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T Tntroduction:

This work started during a cuarsory glance at sianal
profiles (Figwes 1), when the strange event £ 3
apparently a Lherer moving down and then up in helght — which is
what the plot was designed to show. Subseoguently, another format of
olobt whic

o ohad been done previously was examnined (Figure 2 which

3L

Loed -

showed the same event. Then the dngle of arrival (A0A) and Mz
{vartical /radial velocity) was calouwlated and showed that the event
was due to a single moving scattersr -~ hecause plane phase fronts were
found (Fram 408 phases), and that the mobtion didn™t agrse with the Vz
variation., Bince the phases on the main array (1,13 wavelength

irg) are not correct for o zenith angle 1. they wera
lded by adding Q,+3&80,0r S0 deg) in several wavys, maintaining a
A phase front. One of the resulting tracks did agrese with the Yz
variation, and so this must be the correct one. later it was found
that & re s balloon had been relesased that day, and this was 11!
ao valcs unfortunately, bt there i & chance to check the COMRTW

ba against a known scatterer.

bavored VED de
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Figure 3 shows the transmitting and receiving arravs. The
transmitting array consists of 1& paives of orthogonal folded hal f-wave
dipoles., The N-5 and E-W sets are fed independently from the
tranemither —usually just one set, in this ca L,
for transmitting. In the outer receiving "sguares”  parallel dipol
are hooked directly in parallel. Usually, and in this case, the
hh&%wrayﬁ are for receiving. The height the transmitter and main
recelving squares is approdimately 73580 ft. above ground except for
the centre receiving dipole (50 1.3, This is close to 174 wavelength
(111 4t in free space) above the water table. The centre receiwving
artenna is & single dipole, only 30 $t. above ground - this leads to
some complications in angle of arvival (A0M) determination later.

ze bhe MN-5 set, iz used

Figure 4 ahows the combined pattern of the (N5 transmititing and
ore outer receiver array — assumed to be co-located. These were placed
174 wave height above a perfect ground, and the dipole padiation
factor was included. The side-lobes north and east ar%%ﬁimilar
magnitude because the sast lobe, esupected to be larger dus fto thmﬁﬂkaﬁ“
dipole factor, is reduced by cancellation in the sp
receEl ver antenna.
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~H|"56sﬂwmw; some bhistograms for the htnhmr gains. L&i L= From the
ravime show & "tilt” -~ s oyt pdpur“ this might show a
i fference in scattering with h@ighLy since low gains ares reguired at
heights, or a differen in the receiverel., The most probable
for gain #7 are 314%, °. 2%4% | These are subbtracted from
the z i b arements to get the "calibrate s wsad in
S calouwlation. Table 1 shows the calibration ph all
gains: rnobte that this showld be checked for oth specific intervale
af interest - the calibration bhas changed at  least once with no
apparent mEas0n.
Since the centre antenna #4) on shorter poles than the rest, the

Al ibration only mpmli 5 accwrately to sigrnals from the senith
corrections for non-zenlith scatter will be discussed in the Q05
caloulation.

Wik L

IV S00 caloculation
.1 Direct Calculation
There are I antenna paivs available, but only 2 phase dif
are heeded to get the A0A, so & least sguares fit is done to g&t
A0 which minimizes the squarsed error in phase diffferences. The
with all antennas at the ame height is discussed first. Flgure 7
fows the situation in spherical tri(rnumﬁtr»,ﬂthu the direction of

’

the antenna pair vector (From antenna #4 to antenna #i1), Bast of North.

Zenith
ACA

««\

Bas ‘North

pair vector(PV)

The phase difference for this pair vector is

[
("

to

Fimition equal to the m L j
: d ffarance inoreases positively, bhe AO0A
@rrna
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Fraom the cosine law in a spherical triangle

s cos®cos X+ sin 90 i ol o \'\Q*-\“P ) k,z' A

whared is the renith angle, P is the azimath E of My, amd‘&«iia ez

pair vector direction ( from #4 to #i, E of M), This reduces to

Ad?ﬁ:' - 53‘.;-10La:oc_a':"~&.°~—-f3> ) (’5\

which can bhe edpanded to a linear squation

A¢4- = — olcosW [sindcos B 1 + s.:,il“\\p.tiss:irm(-zsin 1
L 4y 4L

4 etandard least sguares fit finds the values in sguareg brackets,
Frmm which thﬁ zanith and arimuth are easily obtained. A random set of
phases can lead to an impossible ADA (l.e. sind » 1.3 and these must
b V@jeutedn

L.2 Fhase folding:

The that the real ph
IF the antenna pairs are spaced by more
not he the case for &ll AlfAs, and the mes
by - 260N, n=0,1,2... The number of possi &
necessity that the real phase difference must be squal or less than
the antenna pailr spacing (156m in this o y o, owhich is squivalent to
416°  at P.019 MMz, and also that the real phase differences must add
to zero for Jrnitwrtnq from a single ADA. An esasy oriterion to wse for
the labtter is the NOD

MD = M [ 5)
2 [ady)

This has the advantage of always being between O and 1, but the
disadvantage that its value decreases as the phases are unfolded LV
the denominator always dwores while the numerator may stay the
SAME W

=

differences are avallable.
172 wavelangth, this will
GWred phasss may e in error
i lditid iw reducsd by the

Figure 8 shows the NID ve. zenith and azimuth for point scatter
recelved by the "Y' array. In the central area, the phase difterences
are correct, and the ADA can be obtained immediately. Beyond this i
the non-shaded areas, the NED will still look good (i.e. single AOAD,
but the wrong A0A will be found., There is no way to distinguish
metween these two with just a single set of phase difterences.

I+ & bad N¢D ig found with the initial (-180% to 180°%) phases, then

- it oimoa dug to a single scatterer within the shaded aresa, or
iw no single ADA.

