UNCLASSIFIED

AD NUMBER

AD905026

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM

Distribution authorized to U.S. Gov't.
agencies only; Test and Evaluation; 22 NOV
1972. Other requests shall be referred to
Office of Naval Research, 875 North
Randolph ST, Arlington, VA 22203.

AUTHORITY

ONR 1ltr, 8 Oct 1975

THIS PAGE IS UNCLASSIFIED




AD 905026

. - - v
bt IR I

UILU-ENG-72-2551

AUTOMATIC TRIPLE INTERFEROMETER DIRECTION
OF ARRIVAL CALCULATION TECHNIQUES

by

Keith Eugene Hoover
Edward W. Ernst

RRL Publication No. 414

September 1972

Technical Report No. 36

Contract: NO0O001l4-67-A-0305-0002

Supported by:

5 3%
Offlce of Naval Research 1,” ?L
| AR
ana the v e
%22
Naval Electronjcs Systems Command "%% <
AD J,w\/(gb ( Va XA
ol
Albert D. Bailey %? &
Principal Investigator b
Radiolocation Research Laboratory i}%} c
Department of Electrical Engineering "2 ‘n
Engineering Experiment Station w2
University of Illinois w29
Urbana, Illinois =
IR
T W T i
OF THE OFFICE OF NAVAL RESEARCH (CODE 427),‘ %%
DEPARTMENT OF THE NAVY, ARLINGTON, VIRGINIA 22217." e
°
re)




v

¥

E} .
E
o
#
I
3
-4
!
=
et
£
4
E
4
3

ABSTRACT

The work reported here presents the principles of operation of a

non-display-oriented triple interferometer RDF system. Particular

attention was paid to the ambiguilty resolving portion of the system.

It was found that phase ambiguity resolution (ambiguity resolution using
the differential phase information from a smaller aperture interferome-
ter system) has distinct advantages over direction ambiguity resolution

(ambiguity resolution on the basis of knowledge of the approximate

direction of arrival). The use of only the approximate azimuthal angle

of arrival in the direction ambiguity resolving process appears to be

insvfficient., Furthermore it was found that the use of averaged values

of the small interferometer differential phases appears to be more
reliable than the use of instantaneous values of these phases. Finally,
a new method of processing erroneous (ideally "redundant") interferome-

ter differential phase data was presented. It was found to be roughly

equivalent, and yet much faster, than the old "angle averaging" method.
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I. INTRODUCTION

The concept of the radio interferometer direction finding system
has been kncwn for over 20 years. It was first used successfully by
radio astronomers to determine the direction of arrival of steeply down-
coming celestial radio waves at a fixed high frequency. However,
problems were encountered when this technique was applied to a general
high frequency wide-band radio direction finding system..l Because it
could no longer be assumed that the radio waves were steeply downcoming,
it was found that the interferometer system cculd not determine a unique
direction of arrival. It indicated several directions, only one of
which was the approximate, actual direction of arrival The others were
called "ambiguities.'" Moreover, it was found that the more "accurata"
an interferometer system was made, the more ambiguities it would yield
Recently a fairly dependable method of eliminating these ambiguous
answers (or ''resolving the ambiguities") was developed,2 and much work
has been done in developing a general computer~radlio-interferometer RDF
systemq3 However, work still needs to be done in improving the accuracy,
speed, and ambiguity resolving capability of the system. It is the goal
of the work that follows to present a unified overview of the state of
the art of the triple radio interferometer, as well as to investigate
other possible methods of ambiguity resolution, and enhancement of
system speed and accuracy.

A common type of radio-interferometer antenna array consists of
three isotropic antennas positioned on the vertices of an isosceles tri-
angle which lies on the earth's surface as in figure 1. For convenience

it will be assumed that one of the equal legs of the triangle lies along

I

0 b (5 8 B e o e
o




3 Dimensional View=

Overhead View=

Figure 1. Isosceles Triple Interferometer Array Geometry
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a north-south line, and the antennas are numbered as in the figure.

Because the interferometer principle assumes the case of locally plane

radio waves, the direction of arrival may be thought of as a single

kel

ksl o

vector pointing along the direction of propagation. The orientation

of this vector is often specified by 2 angles, the azimuth or bearing,

and the vertical angle of incidence. The azimuth, denoted here by "o
is the angle that the projection of this vector upon the surface of the
earth makes with a north - south line. Like a compass bearing, it is

measured from the north ir the clock wise direction, as in figure 1,

P L3 .
e e « . m 1
A AT A NSNS i LU

Notice that > may take on values from O tc 360 degrees. The vertical
incidence angle, denoted by "5," is the angle that this direction of
arrival vector makes with a line normal to the earth's surface, Notice
that & may take on values from 0 toc 90 degrees. From simple geometri-
cal censideraticns, it may be shown4 that Qﬁj’ the phase of the voltage
induced in the 1th antenna measured with respa2ct to the phase of the
voltage induced in che Jth antenna caused by an incident plane radio

wave of wavelength » propagating in the direction specified by (a,ah is

given by:

-

T em— % 81n ©
021 2 CO8 1

-2-D .
%13 = 5 cos (a~y) sin © (1-1)

2D .
339 = 5 [cos (5-y) = cos a] sin §

Here D is the length of the equal sides of the isosceles triangle
(called the array baseline), and v is the angle that the two equal sides
make with each other. (See figure 1.) The above expressions may be

solved (two at a time) for x and 9, resulting in:5
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= 640 = ¢, cO8 Y
-1 13 ~ %21
= t g
(8)  ayy 35 = tan [ 85q 810 ¥ ]
-1 Al + +
{p1.13 = 8in 21T 3 ¥t 9y 44
cos® (a ) + cos2 (o - ¥)
21-13 21-13
21D
Y
- cos (9p1.73) <08 Ogig3 = )
1 = by t b, cO8 Y + 9,, cOB ¥V
(b) %21-32 © tan ' JE ) Jﬁin ¢y - 0 3;in
31 Y= %3 Y
(1-2)

2 7
-1 /4;1 todgp t gy g

2 . 2
cos (a21~32) + cos (a21_32 - y)

921_32 = gin

28]
4
(=}

,1_

- ¢o8 (:21_32) ©o8 (a21_32 - v)

-1 %3p T %y - gy 8
¢21 sin v

(e) ey 15 = tan

7 2
-1 /P30 * 13 T #35 94

z . 2
cos (:32_13) + cos (a32_13 -v)

932_13 = gin
2D
A

- cos (ay).3p) ee8 (g 55 = )

Note that the expressions for o and 9 are all mathematically equivalent

if it is realized that ¢,, + P13 T 239 = 0. This is easily shown if

32

3,, 18 written as ¢, Where ¢, and ®j are the phases of the

13 % T % i
h

voltages induced in the it and jth interferometer antennas measured

with respect to the induced voltage in scme arbitrary reference antemna.

Then we see:
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The above equations I-2 become less burdensome if the special case

for which y = 60 degrees is considered. Now the isosceles array becomes

symmetrical and the equations I-1l and I-2 reduce to:
_ 22D .
(a) 0,3 = 5 cos a sin &
27D o L
(b) ¢13 = == cos (o - 2407) sin 8
2z
(c) 2

p3p = S5 cos (o ~ 120°) sin 8

-1 7 %993 7 9

(d) o = tan
21-13
V3 b9y
21-32 = (1-4)

)« = tan T %32 7 %13
32-13

2 2
-1 /451 T 913 F 951993

(&) 9 = gin : =
[Z 7.
w6 IS A NS B TAEY!
21-32 I3,
7 2
@ o ! /432 T3t $32%3
32-13

2D 3y
A
It is now evident how such an interferometer array might be used
to determine the direction of arrival of a plane radio wave in a

simple radio directicn finding (RDF) system. (See figure 2.) It must

z
=
=z
2z
=
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be kept in mind that the actual voltage induced in an interferometer
array antenna is a superposition of many voltages induced in it by the
myriads ¢f radio waves (each of unique wavelength) which are incident
upon the array. Hence a multi-channel receiver is tuned to isolate the
voltages induced in the array by the particular signal of interest.
(The receiver also performs the important function of heterodyning the
signal voltage tc a lowe:r fixed intermediate frequency. This greatly
facilitates phase measurements.) It 1s important that the antenna
transmission lines and receiver channels be of the same effective
electrical "length." This way the same phase relationships that
existed between the voltages induced in the interferometer array by the
radio wave still exist at the outputs of the receiver. These phase
relationghips are measured using eleztronic phase meters. From these
phase meter readings, one can use equations I-2 (or I-4) to determine
the direction of arrival of the signal,

The above process is fcolprcof providing the baseline of the
interferometer array is not longer than one-half the wavelength of the
radio wae. For shorter wavelengths the ubiquitous problem of phase
measurement ambiguity arises. It is easy to see that one can measure
the phase relationship (the "lag" or "lead" of one pericdic voltage
waveform with respect to another) between two sinusoidal voltages of a
given frequency only to within an additive integral multiple of 360
degrees. That is, if there were no a priori restrictions on a phase
measurement, who is to say that a measurement of 30 degrees does not
actually represent a measurement of 390°, 7500, or -3300, etc? For

this reason phase meters may be calibrated to read any electrical phase

actual actual

difference, ¢ij , with (~ © « ¢ij « =), such that the phase
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mater reading, ¢i jmeas , is given by:

k(degrees) < ¢i jmeas < k(degrees) + 360°, (1-5)

The selection of k is often referred to as the selection of the "branch
cut."6’7 Electrical phase meters are commonly calibrated such that
k = 0; however, for purposes of interferometry, it becomes much more

convenient (as will be seen later) to select k = - 1800, such that (I-5)

becomes:
- 180° < ¢, j“‘e“ < 180°, (I-5a)
It must be kept in mind that:
¢ijactual c {¢ij(N)AMB} - {¢ijmeas - N(360°) }; (1-6)
for N = Nmin’ cesey =1, 0, 1, ""Nmax’ where all elements of the above
set, {¢ij(N)AhBI, are called phase ambiguities, If there are no

a priori restrictions on the range of ¢ijactual’ then Nmin = - » and

Nmax = 4+ =, There are an infinite number of elements in {¢ij(N)AMB}.

But for the case of an interferometer system, we do have a restriction

actual

on the range of values that ¢ij can take on. From equations I-1,
it 1s evident that:
-360°D actual _ 360°D
X< %1y SR (1-7)

For a given D and A; Nmax and Nmin are fixed such that:

Nmin = — INTEGER (D/A)

(1-8)
N ox = INTEGER (D/A).
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(Where the INTEGER function simply rounds off its argunent to the near-
est integer.) The above holds only if we assume the phase meter reads
in the range specified by equaticn I-5a. It should be noted that when
D < %ﬂ, equation I-8 implies that:
Nmin = Nmax =0,
and there is only one element in {¢(N)AMB}. This means that
¢ (N)AMB . ¢ meas _ ¢ actual
ij 13 ij )
The phase measurement becomes non-ambiguous, and hence there is no
ambizuity problem to contend with (as mentioned previously). When
D > %ﬂ, there is more than one element in {¢(N)AMB}. Because there is
no way of telling which value of N satisfies:
(N)AMB _ actual )
¢1j = ¢ij R (I-9)

we may compute all possible directions of arrival using various combi-

(N)AMB}. Thus the ambiguities in phase

nations of elements in {¢ij
measurements have been "carried through' the direction of arrival cal-
culation to yield ambiguities in direction of arrival as well. 1In
essence, this simple interferometer system will generally give a number
of answers to the direction finding problem -- only one of which is
correct. Note that equations I-6 and I-8 indicate that the larger D
becomes, the more elements (phase ambiguities) exist in {¢ij(N)AMB}.
Here the greater number of ambiguous directions will be indicated by
the system.

One solution to the problem is obvious. All that need be done is

to keep the array baseline shorter than one-half of the wavelength of

the desired signal., Under these conditions there are no ambiguities, as
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shown previously. However, it will be shown in Chapter VI that under
real coenditions interferometer accuracy varies with D/A. Hence it is

desirable to use as large a baseline as .possible, certainly greater than

—é- ». Thus one must contend with the problem of deciding which of the

-ambiguous directions of arrival indicated by the interferometer is the

actual one.
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II. DPHASE AMBIGUITY RESOLUTION

There are at least two different strategles that one may use in
attacking the ambiguity resolution problem. On the basis of some
approximate outside phase information, one may chouse from all pngsible

values of an ambiguous phase measurement, {¢ij(N)AMB}, the measurement

actual
¢ij .

of arrival may be unambiguouely calculated, Alternatively, one may

most likely to be the actual one, Then the true direction

calculate all of the possible ambiguous directions of arrival from all
of the possible phase ambiguities, then the most llkely true direction

of arrival may be chosen on the basis of some outside approximate

directional information. The former stratagem (called phase ambiguity

(N)AMB} actual)

resolution) keeps the weeds ({¢ij ) around the flower (¢ij

from germinating; the latter (called direction ambiguity resolution)
lets the weeds grow, then pulls them. Note that the former method
requires only one directlon-of-arrival calculation. As the latter
method requires many direction-of-arrival calculations (equation I-2),
it is inherently more time consuming. Thus the former method Las become

more popular and will be discussed first.

Notice that afte the approximate interferometer phases (¢ijapprox)

actual (N)AMB}

are known, it is a simple matter to choose ¢ij
(N)AMB

from {¢ij

approx

Because the values of ¢ij are spaced 360° apart, need

®

approx

only be accurate to within 1_1800= Obviously, if ¢ij is off by

actual £

more than 1800, the wrong choice of ¢ij rom

made, and the method breaks down.

¢ijapprox may be determined from a separate small baseline inter-

ferometer array. As mentioned previously, if the small array baseline
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is less than 4/2, it will yield a unique, but only approximate, direc-

tion of arrival. Furthermore, the small and large arrays have been
roastructed such that they form triangles which ar: similar, with their

ccrrespending sides parallel, as in figure 3. Assuming an incident

plane wave, it can be seen that:1

EL small _ <ctual

where DL and DS are the large and small array baselines, respectively

In practice equation II-1 is only an approximation. Hence we let

D
@ijapprox = E;_¢ijsmallb This is consistent with the previous state-
S

ment that the large array will be mowe accurate than the small cne.

(o]

There are two reasons for this. One is that the inczident wave may not
be perfectly plane (this will be disczussed in Chapter VI); the other is
the inazcuracy in the phase measurement prccess. Assume that a ''real
world" phase meter can measure to only within + e degrees. Then, even
for a perfectly plane incident wave, the two sides of equaticn II-1 may

D.
differ by as much as e (BL-+ 1) degrees. Nevertheless, equation II-1

is often a fair approximaiion. As long as the effects of non-planar
incident waves and phace measurement inaccuracies do not cause the
right- and left-hand sides of equation 1I-1 to differ by more than 1800,
the proper value cf eijactual will be determined.

The ambiguity resclution scheme as outlined above may be put into
uge in the simple RDF system of figure 2. For economy, the small and
lezge baseline arrays share a common antenna, (See figure 4.) Note
that the steps the operator must take to calculate the direction of

arrival (DOA) may easily be performed by a properly interfaced general-

purpose on-line digital minicomputer. This greatly enhances system
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3 data processing speed and flexibility. The implementation of such a

s system is currently underway at the University of Illinois' Monticello

Road Field Station.2
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2, K. D. Stenzel, '"An Interferometer RDF System with an On-Line
Computer," Master's Thesis, University of Tllinois, Urbana,
I1linois, September 1971,
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III, DIRECTION AMBIGUITY RESOLUTION

With the advent of a computer-interferometer RDF system, it is
helpful to reconsider the use of the second ambiguity resolving strata-
gem: the elimination of all but one of the ambiguous DOA's on the
basis of some outside directional infori.ation. Its drawback was that
many DOA calculations had to be made before a unique DOA could be
chosen. This is not such a serious problem if the high-speed computa-
tional capability of an on~line computer is available,

One advantage of such an approach is immediately evident. Often
outside direction informetion may more easily be obtained than outside
phase information. For example, the approximate location of the source
of the signal, and hence its approximate direction of arrival may be
known, In radio-astronomy or satellite tracking, both the azimuth and

angle of incidence are known to lie in a certain range. In land com-

munication, usually more information about propagation conditions must
be obtained before an accurate prediction of incidence angle range can

te made, However, the approximate source location information should

restrict the azimuth range.

Other sources of outside directional information include similar
interferometer RDF systems and small aperture azimuth-finding systems
such as the Adcock, crossed-loop, or Yagi arrays. By now, it is clear

that, depending on the source of information, this directional informa-~

tion may be of two types. It may consist of an approximate range of

azimuthal angles (azimuthal sector of arrival) and an approximate range
of vertical incidence angles, or it may corsist solely of an azimuthal

sector of arrival. Several questions arisz, How accurate must this
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approximate directional information be if all ambiguous directions are

\ to be eliminated? Also, is a knowledge of the azimuthal sector of

E arrival alone sufficient to resolve all ambiguities? And finally, what
3 is the relationship between the array baseline and the highest frequency
at which all ambiguities can be resolved using the approximate direc-
tional information? To answer these questions, one must lcok further

into the nature of interferometer direction ambiguities.

il
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Iv. INTERFEROMETER DIRECTION AMBIGUITIES

eas neas neas
R T

the wavelength of the signal, A, and information regarding the array

Given the three phase meter readings, ¢21

geometry (D and y), all possible ambiguous DOA's may be calculated using
equations I-2, I-6, and I-8. The case of the symmetrical array (y = 600)
s of particular interest, because this is the array currently in opera-
tion at the University of Illinois' Monticello Road Field Station. For

this reason, it has been assumed that y = 60°, Equations I-4 may be

i Je— ST i _— il T "
kBl o N S B i Wl Bl i -
ke i

E used in place of the more laborious equations I-2, Assuming errorless
'23 phase meters, it has been shown that equations I-4d,e,f and I-4g,h,i ara
'% equivalent. Note that under these conditions ¢i§tua1 = - (¢;§tual
{;, + ?;tual). This implies that after two phases are known, the remaining
i% phase is necessarily determined. Using this fact, equations I-4d,e,f

and I-4g,h,i are identical expressions. Hence, in the work that follows,

il i, 1
MR

only equations I-4e and h will be used:

LRI

9
=
-

204y * ¢y

3 oy

a(815 b3p) = tan "

(IV-1)

4 -1 »AZI td3p F 991%3
8(093» ¢3) = sin 21D
- - == /3/2

Upen examining equations I-5 and I-8, it may appear that all one

need do is "plug" all possible combinations of the elements of

{6y, A} ang (o, WAE

ambiguous DOA's would be computed. But some of these ambiguous values

(Nm ax)AMB (Nmax)AMB
] ¢32

X min

Wl

), as illustrated

could never occuor, such as a(¢21

geometrically by figure 5.

o sl LTS

A,

[T T————

} into equations I-4e and h. (1 + Nma -N,)
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a) Case for Maximum ¢b,, Reading (=¢2|(~ "‘“)”“) :
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Figure 5. TIllustration of Why the Individual Interferometer Phase
Differences Can Never be Simultaneously at their Maximum Values.
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The reason why some combinations of phase ambiguities ¢21(I)AMB and

. (Q)aMs
¥
32 in

not valid interferometer phases becomes apparent when the expression for
(1)AMB (J)AMB

(for all integral values of I and J between Nm and Nmax) are

8 (¢21 , ¢32 ) is examined. For certain values of I and J

(say, I = IO, J = JO) it ig possible that the argument of sin'—l becomes

> 1. Equation IV-1l implies that this will occur when:

2.2

2 2 31D

b1 * O30+ 01032 > T (1v-2)
In this case, a real value of 6 does not exist, Then there exists no
real direction from which a wave can arrive that will cause ¢21actual

(I _)AMB (J_)AMB

_ 0 actual _ o R
= 65 and ¢4, = b4 . Because the interferometer

antenna voltages must, in fact, be caused by a wave arriving from a real

direction, then it is obvious the ¢21actua1 and ¢323ctual could never

(1,)AMB (J,)AMB
equal ¢21 and ¢32 , respectively, Only the combination of

phase ambiguities which do not satisfy equation IV-2 may be used to cal-
culate all possible direction ambiguities. There will not be
2

)2 direction ambiguities, but only (1 + Nma - N,

@+ Nax ~ © X min

min
ambiguities, where Nreject is the number of phase ambiguity

- Nreject
combina*‘ons rejected because they satisfied equation IV-2, thus yield-
ing imaginary incidence angles.,

A computer program was written that would calculate all possible
direction ambiguities for a given true direction of arrival and a given
value of D/A. The flow diagram appears in figure 6. Sample runs appear
in Appendix A. As expected, it app=ars that the number of ambiguities

depends on the D/A ratio. (See Tables A-1 through A-4.) However, the

number of ambiguities also depends on the true direction of arrival, as
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Flow Diagram of an Ambiguity Locating Program
for a Symmetric Array
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illustrated by Tables A-5 through A-8, These values were calculated

with a fixed D/A value, but with different true DOA's. The number of

ambiguities varies slightly. Obviously N must depend on the true

reject
DOA as well as the D/A value,

For purposes of studying the feasibility of direction ambiguity
resolution, it is useful to present this ambiguity location information
graphically. Assume that the interferometer array has a large hemi-
spherical "bowl" placed over it such that the center (reference origin)
of the array and the center of the circle formed by the lip of the bowl
coincide., (See figure 7.) The direction of arrival of a wave is then
represented by the point on the hemigpherical bowl where an incident
plane wave first touches it. Alternatively, this point may be thought
of as the intersection of the bowl and the ray of the incident plane
wave that passes through the array center. Because there is a unique
point on this hemisphere corresponding to any direction of arrival, a
direction of arrival may be represented by a point on this hemisphere.
All ambiguous directions of arrival may be plotted on one hemisphere in
this manner. A man could stand at the center of such a hemisphere and
point his finger at each plotted point on the hemisphere. He would then
be pointing in all of the possible directions of arrival, or DOA's,
indicated by the interferometer system. Since such a three-dimensional
plot would be difficult to make, all points on the hemisphere are pro-
jected into the ho. .zontal plane of the array. Still there exists a
one-to-one correspondence between any direction of arrival and a corre-

sponding point on this hemispherical projection, but now the plot is two

dimensional and i1s easily drawn,
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These hemispherical projection plots may be thought of as what would be

seen if one were to look down on the large hemispherical bowl from an
airplane.

Such hemispherical projection plots for the ambiguity calculations
of Appendix A are shcwn in Apperdix B. Note the perimeter of the hendi-
sphere projection is lineavrly calibrated in azimuthal degrees, as on a
compass. The azimuth of any ambiguity mav be determined by drawing a
line out from the center of the projection (zenith) and through the
ambiguity point. The incidence angle is sinusoldally calibratea as tick
marks on the Cartesian north-south or east-west axes Of the projection.
The origin (zenith) represents 0° incidence, the next mark out from the
origin represents 100, etec. The distance that an ambiguity lies out
from the zenith, measured according to this sinusoidal scale, determined
its incidence angle,

in all ambiguity plots (for the symmetric interferometer array)
there exists a high degree of symmetry. One ambiguity, called the

prime ambiguity, is closest to the zenith., It represents the direction

of arrival calculated from a(¢21meas meas) and 6(¢21meas meas)

» $g9 , 932

This makes sense geometrically, since 1f the wave i1s arriving from the
direction indicated by the prime ambiguity, it must be the most
“steeply downcoming" of all the possibiliities. The more steeply down~
coming the wave, the smaller will be the magrnitudes of the phase dif-
ferences of the voltage induced in the interferometer elements, as
dictated by the sin 6 factor in equations I-1l. Hence the most steeply
downcoming wave, as indicated by the prime ambiguity, must have been

calculated from thercombingtion of phase ambigwities of the smallest
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magnitude, which is, of course, (¢21‘“eas, ¢32meas)

Centered on this prime ambiguity lie concentric hexag-nal patterns

cf ambiguities. These hexajons have their sides parallel,-and the.outer

et

1

e

4 hexagons may not be fully formed if the prime ambiguity is not very
»Eé close to the zenith. (See Appendix B,) It should further be noted
;%; that the ambiguities lie in straight lines extending to the east and
3%1 west, and that adjacent ambiguities are equidistant from each other.
';%‘ The symmetry of these plots suggests that there .exists a.simple
.f§ expression for the Cartesian coordinates (x,y) of the ambiguous direc-
\t§> ticns of arrival as plotted on the hemispherical projection plot, A

Cartesiar coordinate system is constrvucted on the hemispherical projec-

i o

.
-

tion such that the x a..s bisects the projection and extends in an east-
west direction. Likewise, the y axis bisects the projection, but

extends in a north-south direction. A unit hemisphere is assumed in

the following derivation, hence the Cartesian axes are scaled on the

;% basis of a unit circie hemispherical projection. The Cartesian coor-

dinates (x,y) for any pcint on the projection given by (a,8) must be:

i Myl

x = 8in o sin @ y = cos o sin 6. {1IVv-3)

Substituting equation I-4b into equation IV-3, yields:

o1 23yt 0 - é¢ + 250, + 26,0

27D
/3 69y = V32
(IV-4)
) 3
21 203p * 9y -1 /{;21 T 265 + 2091059
y = cos [tan = (~—=———-9)] sin [sin 5 1.
5o 5

) ,"mim g ?)

‘.,",j,,...._.".._.w.ﬂ
-
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After some manipulation, equations IV-4 become:
Bty 4y (17-5)

20 7 T

>3 2

Equations IV-5 should enable one to sketch an ambiguity plot with
little effort., Using these equations, the above symmetry observations
may be substantiated. Notice that y depends only on ¢21. For combina-

tions of phase ambiguities with ¢21(I)AMB

fixed, y 1s a constant and x
varies, The direction ambiguities lie on a straight line parallel to
the x axis. The spacing between the ambiguities that lie in the

straight lines must be given by:

2
Horiz spacing = x (¢21, ¢ + 27) - % (¢21, ¢32) a-;: .-%. (1v-6)
- 3

Because 991 and ¢4, are arbitrary values of the phase ambiguities, the

spacing between adjacent ambiguity points in the horizontal lines is

uniform and equal to-jé . %u Likewise, the vertical spacing between
"3

horizontal rows is given by:

Yert spacing = y (¢21 + 27) -y (¢21) = A/D. (Iv-7)

Herce the row spacing is also uniform, since %1 is any value in

{¢21(N)AMB}. Furthermore, it may be shown that the abscissae of the
ambiguity points in one horizontal row must fall halfway between the
abscissae of the points in adjacent rows. This may be shown by real-
izing tanat the difference in abscissae of 2 adjacent ambiguity points

in adja.ent horizontal rows is given by:
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x(¢21 + 2m, ¢32) - X (¢21) ¢32) = :7_;:' . %‘. (1v-8)

But this abscissa difference is exactly one half that of the horizontal
ambiguity spacing. Now the ambiguity locations are completely specified.
To sketch such a plot, the only point that need actually be computed is

the location of the prime ambiguity. This is found by substituting

= meas
Y12 7 %12 and ¢4, = ¢4,

and vertical distance spacings may be determined from equations IV-6

Meas ynto equation IV-5, The horizontal row

and IV-7., Adjacent rows must be positioned such that their ambiguity
points precisely "interlace.'" The poir.ts that fall outside the circle
must be rejected, as they correspond to values of (¢21(I)AMB, ¢32(J)AMB)
which give rise to imaginary incidence angles (sin 6 > 1).

The preceding discussion applies equally well to the general isos-
celes interferometer array. From equations I-2b, it is apparent that

the incidence angle becomes imaginary when the argument of the arcsine

function becomes greater than one. This will occur when:

2 2

2
05y * 874+ 0 )
21~ %13 7 %32 2D (ayeg)

2 c092 (a) + 2 cos2 (o=vy) - 2 cos a cos (a=-y)
The ambiguity locating program was rewritten using the general array
equations and the new phase ambiguity rejection criterion IV-5. Various
general interferometer ambiguity plots appear in Appendix C.

As before, a number of general statements may be made concerning
these plots. The ambiguities tend to lie along uniformly spaced lines
which are parallel to the x axis. No longer do adjacent points form
equilateral triangles, instead they form congruent isosceles triangles.

Furthermore, the angle formed by the intersection of the two sides of
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equal length of these isosceles triangels is equal to y, the interferom-

eter array vertex angle. These triangles are in fact similar to the
triangle formed by the interferometer antenna elements.

The symmetry of these plots once again suggests that there may
exist a simple relationship between the ambiguity locations and the x-y
coordinates of the unit hemispherical projection. Substituting equation

I-2 into equation IV-2 (after some algehra) yields:

- l.(¢32 + ¢21 (1 - cos y))
D 27 8in vy

(Iv-10)

_a fa
Y=p n "

Equations IV-10 may be used to authenticate the generality of the
preceding observations, as done previously for the case of the symmetric

array. It can also be shown that, in general, equations IV-6 and IV-7

become:

Horiz spacing = 3~;%;~7- (Iv-11)
Vert spacing = %a (Iv-12)

Likewise, it may also be shown that each successive row (going from

south to north) is horizontally displaced by this amount:

Horiz displacement = 2\--(l'—:-----—cgg--x-). (Iv-13)
D sin vy

It is interesting to note from Appendix C that the number of possi-
ble ambiguities appears to decrease as the arrey angle y decreases.
This result can also be obtained analytically from equation IV-13,
Ynfortunately, the effects of wave interference become more noticeable

as y decreases (explained in Chapter 7), thus makin, :ven a larger

o S
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baseline array relatively inaccurate for very small values of v. In
essence we have decreased the aperture of the array., Obviously, for a
given array baseline, a compromise between the ambiguity resolution capa-
bility (optimum at v = 0°) and the system accuracy (optimum at y = 900)

must be made when one is choosing the value of vy for a general interfer-

ometer array.




.
iy A S S

bl

°

-

MR v,

T3

-4
Er
+ o
,
-5

iy
z
-

32

V. LIMITATIONS OF A DIRECTION AMBIGUITY RESOLUTION SYSTEM

Now that the nature of the interferometer ambiguity problem is
better understood, the limitations of a direction ambiguity resolving
scheme become more apparent. A regolution scheme based on the fore-
knowledge of an azimuthal sector of arrival only will first be con-
sidered. The success of such a scheme can be predicted by examining
the ambiguity tables of Appendix B (assuming a symmetric array). If
the ambiguity plot is regarded as a pie, the known, approximate sector
of arrival may be sketched in on the plot as a slice of pie; a typical
case is shown in figure 8. It is obvious that the trve direction of
arrival will lie somewhere on this slice of the pie. Unfortunately,
there are still several otner answers to choose from. 1a this case,
the ambiguities cannot be totally resolved on the basis of the available
directional information, Note (from Appendix B) that this situation
becomes more ard more likely as D/A is increased. Moreover, if the
prime ambiguity is very close to the origin, the ambiguities will line
up radially. Under this condition, even for relatively small (D/x < 2),
complete resolution of ambiguities becomes hopeless, (See figure 9.)

