power versus antenna heights are given in Figures 9-67 thru 9-71. 

In this test the projected distance increased to 11,301 feet, approximately six times 

the value in site two. This increase in geometry reduces the standard derivation of 

multipath error by at least a factor of six is shc,wn in Figure 9-67 by decreasing 

the coupl'ng of test antenna height variation caused by wind to changes in differential 

delay. 
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Figure 9-72 is a plot of antenna h lJht s multipath error for the first of the 

r ough earth tests at test position six. Again all three polarizations were used, 

Figure 9-73 is a plot of antenna height vs signal level in cl>. An examination of the 

Rayleigh criterion in terms of the resultant combination of grazing angles, surface 

roughness and the transmission wavelength places the r eflection in the "Partly 

Specular and Partly Diffused" to "Diffuse" regions. In the case of these tests, the 

slowly undulating random terrain with large correlation distance becomes essentially 

flat in the vicinity of the r eceiving antennas. Therefore, the test results are ex­

pected to follow theoretical curves of smooth terrain with large grazing incidence. 

Figures 9-74 and 9-75 demonstrate this fact. These plots of antenna height vs multi­

path er ror show the theoretical envelope with the measured data superimposed on tht. 

plot. Just about all the measured data falls within the ,-mvelq,e. Here one should 

notice again the moire patterns referred to earlier. 

Figures 9-76 and 9-77 are plots of antenna height vs multipath error for test 

position seven, rough earth. As can be seen, the data show the presence of a deep 

fade condition or possibly the effects of tracking the reflected signal rather tha.n the 

direct signal. In these cases the multipath error exceeds the theoretical maximum 

of 50 ft. Deep fade conditions, multiple specular reflections, diffraction or large 

bias errors caused by tracking the reflected signal has bot been modelled in the 

simulation program. Therefore , under these conditions the measured data points 

are expected to deviate from the theoretical simulation results. Figures 9-78 and 

9-79 are multipath error and relative power level measurements for site seven 

highlighting the above findings. 

Site eight data, the last of the rough earth tests, generally followed our 

expectations, and fell within the theoretical envelq,e, as shown in Figure 9-80 

thru 9-83. 

9.8 SIMULATION PROGRAM 

9, 8.1 Introduction 

A summary of the parameters used to generate the theoretical curves of multi­

path vs antenna height is given in Table 9-1. A mathematical description and 

computer program functional flow diagram of the simulation is given in the follow­

ing subsections and Table 9-2 respectively. The mathematical model used in 

the program includes the effect of ground roughness, terrain profile, physical 

constants of the reflecting surface on the Rayleigh criterion of reflection (diffuse 

or specular), Brewster's angle effects on the phase and magnitude of the reflected 

siimal i.e. vertical polarization, antenna aperture illumination (both parabolic and 

w,fform illumination ts modelled), weighti~ of the reflected energy as a function 

of angle away from the antenna main beam center, transmission loss, space loss, 

and differential delay between antennas. The program computes the effective re­

flection coefficient for both the directional antenna and omni antenna channels as 

a function of antenna heights, antenna sizes and distance between transmitting and 

receiving antennas. Using the mathematical model for the early-late-gate discrimi­

nator in the computer program, the expected multipath errors are computed as a 

function of the effective reflection coefficient and differential delay in both receiving 

channels. The program also computes the total loss difference (transmission loss 

due to antenna proximity to ground and loss) between the transmitting and the two 

receiving antennas. This allows the comparison of the measurements with pre­

dicted performance. It also allows us to identify wild data points and to make 

reasonatleness checks on the measurements. 
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AD1 
AD2 

Table 9-2 Functional Flow Diagram 

D 

HR1, HR2 

IUIROUTINE 
■EDEL 

:: \ 
110Ml 

APS 

MULTI 

DATA INPUT 

1. TRANSMITTING ANTENNA 
• HEIGHT ABOVE GROUND, HT1 IFEETI 

ANTENNA TYPE: 
11 OMNI - UNITY GAIN 
bl DISH WITH UNIFORM ILLUMINATION 

1. VOLTAGE GAIN ON BOREIIGHT, GOTO INUMUIICI 
2. DIAMETER, AD2 IFEETI 

2. RECEIVING ANTENNAS 
11 REFERENCE DISH WITH PARAaQLIC ILLUMINATION 

1. VOLTAGE GAIN ON IORESIGHT, GORD INUMERICI 
2. DIAMETER, AD1 IFEETI 
3. HEIGHT AIOVE GROUND, HR1 IFEETI 

bl OMNI - UNITY GAIN ITEIT ANTENNA) 
HEIGHT AIOVE GROUND, HR2 IFEETI, VARIAILE 

3. SURFACE CHARACTERISTICS 
•l RELATIVE DIELECTRIC CONSTANT,. 
bl CONDUCTIVITY, SIOMA 
cl TERRAIN HEIG~·r PARAMETER, DEL TA IFEETI 

4. PROJECTED DISTANCE IETWEEN TRANallTTING ANO 
RECEIVING ANTENNAS, D IFEETI 

5. LOGIC VARIAILES T1 AND T2 TO SELECT TRANIMITTING 
AND RECEIVING ANTENNA TYPES 

COMPUTE DIFFERENTIAL DELAYS IETWEEN TRANallTTER 
AND REFERENCE ANT. AND IETWEEN TRANallTTER AND 
TEST ANTENNA. 
DD1 , DD2,DD 

COMPUTE DISTANCE TO POINT OF •ECULAR REFLECTION 
AND GRAZING ANGLES. 
DR1, DRZ, DT1, DT2, Pl1, Pl2 

COMPUTE DISH ANTENNA GAINS Al A FUNCTION 
OF ANGLE OFF BORESIGHT USING PARAIOLIC ILLUMINATION 

COMPUTE MAGNITUDE AND 'HAIi OF THE VOLTAGE 
REFLECTION COEFFICIENT FOR VERTICAL POLARIZATION 
OF A PERFECTLY SMOOTH SURFACE Al A FUNCTIQN OF 
GRAZING ANGLE AT A FREQUENCY OF 1.171 GHZ WITH SIOMA 
AND • Al PARAMETERS RVE1, RVEZ 
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Table 9-2 Functional Flow Diagram (Concluded) 

DELTA. COMPUTE THE SURFACE ROUGHNESS COEFFICIENT, SH FROM 
EMPERICAL If.ST FIT DATA USING THE TERRAIN ROUGHNEa 

D .. PARAMETER ASSUMING A GAUSSIAN DISTRIIUTION OF SURFACE. 

• PS1 ,_. 

PS2 ( 
COMPUTE THE RAYLEIGH WEIGHTING OF THE VOLTAGE 
REFLECTION COEFFICIENT RAY1 , RAY2 

• 
T1, T2. 

COMPUTE THE WEIGHTING FACTOR OF ANTENN• GAINS IN THE 
DIRECTION OF THE POINT ~ f REFLECTION OVER LOI 
DIRECTION; 0,1, GP2 

• RVE1 ~ .. 
RVE2 COMPUTE THE EFFECTIVE VOLTAGE REFLECTION COEFFICIENTS 

FOR DIFFUSE, PARTLY DIFFUSE AND PARTLY •ECULAR AND 

- •ECULAR REFLECTION CASES RVES1, RVEU, RVED1, RVED2 

11 • 
001(· 

COMPUTE THE MULTIPATH ERROR USING THE EARLY LATE 
002 GATE DIICRIMINATOR CHARACTERISTICS FOR THE PARTICULAR 

GEOMETRY AND REFLECTION COMHTIONI FOR THE REFERENCE CHANNEL -I WAVELENGTH, .. 
CHANNEL IER11 AND THE TEIT CHANNEL IOMNII 1112 
ERO• ER2 - ER1 IIIMULATED MULTIPATH ERROR) 

D♦ COMPUTE THE •ACE LOS BETWEEN ANTENNAS AND THE 
HT1 , HRl, HR2 .. ATTENUATION RELATIVE TO FREE •ACE FOR 10TH SETI OF 

FREQ. 
ANTENNA PAIRS ILD1, ILD2, UD1, AID2 

11 • PRINT TAI: 
MULTIPATH ERROfll: ER1, 1112. ERO 
DIFFERENTIAL DELAYS: D01, DD2 -

- GRAZING ANOLU: PID1, PID2 
•ACE LCJa: ILD1, ILD2 
ATT REL TO FREE •ACE: UD1, UD2 
RAYLEIGH WEIGHTING COEFF: RAY1, RAY2 

PLOT 
HR2--.. - MULTIPATH ERROR 

ERO 
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9. 8. 2 System Multipath Considerations - Simulation Model 

9. 8. 2. 1 Multipath System Model 

The multipath system conceptual model used is assumed to consist of a cas­
cade of two systems (refer to Figure 9-84) following the basic ideas of Kadar, Ref. 
(1). The geometry dependent system (with conceptual impulse response) h, u;., t) 
is a function of space and time. It describes the time varying channel <'reated by 
both the user's (receiving antenna or system) relative motion with respect to the 
transmltters(s) or by the changes in the propagation medium (caused by ~onospheric 
or tropospheric characteristics), the reflecting surface characteristics and the 
otal electromagnetic environment. The second system, h (t) describes the be­

havior of the receiver-demodulator performance for a glvtfn signal structure with 
the multi path interference present. 

The impulse response of h (s, t) is determined by consideration of the 
following parameters, Ref. (1). ~ ~ 

• Frequency and polarization dependence of the reflection coefficient 
(Brewster's angle and phase changes) 

• Polarization effects and antenna patterns 

• Divergence factor, surface roughness and scattering coefficient 

• Grazing angle bounds on above parameters for specular reflection 

• Differential delay (geometry dependent) 

• Differential doppler (geometry and aircraft speed dependent). 

• Refraction index changes and fading phenomenon 

• Free space attenuation. 

The second system whose conceptual impulse response ls hr(t), ls dependent upon 
the following system parameters: 

• Received signal power (direct and multipath) 

• Carrier tracking loop noise bandwidth 

• Code tracktng loop disrrlminator transfer function (range errors) 

• Doppler counting time (range code errors). 

9. 8. 2. 2 System Geometry 

A typical flat earth geometry used in the simulation program model is shown in 
Figure 9-85. The path length difference between the direct and reflected paths 
is defined as 

(1) 
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also known as th differential delay. If the geometry• ls tlme varying, one can de­
fine a fade frequency or differential doppler as 

271' • (2 
t::.w = A D , rad / sec ) 

where ~ ls the wavelength of the transmitted signal. In the simulation model the 
fade frequency term ls not included since the ground test geometry ls not moving 
with time. 

The differential delay is readily computed from 

D = J d2 +(HT+ HR)2 -/ d2 + (HT - ltR)2 

The distance to the point of specular reflection is determined by: 

d1 = d[l +HT/HRr'] 

d2 = d[l+Hr/HTt1 

The grazing angle ls computed directly 

qi = tan·1 (~~) 

9. 8. 2. 3 Antenna Far Field Pattern 

(3) 

(4) 

(5) 

The far field radiation pattern of a circular aperture with parabolic lllumina­
tion can be expressed ln terms of the parameter 1rD/;>. sinqi as 

----- K(l/i) 

where 
(

,rD ~4 

A sinl/i} 

"ls the aperture efficiency. 

K(l/i) = (1 + cosqi)2 , G0 ~ ( ,r~ r 7J 

For a unlfc rmly lllumlnated circular aperture the far field radiation pattern 
ls given by 

J1
2 (71'~ sin,) 

Gu(l/i) = G0 ---- K(l/i) 

(71'~ sin,)2 

(6) 

(7) 

•NOTE: In all cases the simulation program models assume that the geometry and 
the distances involved are very short and the effects of surface refractlvlty are 
negligible in the computations. 
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tatton of Theoretical Plane Earth (Perfect! Smooth Reflection 

The theoretical plrme earth reflection coefficients for horizontal and vertical 
polarizations RH R , and the phase angles CH '. C are fW1ctions of the carrier 
frequency f, the-gra!ing angle ~ , and the groun<1 co'btants <T (sigma) and f, 
Their magnitudes are computed based upon the method of Ref. 43 as: 

Then 

X = 18.00 <1/ f, q = x/ (2p) 

2 p2 = [(£ _ cos2ip)2 x21112 + (€ _ cos21p) 

£2 + x2 1 
b, = 2 + 2, ht. = 2 2 radians p q p + q 

_ 2 (~ + gx) m = 2p 
IDy - p + q2 • b p2 + q2 • 

R.2 
= [1 + b.sin2 - m.sin 1/ [1 + h.stn2 + m.sinl/i l 

Rt.2 
= (1 + ht.sln2 - mbsinl/1 1 /[1 + ~sin21/I + mbslnl/11 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

The phase angle c is defined below for both horizontal and vertical polarization, 
cb and c. . The angle ch defined as 

ch - tan·
1 

( P + qsin l/1 ) - tan·• ( P _ qsinlJ,) radians (14) 

is always negative and ranges in value from 0 ~ cb s - 0, 1 radians, The a•le c, changes 
suddenly from near zero to rr/2 at the pseudo-Brewster angle, stn·1.J 1/b,. To define 
c,, let 

y1 = (xsin¢ + q)/(E: sin4' + p), y2 = (x sinj - q)/(£ sinl/J - p). (15) 

If£sinl/l~ p: 

c, = tan·• Yt - tan·' y2 + rr radians . (16) 

If£ sinlJ, < p and psin > 0,5: 

c, = tan~ Yt + tan·• y2 radians . (17) 

If£ cinl/J ~ p and psinl/1 s 0,5: 

c, = tan·' Yt - tan·' y2 radians . (18) 

In the above formulas, tan·' y is in the first quadrant if y is positive and in the fourth 
quadrant if y is negative. 