‘ﬁma m?h@r Factors which may help v clarify the situation ars the
a beam widbh, the continuity of phases with time

ack), and if thers is & track, the radial velocity may
the correct s of pha it odid in the balloon oca

ante
a by

pe -
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L 3 A0A error due to cenbres

artennal #d4)

difimrence in " of the centre antasnna relative
guter one is & maior rrmhlwm inoanalysis, although t
Ay ds relatively amall at low zenith angls (< 1 deg
Figure 9 shows the spherical trigonometry for this case.

zenith

North
Bast

€ iz the elevation ar :;Z : of & pair vector {(centre antenna o
cutar). The phase differ i FYO

Aq)4i oo Cl[ Siﬁé CCJ';—‘.d"l" I wi=:t é i ol C:CJ{‘?’(,"UQL'-" P )] ((O\

This no longer resolves to a linear eouation in two unknowns, and
o oa least squares fit is not simple. For the moment, & rough sreror
imate will be «hc‘wn..

f gurelﬂ%sMﬁDWS the situation of an ADA along an antenna pair. The
calibration has added 20,49 (25 £t.) to the centre antenna path
Length, which factor i contained in the calibrated pﬁdua val ues.

This situation was set up 50 that for a rea alf, the "measursed!”
phases were caloulated, arnd then the 08 re-calowlated from o
suming egual height anternmas [The le L EAr @
since the N¢ﬁ i not zero far f]w&wh mwcEpt For
ibhl. Appendix ﬂ,aht- the resalt The oalou
phiase error cancael s completaly! in the lea SOUArSS
increase The H%ﬁ) b ime the pr @rror s on

s wach phs differ cence i increased by
S

Ui

o

find

ad to

sl

thes
that the
b it

arrberns -
amenart .
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Fearopes calonlations

The normal
freight (ran
BN &

correction to mhmjﬁm1 I
sy . This ki Tt

dmeler s and Fecel v
2 ~a wsed here), and re
srattering volume. In the

"1-1 wme, and if the track is
accuwrate value might e abtair
which the echo or a From one helght
showld be the nominal of the 1ower

th@ (g wl ¥
hthht of the
is no
3@ ﬁtrﬁ'ght line,
amiming the part of
gate to the
gate minus 1.0 Fm

it o ﬂ
In]

Tloon ca

s the COHRTW
ﬁtr@m& pu1u" (@.q. at 7
~ae o with the loca
wred phaseaes,

data for the halloon btrack -

s 75 KMy wers nn%mldhd i suoh
ons fourmd &t &4 Em. The L

and AS paramerters for the corrected &

s®

The
Falestine,

balloon positions recelved from Danny Ball
e

FOTOUTY 32 1IN, L1086 EERTH
SIOOUTy 52 EETN, 104 237Y

Faprt is locates
Figuwres 10 shows

d oat G2 1E2.47N, 107 46,57 W,

the original Park A0S &t 64,467 Em
Tow NMEDY and (the®) two possible ways
Mﬁﬁ staye low. The track to to the
consiastent with the radial veloociiy
true hrack, and the ADA in the previously mentioned Table
urfolded according to this position. IF Figure 10 and Figuers
compared, it can bhe seen that the selected track is in the ri
sector to immediately give }uw H¢D withouwt wnfolding — which
but the AN calowlated from pEE mEeasuremants Was wWweong. Al
shows that the selected track is in the middle of a sidelobe
sombined antenna pattern - 1uchy!

fwhich
gf wnfolding the phe
b

Figure I shows the NASA and radar positions

VIT My Acouracy

v ———————————— R A——————

fAfter a comment from CoH.LGdw that owr Wz
a 1 C was done on the balloon data. Figure 12
va, time. The slope of this graph can be wsed to
speed. Let X be the distance alone the track
the track is perpendicular to the radar line of sight, and R
range to the track at this point, and V be the balloon speed
track (Figure |7 0.

Then the radial component of velocity seen by the radar
Virad = Y osinl 8, (7
small

which approgimates (for

arngles) o

-15-
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Balloon Track: Signal and Vfa vs., time
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Balloon

Radar

Figure 13,

Vrad = V X/R = VIR, (%)

-~y
i

Thus the slope is V /R, Here R is 643 Em = &1 Fm(as
approdimats) , and the slope from Plgurenttﬁ

—r 2oy
et e

T S, T o F o
S LE2n 10 mis .

B the predicted track velocity is V =17.46 m/g. But the
forig From the changing AO0A is only V=10.4 m/s. Theretfao
Vrad varies as the sguare of V, the measwred Virad must
greater than that predicted from the motion along the t
podint From the track was also checked, and confirms thi
is this?

YITT. Further YeVead cdiscussion.

A test was carried out to ses whether conversion
amplitudes could cause & bias, since no correction is m
phase for these. I+ X1,Y1 are the 1,0 components of a p
Bit—amplitude seguence, and X2,Y2 are another point at
first, then the auto correlation phase for lag L o is

Yi.X2-X1.Y2

Bocauss of noise from extreme digitization, esach of the
less than if there were no conversion to bit-amps. AL s
product should be reduced by the same absolute amount o
conversion produces the same amount of neolise in each X1
rnote that ¥1,¥1 etoc. are statistically the same — being

atdrg phasors) . But normally the pha is very small
e and the numerator is omuch less than the den

: Toghue to noi cancellation r
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sums musat bhe
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the mumesrs




by o@ greaster factor than the denominator; and sco the measured
o small. For small 3o by computer model, this reduction fa
about 1.4 (very similar to the effective bit-amplitude correctic
tor which wowld apply to small correlation magnitudes! . which
1708 = pisd —~ probably not & coincidenos, bubt haven™t worked it
vet)., I+ the phase g above 43 d
the denominator, and

i3

the numerabor s greater Lhan

lars are too high.
-~ N -

The correction factor can be derived as follows: let Xl=cosid t/T),
Yimgin{Z€ t/Ti, XZ=cos (2% (el /T, in{ETe+Hy /T, where T is the
Doppler period, and l is the lag. and refer to Figure 14,

ik ik
-3

Then for small lags, ﬂ“ and bit-amps (L 1f signal * zero, O if not),
it can be s that for example the probability

FOoxXs =0 and X2H0) =

anc

FAyLls0 and X200 = -

FOXLF0 and Y2:0)= -




—— P

bl v

Aleo X1 o= X2 = Y1 =Y2 = 1/2 . Note that the mean values of (X1.XE) eto
are just  the probabilities above. Flugging these into sguation 79
gives the phase, ¢'5 measuwred when bit-amps are wsed.

