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" Doppler Beamsharpening techniques were also tested against the NRL land clutter data. Doppler
Beamsharpening proved to be highly effective in increasing the chance of finding targets of
opportunity that allow high quality retrodirective beamforming. - - L ——

Several new algorithms were developed during this study. We developed and tested the Robust
Minimum Variance Algorithm to provide reliable beamforming on a collection of inferior
beamformers (targets of opportunity). We also developed and tested the Spatial Correlation
Algorithm which is applicable to sea as well as to land clutter. It allows also for local
processing within the aperture, in contrast to transmitting information for each module to a
central processor. This makes it attractive for a cost effective large aperture space based
radar. Finally, we developed a technique of Subarray Processing for applying the above new
algorithms on very large airborne or spaceborne radar systems.
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1. SUMMARY_OF_ RESULTS

Several algorithms for self cohering an airborrne distributed array
* on radar clutter have beernn tested arnd their performarces have been
statistically evaluated. Also, several new algorithms have been
developed throughout the course of the study. The riew algorithms
offer, in general, improved performance and wider applicability.

We obtained airborne clutter data from two sources (Task 2): the
Naval Research Laboratory (NRL) and the Envirornmerntal Research
Insitute of Michigan (ERIM). We identified and obtained specific
runs of the 8-Element NRL airborne array. These covered land as
well as sea clutter, different radar look angles, and different
pulse repetition rates. We alsa abtairned several runms of ERIM SAR
data. We adapted the use of SAR data to permit testing of the
"Miramum Variance" and "Robust' algorithms.

We tested and statistically evaluated the performance of the
Minimum Variance algorithm (Task 1) using the NRL and ERIM
clutter data. The algorithm was successful against land clutter
where it was used successfully for finding targets of copportunity
that allowed retrodirective beamforming. The algorithm  was
unreliable (as expected) against sea clutter.

We also tested Doppler Reamsharpening techniques (Task 3) against
the NRL land clutter - data. Doppler Beamsharpening proved to
be highly effective in i%creasing the chance of finding targets of
oppartunity that allow high quality retrodirective beamforming.

We developed several new algorithms (Task 4) during this study.
We develcped and tested the Robust Minimum Variance Algorithm ta
provide reliable beamforming on a collection of  inferior
beamformers (targets of oapportunity). We also developed and
tested the Spatial Correlation Algorithm which is applicable two
sea as well as to land clutter. It allows alsco for local
processing within the aperture, in contrast to transmitting
information from each module to a centralized rigid processor,
which makes it attractive for a cost effective large aperture
space based radar. Finally, we developed a technique of Subarray
Processing for applying the above new algorithms on very large
airborne or spaceborne radar systems.
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INTRODUCT ION

The objective of this effort is to 1nvestigate techniques that can
be used to mournt airborne phased array radar anternnas on arbitrary
portions of the airframe. Current airborrne phased arrays cannct
be so mounted because the nonrigidity of the surface would
severely degrade the phase coherence necessary for effective
phased array performance. The ability to distribute the elements
of a phased array cover the entire aircraft will greatly enhance
the ability of airborne radar systems to function in sophisticated
battle environments.

The performance of an airborne radar anterma array is limited in
several highly important respects by the fact that the array can
be mounted anly on certain secticrnis of the aircraft. This
localization of the anternna results in incomplete surveillarnce
coverage and restricted freedom of communication with all desired
stations, The restricted anterma aperture also limits the usable
detection range of the radar and the angular resalution of the
system, and makes the radar more susceptible to mainbeam jamming.
These limitatiocns could be greatly reduced if arrays could be
installed in any arbitrary portion of the airframe. Rir Force
supported work in the past five years has shown that there is
promise in designing radar antenna arrays to make use of arbitrary
portions of the airframe. The key idea behind the use of such
arrays is to make use of a portion of the scattered return of the
radar signal to self-cohere the phases of the array elemernts ard
SO compensate for the distortion in phase caused by the
norr1gidity of the skin and airframe that would otherwise severly
degrade the anterna perfrormance. Not all scattered radar returns
are useful for this purpose, however, and 1t 1s 1mportant to
investigate the statistics of realistic radar clutter returns tao
see iIif systems can be desigred to utilize these returns for
sel f-synchronizing. The abjective of this work is to identify
existing sources of useful data and, using these data, to test and
compare various algorithms for synchronizing the array.

.....
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Table 3.1 gives a classification of the self-cohering algorithms
under consideration (including the rewly develocped algorithms).
The algorithms are classified both according to the type of
processing and according to the enviraornment.

Regarding the type of processing, we classify the algorithms
accarding to  whether or not Doppler processing is used. It is
worthwhile, however, to note that Doppler and non—Doppler
techniques can be combirned in some cases to come up with superior
algorithms. For example, and as will become clear later on, the
Doppler EBeamsharpening techniques can be significantly erhanced by
coupling the Doppler time-domain processing with the Robust space
(or range bin)-domaivn processing.

With respect to the environment, we distinguish between Uhe
situation where the reradiating scatterers are rigid, which 1s
found only in land clutter, and the situation where the scatterers
undergo appreciable movement (in units of wavelength) due to wind
as found in vegetation and sea clutter.

TABLE 3.1 CLASSIFICATION OF SELF-COHERING ALGORITHMS

. ] Non-Doppler _ \__Deppler _ __ ___ .1

l : | |

Land Clutter | ® Minimum Variance ! e Dappler Beam Sharperiing !
i & Robust Mirviimum | e Hybrid !

| Variance { |

| e Spatial Correlationl I
O O

|
Wind Driven e Spatial Correlationd ® Miritmum Clutter RBandwidth

|
|
Land Clutter |
and |
Sea Clutter |
|

]
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4, STUDY_ RESULTS

5; In this section we give a detailed report of study results. The
1 section is organized according to contract tasks. For the sake of
i ' continuity, lengthy details and 1long mathematical deviations are
Ty defered to appendices.

N 4.1 TASK 1: MINIMUM VARIANCE ALGORITHM

N f

r’q.

