NRL Report 8827

Angular Resolution of Coherent and
Noncoherent Sources

G. V. TRUNK

Radar Analysis Branch
Radar Division

June 14, 1984

NAVAL RESEARCH LABORATORY
Washington, D.C.

Approved for public release; distribution unlimited.



SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

1a REPORT SECURITY CLASSIFICATION

UNCLASSIFIED

ib RESTRICTIVE MARKINGS

2a. SECURITY CLASSIFICATION AUTHORITY

2b DECLASSIFICATION/ODOWNGRADING SCHEDULE

3. DISTRIBUTION/AVAILABILITY OF REPORT

Approved for public release; distribution unlimited.

4. PERFORAMING ORGAN!ZATION REPORT NUMBER(S)

NRL Report 8827

5. MONITORING ORGANIZATION REPORT NUMBER(S)

b. OFFICE SYMBOL
tif applicable)

6a. NAME OF PERFORMING ORGANIZATION

Naval Research Laboratory

7a. NAME OF MONITORING ORGANIZATION

6c ADDRESS (Citv State and ZIP Code)

Washington, DC 20375

7b. ADDRESS (City. State and ZIP Code)

8b OFFICE SYMBOL
(1f applicable)

Ba. NAME OF FUNDING/SPONSORING
ORGANIZATION

Office of Naval Research

9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

8c ADDRESS (City, State and ZIP Code)

Arlington, VA 22217

10. SOURCE OF FUNDING NOS.

11 TITLE tInclude Security Classification)

(See Page ii)

PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO. NO. NO. NO.
61153N RR021-05-43|DN480-006

12, PERSONAL AUTHOR(S)

Trunk, Gerard V.

13a TYPE OF REPOAT 130, TIME COVERED
Interim FROM To

14. DATE OF REPORT (Yr, Mo., Day} 15 PAGE COUNT

1984 June 14 18

16. SUPPLEMENTARY NOTATION

17 COSATI CODES

18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

FIELD GROUP SUB. GR. Angle resolution

Likelihood ratio

Hypothesis testing

19 ABSTRACT (Continue on reverse if necessarv and identify by block number)

approach.

The problem of resolving radiating sources in angle is formulated as a binary hypothesis test. A
generalized likelihood ratio test is developed and positive results are obtained. Using simulation tech-
niques, the probability of resolution was calculated for both coherent and noncoherent sources. Two 20-
dB noncoherent Rayleigh fluctuating sources separated by 0.1 beamwidth can be resolved at a resolution
probability of 0.9 and at a false-alarm rate of 0.01 by using samples from an 8-element array and 32 range
cells. A one-term approximation to the generalized likelihood ratio, which is equivalent to the square
error residue from fitting one source to the data, is only slightly less accurate than the likelihood

‘20 DISTRIBUTION:AVAILABILITY OF ABSTRACT

UNCLASSIFIED UNLIMITED X SAME AS RPT _ DTiC USERS (3

21 ABSTRACT SECURITY CLASSIFICATION

UNCLASSIFIED

22a NAME OF RESPONSIBLE INDIVIDUAL

Gerard V. Trunk

22c OFFICE SYMBOL

Code 5310

22b TELEPHONE NUMBER
tInclude irea Code:

(202) 767-2573

DD FORM 1473, 83 APR

EOITION OF 1 JAN 73 1S OBSOLETE

SECURITY CLASSIFICATION OF THIS PAGE

GITITSEVIOND



SECURITY CLASSIFICATION OF THIS PAGE

11. TITLE (Include Security Classification)

Angular Resolution of Coherent and Noncoherent Sources

SECURITY CLASSIFICATION OF THIS PAGE

if




CONTENTS
INTRODUCGTION ..ottt sttt sae st ss e e et sosasae st e s saessessassensesassessessnssans 1
GENERALIZED LIKELIHOOD RATIO TEST—NONCOHERENT SOURCES .......c..cccoeeervimrnernnnns 1
PROBABILITY OF RESOLUTION —NONCOHERENT SOURGCES .......c.cccoctvvirienrencernereesensessessennens 4
PROBABILITY OF RESOLUTION—COHERENT SOURCES .......ccccccovvririmnninenernnoreeresseenseneenes 4
SUMMARY ..ottt et s et s sttt s et bkt s b ba e e e aeas b ebe e nebene 10
REFERENCES ..ottt sa e s b s sttt oba st st s s e e ssassaasaesasbasbansensenes 10
APPENDIX —Maximum Likelihood EStIMAtes ........cccocerrirererenincsenienininenninissesecnssesesesseseesennnes 11