24
tan ! ¢ ] G v e s o s
T - 2

o
e

i
i
|
|
1
i
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So
I~
-
o
eid

whigr e ¢ is the phase obtained with full amplitude correlations; which,
sl sl 2 <o T {emall phases), reduces to

41
?’ B e (radians) .
T

I4 full amplituwdes had been used, the pha woulo be simply ¢>=R1Yﬂan

Thus for small phases/Doppler frequencies, the bit-amplituds Doppler
velocity is a factor of T/2 = 1.3708 Low the real one. Mote that
these corrections are only ioportant when the phe ie small, as it is
in Doppler m&a%udﬁwmtwn The MDD phases have W similar errors when
hit-amps are used, but since AOA is relatively insensitive to mmal l
errores (in owr usage anyway A0A is found from large phases), these are
not dmportant. .

Ficpue 15 shows corrections for Yz measunments and Ve phase
negrvatuwre" over the lst 2 lags. IF 1% and F2%are the phases at the
et two lags, then Vz is the slope predicted at zero lag from:

Vi o= (4P 1 -P2) %0. 9%FC {m/sd
whers FO= (L35 /360) / (25DT) ,where DT=0.5333 sec, and radio wavelength =
12% m. The curvatwre CU is the difference in slope between lags O-l
and 1-2, relative to slope O-1, and is given by

CU = ARG (PEZ-2%F1) /7251004

.

Figure 186 shows errors for . zero-lag cross phases. This plot s very
close to the function('¢ﬁ O = EA0 d@gu) 4"D&Sini4¢ Yoin degrees. Nobe
that this is the srror in the uncalibrated phase (before subtracting
the cables P calibration value). If the maximum error ocowrred at the
zenith, the srror in aeasuwrsd zenith angle would be ~0.5 deg.

noad

ol
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> i - '8
5 20 12% &
?) I CU= ABS(f,/p,-2)*50 % ®
X / :
§ Vz ratio /,X \\\\\. (lag=0.5333s) g
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b5 g (real) 90
.
L J
.
[ ]
[ ]
L ]
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Figure 16 . Correction which must be added to measured (bit-amp) phase

to get real phase,
-25-




I, Ve errors due to errors in I-0 gquadrature and differences
in chamnnal aains.

These are not especially important for the COHRTW syvstem., since 4
recelvers are being averaged in the auto, but is aded for completenzss
Cand applies to the previous "V system" equipment).

et Xl1= Cos{W.t), Yil=r.S8in{®W.t+q), XI= Cua(w,t+.¢ Yo Y=
r.Sin(w"t+q+.¢ Y. B "rt is the gain of the ¥@" channel with respect
to the®l% and g is the error in quadraturs, assumed small, and W is
the amgular Doppler freguency. Flugging these into eguation 2 gets the
result:

Z.r.Cos Bin(
¢ Z2or.Cos{g)bin( ¢ }
tan ¢ ¢ ) W e e

=

(1+r )Cost )

(I have ignored the sign of the RHS., it may be -ve if equation ? ig

followed exactly). Here . is the phase that would be measurzd on a
mal—-adjusted receiver, and is the real phase. Thus i+ g ;&ih

{quadrature error) ar #:1 (charmnmel gain difference) the measured
phase/Doppler velocity will be too small (based on a l-point phase
meEasurement) .

X, Other sources of erenr
e

For very small Vz. there may be problems with "stationarity”. An
actual ballomradial velocity of 0.7 m/s would create 3 cycles of

Doppler oscillation per record (4.3 min). This possibility was tested
in a model, and found to cause no obviouws bias. An additional "worry”

is that such a low freguesncy will cause errors in the long term mean
(LTHD which is wused to convert directlv to bit amplitudes. This is
hard to test, but unlikely to cause @rror - in the present
implementation, the LTM is a running average of 40%6& integrated
amplitudes at each height gate/gain, and the record length is Sl 5
there might be trouble if there were a single scatterer with less than
a cycle of Doppler per record, but this would probably be due to
non-stationarity, i.e. very distorted mean calculated from #1 matches.

Sao what®s left: noise? - tests don’t show any obvious bias with
noise up to 20-50% amplitude of signal, and the noise is well below
this in the balloon case.

If the reflector is on the outside of the balloon envelope, and the balloon is
rotating slowly, the wrong Vz would be measured; presumably the rotation rate
would have to be less than 1 turn per $ hour, or Figure 12 would not look so ‘
linear. For a "10 storey" balloon, say 30m diameter, one turn per hour would

give a maximum Vz error of 0.05 m/s - so this doesen't look like a probable
cause.

xi Addendum: Park log Jul.17'90

A piece of hardware was built to generate a 1.28 m/s Doppler component
(sinusoi;gal output at 2.219 MHz). The resulting Vz was 0.85-0.95 m/s in normal
€128 analysis at various heights. Applying the factor of 1.6 givesv1.36 m/s:
rééonably good agreqvment with the hardware design.
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Balloon tracking: figurs o

stions

Davtime signal strength vs., time (5 min resclution) for all
Fach plot is sign
1

vl oamplitude normalized to the madimum in

y Signal amplitude (in the COHRTW svstem) is defined as the RMS
value of the mean square values of I and & amplitudes found separately
multiplied by the gain used at the particular height gate

p
]

Seatter plots of heights of local madimum sigrnal (with

2et b the two adjacent height gates), | plot per day: 288 times
compressed into 284 time bhins. Resolut ie 1 Em (fournd by parabolic
fit ignal over the three height gates). Height scale may be.
incorrect by 1 oor 2 Km. Year (8) and day number given. Flot starts at
QDO0 UT.

dore e 2
COHRTW -
each of the

oheervatory antenna sy ng. The "Y' array is used for
meeiving system. The centre antenna is correlated with
e ones. Spacing is 156 m.

Figure 4. Folar plot of combined Ta/fx sensitivity pattern (dB), where
Ry reters to one of the receiving anternna squarss.

calibration cwrves for 88 224-299, daytime only

O UT excludsd). Mo prior correction has been done for
bit-amplituwde errors. Since there is different signal "routing” in a
receiver depending on selected gain, histograms have been separated
according to gain. Individual phase diftferences with a related cross
correlation magnitude 0.2 are not used. THe calibration value is
the most probable value in a histogram. ’

Figue &. There is no Figurs &, (59,46 were coambined)

Figpure 7. Spherical trigonometry for finding the angle difference
betwesn antenna pair vectors and the arriving ray (ADA) . This is used
to obtain equations for the pha differences, which are inverted so
that AOA can be calculated from them.