& Figure 4.1 shows a high angular resolution bistatic radar

lb system that consists of a pulsed transmitter and a large

fﬁ distributed thinned array of receivers. In principal, the
system can be ground based cor airborne. For a ground based

system the size of the receiving array can be increased to the
X extent that angular resclving powers comparable to common
optical instruments such as cameras and small telescopes can

ﬁ: be achieved. This system has been introduced 1 the
Y literature (11, (2] as a "radio camera' capable of "taking
pictures"aof microwave scattering objects. Far anm airborrne
o application, the size of the receiving array will be limited
i only by the size of the airframe. Yet, and as menticned
f earlier, an airborne phased array radar flush mounted on
kS arbitrary portions of the airframe offers many advantages over
z existing phased array systems which tend to be much smaller in
size in order to maintain a rigid structure.
$ Such a large airborne antenna system has to be self-adaptive,
ﬂ i.e., the beam must be formed by a self-cohering process.
& Otherwise, the nomrigidity of the surface would severly
f degrade the phase cohererce necessary for effective phased
array performarce. The basic idea is to find a suitable
pX refererce saource, use adaptive retrodirective beamforming
% techniques to focus the large distorted array on it, and then
g move the narrow focused beam in range and angle to a target
3 area and scan the beam across the target.
It is shown in [11], 2] that a suitable reference should
By approximate a point source, strong encugh to overcome clutter '
o (about €& dB higher). That is, it should have the right :
i combination of small physical size (in terms of wavelength) )
K and strong echo. In a ground based system, the phase R
‘ﬁ synchronizing source can be a corner reflector, a beacon, or a
target of cpportunity (TOO). In an airborne system, the basic
v algorithm should rely only on finding suitable TO0O0's. The
ﬁ minimum variance algorithm was develaped to do exactly that
;ib ta1l.
o4
t
K 4.1.1 PROCEDURE
" Figure 4.1 describes the procedure explicitly. A
W) ground-to—-ground imaging situation is portrayed. On the left

i are a radar transmitter and receiver. The target region to be
h imaged is on the right. A transmitted pulse illuminates the
S target area and a passive phase-synchronizing target, which is

3
OO0 ; . » o X w ) w - i
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sketched as a corner reflector. The corrner reflector is shown
closer to the radar tham the target regicn. Each anterma

. element receives an echo trace that contains clutter, the
beamfornmning corner reflector, and the target. The echo \
: wavefaorm from each element is coherently demcdulated, sampled
N - in range, and stored in the format shown for  image formation. X
Y To produce the image the processor must perform several ’
' functions: it rmust find the range element that contains the t
o phase synchronizing source, self-focus a beam on it, refocus ’
N the beam to the target range, and scan the beam in azimuth g
E across the target. When these operations are completed, the !
) . . . . -
S output of the system is a one-dimensional scan or image of the
o target. A two—dimensional (range, angle) image 1s built up Y

from a succession of angle scans.

THE RADIO CAMERA

.E

) A <

,; Reference echo

. from corner @ z

reflector

: i: A B

a3V : reflector Target

N oy to be !
imaged

- -

and clutter

x
°

Echo range

;‘a rYyYYVY Ncthrcnt
receivers

Signal

] processor

DRC L T M

Signal processor searches for
range bin 1n which echo strength
is nearly constant

Element number
o === == ¢

N

Monotonic with .
element position

FIGURE 4.1 RADIO CAMERR DATA FORMAT AND FROCEDURES (FROM [Z1)

The range trace delivered by each anterma element is stored as R

X a row of complex numbers., Successive rows correspond to '
3 successive elements in the array. The pasiticon of a sample 1n t
n a row is proportional to range and designates the range bin. X
W The position of a sample 1n a column designates the array )
ﬁ . element number and is monotonic with but not necessarily b
$ proportional  to element position  because  the array may be J
f distorted.

The first operation of the signal processor after data
sampling and storage is a search in range for a good phase
syrnchronizing souwrce; that is, for that echo sequence  across
the array that most closely approximates the expected field
froam a point source. That rarnge is designated R° angd 15 the

- - - -

N

A
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. range from which the phase syrchronizing reference signal is

%M abtained. The radiation field from a point source in free

;ﬁ space would be rnearly constant in amplitude across the array,

W whereas the phase differences would disclose the differential

xt distances (modulo wavelength) to the scurce as well as the
differential phase shifts through the receiving elements. A

S simple test to find the target with a radiaticon field that

§. most closely approximates that of a point source is to measure

}k the ricrmalized echo amplitude variance at each range. Ro 18

gﬁ that range for which the test value 1s mimimum.

o

g Let us dencte the echo amplitude from_ the 1th range bin
received by the nth element R;, . Its mean A;= (1/N) L Pin and

_2 mean square A;= (1/N) éLQM are calculated, where N is the

;ﬁ riumber , of antenna elements. Its variance is (1/N) Z;(QM— A; )

i = ﬁz— R; - The variance 1is nrormalized ¢to A% "to remcove

Q: the effect of target strength and Pange‘fram tbg calculations.

&~ The normalized variance then becomes 9 = 1 — R; /A . The rule

T for finding R, , then,is to calculate ¢ for all range cells

? and search for the smallest value. The signal sequence from

4& that range birn becomes the reference signal. Appendix A gives

:* a detailed description of the adaptive beamforming and

:F scanning operations that reswult in the high resolution
microwave image.

e

;ﬁ It is worthwhile to list the following general featres of the

& algorithm:

()

N i. Simple and fast.
. Beamforming angle can be anywhere in the 1lluminated

i sector (especially for an airborne  application where we t

% entirely depend on finding T0OQ's). :

e 3. Requires individual amplitudes fraom every element to be y

ﬁ communicated to a central processor.

i
Az will be presented later, newly developed techniques allow

. better performance, reliability and applicablity. The Robust

L Minimum Variance algorithm ernharnces the quality of the formed ¢

ﬂ beam and reduces the uncertainty in the beamforming angle )

* significantly. The Spatial Correlation algorithm not only 3

: results in a known beamforming angle but alsc requires local g
processing only, in the sense that each element rneeds to

; communicate only with its first nrneighbors, which makes it 1

?‘ attractive to a cost effective space based radar application. .

‘t

X 4.1.& BEAMFORMER OUALITY -

K} i

' The loss  in mainlobe gain, in dB, due to all the random phase

t errors across a  linear array (having a large number of

K elements) is shown in [11, [2] to be '

3

v AG ~ &4 h (4. 1) .