To get a better feel for the limitations of such an approximate
azimuth resolution scheme, a fairly comprehensive study was made of the
number of interferometer direction ambiguities that £fall within
approximate azimuthal sectors of arrival of various angular widths,

This study was made using a modified version cf the ambiguity locating
program of figure 6. A listing of this program appears z* the beginning
of Appendix D. The approximate sector was assumed to be a range of
azimuths centered abo :t the specified "true" direction of arrival. The

number of ambiguities that fell within this sector were then counted.
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UNIT HEMISPHERE AMBIGUITY PLOT

g D/LAMBOR =  2.65 AZIMUTH =  20.00 INCIDENCE  15.00
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Figure 8. Limitations of an Approximate Azimuth Ambiguity Resolution System

i schainisd St .
v i R b R




E
-

[N

et Y T ) v
-"‘ww w#v:llﬁw"mlv‘ e
N ! R

kA
il

lm ‘!.‘1“

34

UNIT HEMISPHERE AMBIGUITY PLOT

0/LRMBOR = 3.00 AZIMUTH = 0.00 INCIBENCE 0.00

Even very narrow
sector of arrival
cannot reso.ve

’\\'ombiguities

280, g

Q0%

E—

~£0.0

0°0p;

Q)
M
'04)
0’ 09

0°081

ARRARY ANGLE =  60.00

Figure 9. Radial Lines of Ambiguities Formed When the Prime
Ambiguity Lies Near the Zenith
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These calculations were made for various values of D/A, azimuthal

sector of arrival "widths," and directions of arrival. The results were
tabulated in a number of tables; a typical one appears in Appendix D,
Table D-1. Note the D/) value is varied from 1 to 6 in steps of 1/3.
The sector width (+ error, in degrees) is varied from O to 20 degrees.
Ninety-six of these tables were made, varying o« from 0 to 360 degrees
in increments of 22 degrees, and 6 wzs varied from 0 to 90 degrees in
increments of 15 degrees. From these tables it becomes apparent that
successful direction ambiguity resolution is a function of D/A as well
as the particular direction of arrival. For some directions of arrival,
(o = 440, 8 = 450) ambiguities may be resolved using a 20 degree sector
of arrival for values of D/X as high as 3.67. (See Appendix D, Table
D-2,) On the cther hand, for other directions of arrival, (a = 3300,
g = 750) ambiguities may be resolved only for values of D/) less than
1.35, assuming a 20° sector of arrival. (See Appendix D, Table D-3.)
An attempt wa2s made to reduce the number of direction ambiguities
that must be contended with. It is assumed that the true azimuth lies
within a known azimuthal sector of arrival., This restriction on the

azimuth can be reflected back through the DOA equations I-4, thus

yielding a more stringent phase ambiguity combination rejection criterion

(assuming theta can take on any value from 0° to 90%), Unfortunately, it
has been determined that this criterion simply cuts out ambiguities with
azimuths out of the range of the assumed azimuthal sector of arrival.
This conclusion was arrived at by performing a computer simulation of
the operations outlined above. To accomplish this task, the program
described in the preceding paragraph was modified to take the known,

appropriate sector of arrival into consideration. In the simulation
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run presented in Appendix D, Table D-4, it was assumed that the known
sector of arrival extended from 320 to 340 degrees. (The true DOA was
at a = 330°, g = 750.) This restriction on the azimuth was then
reflected back through the DOA equations. Table D-4 lists all possible
ambiguities for various values of D/A for the given true DOA, The
starred ambiguities are the ones that were rejected due to consideration
of the known azimuthal sector of arrival. As can be seen, the only
ambiguities rejected are those whose azimuth lies outside of the assumed
azimuthal sector of arrival, Nothing has been gained, as is further
illustrated by the striking similarity of Tables D-5 and D-6, which are

found in Appendix D,

The results of this section indicate that an approximate azimuth
ambiguity resolution system may not be practical under even very low
ambiguity conditions (small values of D/A). If the prime ambiguity is
near the zenith, the ambiguities will line up radially making ambiguity
resolution impossible, no matter how 'narrow" the known sector of
arrival may be. Such a system may be greatly improved if knowledge of
the approximate incidence angle is available as well. The locus of
possible DOA's on the hemispherical projection is no longer a pie, but
the intersection of a pie (approximate azimuth range) and an annulus
centered about the zenith (approximate incidence range). (See figure
10.)

From the geographical standpoint, it is considerably more diffi-
cult to obtain the approximate range of incidence angles. For example,
in addition to knowing the distance from the source, it is necessary to
know (approximately) the path by which the signal is arriving at the

interferometer site., However, under low ambiguity conditions (i.e.,

ek
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Figure 11. Wave Corrugation as a Result of Two Interfering
Plane Waves (From Hayden's Thesis)
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only one hexagonal ring centered about the prime ambiguity) it is

necessary only to be able to accept or reject the prime ambiguity as
the true DOA, Ambiguity resolution is then completed by utilizing
the approximate azimuth information.

If the interferometer is used in conjunction with a device that
gives both approximate azimuth and incidence angle information,
directional ambiguity resolution becomes quite practical. If this
peripheral device is a small baseline interferometer, we have exaccly
the type of interferometer RDF system studied by Creasy.l The system
might be set up to operate in the following manner (as viewed on a
three-dimensional hemisphere plot): The approximate unambiguous DOA,
as indicated by the small baseline interferometer, is plotted on a
hemisphere onto which all possible ambiguities indicated by the large
baseline interferometer have already been plotted. The ambiguity
closest in path length to this plotted approximate DOA (along the
surface of this hemisphere) must be the true DOA. However, it can be
shown inductively that this method of ambiguity resolution is essen-
tially equivalent to the phase ambiguity resolution system of Chapter IV,
(See Appendix E.) Because the method of Chapter IV requires}much less
computation, the above scheme is not particularly us ful,

It should be emphasized that the approximate azimuth angle and
incidence angle direction ambiguity resolution process must be carried
out on the three-dimensional hemisphere plot, and not on the hemispherical
projection plot. This raises a point that should be kept in mind.
Although the interferometer direction ambiguities are evenly distributed

when plotted on the hemispherical projection, the actual ambiguous direc-

tions of arrival may not appear to be uniformly distributed to an

B
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observer. This is best understood by recalling the example of the last
chapter in which an observer was located at the center of a large hemi-
sphere onto which all ambiguo.s DOA's (indicated by a large baseline
interferometer) have been plotted. As the hemispherical projection plot
of the ambiguities is uniform, the observer will generally find that

most of the ambiguities are clustered directly over his head. Only a
very few will lie near the horizon. One must bear in mind that the hemi-
spherical projection plots have no direct physical interpretation. To
relate these plots to the physical situation, it is necessary to mentally
picture the corresponding three-dimensional hemisphere plot. One may
then imagine nimself standing at the center of the hemisphere, pointing

at the various plotted points on the hemispherical surface.
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J. Creasy, "Digital Techniques for Radio Direction Finding
with Interferometer Arrays," Master's Thesis, University
of Illinois, Urbana, Illinois, June 1966, pp. 33-37.
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VI. LIMITATIONS OF THE SMALL/LARGE BASELINE PHASE

AMBIGUITY RESOLUTION SYSTEM

From the preceding work it appears that the conventional small/

large baseline phase ambignity resolution system may be the most

practical. The limitations of this gsystem will be examined further.

The discussion of Chapter II suggests that this systm will work if:

small -4 actual

L o]
Ds ¢ij 14 < 1807, (Vi-1)

It is desired to determine the range of signal wavelengths over which

such an ambiguity resolution system will work (called the system

operating wavelength .ange).

Due to the effects of wave corrugation (to be discussed in Chapter
VII) and phase measurement inaccuracies (see Chapter II}, the large

array is generally not operated at wavelengths greater than twice the

large array baseline. (This implies that DL is always jzve. .er than

A/2.) This establishes an upper bound on the range ¢ .perating wave-

lengths of the interferometer system.

An expression for the lower bound on the range of operating wave-
lengths of the system will be derived in the following paragraphs.
Let it be assumed that the maximum error of the small baseline inter-
ferometer system, in the range of wavelengths over which it is

operated, is "Kerr" degrees, such that:

A small _ 0 small, ideal
-3 ij

, (VI-2)

-—

err

small

where ¢ij designates the measured small array phase angle, and

¢ijsmall’ 1deal designates the small array phases that would corre-

spond precisely to the direction of arrival of the signal wave. (4s
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before, the "ij" subscripting signifies that equation VI-1 must hold
for all of the three interferometer phase measurements.) Kerr
describes the small baseline system error. It has two components,

One component is due to the effects of wave corrugation. (See Chapter
VII.) This causes the actual voltage phase differences which appear
across the array elements, ¢ijsma11, actual’ to differ from those cor-
responding to the precise direction of arrival of the signal wave,
Qijsmall, ideal. The se.ond component is due to phase measurenent
;rror. (See Chapter II.) This second component is not dependent upon
the operating wavelength of the array. It depends only upon the design
of the instrumen'ation in the interferometer system.

For a given large array baseline, DL’ and a given value of Kerr’
the minimum useable small array baseline length, DS’ may be computed

from equation VI-1. It follows from the discussion of Chapter II that:

small, ideal DS actual

14 DL ;pij 3 (Vi-3)

actual denotes the unambiguous large array phases, as in

where ¢ij
Chapter I. This equation holds providing that the large baseline array
is assumed to be errorless in comparison with the error of the small
baseline array. Equation VI-2 suggests that at the operating wave-
length at which the error is maximum (normally the longest operating

wavelength) ;

small _ small, ideal |
+ K

%4 = %5 err’ (VI-4)

Substitution of equations VI-3 and VI-4 into equation VI~1 yields:

x - < 180°

" actual Eg K actual
ij DS err ij
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or,

180
D, < QF*-Q D.. (VI-5)

err S

The above inequality holds at the operating wavelength of maximum
error, hence it must hold at all other operating wavelengths as well.
This is because of the inverse relation between the system error and
the length of the array baseline.

The lower bound on the range of operating wavelengths is reached
when the small baseline array becomes ambiguous. This occurs when the
operating wavelength becomes less than twice the small array baseline,

that ig, when D, > A\/2. Hence, the range of operating wavelengths,

S

Aop’ is given by:

21)S < xop < 2DL. (VI-6)

Alternatively this can be expressed as a ratio of the longest usczable

operating wavelength (A ) to the shortest useable operating wave-

):

Longest

length (xShortest

D

A
Longest _ BL" (VI-7)

AShortest S

DL is chosen to ensure satisfactory operation at the longest
desired operating wavelength; DS must be chosen so as to satisfy
equation VI-5., At the same time it is often desirable to make DS as
small as possible, thus maximizing the range of useable wavele:agths
for the system. It is evident from equation VI-5 that the minimum
useable value of DS is (Kerr)(DL)/lSOO. Substituting this value of DS

into equation VI-7 yields s% equation for the optimum operating wave-

length ratio of a small/large baseline interferometer system:
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A o
Longest _ 180 , (VI-8)

AShortest Kerr

Two practical conclusions can be drawn from the preceding discus-
sion, If a small/large baseline interferometer system satisfies equa-
tion VI-5 almost as an equality, the operating wavelength ratio will be
maximized., The maximum possible operating wavelength ratio is given by

equation VI-8, Unfortunately, the apparent simplicity uf VI-5 is mis-

E

leading. The component of Kerr due to wave corrugation appears to vary

with D (assuming the operating wavelength is held constant). This

i %» dependence of Kerr on tne small array baseline complizates the design of
f% a eystem with an optimum operating wavelength ratic. Finally, it should
fg be pointed out that the system may conceivably be Fpéraned at wavelengths
%ié greater tuam A There will be no ambiguit;es 1o cesolve in this

Longest’

casey however system accuracy will suffer. On the other hand, the system

cannot operate at wavelengths shorter than A , as the small array

Shortest

becomes awbiguous,

Equation VI-8 indicates that the operating wavelength ratio
increases as Kerr decreases. To minimize Kerr’ it is necessary to study
the sources of inaccuracy in an interferometer system. It should be
noted that these sources of ilnaccuracy affect both the lrrge and -mall
baseline arrays to different extents, The "corrective measures' sug-
gested in the work that follows may be applied to both systems. Appli-
cation of these corrective techniques to the small array system will
result in a wider operating wavelength range of the ambiguity resolution
system. Applying them to the large array system will result in greater

system accuracy.
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The errors in an interferometer array are primarily due to the
invalidity (in practice) of two assumptions that were made in the deri-
vation of the DOA equations I-2. The first faulty assumption was that
the incident weve hac an essentially uniform, plane phase front across
the array aperture. Usually this is only an approximation, due primarvrily
to the effects of wave interference. As was pointed out in Chapter I,
many plane waves of various amplitudes might arrive from different
directions at the interferometer array simultaneously. The waves super-
irnose (add algebraically) to form very irregular phase and amplitude
paL.erns across the array aperture. Fortunately the components of the
voltages induced in the array elements by all waves not at (or very
near) the signal wavelengtl are rejected in the receiver. Hence the
apparent wavefront across the array aperture is formed only by those
waves at or very near the signal wavelength. Up until this time it has
been assumed that there existed only one plane wave at the signal wave-
length., More often than not, there exists more than one such plene wave
incident upon the array at the sigral wavelength, These waves are
usually of different amplitudes and DOA's, They will superimpose to
form a resultant wave which is neither uniform nor plane, Figure 11

(taken from a thesis by Haydenl) shows in two dimensions the resultant
"corrugated' wavefront that is produced by two interfering waves. 2 As
shown in ithe figure, the incident waves are arriving from different
directions such chat an angle of 45° is made by the intersection of
iines normal to the plane wavefronts, The figure has been drawn for
various values of relative wave amplitude, h., The value of h indicates

the relative strength of one interfering wave with raspect to the other.

It should be noted that the averaged wavervonts (see the dashed lines)

3
el
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appear -¢ travel in the direction of the stronger incident plane wave.

In the HF range the most prevalent cauce of wave interference
(which results in wave corrugation) is the phenomenon of multimode
propagation. Multimode propagation may be thought of as the transmis-
sion of a radio wave from its source to the receiving site via several
different paths. A typical situation which might occur over a 200 km
distance 1is shown in figure 12, Here, part of the transmitted signal
travels via a "two-hop" path, whereas the other travels via s "one-hop"
path. There are two separate plane waves arriving at the receiving site
from different elevation angles. The waves may be arriving from slightly
different azimuthal angles as well. This will occur if there exists
any lateral gradient in the ionization (free electron density) of the
refracting portion of the ilonosphere, Under these conditions the iono-
sphere is said to be "tilted." It will act as a tilted reflecting sur-
face instead of the more commonly postulated plane horizontal reflectoer.
Waves that are refracted twice by the tilted ionosphere will certainly
be laterally deflected to a greater extent than thcse that were
refracted only once. Thus, the waves may arrive from slightly different
azimuthal directions.3

A further observation concerning multimode propagation may be made.
Because the plane waves have travelled over different path lengths,
there must exist a phase difference, ¢d‘ between these interfering waves,
even though both waves have originated from the same source, Further-
more, if the refracting layer of the ionosphere is moving either further
away from or closer to the surface of the earth, as is often the case,4

it is clear that the difference in the lengths of the two propagation

paths will vary. Likewise ¢d must vary. The velocity of the refracting




AT T —— s = T

v e e ————

S e

~8

yied yidusT-mnIpsR ® 1920 uorieledoxg spowrdn ‘g 2In313

19A19D

\
\ //
v e

194 IWSUDIN

949ydsouoi
oy} j0 uoijiod

buljonijey q

| » \\
s’ \\m/ \\../ - \\M\\\\\\\v

:.-O«OO-&OR_ oco_&: q\ —

L ALAl L, R T e e T T oA M A e S et i ik oy g L B b )
it R Ll PR ot i T e T R RT3 S AT R Ao 3 N LA BORT K bt bt , , _
LA N A L A kit R A > I e A M o / R .‘1&3,,‘,.,33..,;53,,‘ b RO e




[ p s

. .

" "t&&‘z' o

r
i

. N wo - "‘ e
i i 1‘%% P

-

-

4

‘%_MWWEMMWWM» .
iuove.

it il

49

portion of the ionosphere is somewhat constant; hence ¢d will vary in
an approximately linear fashion with respect to time.

Another cause of wave interterence is the reflection (or reradia-
tion) of the signal from an object relatively near the array. This
again results in a deformation in the incideat uniform plane wave due
to the superposition of the scattered radiation field and the incident
wave, Generally this reradiated field is quite low in amplitude com-
pared to the incident wave amplitude’and the amount of wave corrugation
due to this effect may be quite small compared to the wave corrt, tion
due to multimode propagation. In this case the path difference between
the two interfering waves is not time variant (unless the reradiating
object is in motion) and the phase difference between the two waves
does not vary with time. Errors due to this effect are commonly called
siting errors.

In the preceding discussion it has been assumed that there exist
only two interfering waves. There may be several. The resultant wave-
front will be further corrugated by the contiibutions from these addi-
tional interfering waves, However, in practice, the assumption of only
two interfering waves may not be such a bad approximation. This is
because it is likely that the other interfering waves are smaller in
amplitude and thus they affect the wave corrugation pattern to a lesser
extent. To simplify the analysis, this assumption shall be maintained
throughout the remaining sections of this work,

It has been stated that wave interference results in a corrugated
wavefront., It can be further asserted that these corrugations may be
abrupt enough to make themselves "felt" across the aperture of the

interferometer array. If they are not abrupt enough, the corrugated
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wave will still appear as a "locally plane' wave. However, it is
highly probable that this 'plane wave' that the array "sees" is not
arriving from the DOA of either of the two interfering waves. Hayden
has shown that the distance between corrugation maxima, S, (see figure

11) is given by:

A

S = E—EEE¢T§7§7, (VI-9)
where 6 is the angle made by the intersection of the 2 interfering wave-
front normals. Because the interferometer system may have an aperture
of several wavelengths or more, several corrugations of the resultant
wave may appear across the aperture (depending on the value of &), thus
invalidating the DOA equations.

Wave corrugation may also be caused by signals of similar wave-
length arriving from different sources. Such interference is known as
"co-channel interference" if the wavelengths of the two signals are
coincident. If the signals are on adjacent wavelengths but both are
within the receiver passband, the situation is again analogous to that
of receiving a corrugated wave formed by the superposition of these two
waves. Such interference is known as "adjacent channel interference."

It should be noted that the relative phase between such interfering waves
i1s time-~variant, as the waves are rarely of precisely the same wavelength.

Wave interference may not be the only cause of deformation of the
incident plane wave. Any inhomogeneities in the ionosphere or ground at
the points of "reflection" of the propagating wave will cause such
deformations. These inhomogeneities may take the form of changes in the
density of free electrons in the ionosphere due to atmospheric turbu-

lences, or changes in elevatioq,at the point of reflection on the
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ground.5 0f course, these inhomogeneities must be of sufficient
abruptness to be "felt" by the interferometer array if they are to cause
any problems.,

The second faulty assumption made in the derivation of the DOA
equations was that the phase differences of the signal voltages induced
in the interferometer elements could be measured precisely., Electronic
phasemeters are generally only accurate to within one half of a degree.
Further system instrumentation errors result from the fact that the
effective electrical lengths of the three transmission paths between
the interferometer elements and the phase meters may not be exactly
equal. It is assumed that the transmission lines between the array
elements and receivers have been made of equal length. Unequal lengths
of transmission line would cause the electrical phase differences
measured at the receiving ends of the transmission lines to differ from
those that would be measured at the array elements, A more serious
probl. -2s in the multichannel. receiver., The receiver channels must
exhibit identical phase delay characteristics, This ensures that each
channel will be nf the same effective electrical length. Unfortunately,
identical phase characteristics are hard to maintain in a practical
multichannel receiver. Each channel's phase delay characteristics tend
to drift as component values change due to thermal effects and component
ageing. If the receiver channels drift independently, the receiver
channels will no longer be of identical effective electrical lengths.
The phase measurements made at the receiver IF frequency are no longer
accurate indications of the interferometer phase differences.

Another type of phase measurement errcr (which is, in reality, due

to transient wave interference) results if there are transient noise
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spikes present on the received signal., If the phase measurement is made
at the instant that the noise transient is occurring, the noise signal
will interfere with the signal wave, causing a momentary wavefront cor-—
rugation across the array aperture. The phase mneasurements will not
correspond to the DOA of the signal. Such transient noise spikes, due
both to natural phenomena such as thunderstorms and man-made sources
such as automobile ignition systems, are not uncommon comparions of a
radio signal, Because these noise transients occur at random time
intervals, it seems th.t it would be desirable to make the phase
measurements as rapidly as possible, thus decreasing the chance of
phase measurement error due to the occurrence of a noise transient dur-
ing the measurement period. For this reason, systems employing an
antenna-switched, two-channel receiver might be more susceptible to
this type of interference. Such a system can measure only one inter-
ferometer phase at a time. The three phase measurements are made in
rapid succession, as fast as the antenna switching times will allow.
The likelihood of encountering a noise spike in this sequence of three
individual phase measurement periods can be greater than that of
encountering a noise spike in one phase measurement pericd. This
depends on the expected duration of a noise spike relative to the
length of the switching time interval between the three successive
phase measurements. If the former is substantially greater than the
latter, it is clear that the two-channel receiver system would work

almost as reliably as the three-channel receiver system.

By taking many phase readings as rapidly as possible in a transient-

noise environment, it seems probable that the ratio of "accurate' phase
measurements to "erroneous" phase measurements will be increased over

that which is realizable with a slower (twc-channel) system. Averaging
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these phase readings taken at the faster rate should result in averaged
values which are substantially more accurate than those obtained from
the slower system. It may be added that there exist analog phase meas-
urement techniques which will permit continuous (analog) averaging of
the phase measurements. This method should yield the most accuracy of
all, providing that the analog measuring and averaging systems can be
made sufficiently precise. A three-channel receiver must be used 1f
such analog averaging techniques are to be employed. This enables con-
tinuous monitoring of all three array element voltageas. It will be
shown in Chapter VII that interferometer phase measurement averaging has
other benefits as well as the averaging out of the effects of this
transient noise wave interference.

Another source of phase measurement error is signal fading. The
signal may drop below a threshold level under which noise dominates the
phase measurement, not the signal., This fading problem is largely akin
to the noise spike problem in that both result ir degradation of the
signal-to~-noise ratio. Signal fading is almost always present on iono-
spherically propagated signals.6 It is a result of several different
propagation phenomena. Among them are multimode wave interference and
time variations in ionospheric absorption or focusing.

The nature of various causes of interferometer inaccuracy has been
discussed. Now it is time to investigate variocus methods of reducing

these sources of error in the interferometer system.
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4 FOOTNOTES
-; 1, E. C. Hayden, "Some Basic Problems in the Determination of the
3 Direction of Arrival of Radio Waves," Ph.D, Thesis,
University of Illinois, Urbana, Illinois, September 1058,
i p. 12, (RRL Publication No. 158.)
2. See also: H. A. Whale, Effects of Ionospheric Scattering on
: Very-Long-Distance Radio Communication, Plenum Press,
3 New York, 1969, p. 15.
3. Ibid., p. 102
ri 4, K. Davies, Ionospheric Radio Propagation, Government Printing
?S Office, Washington, D. C., 1965, p. 416.
%é 5. Whale, op. cit., pp. 90, 98.
‘éz 6. Davies, op. cit., p. 242,
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VII. REDUCTION OF WAVE INTERFERENCE EFFECTS

In the previous chapter it was demonstrated that interferometer
errors were due primarily to the violation of two assumptions used in
the derivation of the DOA equations (equations L[-2). In this chapter
the reduction of error due to the violation of the first assumption
(that the incidence signal wave is locally plane) will be discussed.

It has been stated that multimode propagation results in a corru-
gated wavefront across the interferometer aperture. Furthermore,
because the relative phase difference between the two interfering waves
varies in a somewhat linear fashion with respect to time, the corruga-
tion pattern will shift its position across the array aperture. As the
corrugation pattern is spatially periodic, the interferometer phases
must likewise vary with time in a periodic manner. This phenomenon is
illustrated in figure 13, The observation made in connection with
figure 11 (that the averaged corrugation pattern taken over an integral
number of cerrugation periods appears to be a plane wave travelling in
the same direction as the stronger of the two interfering waves) suggests
that time averaging over one or more of these corresponding interferome--
ter phase variation periods may result in averaged interferometer rhases
which indicate the direction of arrival of the stronger wave. It has
beer shown by Glick1 and Church2 that this is indeed 2 case.

Central to Glick's proof is the consider. ._... : f the voltages
induced in the interferometer antenna elements, In a case in which
there are two waves incident upon the :crray arriving from different
directione, each wave will induce a sinusoidally varying voltage in each

interferometer element. The total voltage induced in each array element
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The corrugated wavefront
shifts in position across

the array aperture as ¢y
varies, resulting in time
variations in ¢ 5,

The dotted line indicates
the wavefront of the
primary wave.

wavefront ot time t=t,
wavefront at time t=t,

wavefront at time t=t, —

Figure 13. Interferometer Phase Variation Due to Wave Interference
(With Time-Variant ¢ d)
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may be expre.sed as a sum of the two phasors that correspond to the
voltages induced in that element by the incident (interfering) waves.
Because all phase measurements must be made relative to some reference
voltage, it will be assumed that the reference voltage is the vcltage
component induced by the stronger of the two incident waves in array
element number 1, (See figure 1.) Let it be assumed that the st>onger,
or primary wave, induces a voltage of unity magnitude in the interferome-
ter elements. The weaker wave induces a voltage of magnitude "h'" in the
elements, The value of h may be interpreted as the relative magnitude
of the weaker (secondary) wave measured with respect to the stronger
(primary) wave. The phase relationships existing between the two voltage
components induced in each of the array elements may »e determined from
a knowledge of the relative phase difference (¢d) between the two
interfering waves and the use of the interferometer phase difference
equations (see equations I-1). ¢4 is identical to the phase difference
between the two induced voltages in the array reference element (element
number 1). The phasor diagram for the voltages induced in element num-
ber 1 is given in figure l4a. Here the phase represen:.ing the voltage
induced by the primary and secondary wave phasors is given as ¢d' The
phasor diagram for the voltages induced in antenna element number 2 may
likewise be drawn (see figure 14b), where ¢21p and ¢le are the phases
of the voltage components induced in element number 2 with respect to
element number 1 by the primary and secondary waves, respectively.

These phases may be individually calculated from the interferometer
phase equations I-1. ¢21p is calculated using the direction of arrival
of the stronger of the two interfering waves, and ¢213 is calculated

using the DOA of the weaker one. Here the phase of the primary wave is
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lv.|=.\/l+h2+2h cos ¢g

-i hsin ¢
= tan~! d
# I+h cos Py

lel:ﬁ*‘hz +2h cos (¢d +¢2[3—¢21p’

¢2: fOn‘i sin ¢ﬂ2+h sin (¢d +¢2|3)
C03¢2'p +h C°$(¢d+¢2|s)

[Val =4/ 14 02 +2h cos ($ 4+ @35~ 6 5yp)

$.=tan~! Sin$ g+ hsin ($q+¢ 35)
® Cosdap+hcos (P, +dys)

Figure 14, Interfercmeter Element Voltages Under Wave Interference Conditions
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given as ¢°lp

» while the phase of the secondary wave is given by

4 + $1s" ¢, appears in this expression in order to make this phasg:
value relative to the induced primary wave voltage in antenna number 1,
Using analogous reasoning and notation, the phasor diagram for the third
element may be drawn as in figure l4c. The actual phase of the result-
ant voltage induced in each of the antenna elements (as measured with
respect to the previously defined veference voltage) may he derived
geometrically from these phasor diagrams and are given in figure 14,

The interferometer phase differences are easily calculated by subtracting

these various element phases as shcwn below:

o - tan_l sin ¢2lp + h sin (¢d + ¢le) ) tan_l h sin ¢d

21 cos ¢2lp + h cos (¢d + ¢le) 1< h cos ¢d
. o tan—l h sin ¢d ) ran_l sin ¢3lp + h sin (¢d + ¢315)
13 1+ h cos ¥4 cos ¢31p 4+ h cos (¢d + ¢313)

_p 8in ¢31p + h sin (¢d + ¢319)
cos ¢3lp + h cos (¢d + ¢Bls)

¢32 = tan

1 sin ¢21P + h sin (<1>d + q>21$)

- tan = - . (VII-1)
cos ¢21p + h cos (¢d + ¢218)

If it is assumed that ¢d varies with time, as in the case of multi-
mode propagation, it may be concluded by studying the phase diagrams of
figure 14 that the voltages induced in the array elements will vary in
amplitude resulting in fluctuation of the received signal amplitude.

The phasor representing the voltage induced in an element by the

necondary wave simply pivots about its "tail,” which ls tacked down io
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the "head" of the primary voltage phasor. Because the resultant element
voltagz pnasor is drawn from the "tail" of the primary voltage phascr to
the "head" of che secondary voltage phasor, the resultant voltage like-
wise fluciuates in amplitude and in phase as ¢d varies. This 1s one
cause of signal fading. The severity of the signal fading depends upon
the value of h. If the two waves are of equal amplitude (h = 1), it is
apparent that the aignal will fade away compietely for some values of
¢d. Furthermore, as ¢d varies, it can be seen from the uiagram that it
is posgible that es the v ilue of h apprvaches unity, the phase of the
resultant element voltage may deviate from the phase vf the component of
the element voltage induced by the primary wave by as much as i_90°.
This analytical result is in agreemeat with what was predicted heuris-
tically from the consideration of the corrugated wavefr = . picture at
the beginning of this chapter.

Appendix F contains computer-generated plots of all three interfer-
ometer phases under wave interference conditions, plotted as a function
of relative phase difference (¢d), The firat three plots illustrate the
increased severity of interferometer phase deviation with increasing
values of h. (See figures F-1, F-2, and F-3.) Amother set of three
plots (see figures ¥-2, F~4, and F-5) illustrates how the extent of
interferometer phase variation changes with increesing angles between
the interfering signals. These observations will be elsborated upon
later in this chapter. As illustrated, the average of these readings
(taken over one period of these fluctuations) appears to b= equal to
Qijp’ the interferometer phase difference induced in the array by the
primary wave alone. Glick has shown analytically3 that averaging che

equations with respect to ¢, over a period (or integral number of periods)
d
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of interferometer phase difference variation (from ¢d = - 180° to 180°)
does indeed yield averaged phase values which are identical to the phases
of the voltage components induced by the primary wave. This indicates
that if the interferometer phase difference measurements are time
averaged over an integral number of pforiods of phase variation (under
time varilant ¢d wave interference conditions), the DDA corresponding to
these averaged phases is that of the stronger of the two interfering
waves.

At first glance, ic might appear that ¢d must vary in a strictly
linear rashion with respect to time for the above conclusion to be valid.
If this is the case, the time variations of the interferometer phases
will follow their ¢d variationr, and Glick's result directly applies to
time averaging as well as to averaging with respect to ¢d. However, it
is also permissible that ¢d vary with time in a random fashion, providing
that it is uniformly distributed in an interval of ¢d which corresponds
to an integrai number (N) of periods of interferometer phase variation
(T). Tniz e=28ily follows from the fact that the average (expected)
value of ¢ij(t) is given as:

NT
g Log®1 = [ £y 140 oy 501 a6, @TED)
0

where f¢ is the probability density of ¢d(t). Because ¢d is taken to
d

be uniformly distributed in the interval [0, NT],

NT
{¢ij [¢d(t)]} =f (ﬁ%) ¢1j [¢d(t)] d¢4 (VII-3)
0

But this is simply an interferometer phase difference average taken

with respect to ¢,. This establishes the validity of time averaging the
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3 interferometer pnase differences instead of averaging directly with

respect to ¢d’ provided that ¢q is uniformly distributed over an integral

'g% number of phate variation periods.

,§; From a study of experimental data,4 Crush has determined that ¢d
does vary in a semirandon fashicn under multimode propagation condi-
tions, Under such conditiong, th ¢d variation is commonly observed to

behave as:

¢d = W¢t + P. (VII-4)

Here P is a random phase perturbation with a Gaussian probability den-

sity function and a mean value of zero. w, is the rate at which the

$
phase is changing. The standard deviation of P 18 observed to be small

b

e
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compared to w This gives ¢d a probability density function that is

¢.
uniformly distributed over an interval of %4 whose length is roughly

proportional to the observation time. In essence, varies in an

%4
approximately linear fashion, with small random perturbations to either
side of the linear path, as suggested in the discussion of Chapter VI.
Hence the interferometer phases will vary in a somewhat periodic manner
with respect to time. (If ¢d varied in a perfectly linear fashion wich
respect to time, the interferometer phase variation would be exactly
periodic in time,) Because these approximately periodic time variations
of ¢ij cerrespond somewhat to the periodic ¢d variations of ¢ij’ it
would be desirable to time average ¢ij over aan integral number of these
coarse periodic variations. ¢d would then be uniformly distributed over
an spproximately integral number of periods of ¢ij‘

Alternatively, it may be found easier to average the phase measure-

ments over an arbitrary length of time that is substantially greater

than several periods of phase variation, It is likely that the error
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introduced by averaging over the fractional phase variation period is
negligible, since the average has been taken over a number of integral
phase variation periods as well, This conclusion may be expressed
mathematically. The average of ¢ij(t) taken with respect to time over

an arbitrarily long time interval, T, is given as:

1
T J %4 (t)de, (VII-5)

O Y~ 3

Suppose now that there exists a maximum of N periods of ¢ij variation
within [0, T), each of approximate length 1. Then the average may be

written as:

1
T

O'*_\H

N+t T
qbij(t)dt = -,%- f ¢>ij(t)dt +,%- f ¢1j (t)de. (VII-6)
0 Nt

The right-most term in the above expression represents the error intro-
duced due to averaging over the fractional wavelength, It cbviously
tends to zero as T is increased, since T ~ Nt must always be less than
1, and ¢ij(t) remains finite.

The actual time-averaging operation is not carried out in an analog
sense even though analog averaging is implied by the above equation.
Instead, thegse averages are approximated digitally. This is done by
taking a number of successive phase measurements, and then averaging
these. Thus & "sample mean'" is obtained which can be made arbitrarily
close to the true time-averaged value of the interferometer phases,
providing that a sufficient number of samples are taken. This implies
that the interferometer system should have a sufficiently high sampling

rate. It should again be noted that a three-channel receiver allows a

e e it ——
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i much faster sampling rate, as all phases are available simultaneously.
In the three-channel system, all three phases may be read at the same
time instead of in succession, as in a two-channel receiver system.

Another way to take advantage of the simultaneous availability of the

three-interferometer phases in a three-channel system is the combina-

tion of analog and digital averaging techniques. Between samples, the

: phase variations may be averaged in an analog sense. (This is equiva-

é lent to inserting low-pass filters between the phase meter outputs and
i% the inputs to the digital sampling circuitry.) This procedure improves
HE the accuracy of the sample mean without requiring that mcore samples per
~;§ period be taken. It may be concluded that under rapidly changing multi-

mode propagation conditions, a three-channel system can yield more

S sy

accurate DOA's.