9. 8. 2. 5 Surface Characteristics 

In the previous sections the characterization of the channel was introduced 
without the definition of the surface characteristics (i.e., other than perfectly 
smooth) and the electromagnetic environment. Clearly, the discussion of the 
channel impllcltly contains the surface characteristics. 
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A surface may be described formally by giving its elevation z = f (X, Y) al every point in the X-Y plane. The term z assumed to be a continuous random varia le, which may be characterized by a joint probabiltty density function and a correlation function. Ott (Ref. 47) derives the surface correl!ltion function following the work of Beckmann defined as: 

p(T) = 7 t~ f z1 Z 2 p(Z2, Z 1; T)dZ1 dZ 2 (19) 

where T represents the distance between z1 and z2 and u 2 
is the mean square surf ace height. 

The correlation function al so depends upon the "correlatiCln stance''. T for which p (TJ will drop to the value u 2/e. Large correlation distances represent large distance between the hills and valleys, i.e. the surface is gently rolling, whereas T-o implies the surface has very densely packed irregularities Ref. (38). 
In the description of the random surface one needs to consiJer for what values a wavelength, mean surface height, and angle of incidence does specular reflection change into diffuse scattering? The Rayleigh criterion answers the question, by de­fining surface roughness as Ref. (38). 

~ 4,ra . ,,, v g = -sm"' ). (20) 

where ~ is the grazing angle measured from the horizontal, the >. is the wavelength in free space. 

Rayleigh criterion may be best understood by considering a uniform wavefront impinging on a rough surface characterized by a step type discontinuity as shown in Figure 9-86. The path length difference (at a point far away from the surface) be­tween the reflected specular ray at point A and the reflected ray at point B is, 4 d, which may be expressed in terms of the grazing angle, and the surface roughness 4 has: 
Ad = 2h sini/1 

(21) 
The corresponding phase difference is given by 

&I> = Z,r Ad=~ sin iJ, 
). ). · (22) 

Experiments have shown (Ref. 49) that if 

~uinlji « ! 
). 8 (23) 

then the reflections are specular, and if 
41r~ sinl/l _ 

'\ - 1r ' " then any ener , r f c ~c in the direction of the specular rays is diffuse, since the specular rays have anc<'II Prl by assumption. 

An effective ground voltage reflection coefficient may be defined fn .. a gaus : ... n surface Ref. (38) as: 
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(24) 

where: D, is the divergence factor allowing for the diverge ot energy reflected from 

a curved surface, Ry, is the Fresnel reflection coefficient of a smooth surface 

(either for vertical or ~orizontal polarization), G ( ~ •h) represents the weighting of 

the reflections by the antenna patterns and the reflected area, and the exponent is 

Rayleigh's criteri"n of roughness. F_or completely diffused reflections: 

R, =-· DRv,8 G112 (l/J ,h) 
(25) 

where G( ~. h) is usually ·a very complex function of the surface and communication 

geometry Ref. (48). 

In the simulation program it is assumed that the exact terrain profiles are not avail­

able and that the ront-mean-square deviation of terrain profiles relative to a smooth 

curve within the first Fresnel zone projection can be determined based upon empiri­

cal data obtained from measurements on a large number of profiles, from Ref. 43. 

The terrain roughness ls modelled as 

= {O. 78 Ah(d) exp{-0. 5[&l(d)J1 14}, ~b(d) >4m} (26) 

u O. 39 Ah(d), Ah(d) :S 4m 

Ah(d) = Ah (1-0. 08exp(-O. 02d)], m (27) 

where 4h(d) and 4h are in meters and distance d 11 in kilometers. In the 

computer simulation program all dimensions are converted to feet. 

9. 8. 2. 6 Weighting of the Reflected Energy 

Tt , Rayleigh coefficient of roughness for a Gaussian distributed surface 

- 211'<1SimJJ 
e >. modifies the reflection coefficient for a perfectly smooth surface. If 

the antennas used are directional one needs to compute the weighting of the reflected 

energy, Gw (I, It ) . In the simulation program using the principles of ray optics 

Gw ( ••~) becomes 

G 1/2(1/1) = [GR(ll>r)GT(d>rl]
112 

• GR(O)GT(O) (28) 

where GR(~r), GT(~r) repre1ent the gain■ of each antenna 1n the direction of the 

point of ground reflections; GR(O), GT(O) are assumed to be the free space gain■ of 

each ant.enna in the direction of the other. 

9.8.2 "Effective" Gro\Dld Voltage Reflection Coefficient 

Experimental formulaii combining the results of Beckmann (Ref. 38) 

with the Rayleigh criterion have been worked out by Longley and Rice (Ref. 43) 

and others (Ref. 49) for line of sight paths. 

The r eflections can be classified as: 
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Sp cular: 
lf R e·< 2r/Uo ■l1M1 O. 5 and >../ sin''' 

, V,H 'I' (29) 

Partly Specular and Partly Diffused: 

lf, Rv,H e·<2ro1~>•l1M1 > 0, 244 (30) 

Diffuse: If R e· <2ro1~>•1• < 0 244 
• V,H • , 

(31) 

or if the specular criterion is not met and ~<14°, 

I 

The simulation program for a g:j. ven geometry categories the reflections according to 

the above equations and computes the effective ground reflection coefficients as: 

Re ;: ~ 
R G 1/2 - 21Ta sinlJi 

V,H w e A 

1/ 2 
lGwsim/il 

9. 8. 2. 8 Receiver Implementation 

for specular, partly specular 

aoo partly diffused reflection 

for diffuse reflections 
(32) 

The correlation receiver implementation utilizes a code tracking loop with an 

interacting code-carrier tracking loops design. The code tracking loop discriminator 

(early-late-gate) characteristics govern the behavior of the receiver in the presence 

of interference within a code chip. This is the case of multipath. 

The early late gate discriminator block diagram ls shown in Figure 9-87. In 

reference to Figure 9-87 one can write 

fo(t) = f C1(t) Cr(t - T/2 T) dT 

- f C1(t) Cr(t + T/ 2 + T) dT 
(33) 

where T is the chip time 

c, (t) is the received code 

Cr(t) is the locally generated code replica 



Ciltl ICODEI 

RECEIVED SIGNAL 
li.e., DEMODULATED 
Ciltl COi 2wfo t, 

SUPt'REISED CARRIER 

SIGNALI 

HALF CHIP 
LATE REFERENCE 

+ 

HALF CHIP 
EARLY REFERENCE 

Figure 9-87 Early-Late -Gate Discriminator 
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The delay locked loop is assumed to be synchronized initially (with acqufsiUon aide) 

within a chip. Therefore, the discriminator behavior ls only relevant within a code 

chip. The correlation f\Dlction is given by: 

(34) 

where 

~1 -
Re(T) ==( O 

.!!l 
T' IT'I S T 

ITI > T 
(35) 

. 
Therefore, f0(t) can be considered with change of variables equal to: 

fo(T') =- R(T-T/2) + R(T + T/2) 

= R(T - T/c)- R(T + T/2) (36) 

as shown in Figure 9-88 

If multipath signal ls present with relative voltage reflection coefficient 

R, = Rv,R c.os(~1r D + ~) , IR, Is 1 (37) 

w~ere Rv1H is the magnitude of the effecUve voltage reflection coefficient for either 

vertical or horizontal polarization 

then 

where 

A = wavelength of the source (ft) 

D = differential delay, (ft) 

♦ • phase angle (rad.) for either vertical or horizontal polarizaUon 

V = speed of light, To = ~ 
V 

(38) 

Since the delay-locked discriminator charr.cteristtcs were aseumed to be linear. 
superposiUon holds and the response to c1 (t) ls the sum of the responses due to c1 
desired + C mult1pi1th. 

Therefore, 

(39) 

The above equaUon describes the distorted discriminator characteristics in the 

presence of a delayed and amplitude weighted replica signal (multipath.) 
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Th multipath error results from the linear combination of the direct signal and 

multipath signal characteristics, changing the crossover point on the T - axis from 

zero to £ = (error) as shown in Figure 9-89 or 

ITl<T/2 

l
S(T) = - T/(T/2) due toj'direct19ignal 

1( R.(T - Tp) 
S T) = - (T 

12
) due to multipath 

(40) 

The multipath e ror € is given by 

S(£) + s1(£) = o 

&,,!L T 
f = R, + l , 0 s To < 2 (1 + R.) 

(41) 

For 
To> T/2 (1 + R.) 

s1 (T) = R, ( T + ¾ T - To) 

(42) 

80 
(43) 

The total error characteristics ls 

...&.!,Q. T 
R . + l , 0 < To < 2 (1 + R.) 

• 
£ = 

2 
~ R, ( i T - To), ·~ (1 + R.) s To < ½ T 

(44) 

3 
0, To - 2 T 
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A plot of the Tracking Loop Error as a function of tlifferential delny ls shown 
and in Figures 9-90, 91 and 92. 

Note that when D = nT, cos(2 71'n cp) = ± 1, n = 1, 2, , , • 

~ 
2 =f R 1 

0 

~ (1 ± R) :s D < 
3

: 

2T 
D 2!: 

In other words, the focus of all points ls on the envelope. 

If A D = 4 n, n = 1, 2, 3, ... 

f = 0 

For D = ~ n, there are two condlUons. 

If n .. 11 3, 5, .•• all points fall on the negative envelope. 

If n .. 2, 4, 6, ..• all points fall on the positive envelope. 

2 

(45) 

9. 8. 2. 9 Free Space Loss and Attenuation Relative to Free Space Between Antennas 

The free space loss between two isotropic antennas may be expressed as: 

Lc1, = 10 log10[ ~ ] 2 (46) 

where, d ls the distance between antennas and A ls the free space wavelength. When 
the receiving nnrl transmitting antennas are above ground, the attenuation relative to 
free space may be expressed as: 

A=-lOlog,o {(GR)(GT)[l+R,2 -2R,cos(~· D-c)]} (47) 

where G and GT are the dlrecUve voltage gains for each antenna In the direction 
of the oler for condlUons of matched polarization, Re ls the effective ground voltage 
reflecUon coefficient and C ls the phase angle. The computer slmulaUon program 
Incorporates the above equations to predict and/or estimate the received power vari­
ation. 
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9. 9 MULTIPATH CONCLUSIONS 

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

tive r eceiver performance in typical multipath environments, Multipath signals degrade 

the ranging accuracy of the receiver by creating a distortion of the modulation envelope of 

the total rece ived s ignal. This develops an error in the receiver code tracking loop which 

affects the range accuracy. If the user is moving with respect to the transmitters the 

ra~e rate accuracy is also affected, In this case the error in the carrier tracking loop 

is caused by the rate of change of phase of the resultant signal consisting of the direct 

and multipath reflected signals. This latter effect was not simulated in the ground multi­

path tests, since the tests were performed under static conditions, 

The multipath tests con~.icted at WSMR consisted of a series of measurements usi~ 

various transmitter-to-receiver antenna geometries at four separate multipath environ­

ments, These environments are characterized in Table 9-3. The overall results of these 

tests indicate that the theoretical umerstanding of multipath effects on range accuracy is 

verified by the experimental results, The theoretical envelope of range tracking error as 

a function of multipath expressed as the differential delay between the desired and interf er­

ing signals is shown in Figure 9-38 , 

Table 9-3 Ground User Multipath Test Environments 

Tnt Locations Multipath Characteristics Muhipath Geomet,iet u..d 

Tula Puk S,aecul■r reflectioM off a llilhtly routh • Low •■zint antles: 1.5~ 12° 

surf- containing dNert und, bultln, 

■nd rodls up to 3 f-■t in di■m■ter. • Short differential *lay 

DNd Man Canyon Diffr■ct ■d signals ■croa a •■vet pile • Low gruint ant1es: < 3° 

■nd construction ■quip.-it. Th■ t■lt 

site - toe.tad in a •net quarry - • Short diff■rential delay 

where Hc■v■tiom -• in progrea. 

Northrop Strip Diffuu. partly diffuu, and specular • Gr■z int angln r■nti"I from 

refl■ctio,w from th■ flat surf- of a high, approximately 80° to 

dry alkalai ult flat . low. approximately 10° 

• Long and short differential 

delay 

Whit■ Sands ArN Diffuu and partly diffuu from th■ • Grazing antles of 30° , 40° 

IYPl"ffl und dunes in th■ White Sands and 60° 

N■tion■ I Monument. 
• Lont differential delays 

Receiver ranging errors can take on any value within this envelope depending upon 

the exact signal differ ential delay, The test data follows this prediction as shown in Figur 

9-39. This figure shows all the data collected at the Northrop Strip location and is typical 

of the receiver per fo rmanc ,~ at the other test s ites , The theoretical envelop superimposed 

on this figure contains virtually all of the test data, The few points which fall outside of 

the envelope are a r esult of uncertainty in the true transmitter position and ther efore , un­

certainty in the value of diffe rential delay determined from the trans mitter-to-receiver 

geometry, 

9-116 



The test program has demonstrated that multipath effects on receiver performance 
are understood and are therefore predictable. A ground user on the average can experi­
ence as much as 25 feet of multipath error depending on the exact system geometry. 
However, the differential delay sensitivity of the satellite-to-ground user geometry ls only 
a function of the user antenna height above ground. This allows the grourxl user to deter­
mine the presence of multipath by changing his antenna height and then locate himself in 
low multipatt, fl rror environments. 
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SECTION X 

REFERENCE DATA 

10. 1 PURPOSE 

The purpose of the best estimate trajectory (BET\ sur,plled by WSMR was to serve 

as a position and velocity ref ere nee from which the accuracy of the navigation syste :n 

under test could be determined. Since the accuracy of the navigation system was esti­

mated to be ;1; 10 ft in position (lCT) ;1; o. 25 fps in velocity the BET should have been 
accurate to 5 ft (lCT) ft in position and o. 1 fps in velocity in order to serve as a valid 

reference. In general, the BET served as an adequate position reference. 