Fiogure B, A polar plot of real AG6, which is shaded to show where the
measwred phase differences (~180°%to +180°%) will immediately give a
normal ized phase discrepancy of 1. In the centre area, where the NOD
is zero, the correct 808 will be obtained from these phase
differences. At the edg the calculated AO0A will not be correct -

o - -0 . -
i.e. the real phase differences are beyvond ~180°%to +180°,

n

Figure 9. This shows the spherical trigonometry for a low centre
T —————— . . . .
antenna: i.e, all the pair vectors point above the horizon.

Finuwra 10, Shows the original teack (which was in the proper location
on Figure 8 to have zero MOD) and two possible tracks, still with
"zero” MOD (neglecting minor measwed phase fluctuations) faound by
"urrfolding" one or more of the 2 phase differences: that is adding ar
subtracting 360°. lting phase difference must be less than
4146° for the because this is the madimum phase differsnce

o
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possible given the array spacing of 1546 m, with a RF wavelength of 139
ms 3 bhere are not as many possibilities as one might expect.

Figure 11. Shows the final radar determined balloon positions along
with ftwo positions from NOSA. The measuwred Doppler veloocity i written
beside gach point. UT (for the start of the 4.5 min record) is tvped.

Figuores L2, Tl

in noise) and radial velocity (=COHRTW Vea) vse. time. Values are from
Table 2.

Shaws signal /noilse {(approx. = signal, becauwse little change

Fioure e Shows sketch for determining  track velocity from slope of
radial velocity vs. time shown in Figure 12

K @

Figure 14. Sketoh for deriving bit-amplitude value of COHETW Ve $rom

real Vz. T is the Doppler period, L is the auvto-correlation lag.

L5, Bhows reduction factor in COHRTH Vo with i

Z of bit-amplitude usage. Durvatwre is also shown, because thess
values are fla 21 in the COHRTW system {(see Table 2). Valu ey ond
13 m/% have not been caloulated, but it is probably possible to work
the Ve factor out from the next Figure.

nect to o real Y

Figure 14 Shows the correction to be applied to raw (bmfug&
"malibrating') phases. The "sinusoid" continues out to 34807 and can be
approazimated prebtty accwrately by 4nQ&Sin(il¢}"

-29-
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Appendix A :Effect of lower Centre antenna

~Riises 9520 G0 Tt susRouINe ARRIVE (PHILsPHI2s PHI3y ZENLTHy AZIN/ HESS)
\ ED MHTFLDLFOR =" ] DIHENSION ¥PH(3)
1 Cve INCLUDE CENTRE ANT 25FT BELOW OUTER( 20,4 DEG) :§ . c——-'D?\Tr? :Pm/z:;nsszss-zhxsm/u
11199999 I S
e — NCLUDE CENTRE ANT 257 BELOY QUTERT 20,4 1E6) — 2; lggrezggzzggg,efx,P5114,99124195134/155.,155.,156.,
2 (AN e v ' ' :
: g..'. g:ggz gzgiﬁiﬁFégﬁlﬁz FOLDING FOR "Y' RX ARRAY | 66 T, DU SPCTHGPSIL: IR LET
e + “hyd e
5 DINENSION ZN(72)AZIMUT(72) 68 e mmmmmmw . W
4 CHARACTER®1 HS(72)1600D534D 49 _Iskip=0 ' W iLY
8 - DATA RXP/le.:90.:156.:210.7!56.vKJO./;XX:BtNK/ X2 0K/ n £24=COS(PSI248PP)
4 PP IS0, | 72 CHSCOSIPSIMNR)
11 15](”::; 74 ' 624=SIN(PSI24¢PP)
12 DO 400 17=6175:5 i 75 §34=SIN(PSIIAIPP)
Ti3TTTTTTTTB0 36 K=1i72 =767 b1 ASSUNE EQUILATERAL ~ T T e
14 ©HstO=BaD , 77 DD=135/143/340,
i: :Ntk)-o 8 ALI=CHABRACARIICII
_ TIRUTIRY=D 39 T A2 S 1A 2G4 24534112
i; S gg:r{rgsnw N 80 ALZ=CLASIAIC2ANS244CIAIS3A
18 TEN=(IZ-140.01 8t AR=AL1EAZ2-A12882
i¢ oo 100 Iaz=ieig - . . o . a2 8 §=0
0 - AZ=(1AZ-1)320-0.01 S, T 83 8120
2 X=GIN(ZENSPP) RCOSLAZAPP) ‘ B4 APHL1)=PHIL
22 T V=S THIENSPP) ISINAZIPPS 1 "5 " XPH(2)=PHI2
23 - b0 CACOSIZENRPP) R : 86 .../ XPHODIPHIZ |/
N ‘BNSWH?M“ﬁﬁ&"ﬁ 87 - T HESS=0 e
25”“"""“'35-7 34/0PR o TR e DB 20 K=1)3
2% CE=156,/TPR T =GHXPHIK)
= z; Coos 9;; ZgﬁiilngFFS _» $1=51#ABS(XPH(K))
] =1 91 "20 CONTINVE ~
29 ' CP=COS(RXP(21LIEPP) 92 S . ANPD=ABS(5)/51
W SP=SIN(RYXP(2;L)¥PP) 9 IF (ANPD.LE, 0:3)60TD 30
i “BHI(Li=-DPR/135, 360, R{SERCAICERCPRXICERSPRY) 94 WESS=1
0 PH=PHI{L) 4204 . 95 . RETURM
.33 mmmwmﬂ—Wwagmuwrwu~ 9% 30 B1=(CIASXPH(1 ) H2ABXPHI2){CIABKPH(3))4DD
- X1=PHIA(1) d 97 = B2=(S148XPH{1 1 #S24RKPH(2HHS3ARXPH(3) )8DD
35 ¥2=PHIA(2) % . A=(B1£A22-B20A12) /M
r"zg X3(P2;A(3; 99 _ B=(AL1EB2-A121B1)/AA
37T HaIAL)=BAD 100 " PDIA=(ANCI4IBES1A)/DD
- !F(ABS(X1§X2§X3)/(ABS(XI)&ABS(XZ)%ABS(XB)).LT.O.B)HS(IAZ)=GOOD 101 T PD2A=(AEC244BS524)/1D
R ARRIVE(X17X21X3sZsArKESS) 102 Coeve AYG ZEN AND AZ OF SCATTER
10 T IF(HESS E0, 6010100 ~103 14=PD14/3608135: /D43
; :; e ;;:gggz.g.)A=nfxao 104 ~ 024=PE24/360, 8135, /D42
: = 103 AZIN=0
3 — ALIMITUAL) A 106 1F(0248514-0144524,£0,0: 160T0 50
" : {t L 107 . AZINGATAN2OIARC24-O24KC1As0241514-0148524)
ﬁ : ” ) f}n.ﬂ :g 50 014=0147(COS(AZIN)AC1A+SIHCAZINI $514)
bt V73 | mmm( Y2271 ; , IF(ABS(Q14):LT:1,)60T0AS
; a7 Lo v WRITE(Z1 1091 TENs AZs PHI sPHEAsARS XL X2 X35 1A Loy | 1o . ZENITH=0
i : 1091 FORHAT(1X12F6.Oy1X13F6.0:2X13F6.0:11:A2:1X;3F6 W0 ) puar TYPELT3S
;-»4, 1FB 158,00 e 1121336 FORMAT1X"BAD #RO FOR ASIRZEN SET=0i ;) ="
50 “ 100 CONTINE (D S i i:: . ggss—
A S 10 48
L“ . WRITEU,1222)ZER, (ZH(3)2 S0, 18) o A mr*mmmmmmmmwmmmmmm
== WRITE(2151222)TENy {AZIMUTLD) 1 J=1+18) .
| 222178 T 115 45 ZENITH=-ASIN(O14) . A
D os3 oo 1222 FORMAT(IX, "ZEN="sF4,0071/ 11676, 1) 117 1B AZIK-ALIN/PP
i 54 WRITE(3,1022)ZENs {HS(L) s THIL) sAZIMUT(L) 1L=1116) ~118- zsnx%n-ztn ™
- 1022 FDRMTU:!X!FSJ:'!'lﬂ(ﬁlfﬂ £3F5.0)35(7i7%112(AL e er ITH/PP
5o AFALFSON) P RETURA e
| 57 400 CONTINUE  ° : 3 120 END o
58 —sT0P — @g; HuIT
59 zo-.. END a *
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$ EXE ANTFLD1