Insight into a second technique by which wave interference effects
may be reduced can be gained by examining the effect of array baseline
length on the extent of interferometer phase fluctuation caused by wave
interference phenomena. This effect can best be visualized by again
referring to the corrugated wavefront pattern formed by two interfering
plane waves as shown in Ifigure 15, This figure is drawn such that the
direction of arrival of the primary wave is orthogonal to a line drawn
through the antenna elements. (The primary wa~efront can be recovered
by "averaging" the corrugated wavefront.) It is apparent that the
greater the separation between a pair of interferometer elements, the
more closely the induced voltage phase difference will correspond to the
DOA of the primary wave., For example, in figure 15, antenna elements 1
and 2 will indicate an azimuth of about 40°; antenna elements 1 and 3

will indicate sn azimuth of about 73°. Finally, elements 1 and 4 will
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azimuth indicated
by elements | and 2

7;,\ azimuth indicated
by elements | and 3

'3 North
g /\ or
azimuth indicated
\'4 South by elements [ and 4
3P
yi
\

azimuth of
primary wove

=90°

Figure 15, Increasing Accuracy of an Interferometer Array
by Increasing the Array Baseline
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indicate an azimuth of sdo, very close to the azimuth of the primary

wave (90°). Note that the antenna elements have deliberately been posi-
tioned at "worst-case'" points on the corrugated waveform., That is, they
are positioned such that one element is at a crest of the corrugated
wavefront while the other is at a trough. The deviation of the indi-
cated DOA from the DOA of the primary wave must be at a maximum under
these conditions. Evidently the greater the array baseline, the less
will be the deviation of the indicated DOA from that of the primary
wave. As previously mentioned, it is therefore desirable to keep the
interferometer baseline as long as possible, thus reducing the deviation
of indicated DOA due to wave interference. It should be realized that
although the above paragraph has considered a two-dimensional (2-element)
interferometer system, the results should hold equally well for the
triple interferometer,

The effects of multimo 2 wave interference on a triple interferome-
ter system can be studied with the aid of a hemispherical projection
plot. In Appendix G are shown a number of such wave interference plots.,
The computer program listing that performed this simulation appears at
the beginning of Appendix G. Because the DOA fluctuations are confined
to a small area on the hemispherical projection, only the appropriate
section of the plot is drawn. The orientation of this section is main-
tained relative to the total plot such that the azimuth indicated by
any point on the plot is readily identifiable. Furthermore, the coaxial,
dotted, semicircular lines in the plot represent vertical incidence
angles, and are labelled in degrees. The orientation of these sections
and the vertical incidence angle lines coupletely specify the position

that the section of the hemispherical projection plot occupies in the
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total hemispherical projection. The DOA trajectories are formed by

computing the DOA under wave interference conditions using the equations
presented earlier in this chapter. A number of DOA's are plotted, each
corresponding to different values of ¢d’ while all other parameters are
held constant. ¢d is varied incrementally in steps of about 11.5o from
0° to 360°. This is the path of DOA variation as indicated by a triple
interferometer under ¢d~variant (multimode) wave interference conditions.
Two trajectories are drawn per plot. The trajectory that indicates the
smaller DOA fluctuation corresponds to an interferometer with a baseline-
to~wavelength ratio of 1. The other trajectory corresponds to an inter-
ferometer with a baseline-to-wavelength ratio of 1/2. The DOA of the
primary wave is denoted in each plot by the large X.

The first three plots (figures G-1 through G-3) show the various
shapes of the DOA trajectories for three different angles between the
two interfering waves. The next three plots (figures G-3 through G-5)
illustrate the effect that increasing the relative amplitude of the
interfering (secondary) wave has on the DOA variation. Finally, the
latter 4 plots (figures G-6 through G-9) demonstrate the relationship
between the isssceles triple interferometer array angle (y) and the
extent of DOA variation. In examiniug these plots, it is important to
note the scale at which they are drawn. Even very small sections of the
hemispherical projection plot will be drawn so as to fill the whole page.

Several general conclusions can be drawn from these (and other)
plots concerning the effects of wave interference on an interferometer
system. First of all, it is oovious that, as the relative phase dif-
ference between the interfering waves (¢d) varies, the indicated DOA

will vary. It will follow a closed trajectory that is repeated as ¢d
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varies through multiples of 360°, These trajectories generally
"encircle" the DOA of the primary wave. They are not of any specific
shape. The extent to which the indicated DOA's will vary increases
with the angle between the DOA's of the two interfering waves and the
relative amplitude of the two interfering waves. It decreases as the
array angle is increased. This latter observation is not surprising if
it is realized that decreasing the array angle greatly decreases the
effective aperture of the system. The distance betveen two of the
array elements is reduced, thus making the system more susceptible to
the effects of wave interference., This observation is pertinent _ecause
it shows that though a small array angle interferometer system may be
attract: 'e from the ambiguity resolution standpoint (see Appendix C), it
is even more .1attractive from the standpoint of wave interference sus-
ceptibility. Finally, it is evident that the extent of DOA fluctuation
decreases as the array baseline is increased. A more thorough treatment
of the effect of array baseline length on interferometer wave inter-
ference errors is presented by Talbott.5

An examination of Table 1, tabulated from data generated by the
aforementioned plotting program, indicates that a sample mean of the 32
computed azimuth and incidence angles yielded an average DOA that was
somewhat close to tihe DOA of the primary wave. On the other haad, a
similar sample mean of each of che three interferometer phases yielded
a DOA that was very close to that of the primary wave. is is in
agreement with Glick's results.

As suggested at the end of Chapter VI, it is recessary to make both
the small and large interferometer arrays as accurate as possible. The

small array must be made as accurate as possible in order that Lt can
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3 Table 1

E; Data Tabulated from Wave Interference Simulation Program

;; Concerning Averaged DOA's and DOA's Calculated from

-%x Averaged Phases. (D/L = .5)

E DOA FRM

T Tri Wave Sec Wave REL ARRAY AVG DOA AVG PHASES

] AZ INC AZ INC AMP ANGLE AZ INC AZ INC

Re:

! Plot  310° 20° 315° 30° .5 90° 309.4° 20.16° 310.0° 20.06°

Péfg 310°  20° 315° 45° .5 90° 308.9° 20.96° 310.0° 20.12°
Péﬁz 30°  20° 315° 45° .25 90° 309.7° 20.20° 310.0° 20.08°
Plot  310° 20° 315° 4s° .75 90°  268.1° 24.57°  310.0° 20.17°
POt 310° 20° ms® 45° .5 60 305.8° 20.52° 310.0° 20.13°
PIOt 3100 20° 315° 4s° .5 45° 305.1° 20.47° 310.0° 20.13°
Péi; 310° 20° 315° 45° .5 25° Lu6.8° 20.55° 310.0° 20.13°
POt 310° 20° 310° 50° .45 5% 300.9° 20.60° 310.0° 20.14°
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be used to correctly resolve ambiguities over the widest possible range
of operasting wavelengths, It therefore makes sense that the small array
phases should be time averaged, just as the large array phase should be
averaged to enhance the system accuracy. After these two sets of phases
have been averaged over a period of time that is long enough to 'remove"
the wave interference effects, the phase ambiguity resolution procedure
may be carried out using these averaged values. An alternative approach
that has been suggested is to take instantaneous pha.e readings from the
two arrays and carry out the phase ambigulty resolution procedure
immediately. Many of these 'phase ambiguity resolved" (large inter-
ferometer) phases may then be averaged to remove the wave interference

error.

With some thought it can be seen that this second technique is not
completely reliable. The problem with this method stems from the fact
that the effects of wave interference w.ll change the value of each
small interferometer phase by a certain amount in one direction from the
proper (primary wave) value, while the corresponding large interferome~
ter phase may be changed to a much lesser extent. In fact, the large
array phase may be changed in the other direction entirely, This case
is fllustrated in two dimensions in figure 16. Becaugse these small and
large array phase measurements are no longer proportional, there is a
strong possibility that the phase ambiguity resolution procedure will
fail, 1If there is no way to determine when the resolution fails and
when it succeeds, the failures will decrease the accuracy of the final
averaged interferometer phase values.

There also exists a problem with the first method, but this one is

surmouritable, Averaging the measured large baseline interferometer
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Figure 16. Dizproportionate Effects of Wave Interference on

a Small/Large Baseline Interferometer System

71




L —
it b

L : 4
K ..'l e S i

il "ﬁ*‘wn 42,

Lot

o
2o

il

%
z

o LA T N
1 “ v .

72
phases directly (as measured in the range of - 180° to + 1800) is quite
useless. A proper "branch cut" must be chosen., To understand what is
meant by this, one must go back to the discussion of Chapter 1, which
demonstrates that any phase difference of two sinusoids can be expressed
by an angle that lies within any arhitrarily selected 360° range., (See
equation I~4,) This 360° range of angles (or branch cui; mus: be chosen
80 as to permit averaging of a continuous interferometer phase versus
time curve.6 Such a branch cut will always exist, since, as shown at
the beginning of this chapter, the interferometer phase variation is
confined to a 360° interval. A solution to the problem of suitable
branch cut selection was proposed by Grush in 1965.7 A faster and more
dependable branch cut selection algorithm was introduced by Allen in
196608 Both methods are iterative procedures which require the use of
a digital computer.

The temptation to use the "instantaneous phase resolution method"
(ambiguity resolution before averaging the interferometer phases) has
been great. No branch cut problem exists in this case, as the inter-
ferometer phase measurement samples are automatically made continuous
after phase ambiguity resolution, assuming the resolution has been
carried out successfully for each sample. Unfortun :ly, the phase

-iguity resoluticn is not always successful,

To further illustrate this problem, and hence the desirability of
using the "average phase resolution method" (phase ambiguity after
averaging both the interferometer phases), bo.ii meihods wera sirulated
on the G-20 digital computer. The wave interference simulaticn program
used in Appendix G was modiftied to perform this task. The modified

program listing and two sample runs are included in Appendix H. In the
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first sar .o -y, Table H~l, the relative amplitude cf the secondary
wave with cegpect to the primary wave was chosen such that the wave
interfcrence effects were not too severe. (See figures F-1 and G-4.)
Both methods vielded the correct primary DOA. In the second run, Table
H-2, the effects of the wave interference were more severe., (See
figures F-3 and C-5.) Tle instantaneous phase reeclution method fails
to indicate the correct primary DOA, This is due, as hypothesized, to
the occasionnl failure of the instantaneous phase ambiguity resoiuti~-
procedure. Such failures can be discerned in the second sample run by
noticing the occasional discontinuities in ctihe interferometer phases in
the column labelled "RESULT¢ INST PHASE AMBIGUITY RESOLUTION, ™

To determine how often the instantaneous phase resolution method
might be expected to fail, the program of Appendix H was modified to
1un for many different combinations of interference conditions and sys-
tem parameters, A listing of the modifiad program as well as the
program output appears in Appendix T. The first 5 columnsg i1 the Tables
(program output) describe the wave interference conditions. It should
be noted that the secondary wave DOA is expressed ia terms of its devi-
ation from that of tue primary wave DOA. The next 3 columns describe
the system parameters. ''SM D/L" denotes the value of DS/A, the small
array baseline-to-wavelength ratio. Iikewise, "LG D/L" denotes the
large array baseline-to-wavelength ratlio. The remaining ” columas in
the program nutput contain the results of the two different methods c¢f
phase ambiguity resolution. It should be emphasized that the two phase
ambiguity resolution procedur~s are carried out in exactly the same
manner 8s in Appendix H (using 36 phase measurement samples distributed

ove:s one period of ¢d variatfon), except that the 4nterm~diate steps a3re
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not printed in order to conserve space.

In Table I-1, the primary DOA is varied while all other parameters
are held constant. As expected, the average phase resolution method was
always successful, however, the instantaneous resolution method failed
over 50 percent of the time! It should be noted that the failures are
not very severe, Often the indicated DOA differs from the actual primary
DOA by not more than a few degrees., This is because only a few of the
36 phase measurements have heen erroneously ambiguitv resolved. For
tnis reason, it is likely that one who has choser to use the instantane-
ous phase resolution method may not realize that there is anything wrong
with the resulte obtailned.

In Table I-2, the primary DOA has been held cong*t.. ., but the
secondary DOA has been varisd. Once again the instantsnecors resolution
method fails occasionally. It appears to fail for iie cases where the
deviation between the DOA's of the interfering waves is relatively large,

In Table I-3, the relative amplitude betweer the interfering DOA's
(h) has been varied. As would be expected, the instantaneous resolution
method fails for the larger values of the relative a»nlitude.

ITn Table I-4, the small and large array baseline-to-wavelength
catios have been varied. As would be expected from the discussion at
the beginning of Chapter VI, the instantaneous resolution method is more
successful for smaller ratios of large array baseline to small array
baseline (DL/DS)' A further generalization that is not 30 obvious may
be drawn from this tabulation. It appears that for a given value of

L. /D

./Dg» thz instantaneous phase . 30lution method is more likely to

succeed for larger wavelengths. Look, for example, at how the instan-

taneous resolution method succeeds for a small D/A of .1 and a large D/x

R
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of 1, but not for a small D/X of .3 and a large D/A of 3, etc. However,
previous work has indicated that the effects of wave interference are
preater for larger wavelengths. This is because increasing the wave-
length for a given DL/DS value results in lower values of both DL/A and
DS/X. Hence both the small and large array are more subject to the
effects of wave interference for larger wavelengths.

In a like manner, it is interesting to note from Table I-5 that the
instantaneous phase resolution process becomes mor~ su.cessful for
smaller array angles. (Of course, both the small ard large isosceles
arrays must be of the same angle.,) This is again cuntrary to what
might be expected, as it has been shown earlier in this chapter that the
effects of wave interference increase as the array angie decreases.

The observations of the preceding two paragraphs lead to an
interesting conclusion which can be further verified geometrically.
Either increasing the operating wavelength or decreasing the array angle
results in a proportinmate decrease in the effective aperture of beth
the small and large arrays. Consequently, the results of Tables I-4 and
I-5 indicatc that decreasi.g the effective array apertures in & small/
large haseline interferumeter system rasults in greater phase deviations
of both arrays due to wave interference; howeveg,these relatively large
deviations are more closely proportional than they are in larger aperture
systems. ience (with regard to instantaneous phase measurements),
equation VI-3 becomes less of an epproximation and more of an equality
as the small and large array apertures are proportionately decreased.

(0f course the overall system accuracy will suffer with the decrease in
array aperture.) The general validity of these results can be investi-

gated geometrically by reconsidering the case of a two-dimensional, two-
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element interferomefer system as in figure 16. I.. figure 17 it is seen

that because the corrugated phase pattern "looks'" somewhat plane to the
small aperture system, while the large system sees a corrugated wave-
front, the small system's corresponding small and large array phases are
more nearly proportional. It should be noted that this conclusion is
only valid if the portion of the corrugated wavefront intercepted by the
small aperture system is z small fraction of a period of wave corruga-
tion variation. To further illustrate this fact, Tables I-4 and I-5
were regenerated (see Tables I-6 and I-7), using interfering waves that
arrived from more diverse directions of arrival. This implias that the
wave corrugation pattern will be much finer, as predicted by equation
VI-9. (See figure 18,) Now the small aperture system sees a corrugaced
wavefront as well, and the above conclusion is no longer valid! in fact’
the originally expected conclusion aow appears more valid.

It should be pointed out that the preceding simulation studies
have been based on the assumption of uniform sampling of the interferom-
eter phases throughout one period of ¢d varisztion., In practice, sampling
is not uniform with respect to ¢d’ but rather with respect to time.
Hence the approximate assumption of %4 variation that is linear with
regpect to time has been tacitly implied. Of course, even if ¢J is not
varying in a strictly linear fashion with respect to time, the instan-
taneous phase resolution method will fail in exactly the same manner.

All of the preceding discussion in this chapter has dealt with the
removal of the effects of wave interference in which the relative phase
between the interfering signals is time-variant (such as under multimode
prepagation conditions or under ccuditions of adjacent channel inter-

ferencz). In cases in which the relative phase between the interfering
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Figure 17. Comparison of Phase Proportionality in Small Aperture and
Large Aperture Small/Large Baseline Arrays (Case 1)
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waves is constant, such as in a situation in which a siting error exists,

time averaging of the interferometer phases will not remove the wave

1 interference error. This results in degradation of ambiguity resolution
capability as well as system accuracy. Of course, increasing the large

array baseline will still result in a reduction of the effects of wave

N interference. However, the array baseline cannot be made too large,

lest the task of ambiguity resolution become impossible,

0y

it

In an azimuth-only (two-dimensional) RDF system, attempts have been

% made to correct the siting error by making many azimuth measurements of
é% signals emanating from known DOA's. A calibration curve of the indi-
i? cated DOA versus the siting error-corrected DOA may then be constructed.
‘é However it seems somewhat doubtful that this method is very reliable.
éé It has been shown that the extent of the wave interference effects (and

hence siting error) depends upon the angle between the interfering waves.

(A

ilnd, -

e -

It is likely that the RDF system has been 'calibrated" using signals
with a 90° incidence angle, as the calibration source 1s probably a
transmitter placed at the ground level. For signals arriving from

smaller incidence angles, it is likely that the nature of the siting

error will differ, as the relative angles between the interfering waves

have changed. Hence, such an RDF system which has had the siting error

'calibrated out" of it in this manner will be accurate only for waves
with an incidence angle near 90°. Nevertheless, it seems theoretically
sound that the siting errors could be successfully "calibrated out" of a
three~dimensional RDF system in this manner. But this would be practi-

cally impossible, as measurements of many known azimuth and incidence

angles would be necessary.
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FOOTNOTES
M, I. Glick, "Studies in Time Averaging and Wave Interference
in Radio Direction Finding," Master's Thesis, University
of Illinois, Urbana, Illinois, June 1966, Chapter 2. (RRL
Publication No. 312,)

J. B. Church, "A Digital Bearing Computer for an Interferometer
RDF System,' Master's Thesis, University of Illinois,
Urbana, Illinois, January 1967, Chapters 2 and 3.
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for a Small Aperture Radio Direction Fianding System," Ph.D.
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p. 27. (RRL Publication No. 280.)

C. R. Talbott, "Aperture Size Effects in a HF Interferometer
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L. C. Allen, "Improved Digital Bearing Computer Techniques,"
Master's Thesis, University of Illinois, Urbana, Illinois,
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Grush, op. cit., pp. 19-23,
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VIII. REDUCTION OF THE EXTENT OF PHASE MEASUREMENT EKROR

This chapter describes techniques which have been used to improve
system performance by increasing the accuracy of the interferometer

phase measurements. One of the major problems in the interferometer

iy

phase measurement process lies not in the phase meter itself, but in
3 keeping the separate signal paths in the multichannel receiver of the

0
[
23
m
[t9]
h
Fh
m
[¢]
rt

ive electrical length. (This was discussed in Chapter VI.)
The solution to this problem seems somewhat obvious in retrospect. At
regular intervals 2 common calibration signal is applied to the input of
each receiver channel, As the receiver phase delay chara.t...stics vary
with time, it is likely that the receiver channels will not remain at
exactly the same effective length. Consequently the phase difference
readings taken at the outputs of the multichannel. receiver may differ
greatly from the expected value of zero degrees. The phase differences
measured in this manner are known as "calibration phases." Any subse-
quent interferometer phase measurements may then be corrected for this
type of systematic error by merely subtracting the appropriate calibra-
tion phase from them. New calibration phases must be obtained at a rate
proportional to the rate at which the receivz > hase delay charactervis-
tics are changing.l
Another type of error in the phase measurement process is caused by
noise trans.ents, as discussed in Chapter VI, It appears that phase
averaging is the solution to this problem. Furthermore, it has been
shown in Chapter VI that a three-channel receiver may have distinct
advantages over a two-channel receiver in a transient noise environment.
Even after the above phase measurement error reduction techniques

have been applied, some error remains, If the phase measurements were

T ey TR SPE N £ A Tt v =
T Ny
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error-free, their sum (after successful phase ambiguity resolution)
would equal zero, as demonstrated in Chapter I. (See equation I-3,) A
look at some real interferometer phase data (see Appendix J) reveals
that . ie sum of the interferometer phases is rarely zero. In this
case each ambiguity resolved, measured phase may be written as

= actual

%13 = ¢ij + Aij’ where Aij denotes the error incurred in the

measuring process. Therefore, in practice, equation I-3 must be written

as:

actual actual actual
991 ¥ dy3 F 83y ® 0y F 3 F oy

+ Ay + bon + By, ™

91 T 83 1 B3y = (Bgg + 455+ 835) = 4. (VTII-1)

One might be tempted to assume that the closer A is to zero, the
more accurate the phase measurements are. Because the individual Aij's
may be either positive or negative, this assumption is questionable.

The individual phase measurement errors, Aij’ may be large, and vet A
could be very close to zero. This will be the case if two or all of the
Aij's are large and of opposite sign such that their sum is relatively
small. If |a] is large, it is certain that at least ome of the phase
measurements is inaccurate. On the other hand, a small value of [A] is
a necessary but not a sufficient indication of low phase measurement
error,

For non-zero values of A, the DOA equations (equations I-2) are no
longer equivalent. It is impossible to determine in which phase (or

rhases) the phase measurement error has been made. Consequently, one

has no way of knowing which two of the three in ‘ferometer phases (and
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correspondingly, which equatioa in equaticns I-2) should be used to
obtain the most accurate DOA. It is apparent that the smaller A is, the
more equivalent equations I-2 become; hence, the choice of which two
phases should be used to calculate the DOA is not as important, However,
as noted in thr preceding paragraph, this does not necessarily imply

that the phase measurements have been made accurately.

As can be seen from the real data samples of Appendix I, the sum of
the averaged phases is always relatively close to 0, as contrasted with
the sums of the individual unaveraged phases. This is an indication
that phase averaging does indeed reduce the extent of phase measurement
error. If sufficient phase measurements have been averaged such that
4 is within a few degrees of zero, it will essentially not matter waich
of the three ph:.-.... are used in the DOA calculations. Of course, this
can be done only if the <ignal is present for a sufficiently long time.

If IAI remains appreciably large after phase averaging, the inter-
ferometer phases may be taken two at a time and used to calculate three
distinct directions of arrival., Figure 19 illustrates this process, and
shows the three DOA's plotted on a section of a hemispherical projectionm.
Because it is not known which of these DOA's is more accurate, it seems
that the most logical choice of the indicated DOA is at the centroid of
the triangle formed by the three calculated DOA's, This DOA is deter-
mined by vector averaging the three calculated DOA's. If the three
indicated azimuths are given by ®y1_32% %9713 and %35 13> @S in equa-~

tions I-~2, the vector average of the indicated azimuths ¢ given as:

-1 sin a21_32 + sin a21_l3 + sin a32_13
o = tan }.

cos o + cos o + cos o (VIII-2)
ave 21-32 21-13 32-13
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It should be noted that this method of azimuthal averaging requires sub-
stential computation. The three individual azimuths must first be com-
puted, then their average taken. It turns out that the expression for
the average incidence angle simplifies in such a way that it may be com-
putea directly from the interferoweter phases. Vector averaging the

expressions of equation I-2 for 621_32, 621_13, and 632_13 (as in equa-

2 2 2
_ o * G0y t O
eav = gin 1 {/ zéﬂ) 32 13 . (VIlI-3)
& &= 372

A less tedious method of azimuth computation would be useful from
the standpoint of system speed. Such a method has been suggested by
E. K. Walton. 2 Assume that the sum of the interferometer phase meas-
urements is A, as in equation VIII-1l, Subtracting 4/3 from each of the

phase measurements such that:

1
L, = (q>ij + Ai

14 ) - 4/3 (VIII-4)

¢ 3

will re-establish the condition cf equation I-3, that is:

815+ 035 * 651 = O, (VIIZI-5)
Using any two of these '"corrected" phase values ¢£j’ the appropriate
forrula from equations I-2 may be used to compute the azimuth., Because
equations I-2 are again equivalent, angle averaging is no longer neces-
sary. The requirved azimuth computation is greatly reduced.

The results of these two methods are plotted in figure 19. Both

methods appear to give answers which are equally acceptable. It is the
object of the work that will follow tc examine the equivalence of these

two methods. It is shown in Appendix K that if:
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tan ty) 3p ™ ¥1/%)s AR Gg) 13 = Yo/¥ps tan agy p3 = ¥a/xy,
(VIII-6)
then the first method described (called the angle averaging method)
implies that:
-1 Y17y * ¥/t ¥ ¥alry (VIII-7)
Cavg tan X, /r. + %/, + x,/r,
& 1/F1 T ¥pl%y T %3lf3
where r, = inz + yiz.

On the other hand, the second, faster method (called the deltu method)

implies that:

1Yty Yy
%, = tan ' xl + x2 + x3' (VI1I-8)
1 2 3

Making use of figure K-1 (in Appendix K) and equations VIII-1 and

VIII-7, it may be shown that:

r, = 2 /giv

3
13 F 951913 1 ¥y

2 2 2
t, =2 /213 + 01099 F 059 + [A7 = 204,45 = 88,1 (VIII-9)

_ 7 7 3
ry =2 /gl3 +0y383 1 0y T[0T = Ady4 - 28051

Hence, for small [4|, r; = r, = r,, anc equations VIII-7 and VIII-8

imply that:

. (VIII-10)

13
2

a
avg a

‘
‘
it




Ny 5 Rt
R A PR N WX

Mntuniiingt
AT T

G
il

-3
sttt

]

s

o

i L4

MH

87

To get a feeling for just how large IAI might be before the two
methods are no longer comparable, a more inductive type of investigation
was carried out, utilizing the G-20 digital computer. Both methods were
"programmed," and erroneous phase measurement data were processed using
both methods. Most of the erroneous data was simulated in order to
maintain control of the error distribution over the three interferometer
phases. (See Appendix L.) However, some of the data was real, taiken at
the triple interferometer RDF station at the University of Illinois'
Monticello Road Field Station. (See Appendix J.) From the computer
simulation resuvlts, it is apparent that even for rather large values of

[#], equation VIII-9 holds.
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FOOTNOTES
1. J. J. Henderson, "Mismatch Correction Techniques for Twin-Chainel
% Receivers," August 1965, (RRL Publication No., 282,)

1§ 2. E, K. Walton, from a private communication at this laboratory.
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IX. CONCLUSION

The basic principles of operation of the triple radio interferometer
RDF system have been digcussed. Particular attention has been paid to
the ambiguity resolution portion of the system. It has been shown that
phase ambiguity resolution offers advantages over direction ambiguity
resolution., The factors that influence system accuracy have been examined
and suggestions have been made on how to minimize the effects of these
factors. Some of these suggestions are commonly used in modern inter-
ferometer systems. Some have not yet been tried. It seems that further
#sork in this area should involve experimental work in which some of the

theoretical points raised in this study are further checked for validity.
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APPENDIX A

This appendix contains sample output from the computer program
flow-charted in figure 6. This program is capable of tabulating all
possible ambiguities indicated by a simple interferometer system for
any given direction of arrival and baseline/wavelength value. The
samples included in this appendix were particularly chosen to demonstrate
how the number of ambiguities varies with D/ and with the direction of

arrival, as discussed in Chapter IV,
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Table A-1, Lis* of Direction Ambiguitfes (D/X = 1)

BASELINE = 100.0 WAVELENGTW = 100,90 PH121 = =58.74 PHILS = 47.389 PHI32 =
ACTUAL D;RECTION UF ARRIVALsves, o AZIMUTH = 200.00 INCIDENCF = 10.00 GAMMA =
ANBIGUITY NO, 1 PH121+2 Pl 0 PH132+2 Ple 0 ALPHA = 200,00 THETA = 10,00
ANSIGUIT1 NO. 2 RHI21+2 Ply & PH132+42 Ple O ALPHA = 3176 THETA = 7%.79
se%s HLOCn ADDRESS? 0>2

Table A-2., List of Direction Ambiguities (D/A = 2)
BASELINE = 20U0.U WAVELENGTw s 100,0 PHi2: = -11/.49 PHILS = 95.78 PHI32 =
ACTUAL D;RECTION OF ARHIVALssse, e AZIMUTR = 200.0U0 INCIDENCE = 10,00 GAMMA =

AMBIGUIT: NO. 1 PH121+2 Ple =1 PH132+2 ple ¥ ALPHA & 207469 THETA =
AMBIGUITt NO. 2 PHI21+2 Ple =1 PHI32¢2 Pls 1 ALPHA 3 160.93 THETA =
AMBLGU]T: NO, 3 FH121+2 Ple O PHI32+2 Ple =1 ALPHA = 255,063 THETA =
AMBIGU]IT: NO. 4 PH121+2 Pls 0 PH{32+2 Ple O ALPHA = 200,00 THETA »
AMBIGU]T: NO. 5  PHI2142 Ple 0§ PHI32+2 PI* 1 ALPHA & 1G7.49 THETA =
AMBIGUIT:1 NO. 6 PHIZ21+42 Ply 1 PH]3I242 Ple <2 ALPHA = 290,00 THETA »
AMBIGUITY NO, 7 PHIZ1+2 Ply 1 PHI3242 Pls -1 ALPHA = 314,06 THETA =
AMBIGUITT NO, [} PHIZ1+2 Ple 1 PHI32+2 PIe © ALPHA = 34.24 THETA =
AHBIGUIT: NO, 9 PH121+42 Ple 1 PH[32+2 Pl 1 ALPHA = 67 .34 THETA =
AHBIGUIT: NO. 1 PHIZ21+2 Pls 2  PHI32¢2 PI* -1 ALPHA = 355.94 THETA =
AMBIGUIT: NO. 11 PH121+2 PJy 2 PH132+2 Ple 0 ALPHA = 31.76 THETA =
Table A-3. List of Direction Ambiguities (D/A = 3)

HASELINE = 300.0 WAVELENGTW = 10U0,0 PHI21 = -170,23 PHlI1S = 143.66
AUTUAL DIRECTION Ot ARRIVAL.ses, o AZIMUTH = 200.09 INCIDENCE =

AHBIGUITT NO, 1 PHI21+2 Ply -2  PHI32+2 Ple 0 ALPHA = 208.16 THETA
AMBIGUITY NO, 2 RHI21+¢2 Pla ~2 PHI32¢2 Pl 1 ALPHA = 184.09 THETA =
AMBIGUITy NO, 3 AHI21+2 Pl =2 PH132+2 Ple 2 ALPHA = 158.58 THETA »
AMHLIGLIT1 NO, 4 RHI21+2 Ply =1 PHI32+2 Ple =1 ALPHA s 232.05 THETA =
AMBIGUITY NO. 5 PHI21+2 Pls =1 PHI32+2 P1¢ ALPHA = 206.90 THETA =
AMBIGUITr NO. 6 AHT21¢2 Ple -1 PHII2+2 PI® 1 ALPHA = 165400 THETA ®
AMBIGUITt NO. ? PH]21+2 Ple ~1 PHI32+42 Ple 2 ALPHA = 133.79 THETA =
AMBIGUITT NO, 8 RHIZ21+2 Pl, 0 PHI32+2 Ple =2 ALPHA = 258,87 THETA =
AhBLIGU]ITT NO, y PH121+2 Pls O PH132+2 Ple -1 ALPHA 2 249.83 THETA =
AMBIGUIT: NO, 10 AH121+2 Pls O PHI32+2 Ple O ALPHA = 200.00 THETA @
AMBIGUIT: NO. 11 FH]21+2 Ple O PHM13242 PI® 1 ALPHA = 116.62 THETA »
AMBIGUITr NO, 12 PH121+2 Ple O PH}32+2 Ple 2 ALPHA = 102.94 THETA =
AMBLIGULIT: NO. 13 PHIZ21+2 Ple 1 PHI32+42 Ple =2 ALPHA = 284.96 THETA =
AMBIGUIT: NC. 14 PH121+2 Ple 1 PH]3242 Ple -1 ALPHA = 304.04 THETA =
AMBIGUIT1 NO. 15 RH121+2 Ple 1 PHI32+2 Ple 0 ALPHA 3 38.02 THETA =
AMBIGUIT: NO. 16 PH121+2 Ple 1 PH[3242 Ple 1 ALPHA = 71.81 THETA =
AMBIGUITT NO. 1/  PRH121+2 Ple 1 PHI32¢2 Ple 2 ALPHA = 79.33 THETA =
AMBIGUITY NO. 18 PHI21+2 Ple 2 PHI32+2 Ple =3 ALPHA =  301.27 THETA =
AMBIGUIT: NO, 19 PH121+2 Pla 2 PH132+2 Ple -2 ALPHA = 318.57 THETA =
AMBIGUIT1 NO, 20  PHI21+2 Ple 2 PHI32+42 Ple =1 ALPHA x 353.27 THETA =
AMBLIGUITY NO. 21 PHI21+2 Pls 2 PHI32+2 Ple 0 ALPHA = 32.88 THETA =
AMBIGUIT: NO. 22 PH121+2 Ple 2 PHI32¢2 Ples 1 ALPHA = 544067 THETA =
AMBIGUITt NO. 29 RHI21+2 Pla 3 PRI32+2 Pl® =2 ALPHA & 333.25 THETA =
ANBIGUIT: NO, 24 PHI21+2 Ple 3 PHI32+2 Ple =2 ALPHA = 9,03 THETA =
AMBIGUIT: NOD. 2% PH121+2 Ple 3 PHI3242 Ple 0 ALPHA 3 31.76 THETA =

48Q50
44,56
41,10
10,00
32,89
80,00
28,457
24,05
60,94
57.098
79,79

PHI3Z =

10.00 GAMMA =

70,27
56,34
63,00
53.8%
33,89
30,99
45,85
57,68
28,25
10,00
21,35
46,79
41,29
17,69
12.47
$3.04
66,74
75,99
42,18
30,40
36,84
60,54
66.91
57,92
79,79

10.86

60.00

21.71

60,00

32.57

60.00
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BASELINE = 300.0

ACTUAL DJRECTION

AMBIGUITY
AMBIGUITt
AMBIGU] ™y
AMBIGUIT
ANBIGUITY
ANBIGUITs
AMBIGUIT!
AMBLGYITY
AMBIGUIT
AMBIGUIT1
AMBIGUIT!
AMBIGULIT Y
AMBIGU]I T
AMBIGUIT
AMBIGUIT
AMBIGU]Tt
AMBIGY]TY
AMBIGUIT
AMBIGUITY

HASELINE = 300.0
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AMBIGUIT
AMBIGU]IT!
AMBIGUITY
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Table A-5.