10.2 FORMATION OF BET 

The BET trajectory was developed from sensor information that have been calibrated 
and corrected for use on our test program. The sensors that provided input to the BET 

were: 

• Doppler Velocity and Position (OOVAP) 

• Cinetheodollte Cameras 

• FPS-16 Radar 

• LTN-51 Inertial Measuring Unit (IMU) 

In the formation of a BET, the dn.a from th above sensors were transformed to the 

coordinate system used on our progra r.1 (see olu .. o II, Section 3. 3), then time se­

quenced onto a MERGE tape. The M}:RGE tape was fed into a Kalman-type filter which 

generated the final trajectory. The data flow system on the BET is Ulwttrated in Figure 

10-1. 

The quality of the BET is dependent on the quality and number of sensors uaed to 

track the aircraft. A mlnlmum of two clnetheodolites are required to calculate a 

position in apace but ln order to guarantee that the geometry of each sensor (cine) ls 

optimized, 9 clnea were normally scheduled for each mlaelon. As the aircraft passed 

through the field of clnes, data from the particular clnea that were optimally located, 

relative to the aircraft, were used to form the BET, normally 4 or 5 out of 9. The 

X, Y and Z position reported by the BET are sensitive to cine data. Figure 10-2 

shows the geometry and data flow of a cinetheodollte. SJmllarly, the quality of OOVAP 

inputs affect t~e BET's velocity accuracy since the BET ls dependent on DOVAP for 

accurate velocity data. 

The BET for ILS is dependent only upon clnetheodollte data. No other sensors 

were used to develop the BET. The importance of maximum cine coverage and quality 

of data determines the quallty of the BET to a greater degree in ILS than for the area 

navigation flights. 
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At the end of the flight teat program, WSMR was asked to evaluate the quality 
of each BET on a flight-for-flight baela. Table 10-1 is a summary of WSMR com­
ments. 

Table 10-1 Qualitative Summary of Best Estimate Trajectory 

Flight Qualitf Reason 

3&4 Poor Optical target on aircraft not visible to 
cine operators; therefore data from cine ts 
questionable. 

7, 9&14 Fair DOV AP and LTN-51 only sensors used to 
make solution 

8, 10, 13, 18, Beet for 50-mt High quality optics, DOVAP and LTN-51 
19, &20 area data 

15 Fair Good optics for 50% coverage, no DOVAP. 
Aircraft altitude was 24,000 AGL because 
of low cloud cover. 

17 Fair BET ts primarily DOV AP and LTN-51 
outputs. Pass 1 and 2 had "small" 
amount of optics but none on rest of flight 

11&23 Poor Aircraft 3,000 (D-Flight Path) altitude 
proved to be too low for effective DOVAP 
and line coverage 

22 Poor Poor optics coverage 

25&31 Best for ILS Good optics, both aircraft nnd balloon 

27&29 Fair Optics data "noisy" 

30 Good Good optics on both balloon mid aircraft 

10. 3 BET TRAJECTORY VS TEST NAVIGATION TRAJECTORY 

BET ts in the form of a tape when we receive it. In order to compare the BET 
trajectory with the navigation solution traj_ectory both tapes are fed into a compari-
son program called MERGE. This program subtracts the numerical value of position 
and velocity as found on the navigation tape from lts corresponding (in time) position 
and velocity on the BET tape. The result ts presented tn the form of a plot of reei<ilals 
between both trajectories. Figures 10-3 and 10-4 show how the MERGE plots were derived 
for the Z posiUon and Z velocity residuals of the HAZ receiver navigation solution on run 
05, flight 19. The navigation solution position and velocity data on these figures is 
smoothed by a two-state filter. 

It should be noted that the position and velocity plots show both the BET and the HAZ 
navigation solution• to have almoat the same shape, but that the BET has less "noise" 
than the HAZ data. The reatdual plot, for position, la the numerical difference between 
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BET and HAZ navigation solution; thcr fore its shape is not identical to, but does re­

flect the noise components of th IIAZ naviga tion solution. For example, at a time of 

34. 5 seconds HAZ navigation solution s hows an altitude increase of 9 ft in one second 

while the BET position curve is smooth. Therefore, the residual curve at that time 

reflects a decrease in the residual of 9 ft. Note that abscissa and ordinate are scaled 

identically for position and position residual plots. 

An inspection of the veloci ty and velocity residual plots shows that the BET and 

navigation solution do not follow each other nearly as well as they did for position 

data. The velocity residual shows large average changes as a function of time. The 

large slowly varying changes in the velocity residual, Figure 10-4, appear to be re­

lated to a dynamic lag in the WSMR BET data and not to the test system. 

In summary, one can conclude that the position residual data accurately reflects 

the performance of the navigation system and that the ve.loclty residual reflects the 

noisiness of the navigation system velocity but also contains slowly varying trends 

which are introduced by the BET. 

10. 4 TOUCHDOWNS 

The ILS test at Northrop Strip included two types of flight paths. On the first 

flight path, the aircraft flew down the 2.5° glide slope to the flare point, flared, 

palled over the runway at a constant 100 ft AGL, then climbed back to 1100 ft AGL 

and repeated the "race track" pattern. This flight path was flown on flights number 

24, 25, 26 and 27. The second flight path includeri the same approach, but the air­

craft performed a touch and go instead of passing over the runway. This was done on 

flights 28, 29, 30 and 31. 

Additional external instrumentation was used to record the position of the air­

craft at the instant of touchclown. By knowing the position of the aircraft at a particu­

lar time during the flight profile, one could compare both the position as reported by 

the 621B navigation solution and the position as reported by the BET to the touchdown 

position. This third independent position was derived using the following instrumenta­

tion: 

• A 250 frame per second high speed camera with a 4 6-in. focal length re­

corded the touchdown, together with IRIG B timing. The film was read by 

WSMR NR-A optics division to determine the instant (ffiIG B time) of touch­

down. We reread this film to verify time 

• Five clnetheodolltes tracked the aircraft on its approach, touchdown and roll 

out. The film from the theodolite in the area of the touch<lown (G-278) was 

integrated by us to find position and time as a backup t.o the high speed camera 

results 

• On board the ai rcraft, two accele rometers (one mounted within the Hazeltine 

receiver Interface unit, the second mounted within the receiver Itself) re­

corded changes in the "g" forces during the flight. The shock of touchdown 

and IRIG/13 time documented the instant of touchdown 

• The auto-pilot gy ros recorded changes in aircraft attitude during the touch­

down event. This was another check on time 
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• Position of the aircraft was found by observing each touchdown and making 
th tir tracks "footprint" of the landing gear at the instant of touchdown. 
Afte r each mlssion, the footpr:lnt was surveyed by WSMR geodetics to within 
on foot accuracy (s Figure 10-5). WSMR NR-A rotated and translated the 

surv y r •su its into th 621B lata r duction coordinate system. Once the 
footprint coordinate was kn.:>wn, the position of the 621B antenna on top of the 

NC-1 35 vertical/stabilizer was found by adjusting the surveyed position to the 

tail ar a . 

The analysis flow used to make the position comparison between the BET, 621B 

receivers and external tour:hdown observations is shown below: 

• HIGH SPEED CAMERA 
• CINETHEODOLITE 
• ACCELEROMETERS 
• GYRO OUTPUT 

TIME OF 
TOUCHDOWN 

621B TRAJECTORY WSMR BET TRAJECTORY 

X, Y, Z COORDINATE 

-----------x, Y, Z COORDINATE 

Example Case 

• FOOTPRINT SURVEY 
• COORDINATE ROTATION• 

TRANSLATION TO ANTENNA 

X, Y AND Z COORDINATE 

COMPARISON 

RESIDUALS 
AX, AYI, AZ 

Flight 31, flown on September 30, 1972, included seven touchdown r\Uls on 

which this comparison was made. RWl 2 was selected as an example for discussion. 

1. The IRIG B time reported by WSMR NR-A optics branch, as a result of review­

ing the high sp ed cam ra film - touchdown occurred at 16:0 : 48. 949. See 
Figu-e 10- 6 

2. We r evi w d th cin film from cine station G-27 8 and concluded touchdown 

o urred between 16:0 :48. 0 and 16:0 :49. oo. See Figu r 10- 6. This 
result supports the conclusion of the high speed camera r esults. 

3. Accclcromet r and autopilot gyro outputs were examined which support the 

touchdown tim of the high speed camera. Th oscillo raph traces recorded 
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changes in g forces and aircraft attitud at 16:49. 540, approximat ly . 600 

s cond after th, touchdown tim reported by th high spe d camera. The . 600 

second d lay shows that the tire , landing g ar, aircraft structur and equip­

ment shock mounts work in series to delay th shock from being transmitted 

to the instrumentation. For the sake of verifying touchdown time in a gen­

eral sense , the delayed r ecording se rv s its purpose . It is b yond the scope 

of this report to try to estimate if the . 600 second delay is consistent with 

the theoretical dynamic characteristics of the shock transmittal train from 

tire to accelerometer. The gyro output shows that a change in the aircraft 

attitude or a pitching motion takes place after the aircraft physically touches 

the ground. This is consistent with the cine and high speed camera photos. 

The above results support the time reported by the high camera speed. 

4. The surveyed position of the footprint was translated and rotated to the 621B 

Data Reduction Coordinate System (DRCS) by optics group of WSMR NR-A. For 

this case the resulting 621B DRCS coordinates were Y = - 1,879. 50, X = +2. 78, 

Z = -5. 08. 

5. The 621 DRCS system coordinates then had to be translated back to the air­

craft tail antenna. To estimate what the Z and N corrections should be, the 

photo of touchdown from the high speed camera was used. The photo showed 

the aircraft nose wheel to be approximately 3. 1 feet above ground level. This 

created a lever arm movement that had to be taken into account. Figures 

10-7 and 10-8 illustrates the adjustments for this case. The adjusted coordi­

nates to the 621 B antenna were Y =-1810. 35, X = -9. 87 and Z = +32. 72 which 

could then be compared directly to the unfiltered 621B and BET trajectories. 

6. The comparison of BET, 621B and the externally derived touchdown time and 

position ls shown in Table 10-2. 

Sources of Error 

Each measurement tool used to derive the touchdown position had Implicit 

errors. Three error sources can be estimated with reasonable assurance. They are: 

errors associated with use of a high speed camera to record the touchdown; inaccura­

cies of marking and surveying the aircraft's footprint, and errors of translation of the 

position given by survey to the aircraft's 621B antenna mounted on the vertical stabili­

zer. 

The uncertainty in the determination of the time of aircraft touchdown causes 

an ambiguity in the comparison of touchdown survey coordinate data to 621B and WSMR 

BET trajectories. The ambiguity ls caused by not being ab le to determine the "real" 

touchdown time to within . 004 sec as originally anticipated. The cam ra and survey 

system was selected so that the aircraft's position could be calculated with an uncer­

tainty of one foot to each of the three (x, y, and z) coordinates at one in t:mt In time; 

that of touchdown. Both BET and 621B syst m navigation solution w r ' tim::it d t0 hav 

position uncertainties of 5 to 10 ft. The touchdown coordinates, ther for , could serve 

as an accurate position check on both the BET and the navigation solution trajectories. 

A high speed camera frame rate of 250 frames pe r s econd was sel ct d so that for 

every foot of aircraft movement (260 fps velocity) at touchdown, w would hav one 

frame of film. The intent was to isolate the single frame that captured th touchdown 

event, and therefore time tag the event with an uncertaint of . 004 s c nd, which is a 'l: 

position uncertainty of on foot. Th probi m with this s st m is th at is is not possi­

ble to isolate the singl e frame of touchdown. This conclusion volv d wh n a t raje tory 
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Table 10-2 Coordinate of NC-1 35 Omni Antenna at Instant of Touchdown as 
Found by Survey Technique, 621 B Navigation Solution (MRL) arxi , 
WSMH'S BET 

Touchdown T-"dow11 T_...wn 
Flt/Aun Time T ,.;.ctoriea X V z -MAL -aET MflL-SIT 

Flt 21 17:14:51.MI T-"down ♦ 0.15 -1500.27 ••.o AX ♦ .07 AX- .II AX- .71 
Aun01 ("411.MI MAL • O.OI -1411.0 ♦--1 AV- 12.3 AV-14.3 AY- 2.0 

HT + 1.14 -1411.0 ••. I AZ ♦ 0.2 AZ - 0.1 AZ - 0.1 

Flt 21 11:04:2170I Touchdown ♦ 5.72 -1111.N ♦33.2 AX ♦ .72 AX- 2.4 AX- 3.1 
Aun02 IIIOl3. 70II MAL ♦ 1.0 -1174.I ••.o AY ♦ 1.0 AY-40.1 AY-41.1 

BET ♦ 1.1 -1125,0 ••. 4 AZ- 2.1 AZ - 3.2 AZ- 0.4 

Flt 21 11: 13:35.732 Toucllclo- -11.1 -11111.74 ♦31.11 AX- 0.1 AX ♦ 1.4 AX ♦ 2.0 
Aun 03 11111:\.732 MAL -11.3 -11111 .1 ♦30.0 AY- I.I AY-12.3 AY- 17 

IET -21.3 -1117.4 •34.1 AZ ♦ u AZ- 2.1 AZ- 4.1 

Flt 21 11:21:0l:027 Touchdown -21.0 -1-.71 ♦31.I AX+ 42.1 AX+ 1.1 AX-40.1 
flun 04 CIMll.0271 MAL -71 .1 -1177.1 +17.1 AY-21.1 AY + 11.1 AY + 33.7 

aET -30.1 -1711.1 +34.2 AZ-31.4 AZ - 2.1 AZ+ 33.1 

Flt 21 11:37:110l1 Touchdown ♦ 1.13 -1171.1 +32.1 AX- 0.2 AX- 0.1 AX- 0.1 
AunOI ll1033.0111 MAL + 2.0 -1840. +21.1 AY-31.I AY-21.1 AY + 11.0 

BET + 2.1 - 1111. +35.1 AZ+ 2.t AZ - 3.3 AZ- 1.2 

Flt 21 11:47 :01.123 T-,._ - 2.12 -1771.01 +34.3 AX+ 1.4 AX ♦ 1.0 AX- 0.4 
AunOI 117121.1231 MAL - 4.3 -1113.4 +31.1 AV ♦ 15.1 AY- 2.4 AY + 13.2 