K * 43 0g o

R X

l‘ ()
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. where O;: is the variance of the phase errors itassumed to be o
normally distributed) in square radians. 'he relationsnip L3 'l.‘:
plaetted in Figure 4.&. The loass is minor ({1 dBH) for an RKMS ‘,:
phase eryor of about  L1/72 rad. The loss grows raplidly as the 1.'.
phase error grows. A 1 rad RMS phase error rresuits 1n 4.3 aB "‘\‘,
loss. Wt
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FIGURE 4.& DECIBEL L0OSS IN GAIN DUE TO GAUSSIAN ERRORS (FROM (1) Lll'
I owr statisvtical evaluation ot the Mirizmum Yariance .
algorithm  the stangdard deviatiomnm Os¢ <t the residual phacse 'A'ﬁ-
errors acrass the array &t the veamtvorming angle LS oused .S Mo,
_ . ) )

o measure of guality of candidate beamforming sources. e o )
were able to estimate Jdfe bDecause the radar clutter data that oy
we examined were collected by well desigred, undistorted i
arrays with high clutter to roise ratioas (the NRL  3-element :’
array and ERIM  SAR). This means that the measured phase {*’::
acrnss the array (foyr  a particular range cell) is almost _:
entirely due to the illuminated clutter patch. In a real—-1li1fe (-V'
system of a distributed airborrne array, array distartion will e
obscure the received phasefront and precludes the estimation e
l:lF df¢ -
e

AR good beamformer 11 the far field of a lirnear array should ﬁ i
produce an almost linear phase acraoss 1t with the possibility "j
ot discontinuities at £ due to the modulo o X rnature of phase _(‘-.-:
measurement s, tThe slope or the uanderlying straight line ed
discloses the angular poasition of the domisant scatterer d

within the tlluminated patch. Retrudirective oeamrorming """
forms a beam focused on that scatterer leaving the differerce {'
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between the underlying straight line and the measured phase as
:ﬁ a residual phase error pattern across the array. To estimate
3# its standard deviation, we first urwrap the phase (if
aﬁ necessary) by adding or subtracting the appropriate multiple
:ﬂ, of & X (that removes any discontinuities in the measured phase).
s A linear regression  then follows and the difference
- S X» between the unwrapped phase arnd the regression line is
i,

obtained. Figure 4.3 illustrates these steps. An estimate Df%@
0 is abtained as

e - LS s ) (4.3)

W %= (k2 5% ) N

) where N is the total number of antenmna array elements.

W , as given by (4.2), together with (4.1), will be cur

fn quality measure.

i

!::

N

2 #(x)

- e Measured

L)

;;" *  Unwrapped */

#! Ir/

;0: —_— —_— _— — 7f___ —_— / — -

.':' / T ° hd

L) l = | -

}"! . ° * ! b ¢

i | °

. ‘/ ‘
. — = - ;

*®
o, ~
3 ~
:: 5P
i
)
X l
. . [ . - ’
v . . ° 4 . X
e
.
K
\
{ FIGURE 4,32 PHASE UNWRARFING AND LINEAR REGRESSION S
‘ - n )
¢ 4.1.2 STATISTICS_OF o%
+, S S'¢
: o
a In both the NRL 8-element array data and ERIM GAR data we h
: applied the Minimum Variance Algorithm repeatedly on different
runs examining each time the range bin that has the mirnimum
- amplitude variarce and estimated OFp AS described i1in the
:‘ previous sectiaon. We alsc examirned cther range bins that bad
) low amplitude variarce. Although we consistently found that
2 the range bin of the minimum amplitude variarce had a low o

X 1Y ) !
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o i elements. e transmit !
) spacing between ) » " as
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TABLE 4.1
OF THE AMPLITUDE DID NOT EXCEED ﬂn

U &
| ! i 1 I !
| A | L15 | L R B T |
8 SRSV OV USSR S §
i NP 1 38 ] lal i 176 | =97 |
1 )
| N | 640 | &4Q | &40 | 640 I
1 _—1 ———t 1
| Fercentage | %“S.9 | %135.8 | »27.9 | %4 i
A1

N = Number of range bins that passed the threshold test

N = Total number ot rarige bins searched

Notice that the resuits of Figure 4.4 confirm the expected
monctoniic relationship between amplitude variance and phase
variance upon which the Minimum (Amplitude) Variance algqr1thm
is based. This can be seen in the change of slape of F(O) as

N, varies, Mathematically speaking, the relationship is
embedded in the Cauchy—-Riemarn integrals that relate the
amplitude and phase of an analytic complex furnction (such as
the electric field received by the array).

Notice also that while a tighter threshold (smaller ﬂA ) re-
sults in a set of beamformers of higher quality, the resulting
set has less members. The tradeorf betweeri these twao factors
(quality vs. number) will prove ta be important while
discussing the rewly developed Robust  Mirimuam Variance
algorithms later in this repcort.

Although the results of the NRL data are highly encouraging
(for example, for M, = .15 about 6% of the range bins
searched contain satisfactory beamformers (AGK @.6 dB)), the
results seem to be overaptimistic because the array was used
both on tramsmission and reception. It is simple to show (&1
that a transmitting aperture of size D will result in a
lobular clutter reradiation patterns of a nominal lobewidth
the aorder of D (in the vicinity of the transmitter). This
means that the phase of the received field is expected to
slowly vary over a transmit-receive aperture and cur chances
of finding good  beamformers are good o begin with, A more
realistic test should involve a bastatic situatiorn where the
transmitting aperture is much sSmatler 1n si1ze than the

receiving aperture. RAlthough we could naot find clutter data
of exactly this scenariao, we realized, however, that we can
use SAR data in a way that fits ouwr purposes.

FERCENTRGE OF RANGE BINS IN WHICH THE STANDARD DEVIQTIDN'
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For a relatively short synthetic array of a lerngth much
shorter than the cross-range dimension of the illuminated
patch, the trarsmitter moves over a small distance and
illuminates almost the same patch of scatterers at each
sampling position. The field sampled by the synthetic array
will be almost identical to that received by a bistatic system
having a receiving array the same size of the synthetic

aperture and a transmitter identical to the SAR transmitter.

We obtained several runs of land SAR data from ERIM and formed
synthetic arrays of a maximum length of 8 synthetic elements
out of a total of 1024 available sampling positions. Figure
4.5 shows the results of a typical run where the SAR cperated
at X-bard with sampling positions taker every 1.3m (= S@%™ ).
The trarnsmitter was about § ft in the cross—range dimension
and had about —-2@ dB sidelwbes.

In Figure 4.5, we set M, = 0.2 and tried different synthetic
array lengths (15@2 - 42072 , corresponding to 3-8 synthetic
elements). As expected , for a given Eh,the chance of

finding beamformers (of corresponding quality) decreases as
the array length increases. This is matural because it takes
a small (on a wavelength scale) dominant scatterer to produce
a planar phasefront over a large aperture. Such a phase—
front will be certainly goaod for phase—-synchronizing a smaller
aperture but not necessarily so for a larger one. Table 4.&
gives the percentage of range bins that did not exceed the
threshold relative to the total number of range bins examined.