WAVELENGTW = 100.0

PHI21+2
BHI21e2
RH]21+2
BHI21+2
RH121+2
BH}21+42
BH121e2
AHi21+2
PH]21+2
PHi21+2
RHI21+2
PHIZ21+2
PH]121+2
RH]21+2
PHI21+2
RHI21+2
PHI21+2
RHI21+2
PH121+2

Ple
Ple
Ple
Ple
Ple
Ple
Ple
Ple
Pie
Ple
Ple
Ple
Ple
Ple
Ple
Ple
Ple
Pls
Ple

Table
WAVELENGTY

‘ON OF ARRIVALetee,

RHI21e2
RHI21+2
PH121+2
PH]21+2
PHI21+2
BH121e2
PH121+2
BHI2i+2
PH]21+2
FH121+2
PHI21+2
RPH121+2
BH121+2
PHI21+2
PH121+2
PHI21+2
PHI21+2
PHI21+2
PHI21+2
PHI21+2
PHI21+2
PHI21e2
BHI21¢2
PH121+2
BHI21+2

Ple
Ple
Ple
Ple
Ple
Ple
Pla
Ple
Ple
Ple
Ple
Pl,
Ple
Ple
Pls
Ple
Ple
Ple
Ple
Ple
Ple
Pls
Pls
Ple
Ple
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AZIMUTH =

PH132+2
PH132+2
PH132+2
PHI3242
PHI32+2
PH132+2
PH[32+2
PHI32+2
PH132+2
PHI32+2
PHI32+42 PJe
PH132+2 Ple
PHIJ24+42 Ple
PHI3242 Ple
PH132+2 Pl
PHI3242 Pie
PH132+2 P
PHI32+2 Ple
PH1I32+2 Ple

Ple
Ple
Ple
Ple
ple
Ple
Ple
Ple
Ple
Ple

PHI21 =
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List of Direction Ambiguities

0,00

0.00

ALPHA
abPHA
ALPHA
ALPHA
ALPHA
aAlpHa
ALPHA
ALPHA
ALPHA
ALPYA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA

(a

A-6. List of Direction Ambiguities (a = 0°, 8 = 3¢%)

* 100,0
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AZIMUTH =

PHI32+2
PHIJ2+2
PHI32+2
PHI32e2
PH 32+2
PHI3242
PHI32¢2
PH1J242
PHI32¢2
PHI3242
PHI32+2
PHI32+2
PRI32¢2
PH]32+2
PHI32¢42
PHI32+2
PHI3242
PHI32+2
PH132+2
PHI3242
PHI32+2
PHI3Z2+2
PH132+2
PHI3242
PHI32+2

Ple
ple
Ple
Pie
Ple
Ple
Ple
Ple
Ple
Pie
Ple
Ple
Ple®
Ple
ple
Pie
Ple
Ple
Ple
Ple
Pie
Ple
Ple
Ple
Ple
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PHI21 = ~18U,00

usou

ALPHA
ALPHA
ALPHA
ALPHA
ALBHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALZHA
ALPHA
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PHI32 =

PHI32 s

- 0% 8 « 0%
P"lld t 3 0.00
INCI™ 'NCE « 0,05
210,00 THETA = 50,34
180.U0 THETA = 41,81
150,00 THETA = 50,34
240,00 THETA =  4i,68)
210,00 THETA = 22,64
150.00 THETA = 2,64
120400 THETA s 431,81
270+00 THETA » 50,34
270.00 THETA s 22,64
0:U0 THETA = 0,00
90.00 THETA s 22,64
90.00 THETA & 53,34
300.40 THETA s 41,81
330.60 THETA = 22,64
35400 THETA = 22,64
60.00 THETA = 41,81
330.00 THETA & *9,34
0.00 THETA 3 1,81
30,00 THETA = 50,34
PHI1S = 90.00
ENCIDENCE & 30.0p
204.79 THETA ®= 67,63
180+00 THETA = 50,44
155.21 THETA & 66,62
229,11  THETA = 49,80
201.05 THETA = 32,40
158.95 THETA & 32,40
130.89 THETA = 49,80
257.78 THETA 3 51,98
246.59 THETA s 24,89
180.00 THETA = 9.59
113.41  THETA = 24,80
102.22 THETA s 51,96
279.83 THETA & 77,57
286.10 THETA 3 36,94
310,89  THETA & 14,75
49411  THETA = 14,7
73.90 THETA = 36,94
80.17 THETA w 77,57
303.00 THETA ®» 66,62
322.41  THETA & $9,12
0.8 THETA = 30,00
37.59 THETA = 39,12
57.00 THETA 3 66,68
347,00 THETA = 58,79
13.40 THETA a 58,79

GAMMA =
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Table A-7. List of Direction Ambiguities (u = 45°, 6 = 45°%)
BASELINE = 300.0 WAVELENGTH = 100,0 PHI2L = ~180,00 PHILS 5 ~17.6% PHI32 = =162,35
AUTUAL DiRECTION OF ARRIVALeses,, AZIMUTH = 45,90 INCIDENCE 3 45,00 GAMMA = 60,00 i
AMBIGUITI NO. 1 PHI21+2 Ple =2 PHI32¢2 PI® 1 ALPHA = 497,94  THETA » 61,15
AMBIGUIT1 NO, 2 PHI21+2 Ple -2 PHI32+2 Pls 2 ALPHA = 172,14 THETA = 57,27
AMBIGUIT: NO, 3 Rni-i-2 Ple -2 PHI3242 Ple ALPHA = 445,04 THETA = 76,37
AMBIGUIT, NO, 4 PH]21+2 Ply ~1  PHI3242 Ple =1 ALPHA = 239.45 THETA » 79,64
AMBIGUIT: NO. . RHI21+2 Pls =~% PHI32+2 Pl®* ¢ ALPHA & 222,75 THETA » 42,92
AMBIGUITY NO. ' AH]2142 Ple -1 PHI3242 PJ® 1 ALPHA & 188,79 THETA 30,39
AMBIGUITT NO. + PHI21+42 Fle =1  PHI3242 PI® 2 ALEFHA = 14B.40 THETA = 35,95
ANBIGUIYr NO, v PHI2142 Ply ~1  PH[I2¢2 Ple 3 ALPHA - 125,83 THETA = 58,66
AMBIGU; 1 NO. 9 PHI2142 Fle 0 PHI32¢2 Pl -1 ALPHA « 255.72 THETA = 42,50
AMBIGUITy NO., 10U BH[2192 Pl, ¢ PHI32¢2 PIe @ ALPHA ® 238,29 THETA = 18,49
AMBIGUITY NO. 11  PHI21+2 Pis 0 PH[3242 P{® 1 ALPHA & 145,37 THETA = 11,69
AMBIGUITY NDO. 12 PH]2ie2 Pla 0 PdI3222 PI® 2 ALPHA = 108,43 THETA = 31,61
LMBIGUITY NCe 13 SYJ21+2 Pje 0 PH[3242 PIe S ALPHA = 160.67 THETW ® 64,22
AMBIGUITt NO. 14  PHI21+2 Ply 4 PHI32+2 Ple =2 ALPHA = 281.13 THETA » 59,70
AMBIGUITY NO. 15 PH121+42 PIs 1 PHI32+2 Pl -1 ALPHA s 789,83 THETA = 29,44
AMBIGUITY NO. 16 PHI21+2 Pls .  PHI32+2 Ple 0 ALPHA =2 335,10 THETA s 10,59
AMBIGUIT: NO, 17 PHIZ21+2 ple 1 pH13Ze2 ple 2 ALPHA s 61455 THETA = 20,48
AMBIGUITY N7, 18  PH]2i+2 Ply 1 PH[3242 Ple 2 ALPHA & 76,47 THETA = 45,42
AMBITUIT: NO. 19 .'4123+2 PI, 2 PHI3242 Pie =2 ALPHA = 307.37 THETA = 55,47
AMBIGUI™1 Ny 20 RHI21+2 Ple 2 PHI3242 Ple =1 ALPHA = 331.65 THETA = 34,82
AN UIT b, 21 BHI21+2 Pie 2 PHI3242 Ple 0 ALPHA & 12.96 THETA = 30,687
AMBLWUIT: I . 2 BHI21+2 Pla &  PHI32ez Ple 1 ALPHA t 45,00 THETA = 45,0y
SMEIETT woL BHi2i+2 Pils 3  PHI32+2 PI1® -2 ALPHA = 339.98 THETA = 72,35
WMBIL Ty e ~  PHI21%2 1s I PHI32e2 PIe -1 FLPHA = 354,70 THETA = 96,82
AMBISUITY .o, AHI2142 Ple T  PHI3242 Ple D ALPHA & 20,26 THETA = 62,66
7able A-B. List of Direction Aubiguities (a » 45°, 8 = 80°%)
BASELINE ® 300.0 WAVELENGTH = 130,y PHIZL = 32,97 PHILS = 52.65 PH;32 = -84,72
AUTLAL DIRECTION OF ARRIVALusoe,. AZINUTH = 45,00 INGIDENCE s 80,00 GAMMA & 60,00
AMBIGUIT: NO. 1 PHI21+2 Ply ~3  PHI3242 PIs 2 ALPKA = 173,01 THETA = 77,64
AMBLGULTt NO. 2  FHIZ21+2 Ple =2 PHI32+2 Pls O A-PHA & 215.74 THETA s 51,70
AMBIGUITT NO. 3 PHI21¢2 Pl -2  PHI32+2 Ple 2 ALPHA = 186.58 THETA = 39,88
AMBIGUITT NO. 4  PH]Z1+2 Ple =2 PHI32e2 Pl® 2 ALPHA = 153,94 THETA 3 45,1b
ANBIGUITY NO 5  PHI21+2 Ple =2 PHI32e2 PI* 3 AUPHA & 132,45 TYHETA = 70,69
ARBIGUITt NO. 6  RHI21+2 Ple -1  PH[32+2 Pl® -1 ALPHA £ 244,99 THETA & 45,90
AMBIGUIT: NO. 7 PHI21+2 Pl, -1 PHI32+2 Pls 0 ALPHA & 221,21 THETA = 23,80
“MBIGUIT1 NO, 8 RHI21+2 Ply =1  PHI3242 Ple 1 AtPNA s 158.60 TnET: s 19.06
AMBIG NO. 9 PHI21e2 Pl, =1 PHI3242 Pls 2 ALPNA & 121,07 THETA = 6,04
Mo I NoT  4i BMISIYE PIS I PHIdaes PIe 5 ALPHA m 158.86 THETA 3 69.9%
AMBIGUITt NQs 11 PHI2142 Pla 0 PH]32¢2 PJe =2 ALPHA & 272,02 THETA = 57,54
AMBIGUITT NO. 12 PHI21¢2 Pl 0 PHI3242 Ple -1 ALPHA = 273,71 THETA = 27,34
AMBIGUITY NO, 18 BHI21+2 Ply 0 PHI32+2 Ple © ALPHA s 292,02 THETA = 4,54
AMBIGUIT: NO. 14 RHI21e2 Pl, 0 PHI32+2 Ple 1 ALPHA = 84,55 THETA ®= 18,24
AMBLGUITY NO» 15 PH121+42 Pla 0  PHIS2+42 PI¢ 2 ALPHA = 87,56  THETA & 44,19
AMBIGUIT: HO. 16 PBRI21+2 Ple i  PHI32¢2 Pi® =2 ALPHA ®  299.15 sTA 48,18
AMBIGUITT NO, 17 PHI21+Z Plq 1 PHIJ2¢2 Ple =1 ALPHA » 323,78 T:.TA a 26,74
AMBIGUITr NO, 18 PHI2142 ‘14 1 PHI3242 Ple 0 ALPHA ® 18,15 THETA = 22,46
AMBIGUIT: NO, 19 PHI21¢2 Ply %  PHI32+42 Ple 1 ALPHA & 54,23 THETA = 38,39
AMBIGUITY NO. 20 PHI2i+2 Pley 31  PHI32+42 Pi» 2 ALPHA = 67,78 THETA = 73,76
AMBIGUITY NO« 21  PHI2I+2 Ple 2  PKIJ2¢2 PI» -2 LLPHA & 326,65 THETA ® 56,48
ANBEIGUITY NO. 22 PHIZ1+2 Ple 2 pHIJ242 pPl® -1 ALPHA 5 353,98 THETA = 44,45
AMBIGUITT NO. 23  FHIZ21+2 Pla 2 PH3242 Pte 0 ALPHA = 24,10 THETA = 49,72
AMBIGUIT: NO, 24 BHI21+2 Ply, 2 PHI3242 Ple 1 ALPHA & 45,00 THETA = 80,00
5 2
H b=
3 3
P
o ) L L
- s i - —
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APPENDIX B

This appendix contains unit hemisphere projection plots which pre-
cisely correspond to the awbiguity data found in Appendix A. Note the
symmetry of these plots. Note also how the plots vary with D/A, as

discussed in Chapter IV,
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UNIT HEMISPHERE AMBIGUITY PLOT

CD/LAMBDA = 1.00 AZIMUTH = 200.00 ,  INCIDENCE  10.00

NORTH

RRRAY RANGLE =  60.00

Figure B-1. Henispherical Projection Plot (D/X = 1)
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UNIT HEMISPHERE AMBIGUITY PLOT

1 D/LAMBDR =  2.00  AZIMUTH =  200.0C INCIDENCE  10.00

: NORTH

0.0

1 . -
A il i

. -

L T LTy T — i )
«.m..ullmm'wmgmw‘ disfldiin R b L £ it
: SN b s L i e K

T

. B4Q9\
0-081

ARRRY ANGLE = 60. Q0
Figure B-2, Hemispherical Projection Plot (L'} = 2)
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UNIT HEMISPHERE AMBIGUITY PLOT

U/LRAMBDR =

3.00

AZIMUTH = 200.00 INCIDENCE

NORTH

98

10.00

ARRAY ANGLE =

Figure B-3.

60. G0

Hemispherical Projection Plot (D/)\ = 3)




=
=
=
F
E:
3
- =!
'

e

i

AL

kb

.4
R AT——
} !

UNIT HEMISPHERE AMBIGUITY PLOT

C/LRMBOR = 4.00 AZIMUTH = 200.00 INCIDENCE

NORTH

0.0
20 0

99

10.00

0-o8l

ARRRY ANGLE =  60.00

Figure B-4. Hemispherical Projection Plot (D/A = 4)
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UNTT HEMISPHERE AMBIGUITY PLOT

0./LAMBDR = 3.00 RZIMUTH = 0.00 INCIGENCE 0.00

ik

s

et o i s b i

NORTH
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ARRAY ANGLE =  60.00

Figure B-5. Hemispherical Projection Plot (y = Oo, 8 = 0%
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UNIT HEMISPHERE AMBIGUITY PLOT

0/LAMBOR = 3.00 RZIMUTH =  0.00 INCIDENCE  30.00

NORTH

3o

260.0

0°04at

ARRRY ANGLE =  60.00

Figure B-6. Ilemispherical Prcjection Plot {y Oo, 8 = 309
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UNIT HEMISPHERE AMBIGUITY FLOT

0/LAMBOR = 3.00 RZIMUTH = U5.00 INCIDENCE U5.00

NORTH

L]

ARRAY RANGLE =  60.00

Figure B-7, Hemispherical Projection Plot (y = 450, 8 = 45°)




ek };“
R

b

ik

e

i

"4,
L e
R i A L A

rE awmm——
ok

UNIT HEMISPHERE AMBIGUITY PLOT

0/LAMBCR = 3.00 AZTMUTH = U5.00 INCIDENCE

NORTH

103

80.00

0°0a1

ARRRY ANGLE =  60.00

Figure B-8, Hemispherical Projection Plot (y = 450, 8 = 80°)
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APPENDIX C

A listing of the general ambiguity locating program (GNAMLC) as
well as four sample hemispherical projection plots is included in this
appendix. Program GNAMLC is structured according to the flow chart of
figure 6, except that it uses the more general isosceles array inter-
ferometer equations. (See equations IV-1,)

Due to the symmetry of these plots, it has been found that such
hemispherical projection plots may be constructed in a much simpler
manner (without the use of a computer!), using equations IV-10 through
IV-13, This is discussed at the end of Chapter IV,

The four sample plots have been specifically chosen to illustrate
how the number of direction ambiguities and the ambiguity distribution
pattern varies with the isosceles array angle, gamma.

The vser-written subroutine "REDUCE," called by program GNAMLC, is
documented and listed in Appendix M, All other subroutines called are
part of the G-20 digital computer system library. Information on these
library subroutines or on the G-20 Fortran-M language (in which all pro-
grams listed in this thesis are coded) may be obtained from the G-20

computing facility of this laboratory.
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INPUT SAURCE CARDS
EXECUTE
FORTRAN
NAME GNAML 3
EQUIP=PRINTE,CARDRE, CARDPU;
H SINGLEALL S
Conans

CeownsTHTS IS 4 CENERAL ISOSCELES INTERFEROMETER ARRAY AMBIGUITY LOCATING
Cesnn#PRAGRAM, INPUT DATA CONSISTS OF THE SPECIFIED AZIMUTHM AND INCIDENCE
Cessa®ANGLES (IN NEGREES), THE ARRAY BASELINE, AND OPERATING WAVELENGTH (IN
CenawseMETERS), ANT THE ISOSCELES ARRAY ANGLE (IN DEGREES). (5F10,5 FORMAT,)
CosasaTHIS FROGRAM LISTS ALL POSSIBLE AMBIGUITIES AS SEEN BY THE INTERFEROMETER
CosnnwARRAY, 1T THEN PLOTS THEM ON A UNIT HEMISPERICAL PROJECTION,
Cosnan

DIMENSION TWRK(1000),X(500),Y(500)

P123.1415926535898

Tupl=2 . #P1

DEG=i8n,/P1

Do 996 IREN=x1,3

READ 10, XALPHA,XTHETA,D,XLAMR,DGAMMA

GAMMA=NnGAMMA/DEG

TPDL=TUPI#N/XLAMB

RxaALPH=XALPHA/DEG

RXTHET=XTHFTA/DEG

SNTH=SIN(RXTHET)
CosnaulUSFE ALPHA TO DETERMINF UNAMBRIGUOUS INTERFEROMETER PHYASES

PH121=TPN «COS(RXALPH)aSNT}

PH113=-TPNI «COS(RXAILPH-GAMMA)®SNTH

PHI32=TPN s (COS(RXALPH-GAMMA)-COS(RXALPH))®SNTH
CeanuwRENUCE PHI1JS BY MULTIPLES OF 2 PI UNTIL BETWEEN = Pl AND ¢ P|

CatL RENUCF(PHI21)

CallL RFNDUCF(PHILI)

Call RENUCKF(PHIJI2)

DL =D/XL AMR

DPHI12=NEG4PHTI13

DPHI21=NKEGaPHI2]

DPHI32=NFGPH]JI2

10 FORMAT (5+1n.,5)
PRINT 20,P.XLAMB,DPHI21,0PFI113,UPHI32
20 FORMAT (1PH1RASELINF = ,FS,1,8%X,14H WAVELENGTH = ,F5,1,5%,9H PH]21

$z ,F7.92,5%,9H PHI13 = ,F7.2,5%X,9H PHIZ2 = ,F7,2)
PRINT 21.XALLPHA,XTHETA,DGAMMA
21 FORMAT (//73aH ACTUAL DIRECTION OF ARRIVAL .o eeeoes8X,10HAZIMUTK = ,
$F7 2,8X,12-INCIDENCF = ,F7,2,4%X,8HGAMMA & ,F7,2,/7/7)
TPRLETUP [ ani/XLAMB
Nz=D/XLAMHs
M=2aN+4
JCOUNT=0
CoannssBERIN VARY NG PHI21 AND PHI3Y BY +« OR - 2 PI
Do 40 wm21=1,M
N213M24-N=1
TPH[21=PH121+TUPIaN2Y
Dp 40v22=1{.M
N3I2eMID-in~1
TPH]3?2=PH]22+TUPI#N32
SMSOQETPHI 21 #82+TPHI32082+TFH]21TPHI32 ’
CensnoREJECT PHASE AMRIGUITY CCMINATIONS THAT YJELD [MAGINARY INCIDENCE ANGLES
XNUML1=TPH121{+TPHI32~TPHI21e4COS(GAMMA)
XNEN1=TPHIZ>{#SIN(GAMMA)
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XTNSATANZ ( XNUM1 , XDENY ) 106
REJECT=COS(XTN)SCOS(XTN=GAMMA)
CONDX=COS{XTN)#@2+COS(XTN=«CAMMA) ®a2
SORT1=SORT(SMSO/(CONDX-REJECT))
IF(SQRT1-TFDL) 30,40,40
Ceaneo]lF TPRLI21 AND TPHI32 PASS THIS TEST, COMPUTE ALPHA AND THETA
3n ALPHA=XTN
DALPHA2DEG#ALPHA
THETA=ASIN(SORT1/TPDL)
DTHETA=THETA®DEG
STHESIN(THFTA)
JCOUNT=JCOUINT 1
Y(JCOLNT)=nOS(ALPHA)#STH#3 5
X(JCOLMT)=QIN(ALPHA)@STH«3 5
PRINT =1, JCOUNT,N21,N32,DALPHA,DTHETA
31 FORMAT (15H AMBIGUITY NO. ,14,3X,11HPHI21+2 Ple,]3,3X,
S11HPHIZ2+2 Pla,13,3X,9H ALFHA = ,F7.:2,3X,8HTHETA = ,F7.,2)
40 CONTINUE
CaLL PLNTS(IWRK,1000,1%50.,11,)
CesessSHIFT NRIGIN (ASSUMING PEN STARTED IN LOWER RIGHT) T0 CENTER oF P!GE
CalLl f1NT(4,,5.,-3)
CesanaDRAW X,Y AXES
CALL PLOT(“."3.513)
CaLL PIDT(D,.»3.5,2)
CaLlL PLOT{-3.5,0.,3)
Call FLOTt¢2,5,0,,2)
CenasaDRAW ULNIT rIRCLE (PROJECTICN OF ERICS UNIT HEMISPHERE)
CALL CI OT(105000'3)
W=z0.
Do 200 J=1,151
AzCOS(1)=3.5
B=SIN(W)#3.5
Catl FiD1(A,R,2)
200 wzyWeTLPI/Z150.
TENRAT=10./DFG
E1TYRD=-80./NEG
DGaZ=0,
RADAZ=0.
CennaaCpl IBRATE UNIT CIRCLE IN DEGREES AS ON A COMPASS (LRAW AZIMUTHAL SCALE),
Do 201 I1nNC=1,18
DGaZM=-Dh(A7
C=COS(RANA7)*3.5
D=SIN(RA"A7)#3.5
CALL SYHRO'(D:C..O?.G.DGAZV.'I)
Cz1.0zer
D=z1.0Z2aD
CA[L hHMﬁFD(U:C:007)DGAZ)DGAZM11)
DGAZ=LGAZ+20.
201 RADAZ=RADA7+TUP]/18.
THETA=F]IRrM
CeswsaDRAW SINUSCIDALLY SPACED TICK MARKS ON X,Y AXES, INDICATING INCIDeNCE
CennaeANGLES (10, NEGREF INTFRVALS)
Dn 203 1¢T=1,17
STHESIN(THETA)#3,5
CAlL QVMROI (STHD0.0.0?}"O.I".)
203 THETA=THFTA+TENRAD
THETA=ETTRD
Do 204 [CT=1,17
STHESIN(THFTA)#3,5
CALL SYMBOI(U.ISTH:o07D‘999oJ‘1)
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204 THETAZTHETA+TENRAD
CennaaPnT AMRBIGUITIES
Do 202 LOOP=1,JCOUNT
202 CatlL SYMBOl(X(LOOP).Y(LOOP)..08.5.0..-1)
ConaaaDRAW [N SYSTEM PARAMETERS CN PLOT
CaLL SYMRNI (-1,25,-4,258,,14,34HARRAY ANGLE = ,0,,14)
CALL NUMBFR(.7,-4,25,.14,DCAMMA,0,,2)
CalL SYMBOI| (-.4,3.8,.21,%HN0ORTH,0,,3)
CALL SYMROI (=2.5,5,,.21,30UNIT HEMISPHERE AMBIGUITY PLOT,0.,30)
CALLSYMROL (=«3,6,4.5,.14,11+D/LAMBDA = ,0,,11)
Cat LNUMRER(=2,,4.5,.14,DL,0.,2)
CALLSYMBOY) (-.88,4.5,.14,100AZIMUTH = ,0,,10)
CALL NUMBFR( ,5,4.5, .14,XALPHA,D0.,,2)
CALL SYMRO! ( 1.9,4.5,,.14,12HINCIDENCE = ,0,,10)
CALL hUMRFR( 3.3)405001"XTHET"0002)
ConaneMOVE PEN TN NEW STARTING PCSITION FOR NEW PLOT TC BE INITIATED
CAlLL FLNOT(B.»=5.,,"-3)
99¢ CONTINUE
CaLl ExIT
EiD

s+ ——
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UNIT HEMISPHERE AMBIGUITY PLOT

INCIDENCE 25.00

3.00 ARZIMUTH = 20.00

D/LAMBOR =
NORTH

200. 0

0°0p;

280.0
n

ARBAY ANGLE = 1.00

Figure C-1. Hemispherical Projection Plot (y = 1°)
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8 UNIT HEMISPHERE AMBIGUITY PLOT

INCIDENCE

109

25.00

ST o
008

260.0

Figure C-2,

P~ |

0°o8t

ARRARY ANGLE =

o\
p'0?

30.00

Hemispherical Projection Plot (y = 300)
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UNIT HEMISPHERE AMBIGUITY PLOT

0/LAMBOR =

280. g

3.00 RZIMUTH = 20.00

NORTH

0.0

INCIOENCE  25.00

0
00

-

250.0

Q- *
2 |

0°ogl

ARRRY ANGLE =  45.00

2°0p;

Figure C-3, Hemispherical Projection Plot (y = 45°)
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UNIT HEMISPHERE AMBIGUITY PLOT
0/LAMBDA = 3.00 RZIMUTH = 20.00 INCIDENCE 25.00
NORTH _
| 0.0 1
: ARRAY ANGLE =  60.00
_; Figure C-4, Hemispherical Projection Plot (v = 60°)
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UNTT HEMISPHERE AMBIGUITY PLOT

0/LAMBCAR = 3.00 RZIMUTH = 20.00 INCIDENCE  2£.00

il &w“";‘.rl‘-."'.“'ﬂlﬁ"g:"gh“iﬁi{{‘ TR EVIR e A R

' * . R “w e ”;":,,“-,' ”
T T i (T n g e e e

il

ARRAY ANGLE =  30.00

Figure C-5. Hemisp®erical Projection Plot (y = 90°)
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APPENDIX D

The limitations of an approximate azimuth direction ambiguity reso-
lution system are studied in this appendix. The significance of the
results contained herein is explained in Chapter V.

The program listing is included. All user-written subroutines

called are listed in Appendix M,
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INPUT SOURCF CARDS

EXECUTE

FORTRAN

NAME AMBPLTS
EQUIP=CARDRE,PRINTE,CARDPU;
SINGLEALL 3

T XTIXTOANDN

Catane

ConanaTHIS 1§ AN AMBIGUITY CHOOSING PROGRAM, FROM ALL POSSIBLE AMBIGUITIES
CosaunlT CHCOSFS AND COUNTS ALL AMBIGUITIES WITRIN A SPECIFIED AZIMUTHAL SECTOR
Cessnes0F ARRIVAL. IT THFN PIOTS THE NUMBER OF AMBIGUITIES FOUND WITHIN THIS
CoswseCERTAIN TOI FRANCE VS D/LAMEDA., ALL PROGRAM PARAMETERS ARE VARIEL
Connne INTERNALLY. HENCE THERF IS NO INPUT DATA REQUIREC OTHER THAN SOME
CesnwnAl EHANUMERTC LABEILING INFCRMATION.
Codtane
DIMENSION 1 AREL1(11),LABEL2{11)
DIMENSION MAP(15,20),DTHETA(500),DALPHALS00)
NTFST=0
P1=3.1415926535898
Tupl=2. #PI
DEG=180./P1
SORH=SORT(1.5)
READ 1,LABFL1,LABFL2
1 FORMAT (1141)
XTHETA=15,
XAt PHAZ(Q.
Do 101 ITHFTA=2,6
Do 100 laLPHa=x1,16
CenuseCOMPUTE AMRIGUOUS INTFRF PFASES FROM XALPHKA, XTHETA
RYsLPraXAl PHA/DFG
RXTHET=XTHFTA/DEG
SNTH=SIN(RXTHET)
CoessnSET UP LUOP TO VARY D/I AMALA FROM 1 TO 6 IN INCREMENTS OF 1/3
"2, 066666666687
13 ii 60 vNI=1,16
14 Dr=DL+.33333333333333
TPAL=TUPI#"!
Con.2eUSE Al pHaA 0 DETERMINF INTERFEROMETER PHASES (UNAMBIGUOUS)
PHI21=7P( #COS(RXALPH)aSNTHK
PH113=TPUL sCOS(RXALPH=-2 ,#TLP[/3,)#SNTH
PHI32=TPlit wCOS(RXALPH-TUPI/3,)#SNTH
CesneeREDUCE PHITJS BY MULTIPLES OF 2 PI UNTIL BETWEEN - Pl AND ¢ PI
CALL RFDUCF(PHI21)
CAtL REDUFF(PHILZ)
CAIL REDUCF(PHI32)
DPHI21=PH]?1#DEG
DPH]13=2PH]134DEG
DPHI3Z=PH]22#DEG
21 TPDLF=(TPIL#02)%,75
NznL+1
M=2aN+1
JCOUNT=zN
ConseoBEGIN VARYING PHI21 AND PHI32 BY ¢ OR - 2 PI
Dn 40 m21=z1,¥
N21eM21-N=-1
TPHI21=PHIP1+TUP ] #N24
Do 40 M3o=z1,¥
NS?:Ms?-N-1
TPHI32=PHII2+TUP ] aN32
SMSGO=TPHI?1492+TPHI32#02+TFH]21#TPHI32
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CotaeaTHROW OUT
Cetoae

CedoneifF (PHI?1 AND PHI3Z2 PASS THIS TEST TCMPUTE ALPHA AND THETA

30

40

IF(TPDLH-SM50)40,30,30

ARGL22 #TPH[32¢TPHI2E
ARG221,732n51«TPH]21
ALPHAZATAN? (ARG, ARG2)
STHESCRT (2. #SMSQ) /(TPDL#SGRH)
JCOUNT2JCOUNT+1
DALPHACJCNUNT ) =DEGRALPHA
DTHETA(JCOUNTY=DEG#ASIN(STR)
CONTIANUE

1F THE PROPOSED COMBINATION OF PMI21 AND PH132 115
NOES NOT YIELD SIN THETA = OR LESS THAN ¢

Ce#eswaSET UF LOOP WHICH VARTES ERRTOL FROM 0 TO ¢ OR - 10 DEGREES OF XALPHA L
CessesERRTOL IS MOT SET PRECISELY EQUAL TO ZERO DUE TO PROBLEMS WITH |

Ce8euaCOMPUTER RNUNDOFF ERROR.