BET - 11 -1171.1 +31.2 AZ - 1.2 AZ - 2.1 AZ+ 2.3 

Flt 30 15:47 :51.113 Toucllclown - I .N -1311.N +34.1 AX+ 0.44 AX+ 0.14 AX- 0.3 
Aun01 (51175.7131 MAL - 1.4 -1300.0 ••. I AY-11.N AY-11.11 AY + 4.4 

BET - 1.1 -1304.4 ♦34.7 AZ- u AZ - 0.1 AZ+ 2.2 

Flt 31 11:0l:41.IIO T-"down - I.I -1110.4 +32.1 AX- 1.3 AX- 1.2 AX+ 2.1 
Aun 2 111121.IIOI MAL - .I -1802.1 ♦34.7 AY- 7.1 AY-11 .I AY- 3.7 

HT - 2.1 -11N.11 .... AZ- 1.1 AZ- 4.0 AZ- 2.1 

10-16 



comparison was done using the touchdown times reported by WSMR. We found the 

differ ence in position at touchdown between both the navigation solution and BET as 

compared to the survey position was in the order of 100 ft in Y axis coordinate. We 

then reread the same high speed camera film that was read by WSMR and found a 

thermal distortion layer present on the surface of the airstrip that caused the film 

reader to misjudge the instant the landing gear touched the airstrip surface (see 

Figure 10-6). The correction for this problem was to measure the depth of the 

landing gear tire penetration into the haze layer when there was no question, that 

the aircraft was down on the surface of the runway, then go back to the point on the 

film where this measured depth first was noticed. We called this the point of touch­

down. Flights 29 and 30 were corrected in this manner. (Flight 31 high speed camera 

film was not available), However, since the quality of the image on the high speed 

camera film was less than desired, we could identify ten frames that bracketed the 

touchdown event, but !'OUld not tell which of the ten frames was touchdown with any 

measure of confidence. The time uncertainty is not . 004 s cond as anticipated but is 

. 04 O second, or 10 ft uncertainty in the Y axis comparison. X and Z are not affected 

measurably because of the low velocities in those axis. 

A larger "human" error could develop if the film reader time-tagged the wrong 

set of landing gear touching the ground. This effect is diminished because both left 

and right landing gears were visible at touchdown based on the high speed cameras 

orientation to the touchdown area. Fortunately, the right or left gear but not both made 

contact with the airstrip at the instant of touchdown. Separation bet-:. een right and 

left gear touchdown footprints ranged from 20 to 700 ft as determined by the tire lm­

pre11ions for most cases. 

A check on gross errors of touchdown time as determined by the high speed 

camera was the clnetheodolite film from G-278 shooting at five frames per second. 

This allowed the touchdown to be brflcketed to within . 200 second. Cine film was not 

used to supply the absolute time of touchdown by itself, but only as a check on the 

high speed camera results. Thus It Introduced no error Into touchdown position 

determination. 

In addition to the cine film, accelerometer and gyro output was reviewed. Since 

the purpose of this check was to support the touchdown time no effect on the accuracy 

of the touchdown coordinates was introduced. 

A second error source was the marking and survey of the aircraft foot print. 

Each touchdown was marked between passes of the flight. After 20 touchdowns, it 

was difficult to determine which tire impression was which. Steps were taken to 

minimize this error, but the possibiltty atUl exists that the wrong tire impression 

was marked and surveyed. It ls believed such a mistake would contribute greater 

errors than 20 ft In Y, because of the touchdown separations. It ls impossible to 

accurately estimate such an error. The survey of each touchdown has uncertainties 

of plus or minus 6 In. in X, Y and Z because of the survey techniques used. This 

error could impact the final touch down results by ±. 5 ft in X, Y and Z. The uncer­

tainty of the marking method used by the ground observers to mark the touchdown 

point is ± , 5 ft in X and Y, 0 in Z. The total error associated with the marking and 

survey ls ±1. Oft in X and Y, .5 ft in Z. See Figure 10-5. 

A third error source comes from the fact that the coordinates of the 621 B anten­

na mounted on the vertical stabUlzer had to be calculated based on the aircraft attitude 

at touchdown. The aircraft antenna is the target that ta tracked by the 621B system and 
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BET during ILS flights. The survey coordinates of the landing gear footprint had to be 
translated back to the aircraft antenna to make a valid comparison with 621B and BET 
position solution. The error was introduced when the aircraft attitude had to be esti­
mated from the high speed camera photos. Nose wheel height above the ground was 
used ts an estimate of the aircrafts attitude at the instant of touch down (see Figure 
10-6). It is possibl e to be in error by approx . . 75 ft in r eading the nose wheel 
elevation based on numerous attempts at photo scaling. The • 75 ft error at the nose 
wheel translates to an uncertainty of 1.1 ft in Z, . 68 ft in Y and Oft In X for the air­
craft antenna position. 

In summary, three error sources can dilute the accuracy of the touch down posi­
tion. The magnitude of the estimated error possibilities are as follows: 

Source Possible Error Magnitude, Ft Coordinate 

High Speed Camera ± .5 X 
Film Reading 

±5.0 y 

.5 z 

Marking and Survey of ±1.0 X 
Foot Print 

±1.0 y 

±,5 z 
Coordinate Adjustments ± 0 X 

±,68 y 

±1.1 z 
The root-awn-squares for the above error aourcf's are: 

RSS(X) : 1. 12 ft 

RSS(Y) = 5.17 ft 

RSS(Z) = 1. 31 ft 

The uncertainty of the touch down coordinate can be asaumed to be in the order of 
±6 ftfor Y and ±2 ft for X and Z assuming the aircraft did not roll or yaw during 
touchdown. Thia assumption is supported by review of touchdown films. 

Results 

A comparison of coordinates which resulted from this study is presented In 
Table 10-2 for Flights 29 and 30. A definition of the various parameters follows: 

• Touchdown - The aircraft omni antenna coordinate as calculated from the 
surveyed landing gear tire impression presented in 621B data reduction 
coordinate system (621B DRCS, see Volume II, Section 3. 3) 



• MRL - The ILS unfiltered navigation solution trajectory resulting from 
Magnavox Research Lab's Airborne receiver data; the X, Yam Z coor­

dinates are for touchdown time 

• BET - WSMR BET of the NC-135 aircraft omni antenna. The X, Y and Z 
coordinates are for touchdown time. 

An inspection of Table 10-2 shows that for Flight 29, runs 02, 04 and 05, the 

residuals are extremely large compared to the mean values. Flight 29, Run O'l, for 

exampl , has Touchdown - MR L residuals of Y = 9. 0 ft Touchdown - BET Y = 40. 9 ft, 
MR L - BET Y = 49. 9 ft which shows good agreemer:t between MR L solution and touch­

down pointing to the aircraft BET as being questionable for that portion of the run 

(around touchdown). A review of the WSMR BET shows that for Flight 29, Run 02, 

only two cinetheodoUtes were used to generate the BET and these were located on 

the same aide of the nmway. Thia makes for a poor geometry and supports the in­

dication of the residuals that the BET ta questionable at that point in the run. 

A similar comparison can be done for Flight 29, Run 04. The residual for that 

run shows both Touchdown - MRL and MRL-BET to be relatively high, but Touchdown­

BET residual la low indicating that the balloon position, or the MRL solution or both 

can be in error while the aircraft BET seems to be valid. 

An investigation of the BET for th-, aircraft and balloon fo:. Flight 29 Run 04 

showed the probablllty ls high that the BET on both aircraft and a loon ls valld 

which support the assumption that the MRL solution la questionable for Flight 29, 
RWl 02 near touchdown. 

Below ls a listing of the mean and standard deviation of the residuals in Table 10-2. 

'Wild" points such as described above have been omitted, 1lnce lt ta felt 1uch large 
deviations with a small sample size would unfairly weight the mean. 

Statistics of Residuals 
/I " " 

X (N) y (N) z (N) ~x °4y CT4z 

Touchdown - MRL +3. 05 (6) -3. 35 (6) -1. 04 (7) . 71 12.6 2.8 

Touchdown - BET -. 810 (8) -6. 73 (6) -2.45 (8) 2.9 9.9 1.4 

MRL-BET -. 709 (7) +1. 64 (5) -1. 37 (7) 1. 6 7.2 3.2 

N • number of data points used to determine mean and standard deviation. 

Figures 10-9 and 10-10 are plots of the residuals shown in Table 10-2 with 'wild" 

points omitted. From the data, two basic ob1ervattons can be made: 

• The MRL, BET andTouchdowndatagenerally are within 10 ft of each other. 

• Using the t diatrlbutlon because of the small sample size and unknown 
standard deviation of the unlvet"ae, we can e1tlmate the confidence interval 
for the touchdown residual populatl?n ::neana as follows: 
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Prob. ( 4X - to. 025 ti I fN" A1 ~ 4 X + to. 025 O"i/ ff) = o. 95 
whcr 4X' is th mean of the universe and to. 025 is the 0. 025 point 
of the t distribution for N-1 (degrees of freedom) 

The confidence intervals are: 

2.571 (~) for4X~ 1.0 ft (-.695, 1.305) for X 

2.571 (~) for4v- ± 14 ft (-17.35, 10.65) for Y 

2.447 (~ for4Z ::t: 3 ft (-4. 04, 1. 96) for Z 

The extremely close agreement of the X coordinate values for the three solu­
tions indicate a high degree of confidence (95%) that thl data la in an interval of ±1. 0 ft 
about the mean. The Z coordinates are In an interval of +3 ft about the mean with the 
same confidence factor. The Y coordinate, however, shows more scatter which opens 
up the 95% confidence interval to ±14 ft about the mean. 

The touchdown study has proven to be a useful tool in evaluating the navigation 
system performance and WSMR BET for the ILS testing. 
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SECTION XI 

CONCLUSIONS AND RECOMMENDATIONS 

11. 1 GENERA I CONCLUSIONS 

The test program successfully met the principal objective of evaluating a four channel 
receiver in typical flight and field environments, and confidence in the 621B concept was 
verified through the actual tests performance. Analysis of the error componerts indicates 
that a small average range measurement difference of about 2 ft still exists between the 
WSMR best estimate of trajectory (BET) and the 621B trajectory. The range rate measure­
ment errors were less than one foot per second. 

Several observations can be made about the system behavior. Perhaps the most 
important of these is that ranging bias errors (steady state errors) are extremely difficult 
to measure and control. Almost all of the error mechanisms have been determined through 
analysis of the data, and it has become clear that great care must be exercised during 
design and manufacturing to control signal delay variability throughout the system to the 
one or two nanoseconds required to achieve a 2 ft ranging accuracy. However the steady 
state bias errors proved to be the biggest problem. 

The ILS testing conclusively demonstrated the suitability of the system in an aircraft 
landing environment. The mean error for vertical position wes about 1. 5 ft and for verti­
cal velocity less than O. 5 fps. 'Ibese are representative of absolute errors obtainable with 
a filtered solution. 'Ibis quality of system performance is more than adequate for landing 
and the test results indicate that the signal environment (large changes in power and multi­
path effects) during this phase of aircraft operation do not appreciably degrade the naviga­
tion accuracy. 

The test program confirmed that the performance of the receiver in the presence of 
multipath typical of ground user operation matches the theoretical predictions of the system 
behavior; hence the effect is well understood, can be predicted and will have little impact on 
a ground user. 

11.2 AREA NAVIGATION CONCLUSIONS 

The test system accuracy was demonstrated including the effects of user dynamics 
and multipath. The fast changing relative transmitter to-user geometry in the limited 
flight test region simulated some of the effects of ui;ier dynamics (like accelerations of 
o. 5g and jerks of 0. 3 ft/sec3). In addition normal yaw maneuvers made by the pilot to 
maintain a straight and level flight trajectory resulted in user dynamics of the order of 
o. 5g and 3 ft/sec3. On descent passes both yaw and pitch maneuvers were experienced re­
sulting in dynamics of the same order of magnitude. 

Most of the significant error sources we identified were associated with the ground 
system. For example, the results of flights 1-15 were degraded by uncontrollable varia­
tions in the calibration link delay (variations were nominally 15 nanosec ). 

During subsequent flights, i.e., 17-23 the calibration links shared the common shaped 
beam antennas driven by the uplink transmitter ports and the delay variation of the trans­
mitters was eliminated. 
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With this large error source removed other error sources previously overshadowed 
were discovered. One such major discovery was the apparent signal delay variation with 
look-angle of the uplink antennas. This ph nomenon was found to affect both the calibration 
and ground-to-user links. The remaining error ources in the calibration setup which 
were identified include cesium propagation delay measurement residual uncertainties , 
cable termination (VSWR) and rf leakag ff cts, tropospheric correction r esiduals, cable 
delay variation with temperature and delay variation in power dividers. All these error 
sources are discussed in Section 4. 

Sources of bias errors identified in the flight system include receiver interchannel 
bias variation with power level, channel bias variation as a function of transmitted wave­
shape and specular multipath interference. 

Table 11-1 summarizes the area navigation system perfor. ance as measured by the 
two receivers. It represents the errors that user equipment -.. '."! be expected to contribute 
to the overall system performance in an operational environmeni, since all the identified 
errors associated solely with the ground test configuration have been removed. 

• ,,.:. o1e 11-1 Summary of Contributions of User Receiver 
Performance to Navigation System Accuracy 

CASE 3 CASE 3 
MEAN 10 MEAN 10 

X, FT JC , FPS 

HC - 1.0 5.8 HC 0 .1 0.6 
MAL - 2.3 6.1 MAL 0.1 0.5 . 
Y, FT Y, FPS 

HC 0.4 10.3 HC -0.1 0.6 

MAL 1.3 8.2 MAL 0.2 0.7 

Z, FT i , FPS 

HC -4.1 12.0 HC 0.3 0.6 
MAL 1.6 8.5 MAL - 0.5 0.9 

11. 3 11..S CONCLUSIONS 

This phase of the test program evalu'.lted the landing navigation capabilities of the 
system. The ground calibration setup in the ILS flights utilized omni directional antennas 
which were common to both the calibration links and to the ground-to-aircraft links, and 
thus elLninated cable delays and other rf circuitry problems. 