1 .
[ L2502
= 200 A
P (o)
sl = 0.2
350 A
= 300 )
o . — .
0 100 200 300 400 S00 600 700 800 9S00 1000
A
d
d-S"qb (mrad)

FIGURE 4.5 CUMULATIVE DISTRIBUTION FUNCTION OF THE
ESTIMATED STANDARD DEVIATION OF “HASE ERRORS (3SAR DATA) .
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Percentage

& There were 1024 range bins per run. Whenever we rneeded more range
4,
k)
& TABLE 4.2 PERCENTAGE 0OF RANGE BINS IN WHICH THE STANDARD DEVIATIOCN
a; OF THE AMPLITUDE DID NOT EXCEED Q =0.2 -
i A .
¢ ] L | 1S@ )\ 1 2ean | FCta1" 0 § (IO, 7, B N I 25@a " 1 4@ax | 3
I ! I S O FNU U N DU SV | \
; | NP I 279 1 277 3a4 I 252 I =228 I 2es |
e | | ] | | | |
] —— . D o — ——— A T — — —— —— _— " S o it D o T S A St St e e et i S 0 S S RS Sy A St S O T T T YD i S S S o S S ) D A S e i
ﬁ | NT | 1,224 2,248 4,296 S,1e2@ |+ 9,216 i 14, 3361
| | | | |
{ i
] |

bins to search (to get a reasornably smocth curve) for a certain
? array length we formed additicnal (nonoverlapping) arrays of  that
particular length. We had no trouble doing 5o because we have a
total of 1024 synthetic array elements available to us. ‘

-

ol LS, T

Figure 4.5 reveals the limitations of the Minimum Variarnce
Algorithm. The algorithm becomes less and less reliable as the
array length increases. For example, the curve for L = 40272

( 2~ 12m, about the size of a fighter aircraft) shows that if
we pick a single range bin in which the amplitude variation did
not exceed M, = @.Z (Table 4.2 shows that only about 1.5% of the !
available rarge bins will satisfy this threshold), the chance \
is about fifty—fifty that it will be useless. The Minimuam ;
Variance Algorithm uses a single range bin (the one that has the )
minimum amplitude variance across the array) as the referernce
signal. Experiments showed that this range bin is not rnecessarily
o the best, and for larger arrays it might not be even good enough.
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: As we will show later (Under Task 4.4), we develioped the Robust 1
{ Minimum Variance Algorithm to provide high quality, reliable }
N beamforming based on a ceollection =of inferior beamformers. For L '
‘ = 400 (Figure 4.5), we were able to reduce &g to a typical
[ value of about E@ mrad. The algorithm has alsz the further W
K advantage of allowing for subarray processing that can be used for Y
2? sel f-cohering a very large array. f
I )
) 4.1.6 APPLICATION_TO_SEA_CLUTTER h
: We applied the Mirnimum Variance Algorithm to the NRL airborne N
) 8-element sea clutter data. We found it highly unreliable. t
: This was expected because of the obvious low chance of finding . X
) a dominant scatterer in a sea clutter patceh. We tried it W
{ anyway because of the simplicity of the algorithm and because '
, )
) W
"
t
1
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’
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we have the data and the mechanism. It served, however, as a
check for the principle and as a justification for going to

more sophisticated algorithms for self-cohering an
clutter.

sea
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4.8 Task 2: CLUTTER DATA SOURCES

We abtaired airborre clutter data from two sources: the Naval
Research Laboratory (NRL) and the Environmental Research Institute
of Michigan (ERIM). We are quite satisfied with the amcunt,
quality, and’  diversity of the data that we acquired. In the
following we: give a brief description of the data under cur
disposal.

4.2.1 NRL 8-Element Array Data

The Naval Research Laboratory built an experimental airborne
phased array radar system that was flown repeatedly over land and
water and collected large amounts of land and sea clutter data
under various operating conditions. The system consisted of a
rigid, filled, pericdic, 8—element, UHF ( AR72 cm) anternna array
that was used for both radar transmission and receptian. (s
transmissicn, a carefully designed Chybyshev beam was launched
(=24 dB Sideluobes), while the 8 independent receivers were
sampling the echoes simultanecusly on receptian.

In each receiver, the chirped echoes were compressed and the
coherently detected sigrnal from each range cell was sampled (with

12-bit precision) and stored in a complex in-phase and guadrature

form. The range cells were 108 ft. apart. The system cperated at

one out of two sub-KHz pulse repetition rates that allowed a safe !
margin of cversampling of the Doppler spectrum at different array
peointing angles (aircraft speed was held to about E@@ knots and

the altitude varied from about 15,00@ to 2@,V ft). Array
steering was mechanical. The number of pulses (range traces) Ve

and the rumber of range cells recorded per pulse ng wWas chosen
(according to memory limitations) such that Ny X ne & 1504.

Land clutter data runs were taken from flights over the csoutn
eastern portion of the United States. We have runs for (np , ng )
= (66,192) and (ng, , nrg ) = (34, 448). For most of the runs we
obtained, the array was looking along the ground track of the
aireraft. We requested special runs for which the array looked at
about 45 degrees relative to the ground track to allow for a
reasonable spread in the Doppler spectrum to test the Doppler y
Beam—-Sharpening algorithms (Task 3). k

Sea clutter data runs were takern from flights over the Atlantic
Ocean off the south eastern shore of the United States. The data
we processed corresponded to a moderate sea with the aircraft
flying at an altitude of approximately 17,22@ ft, with the array
broadside pointing at the direction of the aircraft nose. Fore :
these data we had (n, , ng ) = (3,5442). ’
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« S 4,2.&8 ERIM SAR Data

As menticned earlier, the results of applyirng the minimum variance ¢

. algorithm to the NRL data were over optimistic because the array ‘
was used both on transmission and reception. R more realistic y
test should involve a bistatic situation where the tranmsmitting
aperture is much smaller in size than the receiving aperture. .
Although we could not find clutter data exactly fitting this
scenario, we realized that we can use SAR data in a way that fits
our purposes,

Pon

R I
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For a relatively short synthetic array of a length much shorter
than the cross—-range dimension of the illuminated patch, the
transmitter moves over a small distance and illuminates almost the
y same patch of scatterers at each sampling position. The field
B sampled by the synthetic array will be almost i1ndentical to that
: received by a bistatic system having a receiving array the same
size of the synthetic aperture and a transmitter identical to the
SAR transmitter.

X We cbtained several runs of land SAR data from ERIM and formed
W nonoverlapping synthetic arrays of a maximum lerngth of 8 synthetic !
& elements cut of a total of 1034 available samplirng positicns. The

' SAR operated at x—band with sampling positions taken every 1.Sm

N (approximately 3S@A ). The trarnsmitter was about $ ft in the n
) cross—range dimension and had about - 2@ dB sidelobes. The data
were intended for produéing SAR images (using digital processing)
with azimuth resolution of about 1.44m and range resolution of
N about 1.Sm. The data were compressed in rarnge and each range
trace consisted of 1W&4 range cells.