41

ERRTOL=.0049
Do 60 t100P=1,112

HOWEVER 1T 1S ESSENTIALLY ZERO

CessesCOUNT NUMRFR OF AMBIGUITIES THAT LIE WITHIN ¢ OR =~ ERRTOL OF THE TRUE AZ

42
43

44
45
46
47
49

NUMAM = 0

DO 49 NL=1,JCOUNT
IF(DALPHA(NL) = XALPH1=-ERRTOL )42,42,46
IF(DALPHAINL)=XALPHASERRTOL)A4,43,43
NUMAM=NUMAM+1

G0 TO 4%

IF (XALPHA+FRRTOL~360.)49,45%5,45

IF (XALPHA-360,+ERRTOL-DALPHACNL))49,43,43

IF(XALPHA-FRRTOL)47,47,49

IF(XALPHA+ZA0,~ERRTOL-DALPFA(NL))43,43,49

CONTINUE

CosnunSAVE NUMAM IN PROFEZR LOCATION OF MAP ARRAY

60

LP=12-) OCP
MAP(LP,NDL Yy=NUMAM
ERRTOL=ERRTOL Y,

CennneMpP NCw CONTAINS QUTPUT INFORMATION

72
74
73

75
768
69
61

62
63

64

100

101

+

IF(NTEQT)75,74,75
PRINT 23

FORMAT(1H1)

NTEST=1

GO T0 76

NTEST=0

CONTIANUE

PRINT 61,XALPHA,XTHETA
FORMAT (1H

Do 62 1=1,1¢
KOUNT=11-1

PRINT 43,LaBELLC(I), ABEL2(1),KOUNT, (MAP(],J),J=1,16)

FORMAT(]H ,A1.2X0A1.4X,IZ.ZX.1616)
PRINT 44

FORMAT(// .17X,96H 1,00 1,33 1.67
$ 3.67 4.00 4,33 4,67 5,00 5.33

SLINE/WAVELFNGTH )

XAI PHAzXALFHAS22,
CONTIANUE
XTHETAeXTHFRTASLSE,
XAI PHASO.
CONTINUE
CAatL EXIT

END

- ERROK

Ih DEGREES

2.00

2,33 2.67 3,00

6.00

./7/7,108H CHART OF THE NUMBER CF AMBIGUITIES THAT FALL
SHWITHIN A CFRTAIN PROXIMITY (e OR - ERROR) OF A GIVEN AZIMUTH ,

$///+41%,10+AZIMUTH = ,F7.2,8H DEGREES,/,40X,12HINCIDENCE = ,F7,2,
$8H DEGREES.//)

3,33
2/745%,19HBASE

il
j
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EXECUTE 119

INPUT PROGRAM TAPE,CDDUP

INPUT SAURCE CARDS
EXECUTE
FORTRAN

NAME AMBPLTS (MODIFIED VERSION)

EQUIP=~ARDRE,PRINTE,CARDPU;

SINGLEALL?
COQQDOOO'QQQGl!l{QQQGQQQGOOOQQQ!lOQG.Q.i.QQQOQQOQ.GOOQQQOQ.QOQQQQQQQQOQOQQQOOQCO
CesanaTHIS PROGRAM MAS REEN MOLDIFIED TO TEST AN AMBIGUITY REJECTION

CesenaCRITERION RASED ON & KNOWLEDGE OF THE APPROXIMATE AZIMUTH (TEN DEGREE
C....’TolERANCF’....0....'."'.."0...

CQ'QQ"Q...'CQ’{!.C.I..’l.."'.'.."...".’..'.’..."....QQ'...Q....‘..'........
Cottane

CesneaTHIS IS AN AMBIGUITY CHOOSING PROGRAM, FROM ALL POSSIBLE AMBIGUITIES
Cevune]T CHCOSES AND COUNTS ALL AMBIGUITIES WITHIN A SPECIFIED AZIMUTHAL SECTOR
Cansaa0F ARRIVAL. IT THEN PLOTS THE NUMBER OF AMBIGUITIES FOUND WITHIN THIS
CeoaneCFRTAIN TNl ERANCE VS D/LAMRDA, ALL PROGRAM PARAMETERS ARE VARIED
CennusINTERNALLY. EXCEPT SOME ALPHANUMERIC LABELLING INFORMATION AND THE ACTUAL

CesnsaD0a (IN 2F10.5% FORMAT)
Custane

TXTITPAOAHAAHAOA

DIMENSTON 1 ABEL1(¢(11),LABEL2(11),CALPHA(200,16)
DIMENSION MAP(15,20),NTHETA(500),DALPHA(S00)
P1-3.1415926535898
Tupl=2.#P1
DERE180, /P
SQRH=SART(1.,5)
READ 1.LABFL1,LABEL?2
1 FORMATt1141)
READ 10,XAl PHA,XTHETA
10 FORMAT(2F1n.5)
ClllihﬂﬁiilICQOCIQ.QIQODOGGQIQGQQlQQIQQQQQOC.I!QQIGQQQ'QQQQQ.!.Q.Q.l.l.QQO.!'Q..
CeaeneSFT UF RFJFCTION CRITERIA FOR AMBIGUITIES BY ESTABLISHING MAX AND MIN
Cosanal IMITS ONM PHILTJUS, BASED ON APPROX AZIMUTH INFO, (ACTUALLY APPROX AZIMUTH
Cenane0OFF FROM TRUE AZIMUTH RY 9 DEGREES) THE LIMITS ARE CHOSEN BY RANGE ROUTIN
CennneASSUMING APPROX AZ 1S OFF EY ¢ OR - 10 DEGREES
AZ=XALPHA+9,9
CAlL RANGE(AZ,0.,FIMX21,FIVFN21)
CALL RANGE(AZ2,120.,FIMX32,FIMN32)
CALL RANGE(AZ,240.,FINX13,FIMNLY)
CasuaaCOMPUTE AMRIGUOUS INTERF PRASES FROM XALPKA, XTHETA
RXALPraXALPHA/DEG
RXTHET=XTHFTA/DEG
SNTH2SIN(RXTHET)
1oUlT=n
CananaINITIAL [ZE MAP BY SETTING MAP(I,J)=0
Do 11 INIT=1,11
DO 11 UNIT=1,16
MAP(INIT,UNIT)=0
11 CONTINUE
CesssaSET UF LOOP TO VARY D/LAMBLCA FROM 1 TO 6 IN INCREMENTS OF 1/3
DL=,6646%566667
13 Do 60 ML.=1,16
IF(IQUIT)4R, 14,48
14 DL=DL+.33333333333333
TepL=sTUPI s
CosasalUSE ALPHA TO DETERMINE INTERFEROMETER PHASES (UNAMBIGUOUS)
PH121=TPDL*COS(RXALPH)aSNTE
PH113=TPNL#COS(RXALPH=-2,#T LPI/3,)aSNTH




PHI32:=TPUL o COS(RXALPH-TUPI/3.)#SNTH 120

CesassREDUCE PHI1JS BY MULTIPLES GF 2 P1 UNTIL BETWNEEN « PI AND ¢ PI
Cat L REDUCF(PHI21)
CaLl RFEDUCF(PHIL3)
CALL REDUCE(PHI32)
F1oiMxe TP #F IMX21
FIPIMA=TPDI oF [MN21
F132MX=TPN! oF TMX32
FI32MAN=TPNI F [MN32
FIa3MX=TPDI o#F IMX13
FI113MA=TPD| #F IMN13
DPHI21=PHI21#DEG
DPHI13=PH[13#DEG
DPHI32=PHI 22#DEG
IF(TPCL=5.5)21,21,99

99 PRINT 12

12 FORMAT(///77)

i s e e

e "

e g
ke .

. 19 PRINT 20 ,hL,XALPHA,XTHETA,DPH]2¢,DPHI13,0PH]32
A 20 FORMAT (17K N/LAMBDA = ,F7,3,5X,10HAZIMUTH = ,F7,2,5X,8HTHETA = ,F7,2,/,37H
g $.2,/,37H AMBIGUOUS INTERFEROMFTER PHASES ARE.,5X,GH PHI21 = ,F7.2,
E $5X.9H PHI13 = ,F7,.2,5X,98 FHI32 = ,F7.2,///)
E 21 TPDLF= (1PN %a2)# 75
5 N=DL +1
: MzD#N+1
JCOUNT =4

CennesBEGIN VARVING PHI21 AND FHI32 BY + OR - 2 PI
Do 40 M21=1,¥
N218M21-N=1
TPpHl21aPH]21+TUFIaN2Y
DO 40 N3?=1pM
N3I2EMIZ2=-N=1
TPHI3I2=PH132+TUPI#N32
SMSO=TPHI218e2+TPH[ 32082+ TFH]I214TPHI32
CussueaTHROW AUT 'F THE PRNPOSEL COMBINATION OF PHI21 AND PHI32
Cudanae NOFS NOT YI#L.D SIN THETA = OR LESS THAN 1
IF(TPT{ H-SMS0)40.,30,30
Covnualr (PHID1 AND PHI32 PASS THIS TEST COMPUTE ALPHA AND THETA
30 ARG1=2,#1PH]32«TPHI 2%
ARG2=1.737n518TPHI121
Al PHAZATAN? (ARG, ARG2)
STHESGCRT(?,#SMSQ)/(TPNL #SNRH)
JCOUNT=JCOUNT+1
DALPHACJI OUNT)=DEGRALPHA
DTHETA(JUNENT)=DEGHASIN(STE)
Tep]13=z=-TPL124-TPH[32
IF(FI24MY-TPH]21)997,980,980
980 IF(TPFI21-F124MN)G97,981,981
981 IF(F12oMX-TPH132)997,982,982
982 IF(TPF132=-F132MN)997,983,983
983 IF(F113MX-TPH]113)997,984,984
984 IF¢TPr113-1 113MN)997,985, 985
98¢ XMARK=4H
CALPHA(J( 1 NT,NDL)=DALPHA(_COUNT)
Ge TO 999
997 CALPHA(JUDINT,NDL)=180,+XALPHA
XHARKz4H%*n 2o
IF(TPL1 -5.5)40,40,999
999 FRINT 31,.07QUNT,N21,N32,CALPHA(JCOUNT),DTHETA(JUCLUNT), XMARK
31 FCRMAT (15K AMBIGUITY NO. ,14,3X,11HPH124+2 Ple,13,3X,
$ 11MPF13242 PI#,13,3%X,0H ALPHA = ,F7.2,3X,BHTHETA = ,F7,2,A4)
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40 CONTINUE 121
c'oooogsrTgP LOOP WHICH VARIES ERRTOL FROM 0 THN & OR =» 10 DRGREES OF XALPHA
] 41
48 Do 450 I1CT=1,JCOUNT
480 DALPHA(ICT)YSCALPHACICT,NDL)
41 ERRTOLE, 0049
Do 60 L00OP=1,11
CeasaaCOUNT NUMBFR OF AMBIGUITIES THAT LIE WITHIN ¢ OR - ERRTOL OF THE TRUE AZ
NUMAM ¢ 9
DO 49 NL=1,JCOUNT
IF(DALPHA(NL)=XALPHAERRTOL)42,42,46
42 IF (DALPHA(NL)=XALPHASFRRTOL )44,43,43
43 NUMAM=NUMAMe1
GO YO 49
44 IF (XALPHA+FRRTOL=360.)49,45%,45
45 IF(XALPHA-36G , +ERRTOL-DALPRA(NL))49,43,43
46 IF(XALPHA=FRRTOL)47,47,49
47 IF(XALPHA+360,~FERRTOL-DALPKA(NL))43,43,49
49 CONTINUE
CennneSAVE NJMAM IN PROPER LOCATION OF MAP ARRAY
LP=12-L00P
MAP(LP,NDI )=NUMAM
60 ERRTOL=ERRTOL+1,
CevonaMAP NCW COMTAINS OUTPUT INFORMATION
IFCIQUTIT)69,68,69
68 PRINT K90
59 FORMAT(1H1.//7///,104H (ALL POSSIBLE AMBIGUITIES FOR TME GIVEN REDU
SCED SET OF INTERFFROMETER PHASE ANGLES BETWEEN =F] AND P1) ,//7)
69 PRINT 61.XALPHA,XTHETA
61 FORMAT(41H ,/7/7/7,108H CHART OF THE NUMBER CF AMBIGUITIES THAT FALL
SWITHIN A CFRTAIN PROXIMITY (e OR - ERROR) OF A GIVEN A2IMUTH ,
$///,41%,10HA2IMUTH = ,F7.2,8H DEGREES,/,40X»12HINCIDENCE = ,F7.2,
$8H DEGREFS,//)
Do 62 1=1,11
KOUNT=§1-1
62 PRINT 63,LABELL1(I),LABEL2(]),XKOUNT, (MAP(],J),J=1,16)
63 FORMAT(1H ,A1,2X,A1,4%X,12,3X,1616)

PRINT 64
64 FORMAT(// ,17X,96H 1,00 1.33 1.67 2.00 2,33 2.67 3,00 3,33
S 3.67 4-00 4033 4'67 5.00 5033 5067 6000 )/I4SX319HBASF

SLINE/WAVFLENGTH )
!F(IQL[T)66167066
67 PRINT 5
65 FORMAT(1hH1,//,4%X,100H (ALL AMBIGUITIES THAT REMAIN AFTER CONSIDERI
$NG RESTRICTIONS THE APPRCX A2IMUTH PUTS ON THE PHII1JS) o/ 34X,
$44H (REJECTED VALUES ARE STARRED ON LISTING) 2/77)
IQUIT=2
Go TO0 13
66 CONTINUE
Car L EXIT
END

+ , - ERROR
IN DEGREES
330, 75.
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APPENDIX E

Tals appendix demonstrates the apparent equivalence of phase ambi-
guity resolution and direction ambiguity resolution ir a small/large
baseline interferometer system, as outlined in Chapter V. The case of a
signal arriving from directly overhead and an array with a D/A value of
2 was chosen. (See plot E-1,) Various approximate directions of arrival
were chosen. They were defined in terms of their Cartesian coonrdinates
on plot E-1. (The approximate DOA's are labelled as (Xapprox, Yapprox)
on the computer output that follows.) Next, the interferometer phases
that corresponded to these approximate DOA's were computed. These
"a.proximate'" phases were uged to perform a phase ambiguity resolution.
The phase ambiguity resolved phases were then used to compute the indi-
cated (phase ambiguity resolved) DOA., This DOA is denoted by the point

X

1 pr -
ohase, thase) as would be plotted on the unit hemispherical projec
tion. (See plot E-1.) Similarly, a direction ambiguity resolution was
performed using the approximate DOA information as outlined in Chapter
)

V. The results of this process are indicated by the point (Xdir’ Ydir
as would be plotted on the unit hemispherical projection.

It can be seen from the computer output that both methods generally
obtain identical results depending on the location that is ''chosen" as
the approximate DOA. 1iIf it is assumed that the point (0, 0) is the
actual DOA, it is evident that the approximate DOA must be chosen fairly
close to this point for the two processes to succeed. At times one

method fails while the other one succeeds. This discrepancy is attri-

buted to roundoff error in the digital computer.
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| UNIT HEMISPHERE AMBIGUITY PLOT

D/LAMBOA = 2.00 RZIMUTH = 0.00 INCIDENCE 0.00

i

o

NORTH

““M“ﬁ»» e A ek

(=]
3 [~
3 [-=]
3 o
3 -]
k °
i3 ©
T ¥
23
33 !

* - approximate DOA's
x — direction ambiguities

ARRAY ANGLE = 60. 00 ®- “true" DOA

Figure E-1, Location of the Approximate DOA's Specified in the
Comparison Study of Appendix E
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s INPLT SOURCE CARDS

$ EXECUTE

s FORTRAN

H NAME RESCMP}

H EQuIP=rARDRE,PRINTE, CARDPU}

Canaane
CennseTHS PPOGRAM SIMULATES BOTH PHASE AND DIRECTION AMBIGUITY RESCLUTION IN A

CeewaeSMALL/I ARGF BASELINE (SYMUETRIC ARRAY) INTERFEROMETER SYSTEM, 1T USES
THE REDUCE (CALLED REDUCD) AND CHOS (CALLED

CewessDOUBLF PRECISION VERSIONS cF
THE FIRST PORTION OF THE PGM DETERMINES

CowwsaCHOD) SURRNUTINES OF APPENLIX M.
MRIGUITIES FROM THE SPECIFIED INPUT PARAMETERS

CesnnaaTHF LCrATINCN 0f THE A

Cesesn(a7IMUTH, TNCIDENCE, ARRAY BASELINE, AND WAVELENGTH, IN 4F40,5 FORMAT,)

CenwneaON THE BASIS OF A GIVEN APEROXIMATE DOA, WHICH 1S AUTOMATICALLY VaRlIED BY

CasannTHE PROGRAM,

CensnaTHE SEFCOND PORTION PERFORMS THE PHASE AND DIRECTION AMBIGUITY RESUGLUTION

Casnns

DIMENSION ¥(500),Y(500)

P!=3.14159?6535898

Typi=2 #P1

Den=180./P1

SoRM=SARI(1.5)

SEPRTI=SQART(3.)

READ 10, XALPHA,XTHETA,D,XLAMB

TPPRL=TUP I &'/ XLAMB

RYALPk=XALPHA/DEG

RYTHET=XTHETA/DEG

SNTH=SIN(RXTHET)

CawnnelSE ALPHA TO DETERMINF UNAMRIGUOUS INTERFEROMETER PHASES
PHT21=TPNL #«COS(RXALPH)#SNTH
Pu!:S:TPnL~COS(RXA1PH-?.«TLPI/3.)uSNTH
99132=Tpn|-CCS(RXALPH-TUPI/S.)uSNTH

CesassREDUCE PHITJS BY MULTIPLES NF 2 Pl UNTIL BETWEEN - Pl AND + Pl
CaLlk RFEDUCP{PHI2L)

Call RFNDUCH(PHILS)
CaLl RENUCT(FHIXZ)
D1 =D/ X1 AMR
DPHI122DEGePHIL3
DPH121=NFGePH]I2Y
DEH132=NFGePH1IZZ

10 FORMAT(4+10.5)
PRINT 70.D.XLAMB;DPH121pEPPi13.DPHX32
20 FORMAT 174 BASELINE = ,F5,4,5X,14H WAVELENGTH = F5,1,5X,9H PHIZ21
§= ,F7.2,5%X.9H PHI13 = ,F7,2.,5%,9H PRIZ2 = »F7.2)
PRINT ?i)xA|PHAaXTHETA
of ARRIVAL . 0es oo BX,10HAZIMUTH =

21 FORMAT (//34H ACTUAL DIRECTION
$F7.2,8%,12-INCINENCE = F1.2:771)

TenL=TuPlar/xLAMB
TEPLH=(TPNI #42)%.75
Nz=D/XLAMR+1
VzpeaN+1q :
JCOUNT =0

CeennsBERIN VARYING PHI21 AND
DO 40 M21=1IN
N21=M21-N-§
TPH[21=PHIP1+TUP#N21
0n 40vx2=1.M
N3IP=MI2-N=~1
TPH]3z=Pr]132+4TUP1#N32
SMQQ:TPM|?1.02¢TPH132¢¢2¢TFHI21‘TPHI32

PH]31 BY + CR - 2 PI




; CeaaaaTHRON AUT 1F THE PROPOSED COMBINATION OF PHI21 AND PHI32 133
3 CeeaaeDp NOT YIEID SINC(THETA) s CR LESS THAN 3
IF¢TPDLH-SMS0)40,30,30
E CotanelF (PHINY AND PHI32 PASS THIS TEST COMPUTE ALPHMA AND THETA
A 30 ARGLE2 , o TPHIJ2+TPHIZY
ARG2=SORTI»TPHIZ2Y
ALPHA=ATAN2(ARGY, ARG2)
DALPHASDEG#ALPHA
STHRSCRT(2.#SMSQ)/(TPDL #SQORH)
DTHETA=DEG#ASIN(STH)
JCOUNT2JCOUNT 4
Y(JCOLNT)=COS(ALPHA)®STH#3,5
X(JCOUNT)=SIN(ALPHA)®STH#3 5
PRINT 31, rOUNT,N21,N32,DALPHA,DTHETA
31 FORMAT(15H AMBIGUITY NO. ,14,3X,11HPHI24+2 Pl#,13,3X,
S14HPHIZZ2+2 Ple,13,3X,9H ALPHA s ,F7.,2,3X,8HTHETA = ,¢7,2)
490 CONTINUE
Do 210 J=1, JCOUNT
CesnenBEGIN | ODKING AT THE THREE DIMENSIONAL DISTANCE FROM APPROX DOA
Cevnwa(XAPROX, YAPROX) TO EACH APBIGUOUS DOA,
X(Jysx¢Jrs3.5
210 Y(JI=Y(J)/3.5
CesunaDE-SCA|E ARQVE PLOT DATA -- REDUCE TO UNIT HEMISPHERE PLOT
= XAPROX2-.6
=2 PRINT 300
3 300 FORMAT(//1KR1,9%X,5HXAPRX,» 10X, BHYAPRX, 10X, SHXPH,12X,34YPH, 12X,
$4HYDIR,11%,4KYDIR/)
Do 5060 ICNT=1,11%
XAPROX=XAPROX®.1

3 YAPROX=.6

3 Do 500 JCNT=1,11

3 YAPROX=YAPROX=.1

: CosawsCOMPUTE PHASES FROM SIMPLIFIED HEMISPHERE PROJECTION EQUATIONS
E Cesess (SOLVEN STMULTANEOUSLY FCR PHI32,PHI21.)

P3I2APX2TUP18(SQRTI#XAPROX~-YAPROX)
P21APXe2.4TUPIaYAPROYX
CoonuePFRFORM PHASFE AMBIGUITY RESOLUTION
CarL CHON(PHIZ2,P32APX,UNAN32)
CALL CHOL(PHI21,P21APX,UNANM2Y)
CenunaXPH AND YPH ARE THE PHASE AMBIGUITY RESOLVED COORDS OF THE DOA, AS PLOTTED
Cewaua0ON THE HFM SPHERICAL PROJECTION PLOT,
E XPH= (7, #UUNAM3I2+UNAM21)/7(2,4SQRT3«TUP])
E YPH = UNAM?1/(2.#TUPI)
E DMIN=1n0.
CesnxeCOMPUTE 7 QRDINATF OF APPRCX DOA ON UNIT HEM, FR THE PROJECTION COORDS X,
Cosansy
ZAPROX=SHRT(1,-XAPROX##2-YAPROX%#2)
DO 420 J=1.JCOUNT
ARARL . ~X(Jrna2=-Y())ee2
IF(ARG)405,40%5,406
406 27=SQRT(ARE)
GO TO 4907
405 22:00
407 CONTINUE
DIST=(X(J)=-XAPROX)#824(Y(J)=Y iPROX)##2¢(ZZ2~ZAPROX)#w2
CennsaCOMPUTE SQUARED DIST OF (XAPROX,YAPROX) TO EACH AMBIGUITY, AND
CesnaoHENCE FIND WHICH AMBIGUITY IS CLOSEST 10 IT.
1F(DIST-NMIN) 410,410,429
410 DMIN=ZLIS!
JACATCH=

R M"%’;
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420 CONYINUE

CovamaycaTCr 18 71

Ceenne] THLE CHN
XPrRex(Jiay

s, -

HE NUMBRER OF THE CLOSEST AM
SEN AS THE TRUF DOoA,
CH)

Yer:v(JCATCH)

APROX.YAPRO‘.XPF.YPH.XDIR,YDIR
430 FORMAT (1H .6F15,5)

PRINT 430,y
500 COMTINNE

Crnnnuny
CallL Exry
END
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N, 50nrun
~0.5001)p
~0.5000n
~0.5000n
~0.5001n
-0.5000n
~0.50n49n
~0.50n000
-0.50090
~h.50000
~h.50nyn
~h.4q000p
-f1,40n0Nq
~D.40n0n
~Nh.40nnn
~N.40n10
~0.40n0p
~0.,40Q9n
-N.4nnip
~0.400un
~f.4p04n
~D,4np0n
~n ., 30naq
=N, 30000
~h.30ngg
~0.300un
~0.30004q
~N, Zyuona
-N.3nn0q
~0.30nun
~0.,%nn0n
~3.30n09
-0.3naNg
~N,2004p
~0,20000
-D.20000
~0.2yn9q
-0, 20000
~0.2000n
~N,2000n
~0.20n4n
~0h.20n%
~N.,20000
~n.2r000
S ILTT)]
~-0.1000n
~0.100G0
~,1000n
<f1.10000
-f.10000
~-9.1000p
~}.18a04n
~n,1p00n
~h,100kLn
-h.31090n
~0.0an00
-0 _apnng
=N.0M0n0N

YAPRX

0.50000
0.40000
¢.30000
0.20000
6.10n00
0.6an00
~S.10rqQQ
~D.2nrpn
~0.30r00
~C.4n0n00
"0050””'}
0.5np00
6.40n00
0.30000
6.20n00
¢.10n00
b.Oprpp
-0,10n0Q00
~f.20nny
-0,30n00
-0,4nn0n
-n.8nrpn
6,5%an0g
f.4nnpQ
G.30000
8.20p00
0.10ng0
n.oeepn
=¢,10n000
-0.20000
-1.$nnnn
"l‘."ﬂﬂﬂ(l
~0.85nnoo
£.50n00
D.4pnnyg
f,30r00
G.290n00
f.10n00
6.Gonoo
“D,10009
“p,2an00
=0.30n00
“f.4nnQ0
-”'50000
p.Bnngy
n.40n00
6.30n00
n.2nn0g
PIn0QG
G.00000
-0,10000
-f. 20000
~0.30n00
“P.40p0 D
-ﬁ-sﬂn@ﬂ
r.50n00
t.40n00
G.3ar0n
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XPH YPR XD IR YDIR
~0.28868 0.50000 , =0,28868 0.50000
~0.28868 0.50000 »0.28568 0.50000
-0.28868 0.50000 *0.28868 0.50000
~0.57735 0.00009 ~0.57735 0.00000
~0.57735 0.00000 ~0.57735 0.00000
-0.57735 0.00000 “0,57735 0.00000
-0.57735 0.00000 ~0.57735 0.00000
-0,57735 0.00000 i ~0.57735 0.00000
~0.86603 -0.50000 || g,28868 -0.50000
-0.28868 ~0.50000 |} <q,28868 -0.50000
-0.28868 -0.50000 || -p.28g68 -0.50000
~0.28868 0.50000 ! <p, 2868 0.50000
~0.28868 0.50000 ' <9, 28868 0.50000
~0.28868 0.50000 |,  «0,28868 0.50000
~0.57735 0.00000 || <y.57735 6.00000
“0.57735 0.00000 ? ~0.57735 0.00000
~0.57735 0.09000 |! -p,57735 0.60000
-0.57735 0.00000 (' ~0,57735 2.00000
0.00000 0.00000 ~0,57725 0.00000
-0.28868 ~0.50000 ~0.28868 -0.50000
-D.28868 ~0.50000 “0.28868 -0.50040
~0.2886A -0.50000 “0.28868 -0.50000
~0.28868 0.50000 ~0.28868 0.50000
~0.28868 0.56000 “0.28868 0.50000
~0.28868 0.50000 ~0.28868 0.350000
-0.57735 0.00000 ~0.28868 0.50000
-0.57735 0.00000 | .00000 0.00000
-0.57735 0.00000 . ..0.00000 0.00000
a . 0. 00000 : 0,0006G9 0.00000]
0.00000 0.00000 | ~p.o8868 ~0.50000
-0.28868 -0.50000 ~0.28868 -0.50000
-0.28868 -0.50000 ~0.28868 ~-0.50000
-0.28868 ~0.50000 -0.28868 ~0.50000
-0.28868 0,50000 ~0.28868 0.50000
-0.28868 0.50000 “0.28868 0.50000
~0.28868 0.50000 ~0.28868 0.50000
~0,57735 .00000 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000
0.06060 0.00000 0.00000 9.00000
0.00000 0.00000 0.00000 0.00000
0009 0.,00000 0.00000 0.000600
~0.28868 ~0.50000 ~0.28868 -0.50000
-0.28868 ~0.50000 ~0.28868 -0.50000
-0.28868 -0.50000 ~0,28868 -0.50000
-0.28868 0.50006 {° «p,28868 0.50000
~0.28868 0.50000 | ~0,28868 0.,50000
0.28868 Q.50000. |1 =0.28868 0.50000
.00000 0.00000 [ 0.00000 0.00000!
00000 0.00000 | 9.00000 0.00000|
.00000 0.00000 | 0.00000 0.00000
0.0000n0 0.00000 |{ 0.00000 0.00000
00000 £.00000 0,00000 0.00000
~0.28868 -0.50000 ~0.28868 <0.50000
-0.28868 -0.50000 ~0.28868 ~0.59000
-0.28868 -0.50000 ~0.28868 ~0.50000
~0.28868 0.50000 -0.288¢8 0.50000
0.28868 0.50000 ~0.28868 0.50000
0.78868 0.56000 0,00000 0.00000
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.00030
-0.
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-0,
10000
10000
.1onto

-0

PDPODOMDIDODOO DODIDIDOIDDIDIDIDIDDOIDDDIDIODOODIODODIDIODODDDIDIODOOD D OO
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DD ODOD DD

DD

o000

aaaaaa

00090

00000
00090
oncop
conbo

1G60dn0

10000
Lipoup
Lingun
.inpdn
10000
.i1p00n
10000
.2ondn
20000
.20000
.20nan
.20000
20000
.20000

20030

.20000
.enpdn
.20000
.30a00
.30000
30000
.3a0000
L3000
.30000
.30060
.3an00

3anoo

L3040
L20aln
40000
.40000
.40n00
L4006G0
40000
.40n00
.40000
.400n00
.aannq
.40000
L4045
.5n0n
.5ra0q0
.59000
50000
.sap0n
.sqannn
.5650n0
.5qan00

n_56500
f.56000

RYLEL

¢.20000
¢.108006
3.00000
-0.10n00
~0,200090
-0,30n00
~0.40000
-0.50000
6.50n00
N.40000
£.30n00
f.,20n00
n.10000
t.0prOO
-f,10000
-n,20009
“0.30000
-0.40000
“6.50000
0.50000
0.40n00
t,30000
6,20000
n.,1pn00
0.00n00
-f. 30000
-(.20000
-n.30000
-M.40000
-n.,50000
h.50000
p.40n00
0,30000
n, 20000
n,10n00
0,00000
-0,10n000
-0.20000
“0.30000
-n,40n00
=n.50000
n.50n00
0.40000
n.3o0n00
n,20n09
n.10000
0.00000
«n,310000
~0(,20000
-0,30000
-0-40000
«0.50n000
n.san0o
0.40n00
6.30000
n,20000
n.1pnnod
u.00n00
~0.,10000
«N, 20000

-0.30000
«0.40000
-0.50n000

136

0.00000 0.00000 0.00000 0.00000
0.00000 0.00000 0,00000 0.00000
0.0000N 0.00000 0,00000 0,00000}
0.00000 0.00000 0.00000 0.00000
.00000 0.00000 0.00000 0,00000
-0.28868 -0.50000 0.00000 0.00000
-0.28868 -0.50000 0.28868 -0,%0000
-0.28868 «0.50000 «0,28868 -0,50000
0.28868 0.50000 0,28868 0.,50000
0.28868 0.50000 0,28868 0,50000
0,28868 0.50000 0,28868 0.50000
0.00000 0.00000 0.00000 0,00000
0.00000 0.00000 0,00000 0.00000
0.00000 0.00000 0.00000 0.00000
0,00000 0.00000 0,00000 0,00000
0.000060 0.00000 0,0000n" 0.00000
-0.28868 -0.50000 0.28868 -0,50000
0.28868 -0.50000 0,28868 -0,50000
0.28868 -0.50000 0.28868 -0.50000
0.28868 0.50000 0.28868 0.50000
0.28868 0.50000 0.28268 0.50000
0.26248 0.50000 0,28268 0.50000
00000 0.00000 0.04000 0.00000
0.00000 0.00000 0.02000 0.,060000
0.00000 0.00000 0,00000 0.00000
0.00000 0.00000 0,00000 0,00000
0.57735 9.00000 T 00000 0.00000
0.28868 -0.50000 0,28863 -¢,50000
0.28868 -0.56000 0,28868 -0,50000
0.28868 -0.50000 6.,28868 ~0,50000
0.28868 0.50000 0,28868 0.50000
0.28868 0.50000 0.28868 0.50000
0.28868 0.50000 0.28868 0.50000
0.00000 N.00000 0,2886% 0.50000
[0.00000 0.00000 0.,0000 " :o;oogoq
0.57735 0.00000 0,00000 0.
0.57735 0.00000 0.00000 0.00000
N.57735 0.00000 0.28868 -0,500C0
0.28868 -0.50000 0,28868 -0.50000
0.28868 -0.50000 0,28868 -0,50000
0.28868 -0.50000 0,28868 -0,50000
0.28868 0.50000 0,28868 0.50000
0.28868 0.50000 0.28868 0.50000
0.28868 0.50000 0.28868 0.50000
0.00000 0.00000 0.57735 0.60000
6.57735 0.00000 0.57735 0.00000
0.57735 0.00000 0.57735 0.00000
0.57735 0.00000 0,57735 0.00000
0.57735 v.00000 0,57735 0.00000
0.28868 -0.50000 0,28863 -0.50000
0.28868 -0.50000 0.28868 -0.50000
0.28868 -0.50000 0.28868 -0.50000
0.28868 0.50000 0.,28868 0.50000
0.28868 0.50000 0.28868 0.50000
0.86603 0.50000 0.28868 0.50000
0.57735 0.00000 0.57735 0,00000
0.57735 0.00000 0,5773% 0,00000
0.57735 0.00000 0,57735 0.00000
0.57735 0.00000 0.57735 0,00000
0.57735 0.00000 0.5773% 0,00000
0.28868 -0,50000 ' 0.28868 -0.50000
0.28868 -0.50000 . 0,28868 -0.50000
0.28868 -0.500800 0.26068 -0.50000
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APPENDIX ¥

This appendix .caled plots of interferometer phase variaticn under

wave interference conditions. The phases are plotted as a function of

¢d. The plots are centered about their average values (taken over one

period of phase variation).

i
The interferometer phases that correspond

to the primary wave DOA are alsc displayed as PHI21P, PHI13P, and

PHI32P, The similarity of the primary wave phases and the averaged

interferometer phases should be noted.