In order to keep the altitude GOOP at a minimum during touchdown, the GOOPS during 
the initial approach and rollout phases of the flight become quite large, which result in a 
substantial magnification of the measurement er rors into the static solution domain. Thu , 
for purposes of determining 621 B suitability for ILS, the region of primary interest cor­
responds to the span on the approach path from whe re the aircraft i approximately 300 ft 
above ground to the point where the aircraft is braking on the runway. 

Table 11-2 summarizes the ILS system performance as measured by the two re­
ceivers. In general, we conclude that system performance is commensur, te with IL 
requiremer,ts. 
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Table 11-2 ILS Navigation Accuracy 

MEAN 1o MEAN 1o . 
X,FT X, FPS 

HC 0.3 3.3 HC 0.2 1.1 

MRL - 1.1 7.3 MRL 0.2 1., 

Y, FT Y,FPS 

HC - 2.7 11 ., HC - 0.5 1.7 

MRL 2.2 12.3 MRL - 0.2 2.2 

Z,FT Z,FPS 

HC - 1.3 13.3 HC - 0.2 2.3 

MRL -1.3 1.3 MRL -o., 2.0 

11.4 MULTIPATH CONCLUSIONS 

The overall objective of the multipath test was to evaluate the sensitivity of 

System 621B accuracy to multipath signals. Multipath signals degrade the ranging ac­

curacy of the receiver by creating a distortion of the modulation envelope of the 

total received signal. This phenomenon develops an error in the receiver code 

tracking loop which affects the range accuracy. H the user is moving with respect to 

the transmitters the range rate accuracy ls also affected. In this case the error in 

the carrier tracking loop is caused by the rate of change of phase of the resultant 
signal consisting of the direct and multipath reflected s gnals. This latter effect 

was not simulated in the ground multipath tests, since the tests were performed under 

static conditions. 

The test sites selected encompassed a variety of terrain features representative 

of those that may be encountered hy a typical ground based user. 

The multipath tests conducted at WSMR consisted of a series of measurements 

using various transmitter-to-receiver antenna geometries et four separate multipath 

environments. The overall results of these tests indicate that the theoretical under­

standing of multipath effects on range accuracy is verified by the experimental re­
sults. The theoretical envelope of range tracking error as a function of multipath 

expressed as the diffe rential delay between the desired and interfering signals is 
shown in Figure 11-1. 

50 

i 

THEORETICAL ENVELOPE 
CORRESPONDING TO TEST 
CONDITIONS AT WIMR 
(REFLECTION COEFFICIENT• 0.71 

IAI i C i~i 0llllfl~--f.f'I-/-AA'-H-J------ ±~--- ::::;a~:-:-----= 

C a: a: 
a: I- IAI 

DIFFERENTIAL 

150 NANOSEC DELAY 

REGION OF ENVELOPE REPRESENTING 
ACTUAL TEST CONDITIONS 

Figure 11-1 Theoretical Evnelope of Range Tracking Error 
Caused by ignal Multipath 
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Ree;civer r angi ng errors can take on any value within this envelope depending 

upon the exact signal differ ential de lay. The te st data follows this prediction as 
shown in Figure ll-2. Thi s fi gure shows all the data collected at the Northrop Strip 

location and is typical of the r eceiver performance at t he othe r test sites. The 
theore ti ca l envelope superimposed on this figur e contains virtually all of the test data . 

The fe w points which fall outs ide of the enve lope are a r esult of uncertainty in the 
true transmitte r position and the refore . uncertainty in the value of differ ential delay 

determined from the transmitter-to-receiver geometry. 
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I I 
35 

The test. program has demonstrated that multipath effects on r eceive r p r fo r m­

ance are understood and are the r efore predictable. A ground use r on th av r ag 

can experience as much as _:t25 feet of multipath error depending on th exact syst m 

geometry. However . the diffe renti al de lay sensitivity of th sate llit - t - ground us r 

geometry is only a function of the us r antenna height above gr ound. This allows th 

ground user to dete rmine the presence of multipath by changing hi s antenna height 

and to then locate himse lf in low multipath error nvtronments . 
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11. 5 RECOMMEND TI 

The following r ecommendations are based upon analysis of the flight test resulte, 

the practical and theoretical experi ence gained during the executions of the tests, and 

laboratory ..,valuation by Hazeltine of candidate equipment designs. They r epresent 

those considered most important in improving the pseudo-r~ing navigation system 

performance. 

Phase Lock Loop and AGC Design 

In the equipment developed by Hazeltine, the PLL 's (phase lock loops) are ana­

log adaptive desi gns . The tracking circuits bandwidths widen as signal strength in­

creases. This design automatically accommodates higher dynamics (second and 

higher order time de rivatlv s of range) as the signal level incre:isP.s above the de­

signed performance threshold. In this way, the antijam margin is held fixed for a 

fixed level of jamming power. 

An alternate approach is to fix the tracking circuit bandwidth at that r equired 

for the weakest signal specified. 

We recommend the fixed-bandwidth approach because: 

(a) it is not necessary to widen the tracking circuits bandwidths to accommo­

date dynamics 

(b) jamming resistance intrinsically improves with increased signal level 

(c) abrupt signal level changes (as due to short obscuration of a satellite, 

multipath, and puise jamming signal suppression in gain modulated or 

saturated stages) hould theoretically induce smaller tracking transients, 

than in a variable bandwidth receiver. 

(d) averaging effects of scintillating multipath signals makes the receiver 

less sensitive to multipath. 

It has been demonstrated by the fli ght t est s at HAFB that stable third order PPL's can 

be designed for either variable or fixed bandwidth r eceivers. We would, however, 

recommend that future receiver be designed with digital loops and constant band­

width. 
• 

Frequency Management Within the Receiver 

Two points are made conce rning the se lection of frequencies inside the receiver. 

One, any IF signal should not be harmoni cally r elated to the code rate, aR the r efe r­

ence code and r elated timing wav f rms are ri ch i.n ha rmoni (and, oft n coher ent 

with the signals). Second, proc so r d s igns gen rally require a wide band refer enc 

waveform to be multiplied by th wide band signal; the center frequencies of these 

must be sufficiently high and separated to prevent spectrum foldover or overlaps. lf 

not, the output product i s di sturbed by und sired c ross product which may b cohe r­

ent (or conditionally coh r nt), leading to degrad d ranging accuracy. 
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EMI Considerations Within the Receiver 

In addition to correctly selecting frequencies within the receiver to minimize 

harmonic or cross product interference, special attention to control of conducted, 

coupled and radiated energy is essential in circuit areas where the desired "nulled" 

output (e . g., at the phase detector of a carrier PLL or early-late demodulator of a 

code PLL) can be contaminated by very low levels of interierence; levels of 60 to 80 

dB below th detector/demodulator reference signal input can cause a measurable 

error. Care must be exercised in this area, particularly as the area/volume allocated 

to su\!h functions is r educed to meet miniaturization goals. 

Range Digitizer 

Two methods of digitizing may be employed in the receivers. One provides range 

and range rate outputs on demand while the other provides data updates only at specific 

intervals. The "on-demand" approach minimizes receiver/computer interface prob­

lems and is therefore recommended. 

Recommended Follow-on Development 

• Determine techniques which can be incorporated in the user equipment for 

detecting significant range tracking errors induced by multipath. 

• Determine the effects on system performance of oscillators contained in 

user equipment subject to vibration and shock and develop techniques for 

maintaining adequate performance. 

• It is suggested that the direct approach be applied to design of digital re­

ceivers rather than the digital-analog-equivalence approach. The benefits 

of the direct approach can be better performance per dollar, and, with the 

inevitable use of LSI and lessening distinction between receiver and com­

puter, more sophisticated processing is practical than would be realized via 

the analog route. 

• Our experience at the range leads us to r ecommend that in future test pro-

grams the links be calibrated by a two-way ranging system. Such a tech­

nique was considered early in this program, but was not implemented. 

One most interesting system proposal involves the use of two 621B receivers 

at different locations on the range. This concept not only has intrinsic merit, 

but also has the side benefit that once the links are calibrated, the system 

could be run continuously for a few days under varying ground conditions 

(reflection coefficients ) to determine if there ls multipath on the link, and 

more important! , if it is varying. 

• Recommend careful analysis of test equipment requirements so that better 

equipment an be developed to obviate the medsurement problems encoun­

tered during thi s program. 
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APPENDIX A 

SENSITIVITY CONTOURS FOR UNITY MEASUREMENT ERRORS 

This appeoolx contains contour maps of the navigation solution sensitivity to 

steady-state measurement errors ln the lndlvldual channels for both the Area Navi­

gation and ILS test geometries. The maps are generated by introducing a 1 ft error 

Into a pseudo-range measurement channel and performing a perturbaUon analysis 

similar to that discussed 1n Section 4. 2 for planar regions at selected heights above 

growxl level for both test geometries. To use the contour maps tile followl~ proce­

dure applies: 

1. Floo the effect of a 4 ft steady-state error ln channel 1 on the aircraft 

Y posltlon ln the Area Navigation test. The aircraft ls at 30,000 ft 

AGL and located 40,000 ft south of Salt Site. 

2. Referring to Figure A-1, the aircraft ls located ln a region of -H (the 

dots loolcate the region ls negative). Therefore, the user Y error ls 

4 X (•12) = -48 ft. 

3. A similar error ln channel 3, Figure A-5, results ln a user Y position 

error of 4 x (+5) = + 20 ft. 

nie ILS contours, Figures A-9 to A-12, arc used the same way. In the ILS 

case, although an entire planar region has been mapped, the aircraft fllght path was 

essentially a straight line alongX = o, and the geometry was opUmlzed only for a 

small region arouoo X = o, Y = o. 
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Figure A-1 Channel 1 Blas Sensitivity Contour for the Area Navlgntlon Test 
Geometry ln the X, Y Plane at 30, 000 Feet Above Ground Level 
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Figure A-2 Channel 1 Blas Sensitivity Contour for the Area Navigation Test 
Geometry in the X, Y Plane at 30, 000 Ft Above Ground Level 
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Figure A-3 Channel 2 Bias Sensitivity Contour for Area Navigation Test 
Geometry in the X, Y Plane at 30,000 Feet Aoove Groond Level 
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Figure A-4 Channel 2 Bl.as Sensitivity Contour for Area Navigation Test 

Geometry ln the X, Y Plane at 30,000 Feet Above Ground Level 
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Figure A-5 Channel 3 Blas Sensltivlty Contour for the Area Navigation Test 
Geometry ln the X, Y Plane at 30,000 Feet Above Ground Leve l 
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Figure A-6 Channel 3 Bias Sensitivity Contour for the Area Navigation Test 
Geometry in the X, Y Plane at 30, 000 Ft Above Ground Level 
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ERROR CONTOUR COD! 

A! o.o to 0.3! ! I 0.5 to o.8! CI 1.0 to 1.5) I .o to 4.o r 5.0 to 6.5 G 8.o to 10.0) 
I l~.o to 21.0 J 25. to 30.0 K 40.o to 50.0) 
N 100.0 to 150. N (200. to 250.) O (350.0 to 500,) 

D( 2.0 to 2.5) ----- -
B( 12.0 to 15.0) 
L( 6o.o to 80.o) 
P(750.o to 1000.) -

• 

Y FRROF Z ERIIOR 

"~"""" N o••o .. PIPI •• LL ••• KKKK ••••••• - .111 •• • •• JJ •• KLB. K JI HRH GGGGGGGGG 
-'""'" wo••ow.PI.Ltt •• KKK •••••••••• - rrntn.-;-;-.t .• 1t".-;--;- - ~ I'""' GGGGGGG 

1111 PIPI M •P •• PI.LL •• KK ••••••• JJJJJJ - IIIIIIII ••• J •••••• LK I RR GGGG 
llllllLLL PIP! PP •• PI.L.KK ••••• JJJJJJJ ••• - I!IIIIIIII.JJ.KLNMlKJ Hff GGGG 
LLLLtttLLLL "I .1111.t.,nc ••• .JJJ .......... .. rtr-•• -•• • r-n . .r.n. I It Ge;- · ,,,,,,,, 
Llll LLLL PIN •• PIL.K ••• JJ ••• I IlIIIIII - III ••••••• II.J... ff GGG PPPPPPPPPPP 

• LLL L Pl OOPI •• K •• J •• III ••••••••••• - .11 •••••••• 11 •••• PIKJlR GG PPPPfPPfPPPPPP 
- tt KKKKKK L PIO.PILK.J •• II ••• HHHPlffPIPIRHRH - •• Ir ••• ftn •• r . .nn GG P?PPP 
- LLL KKK KKK LPI •••• J.I •• HHHHHHHHHHHHHHH - J •• I ••• HHHRH.I •• PI RG 1PP 

LL KK K N.L.J •• HHH••••••••••••••• • •• J.I •• RHHHHH.I •• L H Pf !!!!EE!!! 
" l n JJ Kt ftltJt. "·. ~GGGGGGGGGGGGGr.'. - u .J. I.-. """"""·.·n -y -1;n !!!ll!!!!!!HI! 

•o PIL K JJJJJ KPIPI.IH. GG ••••••••••••• GGGG - P •• K.JI.HH •••• HI.KHGf !!! !!!!!!!! 
.G - .PIN• PIL J L.HG •• FPfFPFfFPPPPP ••••• - KLPI PI ••• IHR ••••• K P !! DDDDDD !I!!! 
.G - .KK.L"P LK ITI LKR~rr •• !l!E ••••. ,,,,,, •• - I~ Ktc •••• ft.GGR. ! tt DDDDt I!!! 
.G - I ••• JJ.KLC KJGFEF •.••• EEFE! .••. FFP1F • HHHR IJK •• HGGG.H D CCC DDDD !!! 