SLINK ANTFLIM

FORTRAN STOP

SFORTRAN ANTFLDI —  ~

Appendix A cont'd

‘ S Cai] N

§DEF 1/USER_HORE SYSSINPUT SYSSCOMMAND
JRUN ANTFLDL ™" TRUL ALy TH  —mr

A

CAL. ZENNH ANCLE VS TRVE ZEN X Rim

4
§
|
$
$ TY FOR021,DAT

IER= 20,0 360:0
2EN= 25,1 380.0
ZEN= 35,1 360,0
\ZEN= 40, 380.0

ZEN= 5041 360.0
1EH= 55,0 360.0
ZEN= 40, 360,0
ZEN= 65,1 380.0

ZFN’ 70,1 340.0

ZEN= §5,17360,0 720,07 40,07

20,0 40.0
20,0 40,0
20,0 20,0
20,0 40,0
20,0 40,0

ZENST45, 17 350,07 20,0 T 20,0

20,0 40.0
20,0 40,0
20,0 40,0
20,0 40,0
20,0 40,0

P TY pmooq,pgr W 40’ 60 B 1 1, 1o 1Ko o Ly L W Yo 1R
TENE S 50T 50T 5.0 5.0 5.0 N0 — 50— %050 — %050 50— 5050~ 50— 5.0~ 5.0 5.0 —
EN= 10,3 10,0 10,0 10,0 10,0 10,0 10,0 10,0 10,0 10,0 10,0 10.0 10,0 10,0 10.0 10,0
7EH= 15,0 15,0 15,0 15.0 150 15.0 15.0 5.0 15,0 15.0 15.0 15,0 15,0 15,0 5.0 15.0
TEN="20,1""20,0 20,0 " 20,07 20,07 20,0 ~ 20,0 ~20,0720:0720,0720:0720,07 20,0 " 20:0 7 20:0720:0 "
7EN= 25,0 25.0 25,0 25.0 25,0 25.0 25.0 25.0 25.0 2%,0 25.0 25,0 25.0 25.0 25.0
) 7EK= 30,3 30,0 30,0 30,0 30,0 30.0 30.0 30.0 30,0 30,0 30,0 30,0 30.0 30.0 30.0
ENS 35.7735.0 35,0 35.0 35.0 35,0 735,07 35,07 I5.0 IS0 ©35.0 35,0 35,0 35,0 T3S0
ZEN= 40,8 40,0 40,0 40,0 40,0 40,0 40,0 40,0 40.0 40,0 40.1 40.0 40,0 40,0 40.0
TEN= 45,1 45,0 45,0 45.0 45.0 45,0 45,0 45.0 45.0 45.0 45,0 45.0 45,0 45,0 45.0
“{2EN= 50,550,067 50,0 50,0 “50.07 50,07 50,07 50,0 “50.0 750,07 50,0 50,0 50,0 "50.0 " 50,0
./ 7EN= 55,0 55,0 55,0 55,0 55.0 55.0 55.0 55,0 55,0 55,0 55.0 §5.0 55.0 55,0 55.0
ZEN= 60,8 0.0 40,0 40,0 60,0 80,0 40,0 40,0 40,0 40,0 &0.0 50,0 40,0 40.0 &0.0
[ZEM= 45,1 45,0 65.0 65,0 55,0 5.0 ~65:0 745:0 65:0 7 45,0 "45.0 65.0° 65,0 °°65,0 ~483,0
CZEN= 7008 70,0 70,0 70,0 70,0 70,0 70,0 70,0 70,0 70,0 70,0 70,0 70,0 70,0 70.0

5.0
30,0
5.0
40,0
45,0

50.0°

55.0
40,0
45:0
70,0

3w 3% 340

10.0
15,0

2500
30,0
“35.0
40,0
45,0
50»0
55,0
80,0

85,0

70.0

20,0~

10.0
15.0
20.0
25,0
30,0
5.0
40,0
45,0
50,0
55.0
60,0
83,0
70'0

10.0
15.0
20,0 —
25.0
30,0
35,0
40.0
45,0
50,0
55.0
80,0
85,0 T
70:0

CALCT fMisrh VS TRUE REN & AldA~

o 20" 40_ 60 _Fo_fom (1o 140 160 IED 260 2r4 Mo Us 2FO TN 3% 346

JEN= 5.} 360,0 20,0 40,0 40,0 80,0 100,0 1200 140,0 1600 80,0 200,0 220,0 240.0 260,0 280,0 3000 320,0 340.0
7EN= 10,1 360,0 20,0 40,0 50,0 80,0 100,0 120,0 140.0 180,0 180.0 200.0 220.0 240,0 250,0 280,0 300.0 320,0 340.0