R,

-
. -
e -

-
an -
-

- - - -
e e "
>~

v "
-

K

-
L

A
1

' {
i AN D) ISP MID OO o W A W . - . A - .
B N N R R e A X Sy s AR R RS RSN S




T T N T T T o S T R TR e s S e Ao OO0y 'l"l'." ";
{

2

-
OO

-y

-16~
4,3 Task 3: DOPRPPLER ALGORITHMS

4.3.1 Doppler Beam Sharpening

- - -
e e

-~

Figure 4.6 describes an airborne radar moving with speed V and
illuminating a clutter patch with beamwidth a6 at distance R and
at an angle § from the ground track. The receiving array of Pl

-
-

length L is assumed to be distributed on the airframe. For a :Qf
transmitter of size D, 56 = A/D and the clutter patch width :',
W=R A9 = AR/D . The backscatter from the clutter patch will have .:
a lobular pattern of a nominal lobe width (in the vicinity of the W%
airecraft) of (A/WR = D. Typically D((L and such a received )

phasefront is useless for self-cohering the array. By virtue of Ve
the aircraft motion, however, echoes from scatterers within the '
ground patch may be distinguished from one another by their '“
Doppler shifts; hence narrowband filtering of the received :'

Effective, reduced width

FIGURE 4.6 NARROWBAND FILTERING IN THE RECEIVER REDUCES . ':\‘
EFFECTIVE PATCH WIDTH (FROM (1) "
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clutter echoes can extract the reflections from scatterers within
a subpatch of a smaller width. The smaller the subpatch 1s the
wider the l!lobewidth of the clutter received by the array. T

improve the chavice of finding a planar (or spherical) phase front
suitable for self-cohering the array, the aircraft must be covered
by a relatively small portion of a single lobe reradiated from the
subpatch. A rule of thumb, derived in (21, requires that the
subpatch width to be 1less than AR/ZL (corresponding to a
lobewidth of at least twice the size of the aireraft). The
Doppler shift of an echo from a scatterer at an anglegfrom the
ground track is

£ A~ 2vCcos9/ (4.3)
Using (4,.3), it is shown 1n 21 that a narrcowband filter of
bardwidth B ( V is needed to pass the echoes from the central
L
regicn of the illumirnated ground patch of Figure 4.6 and reject
the remainder. This requires an integration time Tz B )

) L. The
Vv

NRL data that we Doppler—processed were collected cver a time
interval of about 3L, permittirg us & good margin for testing

v
Doppler Beam Sharpening. Figure 4.7 shows the results of
Doppler—-processing an NRL data run. In this run the array

broadside made 45 degree angle with the ground track with (n,, ny)
= (66,192). The variable parameter here is Ng , the number of
pulses (time samples) used in the FFT. For each curve in Figure
4.7 an Ng —~ point Hamming weighted FFT is computed for every array
element for all the range bins. For every rarge bin, a particular
spectral lire, corresponding to a certain directiorn in the clutter

T .
o]
Pg)
ses
HH
ses
sas
S8
Q, JP
-0.2
8
[ ] 100 200 300 400 500 600 700 800 200 1000
d:{? (mrad)

FIGURE 4.7 EFFECT OF DOFFLER BEAM SHARFENING ON THE CUMULATIVE
DISTRIBUTION FUNCTION OF THE ESTIMATED STANDARD
DEVIATION OF FHASE ERRORS (NRL LAND CLUTTER DATRA)
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patch, is examined as before. That is, an amplitude variation

threshold is set on the normalized RMS of the magnitude pattern of

that spectral line across the array; if the range bin passes the

threshold, the phase preofile is examined, phase unwrapping is

made-if needed—followed by linear regression and an estimate of Tz

is obtained. Repeating the procedure for all range bins, a set{%?}
is obtained and sorted to get an estimate of the cumulative

distribution function P( ¢,). Table 4.3 gives the percentage of

range bins that satisified the threshold test relative tao the

total number of range bins examined.

TABLE 4.3 PERCENTAGE OF RANGE EINS THAT SATISFIED A THRESHOLD TEST
AT M, = 2.2

—— ———— " S — . g o — — S St oy S —— S o YU ot S S — e

| 1 j |

| N¢ 1 I 1@ | 29 | 2@ 1 4@ | S@ I 66 |

1 | | 1 ! 1_ . ] 1

] Np 1 183 | 1829 | 110 1113 | &4@ | 254 | 124 !
o | | I l___ I | I A
fg [ Ny I 1344 | 960 | 768 IS7€ | 768 | 768 | 384 [
2] 1_ 1 { ] | ] l .l — 1
g‘ IPercentage | %7.7 | %11.41 %#14.3 1%19,61 #31.31 #%A33.1! %32.3 |
" ] t | ! | L___ ! ) S |
“4) Notice that N; is always a multiple of ng = 192. In order to get
iﬂ a reasonably smooth curve of P( ¢% )y Np is increased by looking
) into clutter subpatches of different directions (corresponding to
i; different spectral lines). This was possible for Ng 2 2@. For Ng

L4

= 1@, in addition to looking at two different directions, we had
to repeat the Doppler processing for few nonoverlapping, well-—
separated sequences of 1@ pulses. For Ng = 1, we examined several
pulses with as much separation in time as possible.

Notice the dramatic improvement in the statistics of J3p introduced
by Doppler processing. The median decreases significantly as the
number of pulses N; increases. Most of the improvement occurs

o for 1 ( Ny ¢ 30. It slows down afterwards. We believe that the
;y slowing is due to a fundamerntal limit on how narrow a subpatch can )
Q‘ be made by Doppler processing. It is implicit in (4.3) that the \
" scatterers are assumed to be completely rigid or “frozen'. If the

scatterers undergo relative motion with respect to each wother due
to wind, for example, as in the case of vegetation and sea
o clutter, the Doppler shift due to a particular scatterer will not
ﬂ oniy be a function of its angular position but alsc a function of
: its own motion relative to the aircraft. In other words, clutter ]

i bardwidth puts a limit on the wusefulness of Doppler ]

", beamsharpening. While it is evident from Figure 4.7 that Doppler ;
beamsharpening is very useful for land clutter, it is shown 1in .

K t2l, (31 that ¢typical clutter bandwidths of sea clutter will t

. render it useless.
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Notice alsa that Figure 4.7 gives a unified approach to the
classification of Doppler beamsharpening algoerithms. The Minimum
variance algorithm becomes a special case (Ng = 1), As N

increases (Ng > 1) we can use a "Hybrid" algorithm where we use
all the pulses available to us in a Dappler processing that
improves our chances of finding dominant scatterers (by reducing
the width of the clutter patch and hence often excluding other
scatterers that might be of comparable strerngth) and then apply

the Minimum Variance algorithm to locate (i range) such a
dominant scatterer. As N beccomes large encugh to reach the regicon
where the width of the clutter subpatch cannot be made

appreciably smaller (limited by the clutter bandwidth) we call it
a "Doppler Beamsharpening’ algorithm.