The program listing ig included. All user written subroutines

called in this program may be found listed in Appendix M,

e



H INPUT SOURCE CARDS 138
s EXECUTE

s FORTRAN

H NAME INTPLTS

H EQUIP=CARDRE,PRINTE,CARDPU}

H SINGLFALLS

Cotuane

CoesaunTHIS PGM PIOTS ALl THREE [SOSCELES INTERFEROMETER ARRAY PKASES
CoeansUNNER WAVE INTERFERENCF CONDX AS A FUNCTION OF THE RELATIVE PHASE DIF~
CenuneFFRENCE HETWEEN THE INTERFFRING WAVES (PHID). ONE PERIOD OF PHASE
CesnnsVARIATION 1S PLOTTED., THE PGM 1S SELF~-SCALING. ANY SET OF PRIMARY,
CesaseSECONCARY, AND H VAL UFS CAN BE PLOTTED. [INPUT REQUIRED CONSISTS OF THE
CesanaPRIMARY AND SECONDARY AZIMLTH AND INCIDENCE ANGLES, (]N DEGREES), THE
CronaeARRAY ANGLF (IN DFGREFS), AND THE BASELINE/WAVELE! ™ RATIO. (IN 6F10,5
CennasFORMAT.)
Cattans
DIMENSION PH21(150),PH43(150),PH32(150),18UF(7500),PHID(150)
P1=3.1415926535898
Tupl=z2, eP]
DEG=180./P!
DO 200 LCNT=1,5
CennnnANGLES OF ARRIVAL READ IN LFGREES, M MUST BE BETWEEN 0 AND 1
READ 108,ALPWP,THETP,ALPHS, THETS,H,DGAMMA, DL
10 FORMAT(7F1n.,3)
GAMML. pGAMMA/DEG
PRINT 20,LCNT,ALPHP,ALPHS, THETP,THETS,H
20 FORMAT(SH1RUN NO, ,12,//,24H4 PRIMARY MODE AZIMUTF = ,F6.2,15X.26F SE
$SECONCARY MOLE AZIMUTH = ,F6,2,7/,26H PRIMARY MUDE INCIDENCE = ,f6,2,13X,28
$2,13X,28H SECONDARY MODE INCIDENCE = ,F8.2,//,31F AMPLITUDE OF SEC
SONDARY WAVF = ,F4,3,40H TIVES THE AMPLITUDE OF THE PRIMARY WAVE)
PRINT 251, NGAMMA
21 FORMAT(//25H [SOSCELES ARRAY ANGLE =z ,F6,2)
RALPHF=zALPHP/DEG
RALPHS=Al PHS/DEG
RTHETF=THETP/DEG
RTHETS=THETS/DEG
PRINT 30.DI
30 FORMAT(///,23H BASE! INE/WAVELENGTH = ,F4,2,/)
CALL FRTPHI(RALPHP,RTHETP,TL,PHIP21,PHIP13,PHIP32, GAMMA)
CALL FRTPHI(RALPHS,RTHETS,IL,PHIS21,PHIS13,PHIS32, GAMMA)
DP21=LrGaPKIF21
D1 3=CEGePHIPL3
DP32=CFG#PHIF32
PHIDIF=-.n5
SMF121=0.
SMFI12=z0.
SMF132=0.
DO 50 JUCNT=1,126
PHIDIF=PHINIF+.05
PHID(_CNT)Y=PHIDIF#S5,/TUPI
X1=ATAN?2 (HaSIN(PHIDIF)Y,1.++aCOS(PHILCIF))
PHI121=2aTAN2(STN(PHIP21)+FaCIN( PHIDIF+4PHIS21),C0S(PHIP21)+HeCO3(PH
SINTFeFHIS21) )=X2
CarL REDUCKF(PH!21)
Cait CHOS (PHIZ21,PHIP21,7IZ1)
Pr121=F121
PHIP31=-PHIP13
PHIS31=-PHIS13
PHI3I1= ATA2(SIN(PHIP3Y)+HaSIN(PHRIDIF+PHISI1),CO0S(PHIPI1)+HeCOS(PH




SIDIFePMISI1))=XY
CALL REDUCE(PHI3ZY)
CALL CHOS (PHI31,PHIP3Y,FI31)
PH131=F131
PHI322PHI31-PHI21
PHILI=wPHIZY
CeanueSyUM UF ALL INTERF PHASES TC CALCULATE AVG INTERF PHASES,
SMF1218SMF121i«PHI21
SMFI132SMFT134PHIL3
SMFIU2sSMF1324PH132
DPHIDF=DEGPHIDIF
PRoL(.ONTI=PH]21
PH43(¢(_CNT)2PHIL3
PHI2( CNT)=PHI32
50 ConTIANUE
AVFl121=SMF121/126,
AVF113=SMF143/126,
AVF132=SMF1352/126.,
CenanaF IND V1IN VALUE OF PHASES
FIo1MAN=PH21 (1)
FI32MANePH32 (1)
FI13MN=PH13(1)
Do 85 L=2,126
IF(PH21(L)=-FI21MN)60, 60,65
60 F1o21MAN=PHD21 (L)
65 IF(PH3P(L)-FI32MN)70,70,75
70 FI132MA=PH3D (L)
75 IF(PH13(L)-FI13MN)B0,80,85
80 F113IMA=PH13(L)
85 CONTINUE

S .
i o

CennaeTHFE PLOT.
F1oiMXePH21 (1)
FI132MX=PH32(1)
F143MX3PH13(1)
DO 115 1=2,126
IF(FI124MX=-PH21(L))90,90.,95
90 F121MX=PH21(L)
95 IF(FI32MY-PH32(L))100,100,105%
100 FI32MX=PH3I2 (L)
108 IF(F113MX-PH13(L))110,110,115
110 F1q3MX2PH1I(L)
11% CONTINUE
CaLL FLOTS(IBUF,7500,100.,11.)
ConnasDRAW FHM21 AXES
CALL PI1OT(2.,6.8,-3)
IPNT=1
Go T0 x00
116 CONTINUE

DFPAMX=F121MX=-AVF 121
DF21MN=2AVF121=F121MN
IF(DFZiMX~-NF24MN)117,137,118
117 DIF21=NF21MN
Go TO0 119
118 DIF21=nF24MX
119 CONTINUE
Sca2i=1.14/D1F21
CannnaSCALE AND PLOT PH21 VALUES
N=3

139

CoonnaUSF THE MAXIMUM, MINIMUM, AND AVG PHASE VALUES TC PROPERLY SCALE AXES OF

CesssaCOMPUTE PH121 SCALE FACTOR ON BASIS OF MAX, AVG, AND MIN PHASE VALUES




: Do 120 1CNT21,126 140
_g XPH21=(PH21(ICNT)=AVF It 0SCA2Y
9 CALL PLOT(PHIDCICNT),XPH21,N)
1¢0 Ne?
CaLL SYMBOlL (~-,8,1,32,.14,5FPHI21,0.,5)
XF24MXaNEGeF ] 24 MX
XE13IMXeOrGaF [ 1{IMX
XF32MX2DEGeF [ I2MX
XFP2IMAN=2D-GaF [ 21MN
XF43MANeDEGaF [ L IMN
XF3I2MAN=DFGuF [ 32MN
DFo1AV=DEGRAVFI21
DF43AV=DFGRAVFI1Z
DF32AV=DEG#AVF 32
SFP1AVEAVF1214SCA21
SFoiMX=F[21MXaSCA21-SF21AYV
SFotMA=F |21 MNeSCA21~SF21AV
CaLL NUMBER(~-,5,SF21MX,  10,XF21MX,0.,1)
CALL SYMROI (0,,SF21MX,,10,5,0.,~1)
CALL SY' 101 (~,8,.15,.1,9KHAVG PHI21,0.,9)
CaLL NI FR(-,5,0.,.10,DF21AV,0,,1)
CALL ANUMHFER(=-,5,SF21MN, ,10,XF21MN,04»1)
CALL SYMBOI (0,,SF21HN, .310,5,0.,-1)
ConnauDRAW FHT13 AXES
CALL PINT(r,,=2,67,~3)
IPNT=2
Go TO 300
125 CONTINUE
CenuaaCOMPUTF PHI13 SCAIE FACTOR BASED ON MAX, AVG, AND MIN PHASE VALUES,
DF43MX=F113MX=AVFI13
DF13IMA=AVF113-F]13IMN
IF(DF13MYX-NF13MN)127,127,128
127 DIF143=nF13MN
Go TO 129
128 DIFL13=nF13mYX
126 CONTINUE
SCaA13=21.14/D:FL3
ConnanSCALE AND PLOT PHI13 valLUES
N=3
DO 130 ICNT=1,126
XPH13=(PHIX(ICNT)-AVFI<3)#SCA13
CALL FLOT(PHIDCICNT),XPH1I3,N)
130 N=2
CarlL SYMRNM (-,B,1.32,,.14,5FPHI13,0.:5)
SF13AVaAVF'13a4SCA13
SFY3IMX=F 113IMXaSCA13-SF13AV
SF13MAN=F 11 3MNaSCA13~SFe3AV
CarlL NIMRFR(~-,5,SF13MX;.10,XF13MX,0+,1)
Car L SYMBNI (0,.S57 1IMX, ,10,5,0.,-1)
CalL SYMROI (~.R:.15,.1,9RAVG PHI13,0,,9)
CaLl MIMREP(-.S.O...10.DF13A\V.I‘!.:U
CatL NUMRFR(=,5,SF13MN, ,10,XF13MN,0.,1)
CiLL SYMRBND (D.DSF13MNJ .10,8,0.,-1)
ConpaeDRAW FKIZ2 AXES
CaALL FLOT(5,,=2.67,-3)
IPNT=2
Go Y0 1300
135% CONTINUE
CeeseesCOMPUTE PHI32 SCAIE FACTCR BASED ON MAX, AVG, ANL MIN PHASE VALUES,
DF22MX=F [3OoMX<-AVF 132

At

o AR WA Bl i i ¢ ot
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. DF32Kh=AVF132-FI32MN
&3 1F (DF 32MX~NF32MN)137,137,138
E 137  DIF32=nF37MN
- Go TO 139

138 DIF32=DF32MX
129 CONTINUE
SCca32:=1.14/DIF32
CewnuaSCALE AND PLOT PH32 VALUES
N=3
DO 140 ICNT=1,126
XPH32=(PHI2(ICNT)-kVFT132)#8CA32
CALL FLOT(OHID(ICNT),XPH32,N)
140 N=2
CALL $YMBOJI (-,8,1.30,.14,5FPHI32,0.5)
SF32AV=AVF132#SCA32
SF32MX=F 1 32MX#SCA32-SF32AY
SF32MA=F I37MNeSCA32-SF32AV
CALL NiMBER(~-,5,SF32MX, .10, XF32MX,0+,1)
CaLr SYMBS (0,,SF32MX,.10,5,0.,-1)
e CALL SYMBO! (~,8,.15,.1,9HAVG Frl32,0,,9)
T CALL MNUMBER(=,5,0.,.10,0F324V,0.,4)
! CaLL RUMBER(’.505F32MN0tiOpXF32MN00"1)
i CALL SYMBO! (0, ,SF32MN, ,10,5,0,,~1)
= CALL FLOT(-1.1,6.6,~3)
ConasaPRINT SYSTEM PARAMETER AND WAVE INTERFERENCE INFCRMATION
CalL SYMROI (.94,2.00,.14,35HINTERF PHASES UNDER WAVE INT CONDX ,

At

£0.,35)
Z] CaLL SYMBOI (999.,999,,.14,11H(VS PHIDIF),0,,11)
e | CaLl SYMBOI (0.92,1.7,.14,38HPR] AZ = PRI INC =
= $,0.,38)

CALL ANU'MBFR(2,57,1.7,.14,ALPHP,0,,2)

CAI L '\UMRE'R(‘.S.8911.7p 014)T}‘ETpp00'2)

CALL SYMROI (.92,1.,4,.14,38FSEC AZ = SEC INC = ,
$0.,38)

CALL hUMBER(20570104J .]4;ALPHS.0-'2)

CALL NUMBER(5,89,1.4,.14,THETS,0,,2)

CaLL SYMRO! (.92,1.1,.14,10+SEC/PR] = ,04,10)

CaLL NIMBER(2,57,1.1,.14,H,0.,2)

CaLL SYMBO! (4,25,1.1,.14,14HARRAY ANGLE = ,0,,14)

CaLL NUMRER(5,87,1.1,.14,DCAMMALD.,1)

CaLl SYMBOI (.84,.8,.14,35HINTERF PHASES CCRRESPOADING TO THE ,

$0.,35:

CALL SYMB0L(999,,999.,.14,14HPR] WAVE ALONE,D.,14)

CatL SYMRO! (.84,.5,.14,35HFHI21P = PHI1SP = P,0,,3
$5)

CALL SYMBROI (999,,999,.,.14,8KHI32P = ,0.,,8)
Calt NUMRER(1.87,.5,.14,DP21,(.,2)
CAalL NUMRFR(3,92,.5,.14,DP13,0.,2)
CalLL NUMRER(5,92,.5,.14,0P22,0,,2)
CALL SY%R01 (2.9,.2,.14,10HC/LAMBDA =,0,410)
CALL NUMBFR(4,2,.2,,14,0L,0.,2)
CALL FlOT(Q.O.'3-055-3)
200 CONTINUE
Catl EXIT
CananePHID AXIS 1 RBELLING ROUTINE RBEGINS HERE
300 CALL PLOT(N.,-1,14,3}
Catl FLOT(N.,1.14,2)
CALL PLAT(5.:D.,3)
CaLl PLOT(D,s0..2}
rILL SYHBO'(viJ}’uZ'»lOiQHOaDOoiz)

CaLL SyMBROL(1,15,~.2,.30,3+90.,0.,3)
CAiLL SYMPOI (1.25¢0.5,10,5:0,5~1)

CaLlL SYMRDI (2,35,-.2:.10,4-180.,0.,4?
CaLL SYMRO! (2.5,0.,.10,5,0,,~1)

Catl SYMRDI (3.65-.2,.10,4H270,.,0,,4;
CalL SYMBOU!I (3.75,0.,.,108+5,0.,-1)

Cattl SYMRNI (4,85,~.2,,10,4+360,,0.,4)
Cail SYMROI (5.,0.,.10,5+07,-1}

Caty SYHQO‘(5.2;".070'1406FPHID:F50306)
6o Tu (116.125,135),1pPNT

END
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INTERF #HASES UNDER WRVE INT CONDX (VS PHIDIF)

PRI RZ = 310.0C PRI INC = 20.00
SEC RZ = 315.00 SEC INC = 45.00
SEC/ 1D = Q.25 ARRAY ANGLE =90.0

INTERF PHRSES CORRESPONDING TQ THE PRI WAVE ALONE
PHIZ21P = 79.14 PHI13P =84.32  PHI32P =-173.U6
0/LAMBOA = 1.00

PHIZ21
a8.0 § ////,~,_\\\\
RYG PHI21
79.1 « PHIDIF
360.
53.3 |
PHI13
110.6 §
AVG PHI13 /////////
9u.3 + " s « PHIDIF
0. ag. 180. 270;// 360.
70.8 i \\\\\_,///////
PHI32
-145.8§
RVG PHI32
-173. - " - « PHIDIF
0. ag. 180. 2N. 360.
\
-201.4 N~

Figure F-1, Plots of the ¢d-Variation of the Interferometer Phases (h - ,25)
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INTERF PHRSES UNCZR WRVE INT CONDX (VS PHIDIF)

PRI RZ = 310.00 PRI INC = 20.00
SEC RZ = 315.00 SEC INC = us. 00
SEC/PRI = 0.50 ARAAY ANGLE =90.0

INTERF PHRSES CORRESPONDING TG THE PRI WRVE RLONE
PHI21P = 79.1U PHI13P = 94.32 PHI32P =-173.l6
0/LAMBOAR = 1.00

/“__\* PHIOIF

2170. 560.

PHI21
|

111.7,

RVG PHI21
9.2

20.1 4
PHI13

122.2,

AVG PHI13
94.3

wawe = PHIDIF
360.

37.8 &

PHI32
-121.§

AVC PHI32 \\\\M
-173. . — « PHIDIF
360.

0. a0. 180. 2%0.

-221.

Figure F-2, Plots of the ¢d—Variation of the Interferometer Phases (H = .5)
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144
INTERF FPHASES UNDER WRVE INT CONDX (VS PHIDIF)
PRI RAZ = 310.00 PRI INC = 20.00
SEC RZ = 315.00 SEC INC = 45. 00
SEC/PRI = Q.75 ARRAY RANGLE =90.0
INTERF PHRSES CORRESPONDING TG THE PRI WRVE AL ONE
PHI21P =79.14 PHI13P =94,b32 PHI32P =-173.U6
M = 1.
P21 0/LAMBDR = 1.00
121.8 S
AVG PHI2L ///////—"——_—_
79.2 " « PHIDIF
0. . . 290. 360.
-16.6 4
PHI13
130.7 4 _
AVG PHI13 //
ay.y « PHIDIF
0. ; 360.
-2.8 }
PHI32
-102. %
AVG PHI32
173 - " - « PHIDIF
0. ag. 180. 2%0. 360.
-249.9

Figure F-3. Plots of the ¢ -Vaviation of the Interferometer Phases (H = .75)
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INTERF PHRSES UNDER WRVE INT CONOX (VS PHIDIF)
PRI RZ = 310.00 PRI INC = 20.00
SEC RZ = 315.00 SEC INC = 30.00
SEC/PRI = 0.50 ARRRY ANGLE =90.0
INTERF PHASES CORRESPONDING TO THE PRI WAVE ALONE
PHI21P =79, 1U PHI13P =9y.32 PHI32P =-173.U6
PHI21 0/LPMBDR = 1.00
g5.0 |
VG PHI?IL-‘~‘\\\\\\\\L j///’/””ﬂ~_-—_———~
79.1 — " « PHIDIF
0. g0. 180. 270. 360.
38.0 4
PHI13
105.2,
AvG PHII3‘——————~_~N~—\\~\\\\\\\ ////”’,,_,_-—-
94.3 - - " = PHIDIF
0. 90. 180. 270. 360.
63.8 |
PHI3128 L[
-118.
AVG PHI32 /////////,-N\\\\\\\\\\
217, - " , ~ PHIDIF
. . 180. 270, 360.
~199.

Figure F-4. Plots of the ¢d-Variation of the Interferometer Phases ((3S = 30°)
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INTERF PHASES UNDER WRVE INT CONDX (VS PHIDIF)

PRI RZ = 310.00 PRI INC = 20.00

SEC RZ = 315.00 SEC INC = 60.00

SEC/PRI = 0.50 RRRARY ANGLE =90.0

INTERF PHRSES CORRESPONDING TQ THE PRI WRVE ALONE

PHI21P =79.14  PHI13P =84.32 PHI32P =-173.U6
D/LAMBOR = 1.00

PHIZ1

123.2 4

4 AVG PHI21\\\\\
3 79.2 " ” 250, HIOIF
: . 0.

20.1 4
PHI13

fiiderit

e “»‘

134.2

AVG PHI13
94.3

///i; PHIDIF

360.

. I
N oy
it ik o b

kgt iy

34N,
PHI32

"1“3.4[

RVG PH]I32 ///’/,/""———’——s_——-‘~‘\\\\\\\\\\
-173. . " - -« PHIDIF
) . . 360.

. . I
Mo Bl A S At onow s P

-231.

Figure F-5. Plots of the ¢d-Variation of the Interferometer Phases (Gs = 60°)
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APPENDIX G

This appendix contains plots that demonstrate the fluctuation of
indicated DOA by an interferometer under ¢d—variant wave interference
conditions, The plots are discussed in Chapter VII.

A listing of the plotting program follows. All user-written sub-
rcutines are listed in Appendix G except MUG2DR, which is a general pur-

pose, self scaling polar plotting subroutine written by Bill Little.l
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INPUT SAURCE CARDS

EXECUTE

fFORTRAN

NAME WINTER:
EQUIPzCARDRE,PRINTE,CARDPU}
SINGLEALL?

T ITITWHmewn

Cadane

CesessTHIS IS A RENERAL ISOSCELES INTERFEROMETER ARRAY WAVE INTERFERENCE
CoenseSIMULATIGN PROGRAM. IT PLCTS THE DOA TRAJUECTORY YS. PHID, THE RELATIVE
CednnePRASE DIFF-RENCE RETWFEN TwO INTERFERING WAVES, AS IT [S VARIED IN 32
CenasaINCREVMENTS FROM 0 TO 380 DEGREES., INPUT DATA CONSISTS OF THE PRIMARY AND
CenasaSECONCARY AZIMUTH AND INCICENCE ANGLES (IN DEGREES), THE RELATIVE AMP,
Cesnesl, ANL THE ARRAY ANGLF (IN DEGREES). (6F10.5 FORMAT.)

Cartann

DIMENSION [CON(20),PRAM(20),AZANG(200),THETA(200),1B8UF(7500)

wl'ﬁ:kmmw. o

ittt

CaiL FLOTS(I1BUF,7500,100.,11.5)
CesnasINITIALIZE PARAMETER MATRIX USED BY SUBROUTINE MUG2DR
DO 1 1=1.,20n
IcoN(t)y=0
1 PRAM(I1)=0
P1=3.1415926535898
Tupl=2.«P]
PRAM(18)=1
PRAM(19)=0
DEG=18(G./P1
IcoN(1mY=1
IcON(19)=0
Do 70 (CNT=1,2
CasusaANGLES 0' ARRIVAL RFAD IN TEGREES, K MUST BE BETWEEN 0 AND 1
READ 10,4l SHP, THETP, ALPHS, THETS,H, DGAMMA
10 FORMAT6F1n.3)
GAMMA=DGAMMA/DES
PRINT 20,1 CNT,ALPHP,ALPHS, THETP, THETS,H
20 FORMAT (9HYEUN NO. ,12,//,24H PRIMARY MODE AZIMUTF = ,F6.2,15X,26H SE
$SECONFARY MODE AZIMUTH = ,F6.2,7,26H PRIMARY MODE INCIDENCE = ,+6,2,13X,28
$2,13%X,728H SECONDARY MODE INCINENCE = ,F6.2,//,31F AMPLITUDE OF SEC
SONDARY Wave = ,F4,3,40H TIMES THE AMPLITULE OF THE PRIMARY WAVE)
PRINT 21, NGAMMA
21 FORMAT (/7254 ISOSCEIES ARRAY ANGLE = ,F6.2)
kAl PHFzA) PHP/DEG
RALPHS=zA{ PS/DEG
RTHETF=THETP/DEG
RTHETS=THFTS/DEG
DL=0.
NCNT=-32
Do 51 1chT=1.2
NCNT=ACNT+32
Cesnuef JRST RUN THRU WAVF INT SIMULATION PGM DL=.,5, SECOND RUN THRU, DL= 1.
Dl =DL+.5
PRINT 3n,Mm
3n FORMAT(//7.23H BASELINE/W.VELENGTH = ,F4.2,/)
CoesssCOMPUTE ~R! AND SFC WAVE [NTERFEROMETER P+ASE CONTRIBUTIONS
Cat L PRTPHI(RALPHP,RTHFTP,IL,PHIP21,PHIP13,PHIP32, GAMMA)
CatL FRTPH {RALPHS,RTHETS, L ,PHIS21,PHIS13,PH]IS32, GAMMA)
PH‘DIF:".?
TsuM=0.
ASUM=D.
SvF121=0.
SKF112=0.




E SMF132s0. 149
Do 50 JUCNT=1,32

PHIDIF=PHINIFe,2
= CeeaaeCOMPUTE RESULTANT INTERFERCMETER PHASE PH]21 AS DISCUSSED IN CHAPTER VII.
-4 X1zATAN2(H#SIN(PHIDIF),1.+F#COS(PHIDIF))
- PHT21=aTAND(SIN(PHIP21)+K&SIN( PHIDIFePHIS21),COS(PHIP21)+HuCOS(PH
E= SIDIF+PHIS21))=X1
E ConnaaPUT PF121 WITHIN BRANCH CUY OF =180 TO 180 DEGREES
E CALL REDUCF(PHI21)
E CasaneNOW FIND ACTUAL, UNAMBIGUOLS VALUE OF PHI2%, KNOWING IT MyST LIE
e CesanaW]ITHIN 180 DEGREES OF PHI29P, (SEE CHAPTER VII.)
E CarL CHOS (PHI21,PHIP21,Fl21)
= PH121=F121
PHIP3{=2-PHIP13
PHIS31=~-PHIS13
Ce®aneREPEAT AVOVE PROCESS FOR PRI13.
PHI31= ATAN2(SIN(PHIP3I¢)+HaSIN(PHIDIF+PHIS31),COS(PHIP31)+H#COS(PH
SINIF*PHIS31))-X1
CallL REDUCF(PHIZL)
CallL CHOS (PHI31,PHIP3q,F121)
PHI31=F131
PH132=PHI31-PHI21
PH113=-PHT31 *
CoenaaSUM UF ALL INTERF PHASFES TC CALCULATE AVG INTERF PHASES,
SMF]21eSMF121¢PHID1
SMFI12=SMFI13+PHI13
SMFI3Z=SMF1324PHI3?2
DPHIDF=NEGePHIDIF
CALL TIR(PHIZ21,PHI32,DL,GANMMA,AZ,VINC)
CennnuA7 AVCING ASSUMES NO WRAP AROUND FRCM 360, TO 0, DEGREES
CaswaaTHAT 1S, BRANCH CUT CHOSEN IS g TO 360 DEGREES,
ASUIMEAZ + ASLIM
TSUM=VING+TSUM
PRINT 40,nNPHIDF,AZ,VINC
40 FORMAT(17H REL PHASE DIF
$X,22H INFFERED INCIDENCE
MCNT=ACNT«.'CNT
A7ANG(MCNT)Y=AZ
THETA(MANTY=ZVINC
50 CONTINUE
CesanaCOMPUTE avis DQOA
THAVGB=TSUM/32,
AZAVG=ASUM/32,
PRINT ®no,A2AVG, THAVG
500 FORMAT(//15H AVG AZIMUTH = ,F5_.2,30X,17H AVG INCIDENCE = ,F5,2/7)
AVF]21=SMF121/32.
AVF112=]MF 113732,
AVF137=8MF132/32,
ConunaCALCULATE DOA FROM AVGD PHASE READINGS
CAarL FIR(AVFI21,AVFI32,DL,CAMMA,AVZ,AV])
PRINT 501,aVZ,AVI
501 FORMAT(/35+ AZIMUTH FROM AVGD INTERF PHASES & ,F5,2,10X,37H INCIDE
SNCF FROM AvGD INTERF PHASES = ,F5,2/)
THETA(MCNT-31)=-THETA(MCNT-31)
51 CONTINIE
AZANG(65)=alLPHP
THETA(A5)=-THETP
AZANG(&6)=ALPHP
THFTA(K6)=THETP
N=66

2F6.2,5X020H INFERRED AZIMUTH = ,F6.,2,5X,22
:F6.2)
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CeenaalNITIALIZE PLOT PARAMETERS USED BY BILL LITTLE S POLAR PLOT ROUTINE 150
ICON(1)=21
ICON(10)=1
TCON(11)=1
IcoN(2n)=2
ICON(1)e3
CeseaeMyn2DR CALI S MUG2 BOTH POLAR PLOT RCUTINES WERE WRITTEN By BILL LITTLE
Cesnae(SEE REFFRENCE NO, 27)
CALL MuG2NL(AZANG, THETA,N,FRAM, ICON)
60 CONTIAPE
CaLl FIOT(-7.75,.75,-3)
CeanssPRINT SYSTFM PARAMETERS ANC WAVE INTERFERENCE INFORMATION,
CaLL SYMROI (1,,2,,.14,35KDCA FOR WAVE INT CONDX WITH VARYING,O0,,35

$)

CaLl SYMaN) (999.,999.,.14,104 REL PHASE,D,s10)

Cal.ll SYMRM (0,92,1.5,,14,38HPR] AZ = PRI INC =
$,0.,38)

CALL NUMRFR(2.57,1.5,.14,ALPHP,0.,2)
CalL NUMRFR(5,89,1.5,,14,T-ETP,0.,2)
CaLL SYMBDI (N,92,1.,.14,38FSEC AZ = SEC INC = ,
$0,.,38)
Catl ANUMRFR(?2,57,1.0,,14,ALPHS,0.,2)
CalL NUMRFR(5,89,1.0,.14,THETS,0.,2)
Carl SYMROI(2,73,.5,.,14,10+SEC/PRT 3 ,0,,10)
CALL '\UMHEQ(4.'|5; .14.“90.'2)
CaLL SyMrM (2.5,0.,.14,14HARRAY ANGLE = ,0,,14)
CALL NUMRFR(4.25,0.,.14,DGAMMA,0.,1)
Catt & QT(7.75:'.751‘3)
70 CONTINUF
CaLt FxI7
END

PR




151 ﬂ

FOLAR PLOT OF DIRECTION OF ARRIVAL

B

00R FOR WAVE INT CONBX WITH VRRYING REL PHASE

|

PRI RZ 310.00 PRI INC 20.00

1

s b

SEC RZ 315.00 SEC INC 20.00

SEC/PRI = 0.50

ARRRY ANGLE = 90.0

Figure G-1. Plots of the ¢d—Variation of the Indicated DOA (es = 20°)
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POLAR PLOT OF DIRECTION OF RRRIVAL

DOR FOR WAVE INT CONDX WITH VRRYING REL PHASE

20.00

PRI RZ 310.00 PRI INC

30.00

SEC RZ 315.0C SEC INC

SEC/PRI = (.30

RARRAY ANGLE = 90.0
Figure G-2. Plots of the ¢d-Variation of the Indicated DOA (es = 30°)
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POLAR PLOT OF DIRZCTION GF ARRIVAL

DBA FOR WAVE INT CONDX WITH VRRYING REL PHRSE

i s,
T T T T i
A um“r;‘ bty . SR

PRI AZ = 310,00 PRI INC =  20.00
A SEC AZ = 315.00 SEC INC =  45.00
' SEC/PRI = 0 SO
* ARRAY ANGLE = 90.0

Figure G-3. Plots of the ¢d-Variation of the Indicated DOA (GS = 45°)
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DOR FOR WAVE INT CONDX WITH VARYING REL PHRSE

20.00

i
i

PRI RZ 310.00 PRI INC

315.00 SEC INC 45.00

SEC RZ

SEC/PRI = 0.25

ARRRY ANGLE = 90.0
.ze =&, Plots of the ¢d-Variation of the Indicated DOA (H = ,25)
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s e

180

0OR FOF WRVE INT CONDX WITH VARYING REL PHRSE

PRI RZ 20.00

310.00 PRI INC

SEC RZ 315.00 SEC INC

us.00
SEC/PRI = 0.75

ARRAY ANGLE = 90.0

Figure G-5. Plots of the ¢d-Variation of the Indicated DOA (H =.75)




3 POLAR PLGT OF DIRECTION OF ARRIVAL

DOR FOR WAVE INT CONDX WITH VARYING REL PHASE

PRI AZ = 310.00 PRI INC =  20.00
SEC PZ = 315. 00 SEC INC =  U5.00
SEC/PRI = 0.50

RRRAY ANGLE = 6G.0

, Figure G-6., Plots of the ¢>d-Variation of the Indicated DOA (H = .50)

156




iy

e s o o

POLAR PLLOT OF DIRECTICN OF RRRIVAL

00R FOR WARVE INT CONDX WITH VARYING REL PHRSE

310.00 PRI INC

PRI RZ 20.00

]

315.00 SEC INC

SEC RZ Us. 00
SEC/PRI = 0.50

RRRAY ANGLE = U5.0

Figure G-7. Plots of the ¢d~Variation of the Indicated DOA (y = 45°)
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I PRI RZ =

b it

-

i "

SEC RZ =

Figure G-8.