0.0 ~80,5 166,0 120,0 140,0 140,0 1800 200,0 220.0 240.0 260.0 280.0 300.0 320,0 340.0 -
§0,0 80,0 100,0 120,0 140,0 10,0 180,0 200,0 220,0 240,0 260,0 280.0 300,0 320,0 340.0
£0,0 80,0 100,0 120,0 140,0 160,0 180,0 200,8 220,0 240.0 240,0 280,0 300,0 320.0 340.0
0,0 80,0 100,0 120,0 140,0 180,0 180,0 200.0 220,0 240.0 2600 280.0 300.0 320,0 340.0 T
$0,0 80,0 100,0 120,0 140,0 140.0 180,0 200,0 220,0 240,0 240.0 280:0 300.0 320,0 340.0
$0,0 80,0 100,0 120,0 140,0 150,0 180,0 200,0 220,0 240,0 260.0 280,0 300.0 320.0 340.0
30,0 80,0 100,0 120,0 140:0 120,0 180,0 200,0 220.0 240,0 250,0 280,0 300,0 320,0 340,0 -
50,0 80,0 100,0 120.0 140,0 150,0 180.0 200,0 220,0 240,0 250.0 280,0 300.0 320,0 340.0
§0,0 80,0 100,0 120,0 140,0 160,0 180,0 200,0 220,0 240,0 240.0 280,0 300,0 320.0 340,0
40,0 80,0 100,0 120,0 140,0 140.0 180,0 200,0 220,0 240.0 260.0 280,0 300,0 320.0 340,0 T
£0,0 80,0 100,0 120,0 140,0 150,0 180,0 200,0 220,0 240,0 260,0 280.0 300,0 320,0 340.0
£0,0 80,0 100,0 120,0 140,0 150,0 180,0 200,0 220,0 240,0 260,0 280,0 300.0 320.0 340.0

$
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Aggendix B

Transmitter antenna + 1 Rx

antenna Pattern Calculation

e TS AR

—M‘W

wysessg TXPATN .FOR ~ ? ‘
L °" Cuves RE ENTERED FRON OLD PRINTOUT/AND MODIF, .7 '
= 2 T"TTTuuvs PARK TX PATTERN:FIND PHASE OF SIDELOBE . .- ..
3  DIHEHSION DH{50+50) T
4 COMMON/PLTPRA/ ISTEPsHEAD, ITYP -~
s " CHARACTER®76 HEAD
6 DATA DH/250081.E8/ :
7 — 7T Pe1B0./3,1A1593 et
8 P9O=3,14159265358979/2
9 1%=37
10 . 1w
~1 BX=0.8
12 DY=0,8
13 " TYPELSAS
— 1§ " 1556 FORNAT(1X: ‘WHAT CONTOWR STEPLDRIT'$) —
15 ALCEPTH, ISTEP
16 CALL PURDB(04+0.7DB)
17 D0 200 KX=1737 -
18 TYPE 222:KX !
19 222 FORHAT(1X» 'KX='113)
- 10 200 KY=1,%7
2 corsesr FIND AZIN & ZEN
2 o XX=KX-19
23 YY=XY-19
A T ReSIRTOIMOKYYRIY)
25 TEN=RIS/P
~—gg ~——""1F (ZEN,6T,P70)B0T0180 — """
27 IFK-IME0G0TE 20 T
28 " AZIN=-PY0
=TT IR(KK-A9.GEDIAZINAPSO
3 5070 30
i 20 AZIN=ATAN2(KX-19+1KY-19,)
32 77777730 CALL PHRDB(ZEN/AZIMNDB)
3 DHCKX)KY)=DB
3 180 CONTINUE
I 200 CONTINUE
3 CHRESRR NORWAL VRT ZEN=D
37 ANAX=DH(19119)
B 00 220 KX=171X
¥ - D0 220 KY=L,IY
.M 1E (DR(KXKYD LT, 1, EAYDH(KX 1KY ) =AHAX-DH(KX:KY)
[T 220 CONTINGE T
42 TYPE 1111,HAX \
4 1111 FORKAT (1X»‘KAX POVER="1F4,1108") A
R TYPE1522
15 1522 FORNAT(1X ! WHAT HEADER?'$)
4 __ACCEPT 1112,HEAD
A7 1112 FORMAT(A7S) T
oo OPEN(ZBIFILE=PLOT.DAT' ySTATUS=/REN') .
CALL CHTPLT{DHsDXsDYs IXs 1120}
L s —
e i END - Y

%2 SUBROUTINE PWRDR(ZEN:AZIN)DB)
BT b=180,/3,1415928
54 30 C=COS(ZEN)
55 A=SIN(ZEN)RCOS(AZIN}
"R T B=SIN(ZEN) $STNIAZINY
57 . CessDIPDLE FACTOR(ANP)) USE A FOR N-5 DIPOLES) B FOR E-¥
5.  DF=STRTUI-ARA)
59 CieeEND OF DIPOLE FACTOR
80 s SUMC=0
8 SUNS=0
& 00 100 I=1yd
63 Coses PP=OSIF(LLT DIPP=3.14159
>_§5 " Covoh BOVE USED TO BE INT 0 6ET ANT DUT OF PHASE
T K=(1-2,5)80.5
(13 - DO 100 J=1s4
& Y=(J-2,5)80,5
1 PO 100 K=1,2
69 ur . I=(K-1,5)80,5
70 * D=(X$YEBIZIC)/SIBN(1,£)46,28318
9T D=6, 28318
72 L=(1-1)884( 1) 824K
73 swisie Coase COS FOR SINGLE DIPLOE -
74 SUNC=SUNCICOS({ D43, 14159%(K~1) ) 4DF
75 SUNS=SUNSHSTN (D43, 141598(K-1))80F
7% 100 CONTINUE
7 " SUN=SORT{SUNCRE21SUNSEL2)
.78 1F (ZEN,LT,0,0001) SUNL=5tR
79 BAIN=20, ALOG10 (ABS(SUR/SUN1))
RO T PG=ABS{SUN/SIM) 82
81 PHI=ATAN2(SUNS ) SWHC) 1P
82 CoveeoX=HyY=Es -5 DIPOLES USEDs RX CONTRIB TO GAIN
~ 83 SUMe=0
84 . SUNS=0
85 =0
84 - D0 150 J=1s2
87 - . Y=(J-1,5)80.5
] © DB 150 K=1y2
— gy 1={K-1,5)80,5 T 7T
90 .- . - D=(AIXIBRY4CHZ)/SIGH(1,,C)%6,28318
91 SUNC=SUNCHCOS (D13, {41598(K-1))4DF
e g9 r—i—mes GING=SUNSTSIN(DH3, 14159K(K-11) $DF e
§3 ‘. 150 CONTINUE
94 SUMRX=GORT (SUKCH$245UMSE$2)
=95 : IF{ZEN.LT:0,0001 ) SUNIRX=SIRIRX
% GRX=20, 2ALOG10( SUNRX/SUNIRX)
97 DB=GRX+BAIN
o8 RETURN
a4 EdD
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Appendix C

Angle of Arrival Calculation from Zero Lag Phases.