& Minimum Clutter Bandwidth

As merticred earlier in the previous section, the aboave techrniigues
work effectively on narrowband clutter (as found in most land
clutter). For relatively wideband clutter, as in the case of
heavy vegetation and sea clutter, we have two techniques (see
Table 3.1): :

-1 Spatial Correlation (rion-Doppler)

-2 Minimum Clutter Bandwidth (Doppler)

The second algorithm - [3] is quite complex and requires a
long convengerce time. It uses the spectral bandwidth of the array
cutput as a "quality measure"” to determine when the mainbeam is
best formed. It was developed before the Spatial Correlation

algorithm and mainly served as a proof for the existance of
algorithms capable of zself-cohering on wind driven land and sea
clutter. We listed this algerithm in Table 3.1 for theoretical
interest and Focused our  attenticon  on the Spatial Correlation
algorithm instead.
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4.4 Task 4: New Algorithm Development

Introducticon

We developed several nrew algorithms during the course of this
study. We developed and tested the Robust Minimum Variance
algorithm to provide reliable beamforming on a collecticn of
inferior beamformers (targets of oaopportunity). We also develaoped
and tested the Spatial Correlation algorithm which is applicable
to sea as well as to land clutter. It allows alsoc for local
processing within the aperture which makes i1t attractive for a
cost effective large aperture space based radar. Finally, we
developed a technique of Subarray Processing for applying the
above new algorithms to very large airborne/spaceborne radar.

1 Robust Minimum Variance Algorithm

The minimum variance algorithm uses a single range bin (the acre
that has the minimum amplitude variance across the array) as the
reference signal. Experiments showed that this range bin i3 not
necessarily the best and for larger arrays it might not be even
good enough. Also, as a result of beamforming on & single
dominant scatterer, the beamforming angle can be anywhere in the
illuminated sector. Experiments showed that once an
amplitude variation threshold is set, a correspoanding rnumber of
range bins (on the average) will pass the test. The beamforming
quality of these range bins varies, but a considerable rnumber of
these will have quality comparable to that of the range bin of
mirniimum amplitude variance. The idea is to use the collection of
such vcandidate beamformers in a phase-smoothing operaticn that
results in a supericr "equivalent" phase synchronizing source.

Figure 4.8 illustrates the situaticon, A quasi-linear receiving
anterma array is assumed. The array 1is distorted Dboth
geometrically and electrically. Let us assume Lhat M+1l) range

s
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-
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(M+1D

FIGURE 4.8 A QUASI-LINEAR ANTENNA ARRAY IS RECEIVING
A Range Trace That Contains M+1 Range Bins With Dominant
Scatterers.
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range bins passed a low amplitude variation threshaolid 1‘ . It 13
likely that each aof them contains & dominant scatvterer aithough
the "degree of dominance" might vary from one (o anocther.
Assuming far—-field conditions, the measured phase by the nth array
element due to the ith range bin (that passed the threshold) wilil
have the general form (dropping any constant phase term across
the array)

<P:',n = ax, + b Yn *54?,» + €& +2TTM, (4. 4y
where
a; : gives the angular pasiticon of the ith dominant scatterer
Xy : the AX-pasition of the nth array element
by : determined by the angular position of the 1th souwrce
¥y, ¢ Position error of the nth element in the V- directian
f§¢,: deviation from planar phase fraont

€, : uriknown phase error due to array electrical distorticeg
assumed to be uniformly distributed between

it integer to account for the module @R nature of phase
measurements

We would like to average Q" over all possible 1. . This shouwid

reduce the variances of §€,, a, , and by . Simple averaging will

1 general, do more harm thanm good. Averaging the integer mg,

will produce a random fraction of 2% that would destroy the array

coherernce. We avoid this problem by substracting rfirst the phase

measured at the range bin of wminimum amplitude variarce,

45n , froam all octhers.” The difference is

P~ P = (a-an%, + (h- b)Y, +( 82, -5¢.:.) + 2T by p (4.5

on un
Notice that € is eliminated from (4.5). As a conseqguence, ../
will be almost a straight lire in x| with the possibility of a
ST Jjump  whenever Lhe Line Hries Lo oross + N . Mi. oz
illustrated in Figure 4.9, With limited krowledge of element
positions, a &N discontinuity can be easily recognized, atlowing

A
%~

1

(bo”bi)f’ +

FIGURE 4.3 THE DIFFERENCE CAN BE RECOGNIZED RS A HROKEN

STRAIGHT LINE. FPHASE UNWRAFRFING - IF NEEDED - RECOMES OSSIRLE.
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for phase unwrapping by adding or substracting &N . After
checking (@ -¢,;, ) fer i = 1{,..,M and phase unwrapping 1f
necessary, we form the average
- “u
“
Voo L (- # = A -, 276
where the superscript u stands for "urnwrapped" and the bar denctes
averaging with respect to 1i. We get a smoothed "equivalent”
beamformer ¢; by substracting ¥, from %,n

4.’.*—‘%"-%

a Xn &+ by Yn + §¢,-’n + €n + 2T, (4.5)

Comparing (4.5) and (4.4), we recognize (4.3) as an equivalent
phase synchronizing source with the following advantages:

1.  var {f_c-k} z L var { 51

= var { a: } | ';:T var { a,)

The approximately-equal sign accounts for the fact that dominant
scatterers, found in mnature, are not necessarily identically
distributed in position and phase deviations. The reduced
variance of s——g relates directly to higher beamforming quality,
while the reduced variance of 3&; means a reduced uncertainty in the
beamforming angle, i.e., the formed beam will have the extra
advantage of being centered in the illumirnated sector.

The -b-‘- term in (4.5) should be treated carefully. Although
geometrical distortiaon is compensated totally alang  the
beamforming direction in the simple case of retrodirective
beamforming (as applied inn the minimum variance algorithml, a
residual geametrical error in the Y-dimension will be present at
the beamforming angle when we use (4.95) for beamforming (element
position errors in the X-dimension are compensated totally at the
beamforming angle). The reason is that while for a single
beamformer a;= ksing., b, = kcos g, , where k is the wavenumber and

& 1is the angular position of the beamformer relative to array
broadside (see Apendix B), we find that for the smoothed
beamformer, the beamfcrming angle 6, = sin"{ a:/k} is not
necessarily equal to c-:vs:'{b,-/k} . Fortunately, we will show that
the residual geometrical error can be made negligible irn most
practical cases.
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PEREFORMANCE

At the beamforming angle, the response to a test target will be
characterized by a residual phase error

SPny = )

P(n § $(n - S‘¢z(n) 4. 6
¢ where

E 5em = (by-b)Y, ,

un !