310.00
315.00
SEC/PRI =

ARRRY ANGLE =

PRI INC =

1l

SEC INC

0.50

25.0

> PALAR PLAT OF DIRECTION OF ARRIVAL

DBA FOR WAVE INT CONDX WITH VARYING REL PHRSE

20.00

us.00

Plots of the ¢d-Variatinn of the Indicated DOA (y = 25°)
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FPOLAR PLOT OF DIRECTION OF ARRIVAL

00OR FOR WRVE INT CONDX WITH VRRYING REL PHARSE

PRI RZ 310.00 PRI INC 20.00

45.00

315.00 SEC INC

SEC RZ
SEC/PRI = 0.50

ARRARY ANGLE = 5.0
Figure G-9. Plots of the ¢d—Variation of the Indicated DOA (y = 5°)
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APPENDIX H

This appendix contains a comparison of two different approaches to
phase ambiguity resolution in a large/small baseline interferometer system
under wave interference conditions. (See Chapter VII,)

The program listing follows. All user~written subroutines called

are listed in Appendix M.

T SR I % ST
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INPUT SOURCF CARDS 161

EXECUTE
FORTRAN
NAME MTHCHK
EQUIP=CARDRE,PRINTE,CARDPU;
SINGLEsLL $

I ZTTAHAPH

Cotann
CesnnaTH1S PROGRAM COMPARES THE INSTANTANEOUS PHASE AMBIGUITY RESOLUTICN METHOD
CesnaeAND THE AVG PHASE RESOLUTICN IN A SMALL/LARGE BASELINE INTERFEROMETER
CevnesSyQTEV, (SEE CHAPTER VII,) ALL ANGLES ARE IN DEGREES, THE INPUT DATA
CosnanREOUIRED ARE THE PRIMARY AND SECONDARY AZIMUTH AND INCIDENCE ANGLES
Cessew(IN DEGRFFS), H, THE ARRAY AMGLE (IN DEGREES), AND THE SMALL AND LARGE
CorasoBaAQELINE LFNGTHS,RESPFCTIVFLY, (IN METERS), (8F10,3 FORMAT,)
Cazane
DIMENSTON PHISM(40,2),PHILC(40,2),RES(40,2),DPHI(40)
P1=3.1415976535898
Turpl=2 . «P1
XINC=TuPi /36,
DEGs18A./PI
Do 85 | CNT=1,2
CesaawANGLES OF ARRIVAL RFAD IN CEGREES, H MUST BE BETWEEN 0 AND 1
READ 10,ALPHF,THETP,ALPHS,THETS, N, DGAMMA,CLS, DLL
10 FORMAT(8F1n0.,3)
GAMMA=DGAMMA/DEG
PRINT 45,LCNT,D8AMMA
18 FORMAT (QH4RUN NO, ,12,16X,25H ISOSCELES ARRAY ANGLE = ,F6.,2)
PRINT 20,41 PhP,ALPHS, THETP,THETS,H
20 FORMAT ¢ /,24H PRIMARY MODE AZIMUTF = ,F6.2,15X,26K
$SECONCARY MONE AZIMUTH = ,F6.2,/,26H PRIMARY MODE INCIDENCE 3 ,F6.
$2,13X,28H <ECONDARY MODE INCIDENCE = ,F6,2,//,31+ AMPLITUDE OF SEC
$ONDARY WAVF = ,F4,3,40H TIVMES THE AMPLITUDE OF THE PRIMARY WAVE)
RALPHP=Al PRP/DEG
RA| PHS =4I PES/DEG
RTHETF=THFTP/DEG
RTHETS=THFTS/DEG
DL=DLS
CetnueTHIS SECTINN OF PROGRAM IS IDENTICAL TO THE WAVE INTERFERENCE SIMULATION
Cesas®PRNCRAM OF APPENDIX G, THIS PGM 1S RUN TKROUGH TWICE, ONCE FOR T-E
CesnneSMALL RASF: INE ARRAY AND ONCE FOR ThE LARGE BASELINE ARRAY,
Do 54 10NT=1,2
CALL FRTHFHI(RALPHP,RTHETP,LL,PHIP21,PHIP13,PHIP3I2, GAMMA)
CALL FRTPHI(RALPHS,RTHETS,CL,PHIS21,PHIS13,PHIS32, GAMMA)
PHIDIF-=XINC
SMrl21=0.
SMF112=z0,
SMF132=0.
Do 50 JONT=1.36
PHIDIF=zPHIPIF&XINC
X12ATAN2(HeSIN(PHIDIF),1.+F#COS(PHIDIF))
PHI21=ATAN?(SIN(PRIP21)+H#SIN( PHIDIF+PKIS21),C0S(PHIP21)+HeCOS (P~
SIDIF+FRTIS21))=X1
CALL RENUCE(PHIZ2Y)
CALL CuDS (PH121,PHIP21,F121)
PH121=F 171
PHIP31=-PHIP1]
PHIS31=~-PHIS13
PHIZ1= ATAN2(SIN(PHIP31)+HaSIN(PHIDIF+PHISI1),COS(PHIPIL)+HNeCOS(FH
SINIF+FHISI1) )XY
LAIL REDNIFF(PHIZL)

s R
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CALL CHOS (PHI31,PHIP34,FI31) 162
PH1I31=2F131
PHI132=PHI31-FHI2Y
PHI13z=-PHT3]
CesuasaSyM UP ALL INTERF PHASES TC CALCULATE AVG INTERF PHASES,
SMF121eSMF1214PHI21
SMF113=SMF113+PHI13
SMF132=SMF132+PHI132
DPHI(.ONT)=DEG#PHIDIF
IF(ICAT-1.,5)45,45, 46
45 PHISM(JUCNT,1)2PHI21
PHISM(JCNT,2)=PHI3?2
Go T0 s0
46 PHILG(JUCNT,1)=PHI21
PHILG(JCNT,2)Y2PHI3?
50 CONTINUE
AVF121=SMF121/36.
AVF]32=SMF132/36.
IF(ICANY-1,5)52,52,53
52 AVSM21=AVF 121
AVSM3I2=zAVF 132
DL=DLL
Go YO0 54
53 AVLG21 =avFI2g
AVLG3IZ=aVF132
54 CONTIANUE
CxnnuaPERFORM )NST PHASF AMRIGUITY RESOLUTION
SMRES1=0.
SMRESZ=0.
DRAT=PtL/NMS
Do 60 1CT=1,36
CesnnaREDUCE TE aCTUAL INTERF PHASES TO LIE WITKIN THE PRINCIPLE BRANCH OF
Casnna-180, TO 1R80. DEGRFES, AS wWOULD BE MEASURFD
CarL REDUCF(PHILGCICT, 1))
CAlL REDURE(PHILG(ICT,?2))
CesanaCOMPUTF APPROX. LARGE ARRAY PHASES FRM SMALL ARRAY PHASES.
X1=PHISM(IrT .{)#DRAT
XP2=PHISM(I10CT,2)#DRAT
CosnsaAND + NR - 360. DFGREFS TO THE RENDUCED INSTANTANEQUS PHASES
CevuaaUNTIL TH-Y LIE WITHIN 180 TFGREES OF THE APPROX, PHASES INDICATED
CensenBYy THE SMAIL ARRAY, THUS AFFECTING INSTANTANEOUS AMBIGUITY RESOLUTION,
CatL CHOS(PHILG(ICT,1),X1,RESCICT,1))
CALL CHOS(PHILG(ICT,2),X2,RESCICT,2))
SMRES1=SMRES1+RES(ICT, 1)
SMRES2=SMRESI+RES(ICT, )
60 CONTIANUE
AVRES1=SMRES1/36.
AVRES?2=SMRES2/36.
PRINT k9
69 FORMAT (441)
PRINT 70
70 FORMAT( /,R0(1H#)/,22X,37HINSTANTANEOUS PHASE RESOLUTION METHOD,/,
$B0(1H#))
PRINT 71,M: 8,DLL
71 FORMAT( /,8X,69HPHASE DIF SMAL. ARRAY PHASES LARGE ARRAY PHa
$SES RESULTS /64X,10FINST PHASE,/,22X,5H D/L=,F5,2,11X,
$5H D/L=,F5.2,11X,9HAMBIGUITY /+64X,10HRESOLUTICN)
PRINT 72
72 FORMAT( ?21%,12HPHI?1 PHI132,9X,12HPH!I21 PHI32,8X,12HPHI21 PHI3Z2
%)

o
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Do 720 J=1,36 163
PS1sPRISM(J,1)DEG
PS2sPrISM(J,2)#DEG
PL18PFILG(U,1)#DEG
PLosPHILG(J,2)eDEG
R1xRES(J,1)#DNEG
R2=RES(J,2)#NEG
720 PRINT 73,DPHI(J),PS1,PS2,PL1,PL2,R1,R2
73 FORHAT(7X»75.2:9XaF5.2.2X.F5.2,9X.F502'2pr5-2n8on5.2:2XpF5.2)
DAVSI=DFEG#AV~M21
DAVS2=DEG#AVSM32
DAVL1=NFGeAVLG21
DAVL2=DEG#AVLG32
DAVR1=DEG#aAVRES!
DAVR2=nEG#AVRES?2
PRINT 730
730 FORMAT (80 (1H~))
PRINT 74,DaVS1,DAVS2,DAVLY,DAVL2,NAVRY,DAVRZ
74 FORMAT (13K AVGED PHASES.BX,FS.Z.2X.F5.2.9X»F5.2p2X.F5.2»8X.F5.2:
$2%,F5.2)
ConwasCOMPUTE INTICATED DOA FOR INST METHOD
CALL TTR(AVRESY,AVRFS?,DL,FAMMA,AZINST,XINST)
PRINT 75,A71INST,XINST
75 FORMAT(/.50H DOA NBTAINED FRM AVGED INST PHASES,... ,AZIMUTH = ,
$F5.2’11H000'0!NC = ’FSQZ)
CednsePERFORM AVFRAGE PHASE AMBIGUITY RESCLUTION
Cewsss NUCE THF ACTUAL AVG INTERF PHASES T0 LIF WITHIN THE PRINCIPLE BRANCH OF
Cesunn=-,80 TN 180 DEGREFS, AS THEY WOULD BE MEASURED (AFTER A SIMILAR
CesaaaSATISFACTORY BRANCH CUT WERF MADE:.
Catl RrDUCR(AVLG21)
CatL REDUMK(AVLG3?2)
CesnsaCOMPUTE «FPRGCX LARGF INTERF PHASES FROM SMALL INTERF PHASES
X3I=AVSMP21#DPRAT
X4=AVSMI2urRAT
CewunaPERFOFM aye PHASE RESOLUTICN BY ADDING + CR - 360, DEGREES TO THE
Coannnal APGE ARn1v PHASES UNTIL THFY ARE WITHIN 180 DEGREES OF THE ALPRCX PHASES
CatL CHOS(AVLG21,X3,F121)
CALL CHOS(AVILG32,X4,F132)
CewaneCOMPUTF 10~ INDICATED BY THE AVG RESOLUTICN METHCD
CarL [CIR(FI21,F132,DL,6AMMA,AZAVG,AVGINC)
PRINT 77
77 FORMAT( B0 (1H®),25%,/,22X,28H AVG PHASE RESOLLTINON METHOD/8O(1X
$¢))
DF121=PEG#F 121
DF132=nEGiar 132
PRINT R0,DF121,DF132
80 FOQMAT( / 741 PHASE AMBIGUITY RESOLVED PHASES (USING AVGD LARGE AN
$D QMALI ARRAY PHASES) »/»15X,BHPHI21 3 ,F7.2,6X,8HPHI32 = ,F7.2)
PRINT R2,A7AVG,AVGINC
82 FORM&T(,.S“H DOA OBTAINED FRM THESE PHASES-.........AZIMUTH = ’
§F5.2,14H.....INC = ,F5,2)
85 CONTIN F

CALL EXIT
END
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Table H-1. A Case in Which Both the Instantaneous and Average Phase
Resolution Methods Field Correct Results

QuN NO, 1 1SOSARI ES ARRAY ANGIE = 90.00
PRIMARY MANE 47IMUTH = 210,00 SECONNARY MODE AZIMUTH = 315,00
PRIMARY MONE INCIRENCE = 2pn,00 SFCOANARY MODE INCIDENCE = 45,00

AMPLITUNE QF SFECONDARY WAVF = 0,25 TIMES THE AMPLITLNE oF THE PRIMARY WAVe

RERRERR R LR B H AR DR AR R A IR R R R R R RSB DDRRBRBREBERFERLETRARRFRRARRRRBRABERBRRRB RN RRY

INSTANTANEQAUS PHASE RESOLUTICN METHOD
RRRBRRBRBRERL G RUBRREIRARERF LB RBER RO RIS RERSERBRRIBARRTRERRRBERRREREREREARRE RSN

PHAGE DIF SMALL sRRAY PRASES LARGBE ARRAY FHASES RESULTS

INST PHASE

2 D/L= 0.10 D/L= 1.80 AMBTGULITY
s RESCLUTIUN
3 FEIZ®  PHIZ> PHI?Y PHIZ2 Pri2i  PHI32
4 n,eo .93 -21.n 93.59 158.3 93.59 ~201,
= 1n.00 §.60 -21.n 91.53 159.3 91.53 -200,
: 20,00 $.84 -20.9 89.01 16%.0 89.01 ~-198,
3 3900 5.74 -20.s 86.02 163.5 86.02 ~196,
£ an._nn $.60 -20.4 - 82.54 166.8 82.54 =193,
3 3n.rp $.45 -2n.z 78.63 173.7 78.63 =189,
1 50.00 §.74 -19.9 74,38 17%.3 74.38 ~-184,
-3 70,60 2.99 .19.r 69.95 -17¢, 69.95 =179,
9 8,00 £.68 -19.¢p 65.58 =-174. 65.58 ~-174,
E 90,00 £.31 -18.7 61.54 -166, 61.54 =169,
o 100.0 7.89 -17.& 58.09 ~-163, 58,09 ~-163,
5 110.0 7.40  -16.7 55,47 -156, 55.47 =159,
3 120.0 €.86 -15.a 5%.84 -15%, 53.84 =155,
! 130.0 €.29 -14.7 53.33 -15¢%, 53.33 -152,
H 140.0 £,72 -13.7 53.94 =146, 53.94 =149,
180.0 5,26 -12.7 55.65 =147, 55,65 =147,

140.0 4.81 -3i1.0 58.35 ~-14¢. 58.35 ~146,

170.0 4.59 -11.1 61.86 =148, €1.86 ~145,

180, 0 4.%9 -11.1 65.95 <~14¢. 65.95 -146,

1en0,0 4,81 .11.4 70.33  -14¢. 70.33 ~-146,

200.0 5,21 -12.r 74,75 -14¢ 74.75 -148,

210.0 8,/2 -12.p 78.96 =15 78.98 =~150,

220.0 €.29 -13.8 82.86 =15¢., 82.86 ~153,

2z0.n €.86 -14,0 86.29 =-157. 86,29 =157,

24n.0 7.40 -15.0 89.25 -161., 89.25 -161,

SRA. N 7.89 -16.0 91.73 =~16&. 91.73 ~-166,

260.0 8.32 -17.7 93.75 =-171. 93,75 -171,

270.0 .08 -18.4 95,35 =~-177. 95.35 -177,

280.0 .99 -~19.p 96.55 177.7 96.55 =182,

200.0 $.24 -19.4 97.38 172.9 97.38 =187,

300, 0 §.45 -20,¢ 97.87 168.6 97.87 =191,

310.0 $.62 -20.3 98.02 16%.0 98,02 ~-194,

3120.0 §.74 -20.6 97.84 162,1 97.84 =197,

330, .84 -20.n 97,32 160,0 97.32 ~199,

340.0 5.9 -20.9 96.46 158,7 96.46 =201,

350.0 §.94 -21.p 95,23 158,31 95.23 ~-201,

AVGEN 21aQF% 7.91 -17.3 79.15 =171, 79.15 =173,

DOA ORTATAFD rPM AVGFL INST PHASFS,,..,AZIMUTH = 310.,0...,..INC = 20,00

BN DR R B R R R AT BN RN R BN TR IR U R R R B R R R B DR B R R RBHRERRBRRRRRRRRRRRBRRE RN St
AVG PHASF R=SOLUTION METHOD

B R R R RN B R PR AR R RS C AR B AP R RN R SR R AP R REURBHRRRIRRDEERBRRRRRRRRRRE RN RN RSN

PHASE AvRICUTIY RESO!I VEFM PRASES (USING AVGD | ARGE AND SMALL ARRAY PHASES)
PHIZY = 79.15 PHIZ2 = ~173.,47

N04 QRTAITEDR PRV TRESE FPASFS..eseeres o AZIMUTH = 320.00¢...4!NC = 20,00
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; Table H-2. A Case in Which the Instantaneous Phase Resolution Method Fails
E RUN NU., ° 1SOSCEI B «RRAY AMBIF = 90,00
PRIMARY MONE A7)l TP 31¢.00 STCONNARY MODE AZIMUIw = 315.00 A

PRIMARY MIUNE [NMCIDEMCE = 20,00 SFCONNARY MODE INCIOEACE = 45,00

AMPLITJURE nE SFCNANRARY WAVE = 0,75 Y[VES THE AMPLITLNE 0F THE PRIMARY WaVe

BRARRERERRORE R DA BRI R R L AL PR P ERBEB RSN  BRBB DR LIERAERDRPRRRRRRFRRRR RN RSN REE D
INSTANTANEQUS RPHLISE RESOLUTICN METHOD
SRR ERR R RE BB AI N ARR ST H Y LT E B RBB LR BB ARRR BB HO N R IRBRRSRBRRAER BB R RBRRRTRERRERE,

PHaQE P~ SMAt], aRkAY PEASKS LARGE ARRAY FHASES RFSUL IS

{NST PHASE

/L= f,10 B/L= 1,04 AMBIGUITY

RESCLUTuUN

Lri?1 PHIZD PHI21 PHIZ2 PH121 PH|32

p.rn 12.74 ~25.% 119.7 118.,6 119.7 =249,

1n.rn 12,727 =25.% 118.5 111.3 118,5 =248,

20,00 12.20 -25.9 116.8 112.6 116.8 =247,

3n,r0 12.17 =25.7 i14.4 114,9 114,4 =245,

an, on 12,12 =25.,1 110.6 118.6 110.6 =-241.

. 50.00 12,05 =2%5.p 1N4.5 124,56 104,5 =235,
- 0,10 11,05 ~24.p 94,02 135,4 94,02 -224,
3 70,00 11,82 -24.¢ 74.52 155.1 74,52 -~204.,
y 8 g§n.nn “1.85  -24.a 43.42 -172, 43,42 -173,
3 90,00 11.41 -24.pn 14.07 -147, 14,07 -143.
L fan.n 11.07 -23.4 -2.95 =128, -2.95 =125,
‘A 110.0 13.57 -22.«4 -11.5 =-11F ~11,5 =115,
E 120,70 §.79 -21.s -15.5 =11, -15,5 -110.
g 130.0 £.%1  -19.a -16.6 =10¢&. -16.6 =106,
S 1400 .25 -16.1 -15,3 =104, -15,3 ~-104.
3l 150.0 1.88 =-9.75 -11.n  -1B2. -11,0 =-103.
E 160.0 -6.77 2.77 -1.89 =103, -1.89 -~102,
Z 17p.0 -18.8 02.4r 16.10 =102z, -343, 257.8
180, 0 -1R.7 22,7 46.31  -102, -313., 257.7

1on.n -€.67 19,432 76.68 -10Z. 76,68 257.2

2an.n 1.94 0,34 95.19 =1932. 95.19 ~103,

210.0 €,78 ~11.n 105.2 -10%5, 105.,2 =105,

220.n £.583 -16.7 111.0 -1ine. 111.0 =-108.

20,0 S.by -19.a 114.6 =112, 114.,6 ~-112,

24n.n 10.57 -21.¢ 117.0  -12p. 117.0 =~-120.

280 .n 11,67 .22.R 118.7 -132, 118.7 =133,

2an. 11,41  .?3.® 119.8 -157, 119.8 =157,

270.0 11,65 -24.n 120.6 169.,2 120.6 =190,

2R0.0 11,8 -24.4 121.2 143.4 121.2 =216,

son.0 11.9% .24.3 121.6 129.0 121.6 -230,

30,0 1z2.v8  .24.0 121.8 12t.1 121.8 =238,

31n.p 18.12 <2b5.n 121.8 116.4 121,8 =243,

32n0.0 12.17 25,1 i21.8 113.6 121.8 =-246,

3XN.0 12,90 -25,p 122.5 111.8 121.5 -248,

340, 0 12,02 -25.% 121.1 110.8 121.1  <-249,

350, p 12.76 -25.2 1206.6 110.4 120.6 <~249,

AVAE) duacES 7.91  -17.3 79.15  -172, 59.15 =143,

noa OBT.inFr B2 AYGFLD INST PHASFS, .., ,A7IMUTH = 305.0.....15% = 16,62

SaRBRRBRSELER; RSB RE AL R R B W B R B~ 0  BRP BRI BR DR R AR BRRBER IR RRRBRRRRER AR RN,
AVE BUASK R/ 1 o TION METUAD

BRRREP RN L PR PP R BR RN RO AR E P PG R BT, B RRB IR BT HDRIHERRRERRRRDTERBRRRRRRRNTRE DY

OHASF ¢tnmPIRUIITY KESHIVED FuwsSES (1S nM. AVGD 1 ARGE AND SMALI, ARRAY £HASES)
PRI?Y = 7¢.,15 PHi32 = -173,47

Da ORTLIPED »PM THESE FHAQES, . oL 0. 0 iMiT™H 2 310.0.,...10C = 20,00
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APPENDIX I

This appendix contains a tabulation of the results of numerous
executions of the comparison program of Appendix H. It shows how the
instantaneous phase resolution method fails as various parameters are
varied. (See Chapter VII.)

A listing of the modified program follows. All user-written sub-

routines may be found listed in Appendix M,




T IXTXTNAOOM

INPUT SOURCE CARDS

EXECUTE

FORTRAN

NAME TARBCHK:
EQUIP=CARDRE,PRINTE,CARDPU}
SINGLEALL

Castane
CesnnsTHIS FAM WORKS IN EXACTLY THE SAME MANNER AS PGM METHCHK, OF APPENDIX
CeswasV[], NETATLED DOCUMENTATICN MAY BE FOUND THERE,

Catuasn
DIMENSTON PHISM(40,2),PHILG(40,2),RES(40,2),DPHI(40)
P123.14159726535898
Turl=2,#P1
XINC=TUPI/26.
DEG=18n,/P1
Do 85 iCNT=1,6
Go TO (200.300,400,500,500),LCNT
200 PRINT 210
210 FORMAT (1H1,/7/59H COMPARISCN OF AMBIGUITY RESOLUTION METHODS VARY:
$NG PRI DnA 77)
PRINT 215
215 FORMAT(71H NOTE,,...SEC AZ = PR] AZ + DELAZ ALSC SEC INC = =~
SRT INC + DNEIINC /7)
PRINT 220
220 FORMAT(3X,108HPRI WAVF SEC WAVE REL AMP SM D/L
¢G n/sL GAMMA INST RESOLUTION AVG RESCLUTIDN ,/,2X,
$36HAZ NG DFLAZ DELINC SEC/PR1,25X,45HAKR ANG Al
$ INC AZ INC 7/
CesanaNITIAI JZE PARAMETERS
Al PHP=-15,
DE| AZ=5.
DELINC=10,
M=z,8
DGAMMA=9T,
DisE.15
DLl =1.5

CesdoreBEGIN VARY'NG PRI DOA

184
185

300
310

Dn185 J1=1.8

AL PHP=ALPHER+1%&,
THFTP=0.

Do185 .2=1.5
THFTP=TH-TP+15,
Go TO 700
CONTINUE
CONTINUE

Go TO 85

PRINT 310
FORMAT ¢1KH1.//7/59H COMPARISCN OF AMBIGUITY RESOLUTIUN METHODS VARYING
SNG SEC DA /7))
PRINT 215

PRINT 220

CownesINITIA [7F PARAMETERS

At pHP=310,
THFTP=20.
DELAZ='20¢

CesneaBEGIN VARYING DEVIATION CF SEC DOA FROM PRI DOA

Dp285 .3=1.7
DELAZ=DEI 47+15,
DEI INC=-35,
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DCr2RS 14z%,5%
DEL INTSDEL INCeS

Co TO 760

ContIAnyE

CONTINUE

Ge YU a5

PRINT 410

FORMAT (1M1,///87H COMPARISCN OF AMBIGUITY RESOLUTION METHODS VARY!
SNG REL a¥PiI TTUDE (M) RETWEEN THE WAVES //)
PRINT 215

PRINT 22n

CesaesINITIAL I7F PARAMETERS

3g4
385

DFI AZ=-180.

DEI INC=30.

H:-.05

DD385 US=1.2n

HzHe, 05

Go TO 700

CONTINUE

CONTIANUE

Go TO grS5

PRINT ®10

FIRMAT (1H1,///7100H COMPARISON OF AMBIGUITY RESOLUTION METHODS VARY
$ING SMALL AND LARGE ARRAY EASELINE/WAVELENGTH RATIOS //)
PRINT 215

PRINT 220

ConnunINITIA I.F PARAMETERS

484
48%

600
610

H=,35

DL s=0.

DO485 Jb-1.5
DLS=DLS+.1
Ny =k

C VR

Doa4ss l7=1p6

DLL=DLL 1,

Go TO 700

CONTINUE

CONTINUE

Go T0 as

PRINT &1

FORMAT (1K1.//7/71H COMFARISNTN OF AMBIGUITY RESOLUTION METHODS VARYI
$SNG ARRAY ANGLE, GAMMA /7)
FRINT 215

PRINT 220

TessesINIT1A 1ZE PARAMEICRS

Dy gs.5

DLis=2.

D6aMMA=z] .,

U0585 UB8=1.9
DGaMMa=DGaAMMAL1Q,
PRINT 583

FORMAT (/)

Gec TC 700
CONT1HUE

CONTINUE

Go TG a5

ALPHS=al PHP+DELAZ
THETS=THETP+DELING
GaMMA=GaM» A/DEG
Kahy PRF=A{ OwP/DLG
FriPHS - 41 PS/DES

BB A W o  Mh . 3 SRR
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RTHETS=THETS/DEG
DL =DLS
Do 54 1CNT=1,2
CALL PRTPH!(RALPHP,RTHETP,LCL,PHIP21,PHIP13,PHIP32, GAMMA)
CALL FRTPHTI(RALPHS,RTHETS,CL,PHIS21,PHIS13,PHIS32, GAMMA)
PHIDIFe=~-XINC
SMF121=20.
SMF113=0.
SMF132=0.
Do 50 JUCNT=1,36
PRIDIF=PHIDIFeXINC
X1=ATAN2(H«SIN(PHIDIF), 1 ,++aCOS(PHIDIF))
PHT121=ATAND(SIN(PHIP21)+HSIN( PHIDIF+4PHIS21),C0S(PHIP21)+H®COS(PK
SIDIF+PHIS21))=X1
CaLL REDUCE(PHIZ2)
CALL CHOS (PHI?21,PHIP21,FIZ]1)
PHI21=F121
PHIP31=-PHIP13
PR1S31=-PHIS1L3
PHI31= ATAN2(SIN(PHIP34)+HaSIN(PHIDIF+PHIS31),COS(PHIPI1)+HaCOS(PH
SIDIF#FHIS31))=X1
CALL REDUCF(PHKI31)
Catl CHOS (PHI31,PHIP3q,FI31)
PA131=F131
PH132=PpHI31=-PHI21
PHI132=-PHI3L
CowsnaSiM UP ALL INTERF PHASES TC CALCULATE A¥G iNTERF PHASES,
SMFI21=2SMF121«PHI21
SMF112aSMF113+PHI13
SMF132=SMF132¢PHIT2
DPHI(_CNT)Y=DEG#PHIDIF
IF(ICAT-1.5)45,45,46
45 PHISM(JCNT.1)2PHI21
PHISM(JUCNT,2)aPHIZ2
Go TO 50
46 PHILG(JCNT,1)=PHI21
PHILG(JUCNT,2)sPHI132
50 CONTINUE
Ayrl21=SMF121/36.
AVF132=SMF132/36,
IF(ICAYT-1,5)52,52,53
52 AVSM21=AVF 121
AVSMI2=AVF 132
DL=DLL
GDo 10 54
53 AVI G21 =AVF121
AVi G32AVF 132
54 CONTINUE
CenessPERFORM INST PHASE AMBIGUITY RESOLUTION
SMRES1=20.
SmAESZ=0.
DRAT=[I L/NLS
Do 60 1CT=1,36
CAiL REDUCF(PHILG\ICT,q13)
CaLl REDUCE(PHILGC(ICT,?2))
X4=PHISM(IrT,1)8DRAT
XoaPHISM(ICrT,2)#DRAT
CalL CHOS(PHILG(ICT,1),X1,RES(ICT,1))
; CaLL CHOS(PHILG!ICT,2),X2,RES(ICT,2))

E
|
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3 SMRES2aSMRFS2¢RES(ICT,2)
-3 60 CONTINUE
3 AVRES12SMRFS1/36.
3 AVRES2=SMRF§2/36.
2 CeseeeCOMPUTE INDICATED DOA FOR INST METHOD
3 Catl CIRCAVRES1,AVRESZ,DL,GAMMA,AZINST,XINST)

3 ConneaPFRFOFM AVFRAGE PHASE AMBIGUITY RESCLUTION
£ Cair L REDUCF(AVLG21)
CaLl RENUCE{AVLG3I2)
- XI=AVSEM214PRAT
- X4=AVSM3I2aNRAT
3 CAalL CHOSC(AVLG21,X3,F121)
: CAtL CHDOS(AVLGB32,.X4,Fi32)
CatL CIR(FI21,FI32.NL,0AMMA,AZAVG,AVGING)
& PRINT af,al PHP,THFIP,NELAZ,DELINC,H)DLS,DLL,DGAMMA, AZINST,XINST,
:§ SA7AVG, AVGING
- 80 FORMAT{1X,F5,2,1X,F5.2,3X,2(F5,2,2X)s3XsF542)7X,3(F5.2,.5%), (2X,F5,2),5%,2
2.2),5%,2(3X,F5,2))
GO TO (184,284,384,484,584),(CNT
85 CONTIANUE
CarL EFxIY
END

T
TR T TR
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APPENDIX J

This appendix illustrates the equivalence of the two methods of
handling erroneous phase measurement data described in Chapter VIII,
The data presented here are '"live." They were collected at this
laboratory's Monticello Road Field Station, on April 11, 1972, as part
of a three-transmitter ionospheric "tilt" experiment.” The presence
of ionospheric tilt is probably the reason why the indic..ted azimuths
do not agree precisely with the actual compass bearings of the trans-
mitter locations from the RDF site, as indicated in the following
tables. Each data point represents a group average of ten sets of
interferometer phase mezsurements. The time between each guccessive
phase measurement wa¢ *-o seconds. The experiment was set up such that
every minute ten phase :asurements from each transmitter would be
recorded at the RDF site, (This was done by properly timing the
transmitters such that each transmitter would be on and the other two

off for 1/3 of a minute,)

These data were taken over a period beginning at 22:39:C1 and

ending at 22:57:00, GMT.3

A listing of the processing program rollows. The user-written

subroutines are listed in Arpendix M,
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INPUT SOURCE CARDS 179
SCRATCH TAPE,3,4,3
EXECUTE
FORTRAN
NAME RIDTA:
EQUIP=CARDRE,PRINTE,CARDPU}
SINGLEALL
sseseel{H][S PGM CNMPARES 2 METHODS OF DGA CALCULATION USING LIVE DATA
1. DATE AND PLACE 0F DATA COLLECTION (2341 FORMAT)
2. BEARING AND LOCATICN OF TARGET TRANSMITTER (23A4 FORMAT)
3. RASFI INE + FREQUENCY IN MHZ (2F10¢5 FOURMAT)
4, MUMRFR OF DATA CARDS TO BE PROCESSED (13 FCRMAT, FIGKRT JUSTIFIED)
S, DATA CARDS.....PHI21, PHI13, PHI32 UNAKB. AND IN DEGREES (3F3i0.5)

g
QOO0 OIXT IR

DIMENSTON ALPKA1(15), ALPHA2(15)
P1=3.1415926535898
DeGg=18n./P]
Do 996 LiLL=1,3
READ 10, (AI PHAL(]),121,15)
10 FORMAT (15492)
KEaD 1n, (ALPHAR{(1),1=1,15)
READ 20,%,FREQ
20 FORMAT(2F10.5)
DL=D#FREV/300,
PRINT 30,41 PHAL1,ALPHA2,DL
39 FORMAT(1H1.15X,69HCOMPARISCN OF 2 TUCA CALC TECHNIQUES USING LIVE P
SHASE MEASUREMENT DATA//19X,34HDATE+PLACE OF DATA COLLECTION====~,1
$5A42//10X,34HREARING AND LOCATION OF SOURCE=~=--,15A2//35X,6HD/I. = ,
$F5.3,7y, 1 G-3AMMA = 60 DPEGREES////)

PRINT 49

40 FOEMAT (14X, 74HUNAMBIGUOUS SuUM OF DELTA METHOD
SANGLE AVFRAGING METHOD/ 13x,73HINTERF FHASES PHASES AZIMLT
$H INr]YFENCE AZTMUTH INCIDENCE/13X,14HAVG AKPLITUDE 710X,

$19HPHI»1 PHIL3 PAI32/)
READ S5n, NDATA
50 FORMAT(13)

D ASM=n,

DL 1SM=0.