§ ED ADALES.FOR S 87 V= yZ(K)) =99 TRV 2
: — . Hsvz«m-o

His9999™ ACALIS:FOR 4 UNE(KL) 1)=-99
1 " €4v4,LIST ADA FRON RAY COHRTW DATA) MODIFY TO SUIT RANGES REQD 70 VRE (K1 5 2)2=99
2 DINENSION IPHI(3),IDT(32)s1516(32) SIGNAL(812)1VHE(Bs2) 7 TH=TREC(1,K)

3 DINENSION IGAIN(32)»IREC(24,32),IRLK(864) 1 IPCOR(I) 73 IE (I, NE.K-1160T0100
4 DINENSION AW(8y2):VZ(8) s TUNF(3)sHSVL(B) 71 -~ IFUIBAIN(K) 16T, 7)60T0100

. LOGICALYL IN(BEA)/ILE2) L 1VZ=IREC(85K) 8256+ IREC(91K)
¢ INTEGER®2 11 7 IF (1V2,E0, 0)60T045
7 © EQUIVALENCE(IRLK(1)2T1DT(1))5{IBLK(33), ISIE(1))s 75 VZIK1)=(IV2-T0) /100,

8 1;:&»{(55).xsm(m.m,xun).(mﬂ:um.!mwn) 7 WSUZ(K1)=IREC(105K) /64
97 DATA ISKIP/1/:PP/1,745329€-2/ ; 78 2=
10 DATA IPCOR/31453025294/170/32768:/ 79 AN1=0
N WRITE(3,1984) IPCOR 80 -—ininait. = IVIR=IRECI14/K) $2S6HIRECISIK) — - SR
N 2 T RRITE (23 1984) IPCOR 81 " IF(IVTR.EQ,0)60T0AS
13 1984 FORKAT(1Xs ‘PHASE CORRS(SUBTR FRON DATA FOR NPD OMLY11)§ 4V3y 92 PTR=IREC{14sK) $256+IREC(17:K)

- 21" 316 " DG . , VNE(K1»1)=TVTR/10, §COS(PTREPP)
15 " § DPEN(UNIT=16,FILE=CRTU,DAT' s STATUS=/ OLD* 1FORN=' UNFORNATTED )r— UNE (K1 2)=IVTR/10, STN(PTREPP)
1 TIPELLSS 85 45 D0 50 L=1,3
17 1133 FORMAT(1Xs "LIST VZ(0) OR ADAC1) DR S/N BSI6(2),0R VHE(D)T'®) g B C Li=(L-1)$242

71g e ALCEPTRIKTYP | a7 LV=IRECLYsK)HIRECIL1$15K) 4258
19 IF(KTYP,NE, 1)6OT010 . Lo IFAZ=HORILY»512) -

20 TYPEL229 . ;89 Cuvee IFAZ ALVAYS 0-380

sonr g mermtie 1999 FORAT (1Xs ‘UNFOLD? (31, 0=NOUM, » OR H)'n 99 ~"T;7+v USE IFAZ FOR PHASE DIFF HISTOGS
2 ACCEPTSs IUNF _ 11 . IPHI(L)=IFAZ-IPCOR(L)

23 WRITE(31055) 1N L 92 . IFCIPHI(LY.G6T,180) IPHI (L)=IPHI(L)-350
o]} WRITE(2371055) IUNF 93 TF(IPHI(LY LT, ~1B0) IPHILL)=IPHI{L) $350
P25 1055 FORMAT(1X) 'PHASES UNFOLDEDIPHI1=PHI1H 12,4360y PHI2=PHIZE’ 74 AHI=ANTHIPHI(L)

% 11121 /4360y PHI3=PHI3H" 1125 78360"4/4/) PR AN2=AN2HIABS{IPHICL))

[ 27710 READ(16sERR=B00:END=990) IN ©98 50 CONTINUE
28 .. IEND=0 .97 AW(K122)=ABS(AN1)/AN281004400
29 s pn 90 K=1/864 . Cooeeo IF{AN2,EQ.04 DR, ABSIANL) /AH2,6T,0, 316070100

""3({“‘"‘.'"’IL(1)=1N(K) g PHIL=IPHI(1)HIUNF (1) 340
340 20 IMK(K=IT [ . PHIZ2=TPHI (2)HIUNF (2)$340
n TIR=1DT(1)480 ©101 PHI3=IPHI () HIUNF (3)3350

g3 ~—————"1DY=1DT{3)¥100+ IDT (A $10+1DT(5) =103 """"""""CALL ARRIVE(PHI1,PHI2,PHI3sZEN,AZIN HESS]

3 IR=1DT(7)$1041BT(8) 103 IF (NESS,£0,1)60T0100

35 THIN=10T(9) £1041DT{10) 104 X=TKHKSIN(ZENSPP)$LOS (AZINSPP)

35 1SEC=IDT(12)810410T(13) 05 T Y=IKMESINGZENRPRYSSTR(AZIHEPPY T T T e
kv 1F(I5KIP,ED, 0607030 104 IFLIKN.LE  73)WRITE (2351241 ) IYRs IDYy IHR IHIN» IKHs IPHI, ZEN, AZIN)
B WRITE(371034) YRy IDYs IHRs ININ/ ISEC 7 oY .