-~ and b, kcas §, . The standard deviation of (4.6) is

0 . 2 (V2 ,

BN In Apperndix B, we show that

w2 12
]

e e = kog E {(Lr-(5mgt - c038:) ) (4.8)
]

ol where LA ils the standard deviation of Y, -

a1 lluminated
W patc/,

‘& ab

.:" , FIGURE 4.1@ GEOMETRY USED IN THE COMPUTER SIMULATIONS
‘W USED TO ESTIMATE TGe
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Although we were able to derive an approximate expression for
(4.8), it was quite complex and was not valid for small values of
M. We prefered to estimate 5;., through computer simualaticons
where we assumed that the angular position of a dominant scatter
& is uniformly distributed within an illuminated sector making
an angle @ with array broadside and having a width &6 (Figure
4,1Q). Appendix B gives the details.

Figure 4.11 plots Ose as a function of transmitter beamwidth
. * [) . . . . .

for M=2@. Gaussian element position errors in the y—-dimension are

assumed with standard deviation of S92, The transmitter i:s

assumed to make a 10 degree angle with array broadside. In
practice, a typical value of A9 will be about degrees resulting
in a negligible geometrical error of less tharm & mrad.

]
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FIGURE 4.11 GEOMETRICAL FHASE ERROR AS A FUNCTION OF
TRANSMITTER BEAMWIDTH (COMPUTER SIMULATION).

Figure 4.12 plots oz as a function of the number of dominant
scatterers included in' the average, M, for different values of
trarsmitter angle § . A beamwidth af of & degrees is assumed
along with Gaussian element position errors of 03 = SA.
Notice that the standard deviation of the gecmetrical phase error
vanishes completely for M=1, It rises sharply for 1 (M (3 and
becomes almost independent of M afterwards. The sharp increase of

o5, as ¢ approaches 9@ degrees is due to the fact that then
the array approaches the endfire situaticn where errors in the
y—direction become more important and get magnified. Notice that

even in the unlikely scenario of & = 8@ degrees, the starndard
deviation of geometrical phase errors , o5 y 18 less than 9 mrad
and its contribution 1s quite negligible relative to that of o

(see (4.7)). 54,
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FIGURE 4.12 GEOMETRICAL FHASE ERROR AS A FUNCTION OQF THE NUMBER
OF DOMINANT SCATTERERS USED IN THE AVERAGE (COMFUTER SIMULATIONS).

Figure 4.13 shows how- averaging reduces the variance of the
deviation from planar phase front, of y (the part due to mother
nature) in a typical application of he robust minimum variarnce
algorithm on ERIM SAR  data. The experiment was made with 7, =
Q.3 and 1324 range bins were examired. The synthetic array was
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FIGURE 4.13 RESULTS OF ARPPLYING THE ROBUST MINIMUM VARIANCE
ALGORITHM ON A 4@@A - SYNTHETIC ARRAY.
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490 A long (zee Figure 4.5) and a mndified version of the
algorithm was used. The improved version of the algorithm
selectively includes range bins that already passed the amplitude
variation threshold according to whether or not these pass a phase
threshold set on the RMS of the regression error. Linear
regression is done after phase unwrapping (Figure 4. 9). Frovided
that the dominant scatterer of the lowest amplitude variance has
small deviations §¢(n) of its own, a larger RMS value of the
regression error of ( g..¢j) indicates that the jth range bin
should be excluded from the average. A low RMS value of the same
quantity indicates either that the jth range bin is good or that

$b(n) is very similar to ®R(n) for all wn which is highly
unliﬁely for an  array of large rnumber of elements. For an array
of small number of elements, however, one can  exclude such
coincidences by wrot relying completely on one range bin for
testing all others. More thanm ore range bin can be used to test
the rest, and a majority vote or a linear combination rule (of the
resulting RMS values) can be used to selectively include or
exclude a range bin (that already passed the amplitude variation
test) from the average.

Figure 4.13 shows a dramatic reduction in &.. An initial value
of about 458 mrad is reduced to about 2@ mrad. Assuming a typical

residual peocmetrical error 0z =f S mrad, the total residual
] A W2 ; ; .

phase error O = ( o-" + g Y%= 2@.6 mrad which, in turn

correpsonds to an expected loss in mainbeam gain A G = Q.02 dR,

which is quite negligiblé for most practical cases.

In conclusicon, the robust minimum variarnce algorithm provides
reliable, high quality beamforming using a ecnllecticon of inferior
beamfarmers. In addition, the formed beam is centered withirn the

illuminated sector. This, by itself, is an important advantage
since a beam formed close to an edge of the i1lluminated sector
means a loss of almaost half the obtainable field of view. Also

since the image is obtained by scarning off the formed beam,
azimuth measurenents will be relative ta the beamforming angle.
Since the formed beam is rnow centered in the illuminated sector,
absolute angle measurements will be much more accurate (compared
to those obtainable by applying the minimunm variance algorithm).
Finally, and as we will show later in this section, a centered
beam allows for a rewly developed techrique of subarray processing
that can be used to self-cohere a large distributed array.

ARAs a final remark, it is worthwhile to rotice that the robust
minimum variance algorithm uses the range bin of minimum amplitude
variance in an interesting way. It does rnot assume that it 1s the

best. It only assumes that it is good enough to enable phase
unwrapping of other range bins and actually have a fair look at
their phase praofiles, The robustress comes from  averaging (aor

selectively averaging) these phase profiles.

e

P

e




4- 4.

& SPATIAL CORRELATION ALGORITHM

The spatial correlation algorithm enables self-cohering of
distributed arrays in the absences of a beamforming point socurce,
using the spatial correlation properties of radar clutter. It 1is
shown in (4], [S] that if *he spatial autocorrelation function of
the field (as measured by adjacent element pairs) is ensured to be
real and positive in the neighborhood of the origin, both pericdic
and apericdic arrays can be synchronized forming retrodirective
beams pointing at the axis of synmetry of the radar transmitter,
pravided that the interelement spacing does not exceed some limit
(the order of the size of the transmitting aperture).

Figure 4.14 shows a fairly general, quasi-linear (gecmetrically
distorted) antenna array. The array can be both thirmned and
apericdic. The elements are corrected to a signal processor
through cables or any other sort of data link. The gquantities
through represent a random phase error distribution across the
aperture due ta uncertainties 1n cable lengths, impedance
mismatches, and perhaps a slowly varying pattern of atmospherac
turbulence. In addition, we will lump the differential phase due
to the angle of arrival of a plane wave into these quantities.
Thus, if we can estimate the §'s we should be able to form a
retrodirective beam by substracting them out. In the following,
we will show that this is possible.