- HHHHHHHH •••• N H H •• D •.. DtCD ••• !EEE •••••. - GGGGGGGG H J.GH D CCCCCCCCC ODD E 
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ERROR CONTOUR CODE 

CHHIL 2 BUS 
- - - - - - -

A! o.o to o.3l E .Oto 4.0 
I l~.o to 21.0 
M 100.0 to 15(). 

! l 0.5 to o.al C ( 1.0 to 1.5) 
r 5.0 to 6.5 G ( 8.o to 10. 0) 
J 25. to 30.0 K ( i.o.o to 50.0) 
N (200. to 25(). 0 (350.0 to 5()0.) 

ll( 2.0 to 
R( 12.0 to 
L( 60.0 to 
P(750.o to 

X ERROR Y f:RPO R 

JI H G ,, E cc.D.! •• FP .• GG •• HHH •• I •• - .KKK ••••••• JJJJJ •• I ••••••••••••••• JJJJJ •• - GGGG 
JI ff G ,, !.D -C~ l) .'"f' . -.H.-.Grrc; RRH •• ll. nn ..... JJJJJJJ.RIIIUIIIIIIII ••••• JJJJ. GG"G~ 
J I" G ,, ED cc.D.EE.FFF •• GG •• HH •• It. - K~K ••••• JJJJ •••• JH •••••••. • • IIIIII ••.. JJJ - GGGG 
JJ I"" Gp EED cc.t.EE •• ff •• GG •• HHH.II. - ltKK •••• J JJ •••. I.J.H .•.••••••••.• IIII •••. J - H GGGG 
JI 118 GP! D • ccc;-n-;-n·.l'n .. -c--G •• RH •• I. - l{ltK ••• JJ.J ••• rrr'T.GlflUllfHRRHffRRR ••••• III ••• - RR GGtt"' 
JI RH G' ED c.c.D.EE •• FF •• GG •• HH •• I. - K~K ••• JJ ••• II ••• IG.HH •••• HHHHRHHH •••• r r •• - HH GGG 
JI ff G, ED c.c.D.!EE.FPP •• r.G.HH •• I. - .KK ••• JJ •• II •••• I •••••••••••••. HHRH ••• I I . - HH GG 

- - -,- -ar~-l,"'J' E n-c •• c .. n.!? .. FP •. GG.HH •• I. .KK ... J •• It •• RRH •• Gi.GGi,i,GGGGGG ••. RRRR •• TI I"" GG 
I JI HG P' E DC •• cc.D •• !E •. ff.GG.HH.lI. - L.KK •. J .• I •• HHHHHF •••••••••• r.GGG ••• HHff •• ! - I HR 
LI J ff G PE DCC.BCC.DD.EE •• PF •• G •• H.I.J - .t.K •• J •• I.HHH •• HF ••• PPFFF ••••• GGG •• HH •• I - JI RH 

- - -11 .... t J HG P 7Jrr'~;:r; .-YE •• r.."G.Rff.l.J - .P!L.K •• J.I.ffff •• G •• T1'?'1'1"Fn?'PP ••• r.G •• RR.I LI I 11 
•o HLk GP !Dccee.cc •• D.EEE.PF.G.HH •• J. - •o.P!t ••.• I.H •• GGGE ••••••••••• FFF •• GG.HH.I - p Lit 
"••• H PEDCCB!.CC •• tt.!E.P'F.G.H.I.J. - P!N•.ftLK •• rH.GG.GEEEEEEEEEEEE •• PF •• G.HH.I - ltLH.H 

- - -Ltxr.;v- J C'B"!.CCC •• tn.r .. r.G.H •• J.K - ~Kl ~F.L ••• R.G •• CE ••• DDD ••• !EE.PP.G.RHl. - .JJ.ILC 
111.ltltlt •• 0L PE CBBB.CCC •• D.EE.P.GH •• J •. L - JJJ KlC •• IHGFFCD D ••••••• CD.E!.P.G.H ••• -
.JJJ .••••• J •• J BEE •• ccc •• o.E.fG ••• JKLft. - HHHHHHR I N.H.F •• cccccccc •• D.E.P.GH ••• L -
J •• I1 • .-111r.~~---; .ccr.n.E? •• R ••• R.P - GGGGr.G GRt.i •• BBBB •• cc.D •• P •• I •• L - GGG •• ~-• 
• tl.HH •• G •• P.!ED BBB ••• cc •• !PG.J •• "L - PPFF EEE DC~ •••••• eee.c •••• HK I - ••• ,,,. 
IJ.HH.GG.Ff.!.t.c .eeBBBB.c •• P •• l l ltKKK - P.EEE DOD cc e · A AAAAAAAA •• Bc~.H G - .rrr •• ! 

- - y. • "· .G. n. !. u.cr~l!BBBl!PE,. l JJJJ • - ccccc Btrn UiAHU H~Bt - ,,, •• ! 
I.HH.r.G.Pf.!.c.c eeeeeee H II JJ AAAAAAAAAAAAAAAA AAAAAAA AAAAAAAAAAAA - FFP •• !! 
I.HH •• c.,,.E.t.c .BBBBBAB ••• •K JJJ K - •• ccccc •• BBB •• AAA AAAAAAAAA B •••• DDDD D •• 

- --.1r-.-;n;-mr.-P ;-; r.1J.,-; l!PBl!Bl!.C .• PGl.•1'L I{ - !!E •• • nn .. ccc. e.1•···••1 BCD ••• G •••• -
.I .. RH.GG.PF.l.D BBB ••• cc •• !PG.J.~•" PFPF ••• EEEE.DC.C BBC ff •KJI. 
J •• I •• RR •• GGG.G. BB ••• ccc.D.! •• GH •••• N• GGGG •••••••••• GII C eeee cc D !F JL•. 

- - -.-a--a-a~ .. -TYl.J.KG!tnl! •• t:cc .. D.!.Jr,.RlJI ••• - P.ff1'RRRffH •• !Jtt G cccccccc D !!PFti 
K •••••• K.R ! ED BBB.CCC •• D.F.E.F.GH.tJ.KL - •••• JJ ••• ft K HG DD DD F.E PF GH IJ -
•• LLLHICL I !E.ccc •• rr.I •• F.G.H •• J.K - .KK.t.NO KJIH G GD oo r cc EEE p GG H - •• JJ •• R 
11 .. • UJ" Pt'D --n.cc .. r-r.Er;Ff.G.f! ; I.J. - L.PI.• JI R r. G !EF!EE!!EEE !FP GG RT - .n1' 1. 
o• IILK RG !D t.B.CC •• D •• !!.PP.G.HH.I.J - o• ~ K J HH GG E PFF GG Hr - ·*" JI 
'" I H p ED n.ecc •• o •• Il .. FP.G •• H.!.J - NHL K JI HH RE FFFFFFPFFFFFF GG RH T - J R 

- - y;- - IH Gr It rc.cc.Dl>.TI •• Pr •• G •• R.t •• - nn JJ I "" FFHH'fH GGG """ T - J I " 
LI JI Hr. PEED c.c •• D •• EE •• F,.r.r. •• H •• I. - L K JJ I HHHHIP GGGGG HHH I - JI HG 
I J IHHG PPEED c.c.DD.E! •• ff •• GG.HH •• T. - L K JJ It HH fGGGGGGGGGGGG HHH I I - I HH G 
I J I H G rP IED n;cc-;ir. ~rr~ -;n .-;uu-. '"'· • I ; - n JJ Tl G """ RR I I - RR 

J t HG Pt !DD!CCC.D.!! •• PP •• GG •• HH •• I. - ltK JJ IIIIIJ HHHHHHH II - RHH GG 
J 1 ff G PP! D!CC •• C.IE.fff •• GG •• HH •• t. - KK JJ II GHHHHHHHHHHRHH III - RH 
JI HR ·c-n-"'I n.-c~1r;n~.n .. GGG.RRR •• l. - nit JJJJ ITTIRRRRH J I! I J - R 

JJ I RH G PP! D .C.D.E!.FFF •• GG •• HH •• It. - KKK JJJJJ Jlt l!!! I I JJ - H 
J 1 RR G P ! D .c.D.! •• FP •• GGG •• HH •• II. - KKK JJJJJJK IIIIII I II!II JJJJ -
J 11 NI G P !! • ~ ;-r.-;-n;-; c,;-. ~ Rw.--. YT. -- ,:nw JJJ HIIt!III JJJJJ 
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o to 0.3l o to 4.o 
0 to 21.0 
0 to 150. 

ERROR CONTOUR CODE 
B ( 0.5 to o.al C ( 1.0 to 1.5) D( 2.0 to 2.5) 
F ! 5.0 to 6.5 G ( 8.o to 10.0) H( 12.0 to 15.0) 
J 25, to 30,0 K ( 4o.O to 5(),0) L( 6o.O to 8o.O) 
N 200. to 250.) 0 (350,0 to 500 , ) P(750.o to 1000.) 

Y [RPOR Z ERROii 

JKK •••••.• JJJJJ •• I•••••••••••••••JJJJJ •• - GGGG PPPP E PPPPPFPFPP 
U .•.• . ,JJJJJJJ. RIIIIIIIIIIIII ••... JJJJ. - GGUG YrTTT ! FlfPfFPP 

JK ••••• JJJJ •••• JH •.••.•..•• IIIIII .•.. JJJ - GGGG PPPP~ E FPPPPP 
IK •••• JJJ •.•• I.J.H•••••••••••••IIII •••• J - H GGGG PFFPFF E FFPPPP 

I ... JJJ ••• IIIT.GlflfRRRRHffffRRH ••••• II! •.. - RR GGG PPPPPPF -Y!!!t!?!!!! PPPPP 
., ••• JJ ••• II ••• IG.HH ••• • HHHHRHHH •••• rr .. - HH GGG PPFPFPP !!!!!!!!!!!!! ,,,, 
11 ... JJ •• II •••• T .••••••••••••. HHHH ••• II. - HH GG FPf fD!!!!!E!!E!!!!!! PPPP 
.K ••• J.,!T •• RHR .. Gr.GGr.r.GGGGGG .•• RRRR •. TI - I RR GG n'P PD !!!!!!! PPP 
eKK •• J .• I .• HHHHHF •••••••••• GGGG ••• HHR •. ! - I HR GG FPF fD !E!EE PPP 
t.K •• J •. I.~HH •. HF ••• PPFFF ••••. GGG .• HH .. I - JI RH GG PP DDDDDDDDD EE!E PPP 
tn..K •• J.I.ffR •• G •• PPPPT?PPFPPP ••• GG •• RR.I - LK I ff~ n' ! D~rntDDtmDD !!! PP 

•"l ••.. I.H •• GGGE •.•••.••••• PFF •• GG.RH.I - P LK HG PP EE DODD EE! PPG 
11•.RLK •• IH.GG.GEEEEEEE!EEEE •• PF •. G.HH.I - ILft.ft G f !!EC DD EE PPG 

l !F.L ••• H.G •• CE .•• DDD ••• EEE.PP.G.RRI. .JJ.KtC IRG Y E£C CCCCCCCC CD!! PG 8 
JJJ KlC •• IHGFFCDD ••••••• tD.E!.P.G.H ••• - ••••• I.JK. I !ECCCCCCCCCCCC DD! PG RI 

IHHHHR I M.H.F •• cccccccc .. D.E.P.GH ••• L - ·········"··"GE C BB! cc DEEP GHIJ 
GGGG GRt~ •• BBBB •• cc.o .. P •• I •• L - GGG •• ~.~PPPPPPG~~nB~BBB C !P .L 
,, EEE DC 1 .••••• BBB.c •••. HK I ••• PPF ••• !f.DD.C 1 ee C D!FGI NIJ.I 
EE ODD cc B" A UUUAA •• BCl'.H G .PP'F •• E!E.t.CCB.A uu BCE .JI.HRHH 
ccccc eee AA~AAAAAAAIBc - r,P •• rr~.n.ccna~AAAAA&At RH.GGGGGG •• • 

llAAAllAllAAAAA ij AAAAAAA AAAAAAAAAAAA FFP •• !E.oc.cce.l lllAlAA 2 PPFP •••• GGGG 
.ccccc .. BBB •• AAA AAAAAAAAA B •••• DDDDD.. FFP •• FEE.D.CCBBAA AAAAAAAA F• .• GGGGGG •• 

! ... DD •• ccc.B.~AAAAAAl BCD ••• G. ••• .rn .. ~.n.cce-.~u BCE r•.t.RRRR 
PF ••• EFEE.DC.C BBC H •KJI. - •• FFPF •• !Ef.D.C. BB!C D!FG • •• J. 
GG •••••••••• G!I C BBBe CC D lF JL•. - GG •••• fPPFFPFF.HH BBBBBBBBB CC · E JL•. 
RRRRRff •• IJLt G CCCCCCCC D E!PFG - •••• GGG ••. RIJ F C B!! CC D ! GR JK 

••• JJ•••" K HG DD DD EE PF GH IJ - HHH ••. I •• L"JH FBECCCCC CCCCC CE PPG HI 
KK.l.NO KJiff G GD Dorce EEE , GG ff - •• JJ •. RNK H FE cccccccccc DD EE, GGH 

JI R G G !EF!EEE!E[E !'PP GG R ! - . Kl.1' t RG P - ~ C--- C OD l! P GG 

y 

+10.000 
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0 

~ K J HH GG E PPF GG HI - .•ft JIH G PF EC DOD EE PPG 
L K JI Hff HEPFFFFFPFFFFPF GG RH T - J R G PF F CCtDCCtDDCCD !EE PP v 

llKK JJ I RR FFFFFfF1f GGG RffH T - JI ff GG !'PF P DCtot:DDDDC !E!E PPP 
K JJ I HHHHIF GGGGG HHR I - JI H GG PPF F EEE!E PPP 