iii



ANGULAR RESOLUTION OF COHERENT AND
NONCOHERENT SOURCES

INTRODUCTION

When attempting to resolve targets, one can either resolve them in angle or range or a combina-
tion of both coordinates. However, the range coordinate is a much more powerful discriminant for
separating targets. For example, two targets separated by 1000 ft are separated by two 1-us pulsewidths
but by only 1/20 of a 2° beamwidth at a range of 100 nmi. On the other hand, when attempting to
resolve radiating sources (e.g. jammers), one must resolve them in angle.

The probability of resolving sources is not only a function of their separation but also a function
of their strengths and phase differences. There have been many articles written on resolution and
reprints of some of the most important ones can be found in Ref. 1. In an early article Ksienski and
McGhee [2], using a decision theoretic approach, indicate that targets within a quarter of a beamwidth
can be resolved. Lately, the problem of angular resolution has been investigated by using superresolu-
tion techniques [3]. All of these investigations solve the problem by using estimation approaches. We
approach the resolution problem as a binary-hypothesis problem where the two hypothesis are:

®  H;: One Source Present
®  H,: Two Sources Present

The development is similar to the one used for the range resolution of targets [4].

GENERALIZED LIKELTHOOD RATIO TEST—NONCOHERENT SOURCES

We now formulate the resolution problem as a binary-hypothesis test. The received samples,
from the two sources impinging on the array elements shown in Fig. 1, are

X; = ny,+ A; cos (¢, + 7 (i— 1) sin6))
+ A;y cos (¢, + 7w(i — 1) sin 6,),
and / g )
Y; = ny, + A sin (p;1 + (i — 1) sin 8;)

+ Ajysin (@, + 7 (i — 1) sin 9,),
where

® X, and Y; are the inphase and quadrature samples from the ith element and jth range
cell, ~ .
] ny, and ny, are independent inphase and quadrature Gaussian noise samples with mean

zero and variance o2,

A;; and 4, are source amplitudes in the jth range cell,
¢ 1 and ¢, are the phase angles in the jth range cell,
9, and 8, are the angles of arrival, and

the receiver elements are 1/2 wavelength apart.

Manuscript approved March 7, 1984.
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SOURCE #1 SOURCE #2

Fig. 1 — Signals from two sources received
by an 8-element linear array

ARRAY ELEMENTS

The angular resolution problem is equivalent to deciding which hypothesis is true:
Hy: 4;;>0and 4;,=0

or
Hy: A;; > 0and 4;, > 0.

If {4 i1, Apas b1, @2, 01, @,} are all known, the optimal detector (in the Neyman Pearson sense) is the
likelihood ratio. Since in the problem of interest the parameters {41, 4,5, ¢;1, 2, 01, 65} are un-
known, in the likelihood ratio we replace the parameters with their maximum likelihood estimates.

The maximum-likelihood estimates are the values of the parameters which minimize the square
error

3

M-

L= (x; — Ajlvcos (pj1 + 7 (i — 1) sin 8y) — A4, cos (¢, + w(i — 1) sin §,))?

]
=

.

