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Abstract

This paper presents an experimental proof for criteria of selecting an optimum adaptive

beamforming (ABF) algorithm for a large distorted phased array. A single point target embedded
in clutter model is suggested to compare four well-known ABF algorithms. These algorithms are
tested to low variance and high variance real data for self-calibrating a large distorted phased array.
It is shown that these algorithms require at least one dominant scatterer with large radar cross
section (RCS) or multiple scatterers with moderate RCS in the field of view. Experimental results
are provided to demonstrate the comparisons of the four algorithms in terms of gain loss and image

correlation  coefficient,
range-azimuth images.

I. Introduction

A microwave radar imaging system has

beenintroduced in the literature as a “radio
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along with corresponding

(960)

reconstructed cross-range images and

of of

microwave scattering objects with an angular

camera” capable “taking pictures”
resolving power as high as 10-107° rad, which is
typical of common optical instruments such as
1] The radio

camera is a high resolution, two~dimensional

cameras and small telescopes

microwave imaging instrument in "which the
distortion in its large aperture, which is usually a
large phased array, is self-corrected by a process
called ABF. Its success depends upon the known

properties of the reradiation from a target or
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scatterer having large radar cross section and

(21,131 " The aforementioned

small physical size
self-cohering procedure is called the dominant
algorithm (DSA)™!. A modified
algorithm, suggested by Attia, is described in (5

It synthesizes a beamforming source when no

scatterer

satisfactory one exists. It is called the multiple
scatterer algorithm (MSA)'®!. An even higher
quality image can be obtained when subarray
is added to the MSA method.
According to whether there exists overlépping

processing

between adjacent subarrays, the modified
procedure is called the multiple scatterer
algorithm with nonoverlapping subarray

processing (MSA-S) or the multiple scatterer
algorithm with overlapping subarray processing
(MSA-038) 1.

scatterer class of algorithms requires at least one

The above-mentioned dominant

dominant scatterer or multiple scatterers in the
field of view.

In this paper, we develop a model of a single
point target embedded in clutter and derive the
condition for a point scatterer to be eligible for a
beamformer (Section 2). In Section 3, we describe
two well-known measures of beamformer quality.

Experimental results are followed in Section 4 -

where two measures and reconstructed images
obtained after selfcalibrating a distorted phased

arrays with the four algorithms are compared.

I. Single Point Target Embedded in
Clutter Model

The reradiating signal from a point source
illuminates the received phased array with a
spherical wavefront. The complex field amplitude
(CFA) at some in the nth

receiving channel can be written as

instant of time

ex,)= anej¢"

(1)

where a, and ¢, are amplitude and phase,

(961)
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the
amplitude from such a point target will be

respectively. In a large distorted array,
constant approximately across the array (a,=a),
whereas the phase is random from antenna
element to element because of the geometric
distortion in the aperture. It is assumed that the
phase can be modeled as a random variable
having uniform distribution over [- 7.7 ].

In real microwave imaging situations, such a
point target is usually embedded in clutter. Figure
1 illustrates a point target embedded in clutter.
Assuming that the clutter consists of a large
the CFA
measured at the nth receiver can be written as

number of independent scatterers,

the sum

ox,)=ae™+c,e™

2)

Antenna Broadside

® Dominant Scaterer

Yy I Iy Y~y

XX X seses X X
Antemna  Element Position

X

38| 1. Clutterel] 2%} single point target
Fig. 1. Single point target embedded in clutter.

where ¢, and 64, are the amplitude and the
phase caused by the clutter, respectively. Assume
that ¢, and &¢, are uncorrelated. Provided that
the targ (a® » Aet strength is superior to the
clutter strength , the magnitude of the CFA and

its expected value are

le(x )=V a*+ i+ 2ac,cos (4,— 86,

&
24°

x

a{l+ +~Ca—” cos(p,— 8¢,)



24°

cos2(¢,~ 84,0}

= a{l+

& e
122 +— cos(d,— 84,)

&2
Z_a”Z cos2(¢,— 8¢,)}

3)

E]

Elle(x)ll = af{ 1+ P

} 4

where (1+ 22 =14+4x/2—x*/8+ -  with
cos *¢ =(cos24+1)/2 and Elcos2(4,— 84,)1=0.

x<L1,
I
denotes absolute value. The expected value of the
magnitude is not equal to a because of the bias
due to the clutter. The expected value of the
square magnitude of the CFA is

Hle(x)*1= Ele(x,)e"(x,)] = a* + EL&] (5)

where * denotes complex conjugation. From (4)

and (5), we get

B _SEIGe)
a= g Elle(x,)I{1£) 1 4(El|e(x)])? )

For simplicity, (E[ 1)> will hereafter be denoted

)

as E[ ]. Since the measured amplitude « is real,
the inside square term should be greater than or
equal to zero. Thereby, we get