39“"""’1034 FORMAT{1X, 18T /T USED='112:'1'113177'1212y'7'5127 W08 ] 1211 FURHAT(!X:IZ:'!'1131'7'1212;"' 141'KH'11X13141F6 11F6.012f6 17‘

, . 109 AN(Ks 1)=ZEN
A9 | 1sKIP0 110 AN(K112)=AZIN
i * TYPE1034s IYR IDY IHR IHIN, ISEC —111 100 CONTINGE —

37 1HL=4
3 =11 112 IF(KTYP,E0,1)60T0120
44 T TKKI=THIRIHAG 113 IF(XTYP,EQ.0)6OTO110

e g

= 45 =T IGN2=TH2R3HAS 1 IF(KTYP,E0,2)G0T0105
I3 VRITE(3:1095) { IKHy IXM=1KH1, IKH213) 1Hs - WRITE(3:1471) YRy IDY s THRy ININs { (VNE(LsK) sH=152)5L=1+8)
47 1095 FORMAT(13XsB(3%11603X)2/) IR LU 12 FORKAT(1X, 120492397/ 192129' 71 16F8,1) ,

=4 """ IF(KTYP,EQ, 1 )URITE (31096} 147 60 10 10
9 1096 FORMAT(13X,B(’ ZEN  AZIN Y4 /) 118 105 WRITE(3,1472)1YRs IDY» IHR» ININ: ((SIGHAL(LsN) 18=12)sL=1,B)
50 IF(KTYP,EQ,0IWRITE (3, 1092) e 1472 FORNATUIXs 129" 491307779212+ 3" 1B(2F6,1))

51 —""—1092 FORKATU13X,80'NSVZ VI ~777)i/) 120 6o 10 19
52 TF(KTYP,EQ,2)WRITE{3,1091) 121 110 WRITE(371478)1YRs IDYs IHRs ININy (HSVZ(L),VZ(L) sL=1s8)
53 1091 FORMAT(13X»8(’S/H-DB SIGDB’)+/) 22 1478 FORHAT(lX;IZy'8’113:’/',2121’8':8(2X:IZ.2X:F6.2))

e tF(KTYP.EQ,DIWRITELS, 10505 123 " 5ot 10
o 1090 FORATCITKIBEY W VE “)o/) 124 120 WRITE(371477)IYRs IDY, THRy ININs ({AN(Ls M) s}=112)sL=1+8)
54 30 17=(IHR- -1 )81 24 ININ/SH -125 1477 FORPMTUXIIZI'"1131'/'!212!"'91676»1)

— 57 ~——"" 51649~208AL0G10(FLOAT(ISIB(1)) 1 4{7-KODUIGAIN( 1), 1807810 © 126 60 10 10
58 DO 100 K=IHisIN2 127 800 tupeldss
59 IKN=K$3$46 R 1455 formatiixs ‘read error’)

T Ki=K-IHiH i29 go to {0
8 SI6DB=204ALOGLO(FLOAT(ISIG(K) )4 (7-HODCIBAINIK) 116) 1410 130 * 990 STOP
|62 SNDB=51GDB-SIGAY 131 END i
— 43~ SIGNALIK1,1)=SNDB
64 SIGNAL(K12)=S10DB
&8 AMLKL1)=0

66 ™" AK12)=0 &

_.33_.



{

7 2 " SUROUTINE ARRIVE(PHI1sPHI2:PHIZ) ZENITHYAZIN/HESS)
;o DINENSION XPH(3) o
13T G Y ARRAY -
133 DATA PP/1,745329E-2/ 1 1SKIP/1/ ™
136 "7 CeseessLOOP ARRAY
w137 DATA DA3,DA21DA1sPSI14sPSI241PSI34/156,1158. 11564
{387 190,1210,,330./ Ao
139 Tvere DIA=ANT SPACING)PSI14= DIR 4w ETC
140 Cover s H1=NORTH) $2=SOUTH: $3=VEST, $4=CENTREF §§ LOOP ARRAY 11 ORLY !l
I IFUISKIPLEQLOIBOTOS T
H2 1SKIP=0
Ja £14=COS(PSTI4IPP)
in C24=C0S(PST241PP)
143 C34=COS(PSIALPP)
<148 .. . SUASSIN(PSIMAWPP) - o R
w o 524=SIN(PSI24PP)
e . S34=5IN(PSI341PP)
149 Cus ASSUNE EQUILATERAL
~150° DD=135/D43/360, —
150 7T AH=CHARRIC248824C34882 .
152 A22=51484245244821534842 ‘ )
=183 A12-C14¥5144C2495244C3A4834
154 AA=ALERA22-A12082
155 T 580
=134 ~—"""81=0
157 XPH(1)=PHI1
158 YPH(2)=PHI2
=159 """ XPH(3)=PHI3
140 KESS=0
161 D0 20 K=1,3
=182 §=SHIPH(K)
163 51=51HARS(XPH(K))
164 20 CONTINUE
=163 T MPD=ABS(S)/51
| 168 .. IF(ANPD.LE.0,3)60T0 30
[ 1847 v WESSHl
P148 T RETURN. -
L9 30 B1=(C1ANPHI1HT2ARXPH(2)HCIANXPHI3}IRDD
i 170 " B2=(S1ARXPH(1) $5248XPH(2)1S348XPH(3) 40D
74 ~msert 1= (B $122-B2IA12) /AR ‘
a2 B=(A11£B2-A128B1)/AA
v I PRLA=(AIC1A}RIS14)/DD A
{74 =" PD24=(AIC24{B4524)/0D -
L 475 -7 Ceves AVG ZEN AND AZ OF SCATTER 0"
176 - QUA=PDIA/3E08135,/D43
=17 024=PD24/360,8135,/T42
T ALIN=0
179 T IF(D249514-0141524,E0,0,)60T0 50

st e et
180 hZIH=ATAN2(ﬂHtC24’~02”CH192“814-014‘324) ‘

AL N 50 014=014/(COS(AZIN)SCIA4STH(AZIN)ASSA) . -
182 5T IF(ABSIREAYILTL1,60T0AS 7Y e .
=183 = ZENITH=0 v e
. TYPEL336 . '
1336 FORKAT{1Xs'BAD ARG FOR ASIMJZEN SET=0.»')
HESSE1
187 o B0 TD 48
188 Covv+DONT KNOM VHY ZEN CONES OUT -VE:BUT REV 56N HERE FOR NOW
189 45 ZENITH=-ASIN(A14)
190 - .0 AB AZIN=AZIN/PP
191 ZENITH=ZENITH/PP
192 RETURN
193 END
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