+ (Y, — 4;; sin (¢;; + 7w (i — 1) sin ;) — 4;5 sin (¢, + 7 (i — 1) sin 6,))?, )

M=
M=

futt
-
il

~.

where n is the number of array elements and m is the number of range cells. Making the following
substitutions;

B; = A;; cos ¢y,
C,=A4j;sin¢;,
W; = cos (w (i — 1) sin 8y),
U=sin (w(i— 1) sin 6y),
D; = Aj, cos 8,
E = A, sing,,,
S, = cos (mw(i — 1) sin 8,),
and

T, = sin (& (i — 1) sin 6,),
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Eq. (2) can be written as

m n
L=2}g(z\’,,-—3,m+cju,—p,s,+£j T)?
J=1i=

+J§E(YU—ij—BjU,—E,-S,-—DjT})’. (3)

For any given value of ¢, and ¢,, W, U, S;, and T; are known, and the maximum-likelihood esti-
mates of B;, C;, D;, and E; can be found by solving the equations
oL _ oL _ oL _ oL
0B, dC; 04D, OE;
The Appendix of this report shows that the solutions for the one source case (that is, assuming H is
true) are

=0 j=1,..., m

n
B = 3 (WX, + U Y)In | @
=

and
n
C= ; (w; Y, - U,-X,-j)/n.
j=

In the Appendix it is also shown that the solutions for the two-source case (that is, assuming H, is
true) are :

B, = (nH, — FI,— GK))/(n* — F* - GY),

C; = (nl; + GJ, — FK))/(n* — F* - G?),

D; = (nJ; — FH; + GI)/(n* - F - G, (5)
and
E;= (nK; — GH;— FI)/(* — F* — GY),
where
n
n
G = 21 s, — w,T),
-
n
Hj = 2 (thij + UiYij)’
fun
n
=3 (WY, = UX), ©
f
n
=% (5 Xy + T,1y),
and

n
j=1

A direct search technique [5] is used to estimate the source directions 8, and 6,.

NN

N s
] ¥i

3

371
LS I |
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Finally, the log likelihood ratio can be written as
A= Min {L}- Min  (L}). @)
6,.B,,C; 81,65,8,,C,.D.E,
D= E;j=0

Calculation of the log likelihood involves two minimizations. For the first, one searches on 8; and uses
Eq. (4) for the other parameters. For the second, one searches on 6; and 6, and uses Eq. (5) for the
other parameters. Previous work [4] on range resolution indicate that results similar to those obtained
with Eq. (7) can be obtained by using only the first term. Consequently, we also evaluate

A'= MIN {L}.
9,.8,,C;

Dj-Ej-O

This procedure is equivalent to locating the radiating source which minimizes the square error and then
comparing the minimum square error to a threshold.

To proceed with a hypothesis test, it is first necessary to calculate a threshold to yield a desired
probability of false alarm equal to a. The thresholds T and T are set so that

Pr {A > T|H1}=a

and
P.{A"' > T|H)=e.

In this report we have selected a = 0.01. Because of this high false-alarm rate, Monte Carlo simula-
tions can be used to estimate T and T. Two thousand repetitions were run for the case where there
were n = 8 array elements and m = 32 range cells. The signal-to-noise ratio (S/N) was 20 dB at the
output of the antenna and the signal exhibited independent Rayleigh fluctuations range cell to range
cell. For each repetition the jammer location was located randomly (uniformly distributed) within the
main beam of the array. The estimated values for the threshold were 523 for T’ and 103 for T.

PROBABILITY OF RESOLUTION—-NONCOHERENT SOURCES

The probability of resolving two Rayleigh fluctuating sources at a false-alarm rate of & = 0.01 was
found by simulation and is shown in Figs. 2 and 3 for the likelihood ratio and the one-term approxima-
tion of the likelihood ratio respectively. Each figure shows the probability of resolution as a function of
S/N for source separations of 0.1, 0.2, 0.3, 0.4, and 0.5 beamwidths. After comparing Figs. 2 and 3,
one concludes that the approximation to the likelihood ratio is only 1 or 2 dB worse than the likelihood
ratio results. Figure 4 compares the likelihood results with those obtained [3] for an adaptive array,
linear prediction least mean square superresolution algorithm. The likelihood results correspond to a
0.9-probability of resolution. The linear prediction results correspond to the appearance of a double
peak. Furthermore, the number of range cells is variable for the linear prediction method—enough
cells are used so that the asymptotic behavior is obtained. (The performance does not increase with the
number of range cells since the method has an inherent noise bias. A nonbiased eigen-analysis algo-
rithm [6] would have improved performance.) For sources separated by 0.1° beamwidth, the likelihood
approach requires approximately 15 dB less S/N. For larger separations, the difference is less.