Elle(x,)] | 3

Hle(x,)] = 4 @

The amplitude variance ¢4 of the measured

echoes in the aperture domain is

o= Elle(x)|"] = E¥[le(x ). 8

The

expected value of the square magnitude is

amplitude variance normalized to the

A

_ . Ellex,)]
Elle(x)/7]

o T Hlex)

1 9

Using the inequality condition of E*[le(x)1/El|e
(x,)N4123/4 in (9) gives

Gha <

y a0
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This inequality implies that the model of a

single  point target embedded in clutter is
applicable to the normalized amplitude variance of

0.25 or less. Therefore, this value is the largest

-amplitude variance that the dominant scatterer

class of algorithms can be used for the ABF. An
approach for ABF under the high variance

condition was suggested in 18

by averaging
complex field amplitude (CFA) across multiple
range bins. It decorrelated coherence properties of
microwave measurements by spatially smoothing

the received CFA.

M. Measures of Beamformer Quality

The phase errors, which remain even after
compensating the array weight vector in antenna
aperture domain through the ABF algorithms,
affect the degradation in image quality 6] Hence,
it can be said that the amount of the phase errors
determines the performance of ABF algorithms.
To evaluate their performance, rather than
directly examining the phase-error variance, two
measures of gain los§ and correlation are
generally used. The actual main-beam gain
relative to the errorfree main—beam, which is the
fractional loss in gain, is givgn by the tolerance

[4]

theory ""'. The gain loss in decibels, called AG,

is

AG= 4.3 . an

where o4, denotes phase-error variance across
the array.

An image correlation measure has proved
useful in comparing two microwave images o1,

The correlation p between two images is

A [0 S (ldd
o= - —
V2 [ 1Sioraan [ 15,60

(12)

where 5(«) is the error-free image and $,(z) is

the image produced by an aberrated system.
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IV. Experimental Results

The 83-m, 330-eclement quasi-linear array

operating at 96 GHz, having 3-m range
resolution and 2-m cross-range resolution, and
producing 75 range bins, was used to image the
nuclear power plant in Limerick, PA, USA,
located 17.6 km from the array [4~]. A basic ABF
algorithm for self-calibrating a distorted phased
array is called the DSA. It requires a single point

target having large RCS or source strength in the

field of view. This target always produces an

101 Beam-

image correlation of 0.9 or higher
forming bins having the normalized amplitude
variances not larger than 0.12 have been shown to
yield satisfactory images when the DSA is used
[11]

. The four al-

gorithms discussed in this paper were imple—

for phase-cohering an array

mented by Fortran program. By using the
program with the experimental data, a comparison
was made using low variance range bins
(ha <0.12). A range bin containing a spe-
cular-like beamformer of amplitude variance of
0.06 is selected as an adaptive beamformer for the
DSA. This range bin is bin 67. Bins 29 and 32 are
used as candidate bins for the MSA class of

algorithms. Their %, are 0.07, and 0.09, res-
pectively. A second comparison was made using
low quality range bins (0.12 < ok < 0.25), none
of which was favorable for imaging. These range
bins were bins 17, 25, and 26 having o%a of 0.20,
0.21, and 0.23, respectively.

- All these results are also compared by using
image correlation coefficient in (12). The MSA-
OS image under low variance condition is used as

the reference image to calculate the coefficient.

1. Experiments under low variance condition
(dha <0.12)

Figure 2 shows 1-D cross-range images of bin

32 under low variance condition. The dotted line,

which is 25 dB below the peak, is a typical

(963}
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threshold value below which signals are not
displayed in 2-D range-azimuth imagery. It is
close to the average sidelobe level (ASL) of 10 log
(1/N), where N is the number of antenna array
elements. Bin 32 falls in a high cooling stack in
the Limerick nuclear power plant. -

Figure 2a shows the performance of DSA. The
62.05
amplitude units. The peak sidelobe level (PSL) is

measured maximum amplitude is in
-11.1 dB. The resulting root mean square (rms)
phase error is 23.57° and the corresponding gain
loss is 0.73 dB. Figure 2b shows the performance
of MSA using high quality bins 29, 32, and 67.
The maximum amplitude and the PSL are 65.61
and -14.6 dB, respectively. The rms phase error
and the gain loss are 10.07° and 0.13 dB. Figure 2c
shows the performance of MSA-S. The entire
array was divided into three identical subarrays,

each containing 110 elements. The measured

values are 6524, -155, 945, and 0.12, res-
pectively. Figure 2d shows the performance of
MSA-OS. The entire array was divided into two
113-element subarrays and one 119-element
subarray having 8 overlapped elements between
adjacent subarrays. The measured values are
64.66, -12.0, 9.38, and 0.12, respectively. All these

experimental results are listed in Table 1.

20 WRAD

10 =10

.22 BAb 23l delzl bin 329
cross-range ©]WlZ] (a) DSA, (b) MSA, (¢
MSA-S, (d) MSA-OS

. Cross-range images of bin 32 under low
variance condition. (a) DSA, (b) MSA, (c)
MSA-S, (d) MSA-0S

] 10
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Table 1. Comparison of dominant scatterer
class of algorithms under low var-

fance condition.