I JJ II HH fGGGGGGr.GGGGG HRH II - I HH GG fPFF !E!!f! PPP 
I JJ 11 G RRffRR II RR GGG PPFPPP ~ YYEY!~UY!!E!E Prr 
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Figure A-10 Chennal 2 Blas Sensitivity Contours for ll,S Test Geometry In 
the X, Y Plane at 50 Feet Above Ground Level 
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Figure A-12 Channel 4 Blas Senaltlvlty Contours for ILS Test Geometry in the 

X, Y Plane at 50 Feet Above Ground Level 
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APPENDIX B 

TABULATION OF MULTIPATH WEATHER DATA 



ignificanl Wea ther Da ta R ordcd During Gro und Mult ipath Test 

Site : NW 30 Alt : 4015.85 Ft MSL 

Time Rel Speed of Wind Wind l 
MST Pr-. T•fflfl Hum. Oenslty Sound Direction SflN(I lnc!ex of 

o.,. IHrsl IMilhbarsl •c o-point " i,n/m3 IKnottl From TN IKnotsl Re action -
Au9 11 , 1972 0400 812.0 20.9 16.6 76.0 1036.7 670 .• 170.3 3.9 1.000 313 

0500 112.• 19.8 1U 72.0 1CM2.0 6611.8 270.0 2.9 306 

0600 883.0 20.5 1,.1 70.0 1CM0.1 M9.7 .o .0 306 

0700 113 .• 20.7 1,.1 88.0 1CMO.O 1119.9 .0 .o 306 

OIOO 813.6 2,.0 15.3 58.0 1028 .• 173.7 .0 .0 3CM 

0800 993.6 25.5 15.3 53.0 1023.2 67fi .• .0 .0 302 

Au9 17, 1972 0600 881 .0 20.1 18.0 87.0 1037.5 M9.7 .o .o 322 

0700 88U 20.2 l 7 5 8'.0 1037.9 869.8 

I 
.0 .0 

.,, 

0800 881 .5 21 .• 17.7 79.0 1033.7 871 .2 .o .o 311 I 
0900 881 .b 23.7 16.9 65.0 1026.3 673.6 .o .0 311 

1000 811 .• 25.0 17.1 61 .0 1021 .5 675.1 I .0 310 

1100 111 .0 27 .• 16.1 52.0 1013.0 677.1 " .0 306 

Aue 11. 1972 0500 IIO.O 17.5 15.2 16.0 1CM7.1 816.3 .0 .0 :n1 

0800 179 .• 18.0 15.7 16.0 1CM4.3 NI.I .o .0 J12 

0700 178.0 19.5 18.3 11.0 1037.0 Ill.I .0 .o 312 

OIOO II0.5 21 .0 16.3 1,.0 103'.7 170.5 20.0 2.1 311 

0800 II0.5 22.6 15.8 M .0 1029.5 172.2 30.0 2.9 306 

1000 IIO.• 25.0 16.0 57.0 1020.1 175.0 130.0 2.9 305 

1100 179.8 29 .• 18.0 ... o 1008.3 171.9 180.0 6.8 219 

Auf 21, 1172 0800 812.8 19.0 17 .• IO.0 1CM3.7 ..... .o .0 321 

0700 113.1 20.5 11.0 16.0 1038.8 170.2 :MO.0 1.9 322 

Aut 23, 1972 0500 175 .• 20.2 11.• 71.0 1031 .• 818.8 .o .0 311 

0800 875.7 19.9 15.7 78.0 1033.2 Mtl.1 .o .0 -0700 175.9 213 1,.1 88.0 1022.1 172.8 .C, .0 219 

OIOO 111.• 22.2 15.7 11.0 1028.0 871 .7 .0 .o 306 

OIOO l'/8.7 2,.2 17.3 15.0 1018.1 87'.3 190.0 1.9 311 

1100 871.8 27.6 13.I '2.0 1009.0 177.li 180.0 15.0 290 

Au12,. 1112 OIIOO 872.3 22.0 12.• I 54.0 1023 .• 171 .0 .0 .o 290 

0800 172.3 ,.,8 8.8 31.0 1015.1 173.8 250.0 1•.8 27' 

0700 872 .• 26.9 9.3 33.0 1007.9 178.2 280.0 1,.a 21• 

OIOO 872.8 21.• 1,.3 '7.0 100l.1 178.3 240.0 15.9 293 

OIOO 173 .• 27.2 15.3 ... 0 1008.1 677.• ... 0.0 2.9 297 

1000 173.6 29.7 10 .• 30.0 999.6 679.5 I 
- 0 1 n ' 275 -~ I 

1100 873.3 22.9 12.1 u.o 1025.0 670.9 360.0 ! !" 255 
·-

Aue 25, 1172 0800 171.3 21 .• 10.8 80.0 1030.1 170.1 3IO.O 9.9 285 

0800 177.2 20.7 10.3 51.0 103'.I 811.3 uo.o 7 .• 285 

0700 177.1 22.• 8.1 42.0 1029.1 871 .0 :MO.0 8.1 279 

OIOO 871.2 24.1 11 .2 43.0 1022.1 873.7 341.0 3.1 284 

OIOO 178.8 21.1 12.4 41.0 1020.1 874.1 290.0 1.1 218 

1000 878.7 30.0 14.2 31.0 1002.1 111>.3 180.0 11 .1 • 290 

1100 178.8 30.2 13.1 31.0 1002.8 110 .• 110.0 8.9 1.000 285 
·-
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Significant Wea ther Data Record !Juring Ground Multi pa th Tests (Cont ) 

Site : NW 30 Alt : 4015.15 Ft MSL 

Time Rel 5,-dof Wind Wind 

MST Pr-. Temp Hum Density Sound Direction Speed Index of 

Date IHral IMillibet1I ·c Dewpoint " gm/m3 CKnotsl From TN CKnotal Refrection 

Oct 2. 1172 CIIOO 17&., 12.1 5.7 12.0 1063.8 151.7 20.0 1., 1.000 271 

OIOO 171.1 11 ., • •• 
6'.0 1061.8 111.0 .0 .0 271 

lalloonMulti 0700 177.5 13.7 ••• 5'.0 10l2.0 M0.7 330.0 2.1 278 

OIDO 177.7 11.0 8.1 '7.0 1CMe.O 665.1 350.0 I .I 278 

OIOO 177.1 21 .0 7.7 '2.0 1035.2 661.3 311().0 ,.1 278 

1000 177.1 29.0 I.I 31.0 1021 .8 173.8 350.0 ••• 270 

1100 177.1 26.1 12.2 40.0 1013.2 878 .• .0 .0 285 

1200 877.2 28.8 1.6 30.0 1007.0 678.3 IO.O 2.1 27' 

1300 871.5 29.3 7.3 29.0 1005.3 871.7 130.0 • . 9 266 

Oct 3, 1172 CIIOO 171.2 13.5 , .1 53.0 1oa.., MO., 320.0 2.1 275 

OIOO 171.5 1'.2 • •• 
53.0 10l2.5 661 .3 330.0 2.1 276 

IIIIINnMutti 0700 NC>.0 15.5 7.1 57.0 1067.8 113.0 330.0 • •• 
281 

OIDO -·· 20.3 12., 80.0 1038.1 661.1 330.0 2.1 29' 

OIDO • •• 21.3 1.3 '3.0 1037.1 ... 7 30.0 1.1 271 

1000 •1.0 21.0 111 '9.0 1022.7 &1,.8 311().0 1.7 29' 

1100 ••• 21.2 1'.t ... o 1010.I 

l 
171.• 3'15.0 1.9 296 

1200 171.1 21.3 11.5 31.0 1010.1 171.0 .o .o 281 

1300 171.1 ao 11.7 50.0 1CIOl.3 171.5 120.0 3.1 * 
1400 171.1 a.a 11.t 11.0 1000., .. ,., 130.0 1.1 318 

o.t,, 1172 OIDO •1.1 11.0 1'.I 11.0 10'7.I .... 340.0 1.0 30I 

OIDO m.3 20.1 1'.I IPO 1038.3 170.0 3IIO.0 I.I 306 

....... Mufti 1000 •1.1 23.1 11.t N .0 1027.3 111, .0 .0 311 

1100 •1.2 27.2 11.9 6'.0 1012.1 171.2 150.0 11., 323 

1200 • •• 29.1 21.2 12.0 10CM.2 IIO.I 140.0 , .1 321 

1300 171.1 21.1 11.1 '8.0 10CM.2 II0.2 150.0 1.1 302 

1.00 171.7 29.2 11.1 5'.0 1003.1 II0.3 150.0 1.0 31' 

1500 111., &2 17.1 53.0 100l.7 171.t 180.0 , .1 309 

a.ta, 11n 07'8 •1 .2 20.3 11.t IO.O 1037.7 ... I .0 .o 315 

OIDO •1.1 22.7 11.2 12.0 1030.1 172.2 100.0 ,., 
* 

lelloon Mufti 1000 N1.I 21.3 11.1 M .0 1011.0 177.0 130.0 1.1 311 

1100 •1.1 21.2 11., 11.0 1011.0 171.1 .0 .o 310 

1200 -·· 27.0 11.7 53.0 1013.7 877.3 30.0 2.1 30I 

1300 171., 27.5 1'.I '5.0 1011 .1 177.1 80.0 2.1 296 

1'00 171.7 27.1 111 40.0 1010.1 177.7 IO.O 2.1 211 

1500 171.1 a.1 12.1 3'.0 100I.I 111., .o .o 212 

Oat I, 1172 - •u 17.0 ,.o '2.0 1•.1 ..... 330.0 II.I 272 - IM.2 11.3 111 730 1080.1 -·· 380.0 ••• 303 

....... Multi 1000 •u 11.1 1-.1 7'.0 UNI.I NI.0 340.0 ... 30I 

1100 113.1 20.1 "·' 17.0 UNO.I -.7 380.0 ••• 303 

:200 113.3 21., 1'.t N.0 1037.3 170.7 10.0 1.0 306 

1300 ... 22.3 1'.3 80.0 1033.1 171.1 380.0 1.0 301 

1.00 •1.1 22., 1'.I 11.0 1032.2 171 .1 330.0 2.1 302 

1500 NC>.I 21.1 11.1 5'.0 1011.1 871.1 IO.O 2.1 1.000 302 
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APPENDIX C 

CESIUM CALIBRATION RESULTS FROM GROUND SYSTEM AT WSMR 



APPENDIX C 

GROUND CALIBRATION LINK DATA 

This appendix contains calibration link data from cesium measurements shown 

in Table C-1 for the 50-mlle area, and Table C-2 for Northrop Strip, cable length 

data shown in Table C-3 and C-4, and data used to generate the 3 navigation solution 

cases discussed in this volume shown in Table C-5. 

DISH-TO-DISH DELAYS 

The dish-to-dish delay numbers are based on averaging simple differences 

instead of drift corrected measurements because the simple differEonces represent 

the most accurate values available from these field data. These early data (March 

and April 1972) were taken using 30 and 60 minute averaging times for each reading, 

but these extended averaging time<J were later found to introduce additional errors. 

This evaluation led to the improved measuring technique with drift correction. 

Examination of the simple differences revealed that some data were ootside of 

the range expected for data from the same population. These values were excluded 

from the averages. 

UPIJNK A-TO-DISH DELAYS 

The tabulated delaya were obtained by the mean of the high and low 

measured values along with a plus and minus value that is one-half the difference 

between the high and low value. The substantial uncertainty is due to the bias 

between measurements made with different cable configurations. This was dis­

cussed in Section 4. 

UPIJNK B-TO-DISH DELAYS 

The values listed for EC-50 and WC-50 are the result of cesium measurements 

made on July 20 and July 21, 1972 respectively. The tolerance is unspecified because 

only one set of measurements was made, and, the accuracy is suspect because of the 

observed uncertainty with cable configuration changes for A calibration link measure­

ments. 

The value for salt is based on October 1972 cesium measurements of A and B 

links, and February 1973 measurements of the Salt uplink antenna at Bethpage, N. Y. 

The A and B cesium measurements were me.de on consecutive days with the same 

cable configuration. Thus, the measured difference of 3 nanosec is expected to be 

reasonably accurate. The difference obtained from antenna measurements is 1, 5 

nanosec. It is estimated that the antenna measurements are more accurate than the 

difference in the cesium measurements. Thus, the value of 2 nanosec listed in 

Table C-1 was obtained by weighting the antenna measurements by a factor of 2. 

Tht! value for SC-50 is based on the February 1973 antenna measurements at 

Bethpage which indicate the B calibration link delay ls 18 nanosec less than that for 

the A link. Other less accurate rr.easurements indicated values of 9 and 14 nanosec. 

It ls expected that the February antenna measurements are the most accurate mea­

surements. 
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Table C-1 Su-Mile Ar a Calibration Link Delays 

Dish-to-Dish A-to-Dish B-to-Dish D-·to-Dish 

Salt 731G 7334 CD A-2 7334 
4 4 

WC-50 323 4 32383 32367 32373 
5 

EC-50 1166 18158 CD 18149 18142 
1 

SC-50 ,2406 22425 A-18 22425 
8 8 

NOTES: 

• All numbers in nanosec 

• The delay includes transmitter and receiver Spiroline cables, and antenna 

flex cables as appropriate 

CD (A - X) means the B calibration link delay is X nanosec less than the 

A calibration link delay. 

Table C-2 Northrop Strip Calibration Link Delays from Cesium Measurements 

Without With 
Receive Receive 
Cable Cable 

Alpha 2666.7 2759.2 
1.5 1.5 

Charlie 2674.7 2768. 3 
±1. 5 ::J o. 9 

Delta 1027.5 1119.9 
1.5 2.0 

OTES: 

• All numbers in nanosec 

• ➔ Value identifies the 95 o confidence range 
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UPUNK D-TO-DISH 

The values li3ted for Salt and SC-50 are the same as the A-to-Dish values 
sin.,e the identical antenna configuration is employed for both A and D. 

The values listed for EC-50 and WC-50 are the result of cesit1m measure­
ments made on July 20 and July 21, 1972 respectively. The tolerance is unspecified 
because only one set of measurements was made, and, the accuracy is suspect 
because of the observed uncertainty with cable configuration changes for A callbratloo 
link measurements. 