PROBABILITY OF RESOLUTION—-COHERENT SOURCES

If the two sources are coherent (for instance, one source is just a multipath bounce), the signals
are not independent, but are related by

Aj2 = PAjl
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Fig. 2 — Probability of resolving two noncoherent Rayleigh fluctuating sources as a function of
the S/N at the output of the array. Generalized likelihood ratio procedure; source separations
are 0.1, 0.2, 0.3, 0.4, and 0.5 beamwidth.
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Fig. 4 — Comparison of the resolution capability of the generalized
likelihood ratio test with a superresolution estimating algorithm

and |
$,2=20;1 + B+ (n— Du(sin 6, — sin 6,)/2. (8)

This complicated phase equation is required so that the phase difference is 8 at the center of the aper-
ture. For the noncoherent case, we minimized L [Eq.- (2)] with respect to 4m + 2 parameters:
(41, Aj3, ¢j1, ¢j25i=1, ..., m), 6, and 6,. However, we were able to solve for the 4m parameters
in terms of 6; and #,. Consequently, only a two-dimensional search was required. For the coherent
case, we must minimize L, Eq. (2), with respect to 2m + 4 parameters: (4;;, ¢,/ =1, ..., m),
p, B, 01, and 9,. In this case, one would be able to solve for the 2m parameters in terms of p, B, ¢,
and 6,. Consequently, a four-dimensional search would be required and this would require a rather
long computation time. To avoid this long computation, we will use the likelihood for noncoherent
sources for the coherent source case. Obviously, this is a suboptimal procedure.

The probability of resolving two coherent, Rayleigh fluctuating sources at-a false alarm rate of
0.01, using the likelihood ratio for noncoherent sources, was found by simulation and is shown in Figs.
5 and 6 for phase differences of 8 = 0°and B8 = 90°. Figures 7 to 10 show the results for the one-term
approximation to the like lihood ratio for noncoherent sources for phase differences of
B=0°pB=45° B=90° and B8 = 180° Comparing the results for the two tests, one concludes that
the likelihood ratio is between 2 and 4 dB better than the one-term approximation of the likelihood
ratio,



NRL REPORT 8827

0.95

0.9

0.8

0.7
0.6
0.5
0.4
0.3

0.2

PROBABILITiY OF RESOLUTION

0.1

i 1 ] R

0.05
10

15 .20 25 30 35
S/N (d8)
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0.95

0.9

0.8

0.7
0.6
0.5
0.4
0.3

0.2

PROBABILITY OF RESOLUTION

il |
5 10 15 20
S/N (dB)

Fig. 6 — Probability of resolving two coherent, Rayleigh fluctuating sources as
a function of the S/N at the output of the array. Generalized likelihood ratio
procedure; source separations are 0.1, 0.2, 0.3, 0.4, and 0.5 beamwidth. Phase
difference is 90°. . .

=2
L

22

[
Lt
o
L
L



G. V. TRUNK

0.95

0.9

0.8

0.7
0.6
0.5
04
03

0.2

PROBABILITY OF RESOLUTION

0.1

0.05 ] i
15 20 25 30 35

S/N (dB)

Fig. 7 — Probability of resolving two coherent, Rayleigh fluctuating sources as a func-
tion of the S/N at the output of the array. Approximation to generalized likelihood
ratio procedure; source separations are 0.2, 0.3, 0.4, and 0.5 beamwidth. Phase
difference is 0°.
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Fig. 9 — Probability of resolving two coherent, Rayleigh fluctuating sources as a func-
tion of the S/N at the output of the array. Approximation to generalized likelihood
ratio procedure; source separations are 0.1, 0.2, 0.3, 0.4, and 0.5 beamwidth. Phase
difference is 90°.
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Fig. 10 — Probability of resolving two coherent, Rayleigh fluctuating sources as a func-
tion of the S/N at the output of the array. Approximation to generalized likelihood
ratio procedure; source separations are 0.1, 0.2, 0.3, 0.4, and 0.5 beamwidth. Phase
difference is 180°.
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SUMMARY