AVASM=pn,

AVISM=0.

AMPSM=n,

P21SM=q.

P13SM=0.

P32Sk=z0.

ICHECK=0

Do B0 LCNT=1,NDATA

READ ¢0, PRI21,PHI13,PHI32,AVAMP

60 FORMAT(6+1N,5)

65 PHASUVM P11 13+PHI21+PHT 32
RPH]21=PHIZ1/DEG
RPHI12=PHI13/DEG
RPHI32=PH]32/DEG
Call AVDIR(RPHI21,RPHI13,RFHI32,D1.,AVAZ,AVINC)
THRDEL =PHASUM/Z,
CPul21=(PHI21=THRNEL)/NEG
CPulg2=(PrP113=-THRNEL ) /DEG

f R
S
TN
32
=
-1
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3
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CPM132e(PHI32-THRDEL )/DEG 180
CarL AVDIR(CPHI21,CPHI13,CPHI32,DL,DELAZ,CELINC)
CesaaePERFORM RRANCH CUT, FOR TRE FOLLOWING DATA A CUT EXTENDING FROM =~p] TO P|
E Cesesa]S APFROPRTATE
- IF(DELAZ-180.)651,651,650
6590 DELAZ=NElL A7-360,
654 CONTINUE
IF(AVAZ-180.) 653,653,852
652 AVaZeAVAZ-260,
653 CONTINUE
DLASM=NLASM+DELAZ
DLISM=NL ISM+DELINC
AVASM=AVASMeAVAZ
AVISM=AVISMsAVINC
P21SM=p21SM+PHI21
P413SM=p13SM+PHIL3
P32SM=P32SM+PHII2
AMPSM=AMP3IM+AVAMP
PRINT 70,PR121,PHI13,PH132,PHASUM,DELAZ,DELINC,AVAZ,AVINC
$., AVAMF
70 FGRMAT(lH .8x.F6.1p1X'F'6.1.2X.F5o1:3X.F6-305pr5‘2:6an5.2.9X.F5.2
$,6X,F5,2)
IF(ICFECK)400,80,100
B0 CONTINUE
CasanaNQTE THRIS AVGING PROCFSS IGNORES THE D TO 360 UEGREE WRAPAROUND FRODBLEM
CesascAND 1% THFREFQRE NOT VALID UNDER SOME CONDITIONS
Dt A=DLASM/ADATA
DLIsDLISM/NDATA
AVASAVASM/MDATA
AVIZAVISM/NDATA
CeaasnuCONVERT ~1R0 TO 180 CUT BACK TO THE ORIGINAL 0 TC 360, CUT
IF(DLAYES4.654,655
654 CLazDLA+S6N,
655 IF(AVAYE56,656,657
656 AVAZAVA+ 36D,
657 CONTINUE
PRINT 20 ,:LA,DLI,AVA,AVI]
90 FORMAT (10X,76(1H#)//10X,12FAVERAGED DOA,21XsF5.2,6X,F5,2,9X,F5,2,6
SX.I:'5-2)
PR121=P21SV/NDATA
PHI132P15SM/NDATA
P132=P32S»/NDATA
AVAMP=AMPSM/NDATA
ICHECK=1
PRINT 95
95 FORMAT(/,9%,78H AVGED PHASES AND AMPLITUDES---AND THE DOA CALCULAT
$ED FRr¥ 1HFSE AVGRD PHASES )
Go TO &5
100 CONTINUE
99¢ CONTINUE
CaLlL ExI
ENP
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COMPARISON OF 2 nOA rALC TECHNIQUES USING LIVE PHASE MEASUREMENT DATA
DATE+PLACF OF DATA COLLECYION-----APRIL 11, 1972 MRFS
BEARING AND LACATION OF SOURCE=----GILMAN, ILL (AZ APRX 18.5)
DsL = 1,542 GAMMA = 60 DEGREES
|

UNAMBIGUCUS Sum 0oF DELTA METHOD ANGLE AVERAGING METHOD
INTERF PHASES PHASFS AZ IMUTH INCIDENCE AZIMUTH INT . DENCE
AVG AMPLITUDE

PHIP1 PHIL13Z PHIZo

85.5 -53.3 34,7 =2.500 7.09 9.02 7,09 9.02
6703 -47.1 -38,7  1.500 3.20 9.01 3.20 9,01
93:§ -41.8 -46.3  2.200 -1.66 9.29 ~1.66 9.29
90.5 -49.1 -43.8  -2.400 1.92 9.47 1,92 9.47
92:3 -52.6 -53.1 -8.900 -0.17 10.36 “0.17 10.37
1018 -56.3 -50.9  -5.400 1,72 10.76 1,72 10.77
10322 -54.8 -51,1 -3.400 1.18 10.76 1.18 10.77 j
875 -59.3 -50.4 =1.800 -4.14 9.20 ~4,14 9.20
82:2 -37.1 -48.0  1.400 -4.18 8.94 4,18 8.94
8.9 -42.9 -49,5 -5,5p0 -2.46 9.21 -2.46 9.21
9313 -60.3 -37.5  0.100 7.66 10.25 7.66 10.25
568 -74.2 -24,3  -1.700 16,48 10.54 16.48 10,54
9;:3 -70.2 -19.8  9.000 16,86 10.41 16.87 10.42
9312 -83.2 -13.3  -2.900 23.11 10.68 23.11 10.68
9313 -79.5 -14,5  ~4.000 22.34 10.25 22,34 10.25
7809 -60.0 -17.8  1.100 17.24 8.52 17.24 8.52
pe's 541 -24.3  2.400 12.14 8.48 12,14 8,48
56 ¢ -53.0 -26.3  7.300 10.38 8.87 10,38 8.88
Clf;z.ﬂ""a.’i"'Q."l‘“'l‘ﬂ'*"""* FRRBARBBRRRRLEBRBRBRRERRERRRRERGRENES
AVERAGED DOA 7.15 9.67 7.15 9.67
AVSED FHASES AND AMPLITUJES---AND THE DOA CALCULATED FROM THESE *VGED PHASES
91.1 <56.0 -35.8  -5.770 7.29 9.55 7.29 9.55
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COMPARISOAN OF 2 DNA CALC TECHMIQUES LSING LIVE PHASE MEASUREM:ENT DATA
DATE+PLLACF OF DuTA LOLLECTION----«APRIL 11, 1972 MRt S
BEARTIMG AND LOCATION OF SOURMF--=--10BA, ILL (AZ APRX 21.5)

hsl = 1.542 GAMMA = 60 NEGRFES

UNAMETGLCUS eUmM 0OF RELTA METHOD ANGLE AVERAGING METHOD
TNTERF PrRASKS PHASFS A7 IMUTH INCTDENCE AZIMUTH INCIDENCE
AVG AMPLITURE
FHI21 PirIIT PHIZD

68.1 =-35.2 -32.9  0.000 1.12 7.05 1.12 7.05
2503 -39.0 -34,0  2.300 2.22 7.72 2.22 7.72
6;:i -2n.% -3B,4  10.000 -8.96 6.87 8,97 6.89
7123 -49.4 -29.4  -4.100. 8.63 7.97 8.63 7.97
5?23 -29.5 =31, =9.600 -1.27 5.66 -1.27 5.68
5;:3 -27.7 -32.2 -6.000 -2.66 5.79 ~2.66 5.79
5§:§ -11.8 -44.3  1.800 -18.3 6.24 -18.1 6.24
5574 -10.1 -31.64  10.700 -14.2 5,21 -14,3 5.23
62:3 -22.6 -42.4  3.900 -9.60 7.10 ~9.60 7.10
5207 -29.5 -39.5 1670 -5.43 6.05 -5.39 6.11
5::; -43.2 -22,4  -6.800 11.13 6.44 11.12 6.45
sed -532.8 -14,4 -10.80 20.28 6.62 20.25 6.64
7323 -65.2  =3.2  7.340 26.04 8.45 26.04 8.46
5512 -59.3  =7.6 =12.10 26.89 6.80 26.85 6.83
5221 -37.8  -~4.3  13.300 20.78 5,64 20.86 5,67
4323 -24.8 =13.4  10.600 7.84 4,64 7.87 4,67
6;:§ -69.1 -26.4 -27.60 17.73 8.39 17.53 8.49
7108 -Bn.z -35.3  -13.70 6.43 7.96 6.42 7.99
{*1;j«.."l'ﬂt‘.QﬁﬂﬁﬁlﬁiﬁllQQGQQQ’Qﬁ-Iﬂ!'*Q&'*"l BRERBRBERBRRARRERRBRREIRER RSB S RN
LVERAGEN NO» 4.93 6.70 4.92 6.72
*VuED PHASES AND AMPLITHNEG=~=AND THE [:0A CALCULATES FROM THESE AVGED PHASES
e;.g -37.6 -26.8 -2.639 5.66 6.52 5.66 6.52
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COMPARISON OF 2 DOA CALC TECHNIQUES .USING LIVE PHASE MEASUREMENT DATA
DATE4PLACE OF G4TA COLLECTION---=-APRIL 11, 1972  MRFS
BEARING AND LOCATION OF SOURCE----T3BORO, ILL {AZ APRX 21.5)
D/L = 1.542 GAMMA = 60 DEGREES
3
UNAMBIGUCUS SUM OF DELTA METHOD ANGLE AVERAGING METHOD
INTERF PHASES PHASES  AZIMUTH  INCIDENGE AZIMUTH  INCIDENCE
AVG AMPLITUDE
PHI?1 PHIL3 PHIZ>
40.1 -18.7 -24.1  .2.700 -4.35 4.25 ~4,35 4,25
a2 -19.6 -20.8  0.800 -0.97 4.23 ~0.97 4,23
a4 -24.4 -17.0  2.000 5.71 4,44 5,71 4,44
5309 “9.1 -17.4  7.400 -8,67 3.28 8,70 3.30
2;:5 9.3 -25.8 -7.200 -17.4 3.28 17,3 3.30 |
340 -g.2 -27.5  6.300 -26,2 3.68 -26,3 3.69
39,4 “1.1 -34.8  3.500 -26.9 4.43 26,9 4,44 ‘
7.3 -6.0 -32.5  -1.200 -22.0 a.20 ~22.0 4.20
3206 <16.7 -18.1  -2.200 -1.39 3.44 1,39 3.45
3 250 2.5 126 9.900 -15.0 2.32 ~15.4 2.37 3
. 23,4 -25.1 9.4 -10.80  18.89 2.95 18,60 2,99 |
3 237 -16.3 1001 -2.700 8.28 2.57 8.28 2,57
= 1612 1406 -14.0 ~10,40 0.92 2.24 0.88 2.29
. 3409 -17.6 -11.3 6.000 6.31 3.42 6,32 3,43
3::é -18.4 -19.6 -3.500 -1.11 3.69 -1.11 3.69
w3 -20.1 -16.9  9.300 2.45 4.47 2.46 4.49
4g:f -30.4 -21,1  -2.400 6.14 5.19 6.14 5.19
5§:2 -30.1 -22.2  0.400 4.96 5.46 4.96 5.46

l*ill&lilq!QIQO'*Q{&C!QQ#li&l.h'!l’li&i!Ii!.}il!ii!iQ.Q!Q{QOQQQ"QQQ!!Q*QIQ!
AVERAGED DDA 356.0 3.75 356,0 3.77
AVGED PHASES AND AMPLITUINES=~~<«AND THE DOA CALCULATED FROM THESE AVGED PHASES

35.4 -15.6 =-19,7  0.139 -3.87 3.66 ~3.87 3.66
4,4
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APPENDIX K

This appendix contains derivations of equations VIII-7 and VIII-8.

From elementary trigonometry, it may be inferred from equation VIII-6

that:
sin 0y) 33 = ¥1/7y c08 ayy_3p = Xp/Ty
sin %1-13 = y2/r2 cos Gy 13 = xz/r2 (K-1)
8in agy 13 = ¥5/Tg €08 a3y 13 = X3/T3
2 2
vhere r, = /ki +y, 5, 1=1,2,3,
Substituting equations K~1 into equation VIII-2 yields:
‘4 /T
R U R PP R L
a = tan . (K-2)
avg xl/rl + x2/r2 + x3/r3

Equation K-2 is identical to equation VIII-7.

Next, equations VIII-4 (expressions for the 'delta method" - cor-
rected phases) are substituted into equations I-4. (For simplicity of
notation, the symmetric array equations will be used.) Because the sum
of the "corrected" phases is zero, equations I-4 will yield identical
results} hence only equation I-4(e) will be used. This results in:

_1 2(935 = 8/3) + (¢, - 8/3)

¢, = tan . (K-3)
A
3 (659 = 8/3)
But, equation VIII-3 states that:
8% 01+ 813 % 03 (&-4)
Substitution of K-4 into K-3 results in:
173 Gy - #4y3) (X=5)
a, = tan T v
21 32 13




It will now be shown that expression K-5 is equivalent to the expres-

. ., N L i £
N kit sl e

sion: 4
3 1Yty ty
% o, = tan 1 xl T x2 - x3' (K-6)
,g: 1 2 3
%, This is the expression we wish to verify (equation VIII-8). Perhaps ]
38
13 this equivalence can best be demonstrated by working backwards from
48

j§§ equation K-6,

B 1
gf From equations I-4(d), (e), and (f), X1 Xps Xgy s Yoo and Y3 ;
§¢ may be computed, as in figure K-1, Substituting these values of Xy and
¥

=‘;§ Yy 1 =1, 2, or 3) into equation K-5 yields:

4 - -
- s 7 (2013 991) + 2055 + by1 F 939 = ¢4
°LA = tan 7
i 3 (89 *+ 091 = 455 = 09
=
~§g or, after simplification, i
V3 (= 91, + 94,)
o, = tan> 13_ 32 X-7)

(2651 = #32 = ¢13)
But this expression is equivalent to expression K-6. Hence egquacions

K-5 and K-6 are indeed equivalent,

=3
= L
o3 =
z3 3
3 :
= 3 -3
3 i
£

)

o W

Ty
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I A,

Eqn 1-44d:
~2Qi3-¢g
V3 92

-(2d3+d )=y,

tan dpj. i3 =

e

R - S
T AR AP Yo
=

W‘M‘

L IR ¥
U st rtaayn oty

S N sttty
Bt Yooor S0P Wyt

Eqn |-4e: o
2 +¢ =
fan 2‘_&=7:.;3£2_'_§l /‘ 293 +P21 =Yz
a 21-32 ,

J3 da=x,

P32~ ¢i3 .
/3 (32 +613) $az- i3 ° Vs

*
gt }m TRy AR

tan @ g3-13

5

B

as2-18 !
~V3 st 3)=xs

1 R

[

st

IO
R 5

Figure K~1, Simple Trigonometric Relationships Used in the
Work of Appendix K,
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APPENDIX L

This appendix contains typical results of a comparison study of the
equivalence of the two methods of processing erroneous phase measurement
data. This study uses computer-generated erroneous phas=s as contrasted
with the real phase data processed in Appendix J. Even for very large
values of A, it is obvious that the two methcds are essentially equiva-
lent.

A listing of the program follows. Any user-written subroutines

called may be found listed in Appendix M.




) INPUT SQURCF CARDS 188
3 EXECUTE

s FORTRAMN

K NAME COMPAR}

M EOUIP=CARDRE.PRINYE.CARDPUI

H SINGLEALL

Cotanv

CesauaTHIS PROGRAM COMPARES TWC [OA CALCULATION SCHEMES USING ERRONEOQUS
CesaasPHASE DATA, ONF METHOD INVOLVES AZIMUTH ANGLE AVERAGING (ANGLE AVERAGING
CedneaMETHOrY, THE OTHER INVOLVES SUBTRACTING 1/3 THE SUM OF THE INTERFEROMETER
CenanaPHASES FROM FACH INDIVIDUAL PHASE (DELTA METHOD).
CeswneREQUIREND INPUT DATA ARE THE ACTUAL AZIMUTH AND INCIDENCE (IN NEGRFES),
Ceawn®ANN ThF RASELINE/WAVEI ENGTF RATIO, (3F10.5 FORMAT)
Catnan

P1=3.1415926535

DEG=18n./P!

Do 30 ( CNT=1,5

KEAD 10,77, THET,DL
10 FORMAT(3+1n,5)

Ra7zA2/D+G

RTHET=THET/NFG ;
Cexnue#COMPUTE NON=-FRRONFOUS INTRRFEROMETER PHASFS FRUM SPECIFIEDN DOA AND bsL
CeenneVpl UES ,

CalL FRTPH'(RAZ,RTHFT,DL,PLI21,PHI13,PHIJ2)

DpHI21=PH[21#NEG

DpHI12=PHI13%DEG

DPHI32=PH132#DEG

Do 30 JUCONT=1,3

DFtz~-1,1

. PRINT 20,A7,THET,NL

20  FORMAT(1H1., 7{HCOMPARISON CF 2 DOA CALC, TECHNIQUES USING ERRNNECU

$S PHASFE MFASUREMENTS 277164 TRUE AZIMUTH = ,F5,2,10X,17HTRUE [N

$CINENCE = .F5,2,10X,272HBASELINE/WAVELENGTK 3 ,F5.2,/)

PRINT 18,NnFHI121,DPHI13,DPH132
18 FORMAT (14H TRUE PHI24 = ,F7.2,10X,14H TRUE PHI13 = ,F7,2,10X,14H |

SRUF PHIZ? = ,F7,2,7)

Go T0 (21,22,23),JCONT

21 PRINT 27

27 FORMAT(///42% ERROR SUM CONCENTRATED IN PrIL13 PHASE... ///)
Go TO 24

22 PRINT »8

28 FORMAT (/77494 ERROR SUM RIVIDFD EQUALLY AMONG PHIL3, PHI32..4.7/7)
Go T0 »4

23 PRINT 29

29 FORMAT(///56H ERROR SUM CIVIDED EQUALLY AMONG PHIL13, PHIZ2%, PR32,
S... 77}

24 CONTINIIF
PRINT 240

240 FORMAT (74H (ALSO ASSUMING FHI13, PHI32 HAVE CANCELLING ERRORS OF +
$,-(SUVM O+ PHASES))Y///)

FRINT 2%

25 FORMAT (11X.91HSUM OF PHASES AZIMLTH AZIMUTH
g INCIDENCE INCIDENCE 27+13X»93HERROR SUM
g DEL TA METHOD ANGLE AVGING METH DELYTA METHOD ANG

$E AVGBING MFTH ,/7)
Do 30 MCNT=1,21
CenwueINCREVMENT FRHOR BY ,1 RALIANS
DELEDF) +. 1
feasws, NTROCUGH “RRORS OF +,- LFL IN PHI13, PHI32, (RESPECTIVELY)



F143sPul13+DEL
F132=Pu132-DEL
Fl2asPu12s
TDEL=CEL/3.
GO TO ¢31,32,33),JCONT
CesasePUT ERROR ALL INTO PHI413 PLASE
31 F143zF113«NEL
GO TO x4
CeensaDIVIDE ERRNR AMONG PHIS3 AND PHI3?2
32 F143=F113+nEL/2,
F132=F132+nEL/2,
GO TO 34
CeszeaDIVIDE ERROR EQUALLY AMONG ALL THREE PHASES
33 F113=F1413+7DFL
F132=F132+TDEL
F124=F121+TDEL
34 CONTIANUE
CessswPERFORM ANGLE AVERAGING METHOD DUOA CALCULATION
CALL AVDIR(FI21,F113,F132,CL,AVAZ,AVINC)
Cip12F121-TDEL
C113=F113-TDEL
C1323F137-TNEL
CexanePERFORM UEI TA METHOD NOA CALCULATION
CAlL AVDIR(CI21,Ci13,C132,0L,DELAZ,DELINC)
DGDEL=DEL #DEG
30 PRINT 40.DGDFL,DELAZ,AVAZ,CFLINC,AVING
49 FORMAT(SF2n,2)
CatL EXIT
END

sl

7
4
H
i
}
i
g
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APPENDIX M
Herein are listed the various general purpose subroutines called
in many of the programs of previous appendices. Their functions are

explained within their listings.
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INPUT SOURCE CARDS
QUTEUT SURROUTINE TAPE
SENSE SWITCHON,32
FORTRAM
NAME AVDIR:
EQUIP=CARDRE,PRINTE,CARDPU;
SINGLEALLS
SURROLTINE AVDIR(PHI21,PHI13,PHI32,0L,AZ,VINC)
Cadtana
CesnnaTHIS SUBROUTINE FINDS THE AVERAGED DOA FROM ALL THREE INTERFEROMETER
CosnaaPHASES, 1T USES THE ANGLE AVERAGING FORMULA PRESENTED IN CHAPTER VIII,
CenanePHI21, PHT13, PHIJ2, ARE TRE INPUT INTERFEROMETER PHASES (IN RALIANS),
CesensDl IS THE ARRAY BASELINE/WAVELENGTH, THE ARRAY ANGLE IS ASSUMED TO BE
Cosnanbp DECREES, AND THE OUTPL; DOA IS GIVEN BY AZ ANL VINC, IN DEGREES.
Codtans
SQRT3=1.,.7320508076
DEG=357.29577951
TenL=DL#6.7831853072
v odel 2247448714
FeassaCpa; CULATF 2 VALUES 0V el PHz YSING THE 3 N1i*FERENT COMBINATIONS
Less ~OF 2 ANTENNA PHASc MEASURENMENTS, THEN AVERAGING THEM
e 21302AVAN2(2,.#PHI32+4PH121,80RT3#PHI21)
AL1321=ATAN2(=2,#PHI13-PH121,SQRT3#PHI21)
AL1332=ATAMN2(PHI32-PHI13,«SORTI®(PHII2¢PHILI))
X=CO0S(AL?21T24COS(AL1321)¢COS(ALL3I2)
Y=SINCAL2132)+SINCAL1321)+SINCALL332)
A2=ATAN2(Y.X)@DEG
SORTSM=SORT (PHI21#PHI214PH]13#PHI13+PHII2a4PHI32)
STHaSLRTSM/(TPNL #SQERH)
Ca#nsuCHFCK TO FNSURE STH LFSS TRAN 1, IF SLIGHTLY GREATER SET = 1,0

IF(STP-lo)OD?Di

T XIXAANG

1 STu=zi.n

2 CONTINUE
VINC=ASIN(STH)#DEG
RETURA

END

et

s bl <




et e e o STEITEE AL L

201

s INPUT SOURCE CARDS

3 oUTRUT SUBROUTINE TAPE
s SENSE SWITCHON, 32

s FORTRAN

H NAME CIR

H

EOU!P=CARDRE.PRINTE.CARDPU;
SURROUTINE DIR(PHIEI.PHISE.DL,GAHMA.AZ.VINC)
Connan
CetaneTHIS [ 4 NIRECT!ION FINDING SUBROUTINE fFoR GENERAL [INTERFEROMETER
C«‘¢;~ARpAYS. IT FINDS THE AZIMLTH AND INCIDENCE ANGLE FROM 2 INTERF PHASES,
CesnanPryoy AND PHIZ2 ARE THE INTERFERGMETER PHASES, DL s THE BASEL INE-TO-
CoranaWaAVELENGTH RATIO, GAMMa IS THE SPECIFIED ARRAY ANGLE, AZ 1§ THE
CensauComputen A7IMUTH AND VINC IS THE cOMPUTED INCIDENCE ANGLE,
CosmanaArl INPUT PHASE DATA ARE IN RADIANS, THE OUTPUT PHASE DATA (AZ anD VING)
ConmunpAnr A NEGREES.
Catane
DEG=57,29577951
TPnL=Et¢6.?831853072
ARGI:FHXSZ*PH[Zi-PHIQiOCOS(GAMMA)
ARG?=PHI?1¢SIN(GAMMA)
A?:ATAM2(ARGI.ARG2)
SMSQ=Fu121;~2*PHl32*52+PH!21-PH132
STH:SCRT(SMSO/(COS(AZ)c¢2+POS(AZ-GAHMA)ong-COS(AZ)OCOS(AZ-GAMM&)))
$/77P0L
CesenaCHECK T FNSURE STH LESS THAN 1,IF GREATER SET =z 1.9
IF(STF-l.)?.Q:i
1 STH=z1,9p
2 CoNnTINUE
VINC:ASIN(STF)ODEG
AZ=AZanFG
RETURA
END




INPUT SOURCE CARDS

OUTPUT SUBROUTIXE TAPE

SENSE SWITCHKON,32

FORTRAN

NAME CKOS3
EQUIP=CARDRE,PRINTE,CARDPU}

T XA,

Cuatone

g‘
3

CesessTHE CHOSFN VALUE 1S TAVBIlJ,
Coesnsah PHASF AMRIGUITY RESOLUTICN,

.t -
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SUBROLTINF CHOS (XAVBTJ,PHIIJ,TAVBIJ)
CoswasTHIS SUBROUTINE CHOSES AVBI1J + OR - Ne2ep[ THAT COMES CLOSEST TO PHIIlJ

THIS SUBROUTINE ESSENTIALLY PERFORMS

CrenewhAl | PlaSES ARE GIVEN IN RATIANS

Ei- Ceanse
15 AVB{J=XAVBIJ
. 3% P123.1415926535898
i3 TuPl=Z.eP]
k- XP1sP]
1 IF (ABSF (PHT1J=AVBIJ)=P1)10,10,9
a8 IF(PHI1J#AVBIU)L,1,2
il 1 IF(PHITIU 3.3, 4
- 35 3 AVBIJ=AVRI..-TUP]
5 Go YO 2
i 4 AVBIJ=AVRIJ+TUPI
i 2 IF(ABSF(PHI1J)=ABSF(AVBIL)-XPI)5,5,8
,%; 8 Xp1sXPr+TUPI
-3 6o Y0 »
25 5 TAVBI. =ABSF(AVBIJ)+XPIPI
] IF(PHITU)6,6,7
6 TAVBI.=(-TAVR1J)
Go TO 7
10 TAVBl_.=AVB1J
7 RETURN
END
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EXECUTE

INPUT SOURCE CARDS
OUTPUT SUBROUTINE TAPE
SENSE SWITCHON,3?
FORTRAN

NAME PRTPHI

EQUIP=rARDRE,.PRINTE, CARDPU}

SURROUTINF PRTPHI(ALPHA, THETA,DL,PHAS21,PHAS13,PHAS32,GAMMA)
Cosane
CesnnaTHIS SUBHROUTINE FINDS THE PHASE DIFFERENCES INDUCED IN THE INTERFEROMETER
CasawwARRAY FOR & GIVEN D/L AND CIR OF ARRIVAL, THE INFUT ARE ALPHA AND THETaA,
CesmnelnN RACIANS-~THE SPECIFIED [OA, DL, THE ARRAY SASEL INE/WAVELENGTH, AND
CesnneGAMMA, THF ARRAY ANGLE IN RADIANS., THE OQUTPUT PRASES ARE PPHAS21,
CennawPHAS1Z, AND PHAS32, :
Crsnae ;
TuPl=¢,2831853072 i
TDISTHeTUP T#RLaSIN(THETA)
PHAS21eTHLSTHHCOS(ALPHA)
PHAS13==TNt STHeCOS(ALPHA=GAMMA)
PHAS322TH! STH@(COS(ALPHA-GAMMA)~COS(ALPHAY)
RETURA
END
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INPUT SOURCE CARDS
OUTPUT SURRQUTINE TAPE
SENSE SWITCHON,3?2
FORTRAN

NAME RANGE:

EQUIP=CARNRE,PRINTE, CARDPU}

SINGLEALL

SURROLTINE RANGE(AZ,ANG,PHIMX,PHIMN)
Cotaan
CeseaaTHIS SUBRCUTINE FINDS MIN AND MAX VALUES OF FX2COS((AZ-ANG)+ERR) +OR ERR
CevnseBETWEEN + OR « 10 DEGREES, IT IS USED IN CONJUNCTION WITH THE MOGIFI%SD
CesasaVERSICN uF THE PROGRAM AMBPLT, AS A MEANS OF OBTAINING A MORE STRINGFNT
CeanneAMRIGLITY REJECTION CRITERION ON THE BASIS OF APPROX AZIMUTH INFORMATION,
CsanaoPHIMX AND PHIMN DENOTE THE DESIRED MAX AND MIN PrRASE VALUES RESPCTIVELY

Caaune

DEG=180./3.1415926535

T T XN AN

DI1FsAZ~ANG
TPDL=1,

CesanwKEEP AZ~ANG IN RANGE OF 0-TUPI BY ADDING TUPI IF NOT ALREADY IN RANGE
IF(DIFy1,2.2

1 DIFeDIF+360,

2 CONTINUE

TF(DIfF-10.,340,10,20

10 PHIMX=2TPIL
PHIMN=D,
Go T0 170

20 IF(BIF-80,)38,35,45

30 PHIMX=TP L#COS((DIF~40,)/DEG)
PHIMN=D,
GO Y0 170

40 IF(DIF=100.150,50,69

50 PHIMX=1PulL «COS((DIr~10,)/NEG)
PHIMN=TPNL&CCS((DTF+10,)/DEG)

Go TO 17n

60 IF(DIF-170.)70,70,80

76 PHIMX=q,
PHIMN=TPO| «COS((DIF+10,)/DEG)
GO TO 170

80 IF(DIF-190.)90,90,100
90 PHIMX=n,
PHIMN=.TFNI
GO TO 170
100 IF(DIF-260.7310,110,120
110 PHIMX=n,
PHIMN=TPIN «COS((DIF-10,)/NEB)
GO T0 17n
120 IF(DIF-280.)130,130,140
130 PHIMX:TPU['CCS((DIFOIU.)/DEG)
PHIMN=TPIIL #COS((DIF-10.)/NEG)
GD TO 17¢
140 IF(DIF-350.1150,150,160
1%0 PHIMX=TPIL#COS((DIF+10,)/DEB)
PHIMN=p,
Go 10 170
150 PHIMX=TPIL
PHIMN=0,
CesunnA | OW SLIGHT MARGIN IN PHINMX AND PHIMN (,1 DEGREE) TC ACCOUNT FOR ROUNDOFF
170 PRIMXzpH MY+,
PHIMN:PHIM\-.i

RETURM
END
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Ceoans
Cesianan

Cases®AND + PI. THE VALUE OF AVBIJ IS PUT WITHIN A BRANCH CUT OF -Pl 70 » PI

Cadane
Casane
Crtuan

OONBHWN

OUTPUT SUBRCUTINE TAPE
SENSE SWITCHON, 32

205 3

NPUT SOURCF CARDS

ORTRAN

NAME REDUCE:
EQUIP=CARDRE,PRINTE,CARDPU}
SURROLTINE REDUCEC(AVBI.)

R

THIS SUBROUTINE REDUCES AVERIJ S BY MULTIPLES OF 2 PI UNTIL BETWEEN =~ PI 1

AFTER THIS SUBROUTINE 1S CALLED
ALl PHASFS MUST BE IN RADIANS,

P1=3.1415026535898
TUpi=z2.#P!
N=zAVBIU/TUPRPI]
AVBIJ=AVBI J=NaTUPI
IF(AVRIU-P])2,2,8
AVBIJ=AVRL.j=TUPI
6o TO 6
IF(AVE1U)4,4,3

Go T0 6
IF(PleavBIL)5,5,6
AVBIJzaVRI 1+TUPRI
RETURNA

END
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g 1. W, Little, "Polar Plot Routines for a CALCOMP Plotter,"
i Unpublished Memorandum, Radiolocation Research Laboratory,
. | University of Iliinois, 1972,
..iA 2. E. K. Walton, from a private communication at this laboratory.
18
“é; 3. These data were recorded on this laboratory's paper tape number
“dl 151.
.1§; 4, J. Driscoll, from a private communication at this laboratory.
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