NORTHROP STRIP 

The measured data are presented in Table C-2. The two sets differ by the 
cable used to connect the receive anteMa to the receiver. All of the data appear to 
be valid. Tht! data do not contain a bias between with-cable and withoot-cable mea­
surements. The cable delay obtained by averaging the difference between data sets 
is 92. 8 nanosec which translates to 59. 9 ft of RG-214 cable (divide by the cable factor 
of 1. 55 nanosec/ft). Tilis is very close to 60. 2 ft, the measured le~ of the cable. 

CABLE DELAYS 

The cable delay measurements are tabulated in Tables C-3 and C-4. Figure 
C-1 shows the cable configurations. 

TOTAL GROUND DELAYS USED IN THE NAVIGATION SOLUTION 

The total ground calibration delay values used to generate the three area nav­
igation solutions, Cases 1, 2, and 3 which were discussed in Section 6 are given in 
Table C-5. These delays include all elements from the MCS receiver to the uplink 
transmitting antenna as discussed in Section 3 and represent the value .11 on page 3-3. 
The table also provides the mean error in the navigation solution with respect to the 
WSMR trajectory resulting from the use of these ground calibration delays. The 
solution errors are referred to channel 4 to provide continuity with the ground error 
analysis given in SUbsection 4. 2. 1. 
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Table C-3 50-Mile Area, Measured Cable Delays 

All A Uplink B Uplink 
Uplink 

Xmtr RF Spiro- Ant. RF Soiro- Ant. 

Flex Switch Flex line Flex SWitch Flex line Flex 

(1-7) (1-7) 

43.2 43.2 

Salt 9.3 0 0 (8-15) 6.7 0 0 (8-15) 6.7 

45.3 45.3 

(17-21) (22) 

46. 3 46. 3 

(1-7)0 (1-7)0 (1-15) (1-7)0 (1-7)0 (l-15) 

WC-50 9.5 (8-23)2. 6 (8-23)6. 5 47.4 6.5 (8-23)3, 1 (8-23)6. 4 40,3 6.5 

(17-21) (22) 

47.8 40.2 

(1-7 )0 (1-7)0 (1-15) (l-7)0 (1-7)0 (1-15) 

EC-50 9.3 (8-23)3, 0 (8. 23)6, 5 48.2 6.5 (8-23)3. 0 (8-23)6, 3 42.9 6. 5 

(17-21) (22) 

48.2 42.9 

(1-15) (1-15) 

SC-50 9.6 0 0 48.4 6.6 0 0 48.4 6. 6 

(17-21) (22) 

48,8 48,8 

NOTES: 

• All delays in nanosec 

• Numbers in parentheses identify applicable flight numbers 
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Table C-4 50-Mile Area, Measured Cable Delays 

All I Xmtr 
Uplink D Uplink Dish MCS 

Xmtr RF Spiro- Ant. Xmtr Spiro- Spiro-
Flex Switch Flex line Flex Flex Une Flex Une 

(1-7) (1-15) (1-15) 
43.2 31.9 112 

Salt 9.3 0 0 (8-15) 6.7 9.3 17.0 (17-23) 
45.3 110 
(23) 
46.3 

(1-7)0 (l-7)0 • (1-15) (1-15) (1-15) 
WC-50 9.5 (8-23)3. 0 (8-23)6. 5 41.3 6.5 9.5 32.8 15.5 135.7 

(23) (17-23) 
42.8 106.4 

(1-7)0 (1-7)0 (1-15) (1-15) (1-15) 
EC-50 9.3 (8-23)3. 1 (8-23)6. 5 39.6 6. 5 7.7 35.1 15.0 141.4 

(23) (17-23) 
41.2 108. 0 

(1-15) (1-15) (l-15) 
SC-50 9.6 0 0 48.4 6. 6 9.6 32.8 16.5 99 

(23) (17-23) 
48.8 98.9 

NOTES: 

• All delays in nanosec 

• Numbers in parentheses identify applicable flight numbers 
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SPIROLINE 

TRANSMITTER 
FLEX 

TRANSMITTER 
TRANSMITTER FLEX 

A 

WC- 50 ANO EC- 50 HAVE ABOVE CONFIGURATION 

TRANSMITTER 
FLEX 

TRANSMITTER 

AANDD 
(REPOSITIONED 
FORBI 

SALT AND SC- 50 HAVE ABOVE CONFIGURATION 

MCI 
DIIH 
ANTENNA 

MCI 

TRUCK 
BULKHEAD 

Figure C-1 Cable Configuration 
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Table C-5 Total Ground Delays used in the Navigation Solution 

Total Ground Delay, Mean Nav Solution Error 
nanosec wrt WSMR, Ft 

Case 1 7298.2 Rl-4 = -14. 0 
32346.8 

18117.7 a
2-4 = -14.2 

22392.5 R3-4 = -14. 4 

Case 2 7292. 1 Rl-4 = -5. 8 
32348. 4 

18116. 5 R2-4 = 3. 09 
22376.4 R3-4 =-5.25 

Case 3 7286.9 Rl-4 = 0 
32334.4 

18110. 9 R2-4 = 0 

22365.5 R3-4 = 0 

• Total Ground Delay includes all elements from the MCS receiver to the 
transmitting antenna. 
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APPENDIX D 

P E ' 00 RANGE AVIGATION SOLUTION 
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APPENDIX D 

PSEUDO RANGE NAVIGATION SOLl."'T'ION 

The reference coordinate system utilized with Field Tests is given in Figure • 

(V-X.) • (Y-X.) = (8' -B)2 

Y•Y+X. •X.-2Y•Xt = 8'2 +B2 -28'B 

Now take these differences 

where 

therefore, 

(V - X 1) • (Y- X 1) = <R, - B)2 

- (Y- x,> • (X - x,> = (Rt - B)
2 J = 2,3,4 

Y • (X1 - X2) + B(}¼ - Rt) = ( I¼ 2 - Ri 2 
+ X1 • X1 - X2 • X2> /2 

V • (X1 -X3) + B<l¼-Rt> = (}¼2-Rt2 +X1 • X1 -X3 • X3)/2 

Y • <X1 - X.> + B<a. - Rt) = (I~ 
2 

- Rt 2 

+ X1 • X1 - X. • X.> /2 

[

Xu - Xzt X12 - X22 

X11 -~1 X12-X32 

Xu -X.1 X12-X.2 

A 

: = ::J [::l = [Cl -[::: = :J [Y3) 

~ - Rt ~ J Xu - X.3 

Z C E 

[A) [Z) = [CJ - [E) [Y3) 

[Z) = lAr1 [CJ - [AJ•t [E) Y3 

Yi = A•1(1)C -A-1(1)EY3 = K1 +K2 Y3 

Y2 = K 1(2)C -A-1(2)EY3 = ~+~Y3 

B = A•1(3)C -A-1(3)EY3 = ~+l<tY3 
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now from the original equation 

V • V + X1 • X1 - 2V • X1 = <Rt - B)2 

\ } + Yl + Yi +X1 • x, -2Y,X11- 2 Y2X12 -2X,X13 = Ri 2 + Ir-2R,B 

we can now substitute and solve for Y3: 

Now let : 

and 

K/ + K/Y3
2 + Ka2 + K/Yl + Y3

2 + X1 • X1 -2X11 K1 - 2X11 K2 Y3 

-2X12K3 -2X12K4 Y~ -2X13 Y3 - R1
2 - K5

2 -Ks2 Ya2 +2RtK5 +21lt K6 Y3 = 0 

o = K2 
2 + K/ - Ks2 + 1 

2p = - 2Xu K2 - 2X12 K4 - 2X13 + 2.Ri Kc 

'Y = K1
2 + Kl +X1 • X1 -2X11 K1 -2X12 K3 -Rt2 -K5

2 +2R1K5 

_ -2p ± ✓ 4p2 -4oy _ -8 ± ✓ (32 -gy 
Y3 - 2o - o 

Y1 = Kt +K2Ys 

Y2 = K3 + K4 Y3 . 

B = K5 +K6Y3 

PSEUDO RANGE VELOCITY SOLUTION 

Take time derivative 
• 

(Y - x, > • (V - "'> = m, - m o\ - B> 

(Y - x1> . - _..:.. _ • _ • 
(Ra _ R) (V X1) - R1 B 
'-,,,-.' 

'Y 
• • 

'>'11 '>'12 ')'13 1 ·•v• R1 ~IT• ,Cl 

'Y2t 'Y22 'Y23 1 V2 A2 -Ti 
'Yz • 2 

• • + -T ,t ')'31 'Yaz ')'3:1 1 V3 R3 ')'3 ° 3 
• • • 

')'41 'Yu ')'43 1 B R4 f4T •I. 
~~ 

M 



APPENDIX D (continuti tl ) 

\ I 

. 
B 

D-3/4 



APPENDIX E 

FW'.'.' OJAGRAM OF TWO STATE BIAS FILTER EXECUTIVE PROGRAM 
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FLOW DIAGRAM OF 11-STATE BIAS FILTER PROGRAM 
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ONLY 
NON-ZERO 0 TERMS 
COMPUTED 

¢ • 

ENTRVNAVA 

DEL TAT• TIME-TPAIT 
TPAIT• TIME 

COMPUTE STATE TRANSITION MATRIX 

0 AT 0 A-r212 
1 AT 

A-r212 AT 
1 0 AT 0 

0 
1 AT 

0 1 AT 
0 1 0 

0 0 
0 

OMAT U.11 • OENTRV Ill .. 2+ DILTAT 

CALL PPRCJII 

CALL X PIICJII 

CGMPUTI EITIMATIIOF flllUDC).RANGI • 
PIIUDC~DOPPLIR •AII.IRIMINTI 
CALL VANIT IXCII, VI, GAM 11, II, RA Ill 
PIii Ill • RI Ill-RI 
RDIIII • RRATl(GAM 11, II, VD, VII 
PIIDI Ill • ROI Ill + IOI 

COMPUTE MIAI MATRIX 

l11l12l131 

'Y21l22l23 1 

'Y31 'Y32'Y33 1 

1,, 1a 'Ya 1 

r,, r,2 r,3 o 
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r,1 r., ra o 
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,,, 'Y12 'Y13 1 

l21 'Y 22 'Y23 1 

l31 'Y32 'Y33 1 

1,1 la 'Ya 1 
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A-r212 

0 

AT 
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CALLWIIGHT 

CALL PUP 

IIIUT PNOa II, II TO 
PNOelN Ill HJ 

COla'UTI IIIIIDUAL IITWIIN MIAMIIIID • 
UTIMATID MIAN 

11111D Ill • PMI Ill - PIii Ill 
11111D I • + II • PIIDM Ill -PIIDI Ill 

CALL JC UP 

IIITUIIN 

INTIIY ,,_,, CP, T, Q, DUM I, DUM 2, NI 

CP• TPTT +QI 

IIITUIIN 

INTIIY JC PROP CX. T, YICT, NI 

IJC• ♦ JCI 

ITIN 
I. YICT•T•JC 
2. JC• YICT 

IIITUIIN 
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ENTRY WEIGHT IP, H, R, W, DUM 4, PHT, HPHT, MP, LP, M, NI 

1W • PH TI..-H T + Rl-1 

STEPS 

1. DUM4•HT 

2. PHT • P•DUM ~ 
3. HPHT • H• Pr! 
4. HPHT • HPH + 

5. HPHT • IHPHTl-1 

I . W • PHT • HPHT 

RETURN 

ENTRY PUP IP, H, R, W, OUM 1, OUM 2, DUM 3. OU•4 • • WT. M. N 

IP• II - WHI P II - WHI v ◄ WRW TI 

STEPS 
1. DUM 1 •W•H 

2. DUM2•1N . 
3. DUM 2 • DUM 2 - DUM 1 
4. DUM 1 • DUM 2 
II. DUM 3 • P•DUM 1 
I. P•DUM2•D1M ll 
7. DUM4•W•R 
I. WT•WT 
I . DUM 1 • DUM 4 • WT 

10. P • P + DUM 1 

RETURN 

ENTRY XUP IX, REIO W. VECT. M.MI 

Ii • j + W•REIIDI 

STEPS 
1. VECT • W • REIO 

2. i • i + VECT 

RETURN 
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APPENDD< G 

FLIGHT 19 TRAJECTORY RESID' AL DATA 

This appendix presents the data from all passes of Flight 19, and is typical of 

the data collected from nights 17-23. Data from the other flights are available and 

may be obtained by contacting Lt. Cot. Valentine L. Denninger of the Defense Naviga­

tion Satellite Development Program Office at SAMSO. 

The data presented are for Case 2A. An explanation of Cases 1, 2 and 3 can 

be found on pages 2-5 of this volume, together with some measurement details con­

tained in Section 4 of this volume. 

An explanation of Case 2A requires a brief recapitulation of Cases 1 and 2. 

Case 1 solutions were those obtained by using the total itround rf link delays which 

we thought at the time of flights 17-23 were the proper ones based on our measure­

ments. Further analyses of the data and our measurements revealed two significant 

errors. One was a 15 nanosec change to channel 4 due to a cable mismatch problem; 

the other was a variation in the apparent signal delay of the uplink antennas as a 

fWlction of the aspect angle to the aircraft from the uplink antennas. Case 2 solutions 

were generated by taking into account these two errors and making the proper correc­

tions. 

Further analyses of the data and our measurements indicated that a 6 nanosec 

error was present in channel 1 which was finally traced to the coiled cable at Salt 

Site. (See page 4-49 of this volume). Appropriate corrections were made for this 

effect, and the solutions were rerun. These solutions represent Qlse 2a. 

The data presented are the time history restduals between the 621B solution 

and the WSMR BET. An explanation of the notation used on these computer-generated 

plots is included to assist in identifying the pertinent source (i.e.; HC or MRL) 

and test configuration for each plot. Note that some of the notation does not apply 

to these plots and should be disregarded. 
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