The problem of resolving radiating sources in angle is formulated as a binary hypothesis test. A
generalized likelihood ratio test was developed for noncoherent sources and used to resolve both non-
coherent and coherent sources. Two 20-dB noncoherent Rayleigh fluctuating sources separated by 0.1
beamwidth can be resolved at a resolution probability of 0.9 and at a false alarm rate of 0.01 by using
samples from an 8-element array and 32 range cells. The likelihood method was compared and found
to be superior to a linear predictive least mean square superresolution estimation algorithm. A one-
term approximation to the generalized likelihood ratio, which is equivalent to the square error residue
from fitting one source to the data, is only slightly less accurate than the likelihood approach.
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Appendix
MAXIMUM LIKELIHOOD ESTIMATES

The likelihood function is given by

m n
L= (X, — B;W, + C,U;— D;S; + E;T)?
jgig if J T J JRi i

m n . . l
+ 2 Z(YU_ CjVVi_BjLIi_EjSi—DjT,)Z. (Al)

j=1 =1
If H, is true, A;; = 0 and hence D; = E; = 0. In this case, Eq. (A1) reduces to

m n ’
L=J§l§ X, - BW, + C; U)?

m n
+ 3 ¥ (- W= BU)?

=1 n=1
Then the maximum likelihood estimates are found by solving the equations

L _ oL

38, = ac, ~

Taking the derivatives yields the equations
n n
8L _ 21— QW (X; — B;W, + C;U) + ;— 2U(Y, — C;W,— B;U) =0
= e
and
T éZUf(XU = BWi+ CU) + 3 = 2W Yy = G;W, = BU) = 0.
= e

Rearranging terms and noting W}? + U? = 1 yields the solution

. A
B = 2} (WX, + U,Y)/n,
™

n
G =Y, (WY, — UXy)/n.
j=1

If H, is true, the maximum likelihood estimates are found by 'solving the equations
6L=6L=6L=6L=
0B, 0C; 0D; 0E;

Taking the derivatives yields the equations

0.

n

g—gj= ;‘ 2W,(X; ~ B;W; + C;U,— D;S, + E;T)
f
n

+ Y - 20(Y,;— C;W,— BU,— ES,— D;T) =0,

i=1

11
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oL
+ CU,— D;S, + E T,
3 ;w,(x,, B,W, + CU,— DS, + E/T)

+ 3 - 2W(Y, — C,W,— B,U,— ES,~ D;T) = 0
j=1

FY

3= 37 250~ BW.+ U= DS, + BT)
+f‘[—zr,(yu—c,m—B,.U,—E,s,—D,.T,)=0,

L
gE, §2T,(XU B,W,+ C,U, - D;S, + E;T)

-]

Malging the following substitutions

n
F=Y (WS +UT),

i=1

n
G =Y (US— W),

j=1

n
= 2; (WiX; + UY,),
=

= ¥ (WY, - UxX),

j=1

n
Jj= 2 (SIXIJ + TiYij),

f=1

n
K;= 3 SY, — LX),
i=1

and rearranging terms yields
nB; + D,;F + E;G = H,,
nC;~ D;,G + E;F = I,
B,F - C;G + nD; = J,,
and
B;,G + C;F + nE; = K;.

Defining the following vectors and matrices

_[n O (F G
N=1lp n] M_[—G
B; D;
pP=|Y = |

q] 0 [E]
H, J
R = J Z = j’
I,-] K,-]

(A2)
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allows Eq. (A2) to be rewritten as

NP + MQ =R (A3) -
MTP + NQ = Z, r

where MT is the transpose of matrix M. Solving Eq. (A3) yields
P = (NR — MZ)/(NN — MM")

and
Q= (NZ - M'R)/(NN — M™M).

Substituting for the matrices and vectors yields
B, = (nHj —~ FJ; - GK,-)/(n2 - F2- @Y,
Cj = (an + GJJ - FK_,')/(”2 - F2 - Gz),

D; = (nJ; — FH; + GI)/(n? — F* — G?),
and
E; = (nK; — GH; — FI)/ (n? — F* — G?).

13