ABF Algorithm | DSA | MSA | MSA-S | MSA-OS
Figure 2 a b C d
s of bins 006 | 006 | 006 006
- o007 | oo 007
- | 0 | o0 0.09
Max amplitude | 6205 | 661 | 6524 6466
PSL (dB) 11| -146 | -155 -120
rms phase emors | o000 | 1007 | 945 938
in degrees
AG (dB) 073 | 013 | 012 012

Figure 3 shows 2-D range-azimuth images of
the power plant. Although the MSA class of
algorithms reduces the phase errors and thereby
produces an improved image, the DSA image of
Figure 3a is of a sufficient quality so that the use
of the MSA algorithms is not justified.
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MSA, (c) MSA-S, (d) MSA-0S

Range-azimuth images of Limerick nuclear

power plant under low variance condition. (a)
DSA, (b) MSA, (c) MSA-S, (d) MSA-OS

Fig. 3.
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2. Experiments under high variance condition
(0.12 < ofu < 0.25)

Figure 4 shows the cross-range images of bin
32 under high variance condition. Figure 4a shows
the performance of DSA with bin 26 as the
reference ABF bin. The measured maximum
amplitude is decreased to 51.08 and the PSL has
risen to -6.9 dB. The rms phase error is now
increased to 46.74° and the corresponding gain
loss is increased to 2.89 dB. Thus, many sidelobes
rise above the threshold.

20 mRAD

20 WRAD

=2

T

a3 4. AL 27 NA delz hin 329
cross-range °]"1A] (a) DSA, (b) MSA,
(c) MSA-S, (d) MSA-OS

Cross—range images of bin 32 under
high variance condition. (a) DSA, (b)

MSA, (c) MSA-S, (d) MSA-0OS

Fig. 4.

This experiment demonstrates that bin 26,
whose a4, is 0.23, is a very poor beamformer for

the DSA. Figure 4b shows the performance of
MSA. Although bin 26 produces a useless image,
the MSA performs quite satisfactorily when
additional candidate beamforming bins of equally
poor quality are added. Figure 4b shows this case.
The sidelobe artifacts around the main beam,
evident in the DSA image, have been removed.
The measured values are 56.89, -10.7, 33.35, and
1.47, respectively. Figure 4c shows the per-
formance of MSA-S. Three identical subarrays
are used. The measured values are 58.34, -12.0,

30.55, and 1.23, respectively. Figure 4d shows the
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performance of MSA-OS. The 330-element array
was divided into three subarrays having 7
overlapped elements between adjacent subarrays.
The first-two subarrays have 133 array elements
and the third one has only 77 elements. Here,
unequal size subarrays are used. The reason for
unequal lengths is that the residual phase errors
are not distributed uniformly across the array.
The measured values show improvements in per—
formance. They are 60.22, -12.4, 27.60, and 1.01,
respectively. All these experimental results are
listed in Table 2.

Figure 5 shows 2-D range-azimuth images of
the power plant. Here, the sidelobe artifacts have
- been largely removed by using the MSA-OS.
Thereby, the image is not significantly inferior to
the high quality images.
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MSA-0OS

Range-azimuth images of Limerick nuclear
power plant under high variance condition.
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Fig. b.
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Table 2. Comparison of dominant scatterer

class of algorithms under high
variance condition.

ABF algorithm DSA | MSA | MSA-S | MSA-0OS
Figure 4 a b c c
0% of bins 023 | 023 0.23 0.23

- 0.20 0.20 0.20

- 0.21 0.21 021

Max amplitude 5108 | 56.80 834 60.22

PSL (dB) -69 | -10.7 -12.0 -12.4

mms phase emors. [ g0 | 395 | 3 | 2760
in degrees

aG (dB) 289 147 123 1.01

3. Image correlations

It is interesting to make a comparison by using
the image correlation coefficient in (12). The best
of the eight images is Figure 3d, as determined by
residual rms phase data. Using it as the reference
image, its correlations with Figures 3a-3c and
5a-bd are 0.97, 0.98, 0.99, 0.86, 0.91, 0.93, and 0.94,

[9], it is shown that a correlation

respectively. In
coefficient of 0.9 or greater indicates satisfactory
image formation. Based on this criterion, the DSA
image (Figure 5a) fails while the MSA images
(Figures 5b-5d) are satisfactory. Further, the

MSA-OS performs the best.

V. Conclusions

We proposed a model of single point target
embedded in clutter to define criteria to select the
best ABF algorithm for high-resolution micro-
wave imaging systems. Experimental data were
used to compare the performance of the four ABF -
algorithms. When high quality ABF source is
available (c%4 < 0.12), the simple DSA is selected
and there is no reason to resort to more
complicated algorithms. When no high quality
(0.12 < dha < 0.25), the
MSA-QOS is selected for self-calibrating the large
distorted phased array.

ABF source is found
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