The ith element delivers a measured field value of e& = e‘-ta-'sl
where e is the error—-free value (excluding the differential phase
due to angle of arrival which 1is included in % ) produced by a
large number af non—-coherent scatterers. The i1th correlataor
provides an estimate Ry of the gquantity fre.
’ ) » l(‘;-g;,.)
R, =E{eey, ) = E{Gcu}e
Ridy) e dved
where d; = d; cosg, . The phase of ﬁ§ , called ¥, 1is the
guantity of nterest. Assuming that we have good phase estimates
{ ¥ ¥ we can approximately write

L

@5"5’»
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NOMAL PROCESSOR

FIGURE 4.14 ARRAY MODEL AND SIGNAL FROCESSOR
CONFIGURATION FCR SELF-SYNCHRONIZATION.
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VYV, = (& -8, + 8 fet,2,.. ,Na (4.3)

where IB = ar,{ 'R(d.'l)} . Now we form the quantity
'}

'

o = 2 ¥ (4. 1@) :
4

najl .
£
2 (8§-5) + é‘ﬂn (4.11)

which we use as a phase corrvection by adding it in the ith charmel :
(for all i). The total phase shift becomes

2 5. =5 + ¢

[
A0 ’ t-t X
Wt X 5 + ;_' ,§ (4. 1) )
Now the phase g(X) of the spatial correlation function plays a ‘
major role in synchronizing the array. If the spatial correlation v
N function is real and positive in the region of interest ( B = @ )
! for all i) we have an ideal situation, for then (4.13) reduces to

§¢. = § = constant independent of 1 (4.13)

and the random variable § has been replaced by a constant. The
: result is a well-formed retrodirective beam making an angle & with
array broadside.

P ar~ug

It is shown in (41, [3]1 that R(X) is the Fourier transform of the
intensity patterin I (W) associrated with the i1lluminated cluttor
patch, which by definition is real, it is only recessary to insure
that I(u) be symmetric for R(X) to be real. We will show later
that this is a practical condition to achieve.

o e -
VAT
- s e #

E FRACTICAL REALIZATION :

o The technique described above is based on the assumption =f the y
f availability of noncoherent microwave scatterers and on  wur ¢
ability to accurately measure samples of the spatial
; autocorrelation function of the reradiation from these scatterers.
A large number of rorrigid scatterers with random relative maotions

can provide us with the required noncoherence. Examples are sea ¢

waves, moving leaves aof a bush or a field of scatterers where the :
\ size’'s are smaller than the resclution cell of the aobserving ﬁ
: instrument. This 1s a common situation in radar. We can estimate

, . . ~. U
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R (X) by averaging successive correlation readirngs (Crass e
products) taken at time intervals larger than the time required ta :i:aiif
decorrelate the geometry of the individual scatterers. A faster ":!:D:E
way 1is to take the cross products from echoes corresponding Lo :t:ﬂf
successive range cells, provided that the gecmetrical features of o'
the scatterers are statistically homogenecus over the area of

interest. Sea clutter is a good example. Everi a rigid but rough ;;v.";
terrain can be useful if echoes from successive range cells are p:fev
statistically the same, i.e., if they can be considered as sample :’,r;::
functions drawn fronm the same random process. .:;s:o‘
‘0

XA

Figure 4.153 shows a radar transmitter of apertuwe size D. It 3
illuminates a far—field patch of approximate area R B8R84, where
&R is the transmitter range resclutiorn and 560 is the trarsmitter :c:'
beamwidth. For an observer at the transmitter site, the field ";:;:cl‘,«‘.
produced by a scatterer at point 1 is equal to the rield produced :‘:':g
by the same scatterer maved to point O and multiplied by the phase .:a‘
delay factor e (R, - R . Because the phase relaticonship between "
the scatterers at points 1 and 0 is completely randon, the phase :’_-,,
o
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difference between the displaced equivalsnt af the scatterer at 1
and the actual scatterer at 0 will be randaom. Thus in privciple,
all the scatterers along the line 01 can be mapped to the point O

and the whole illuminated patch can be collapsed into an
illuminated arc with illumination intensity [(u). If the
illuminated patch contains a large nrumber of statistically
homogeneous scatterers, we would expect the intensity I(u) to be
}ﬁ proporticnal to the square of the radiatiaon pattern of the
;: transmitter. Thus if the illumination of the transmitter 1is
% symmetrical- so too will be I(w, and R(X) will be real. For
%: example, the radiation pattern of a uniformly illuminated

aperture will be proporticnal to sincDu/2 and I(w) will Dbe
) proportional to sinc? Du/a . The autoccorrelaticon function R(X),
ﬁJ ’ being the Fourier transform of I(u), will be triangular with base
i 2D. In gerieral, the correlation distance will be the order of D.
*f Thus the largest interelement distance 1in the receiving array
! should not exceed D (with some margin). Natice that the plane
- wave model of Figure 4.14 will be a good approximation for most
practical situations where, typically, the transmitter patterr has
MV a sufficiently narrow beam (few degrees) and a low sidelobe level.

s In summary, the only requirement for R(X) to be ideal is that it
by be real, which, in turn requires that the scatterers be uniformly
distributed within the clutter patch and that the transmitter beam
@ be symmetric (which is typical). A real taper for the
I transmitting aperture provides the desired symmetry, furthermore,
. from the symmetry of the problem, it is evident that the beam so
s formed will point in the direction of the axis of symmetry of the
o transmitting anterma.

We applied our algorithm to the experimental sea clutter data
supplied by the Naval Research Laboratory (NRL). The 8-element
system was flown over the Atlantic Ocean repeatedly and collected
0 huge amounts of sea clutter data at a variety of aperating
0 conditions. The data we used corresponded to a moderate sea with
M the aircraft flying at an altitude of approximately 17,22@ ft.
1 with the array broadside pointing in the direction of the aircrart
s ground track.

Because the array was rigid, its proper performarnce could be
y predicted and, hence, compared to the performance of cur adaptive

G A

. method. Randaom, urkrnaown phase errors uniformly distributed cver

@ -, 1 were inserted in each receiving charnnel. Figure 4.16

N shows the results of applying the algerithm to one  such
experiment. This excellent agreement is typical of many similar
tests.
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When clutter patches have the same statisti~s, echoes originating
from nreighboring range cells can be treated as sample functions
drawn from the same random process. In this situation samples of

the spatial correlation functiornn R((X) may be estimated by
averaging a large number of correlation readings (cross products),
geach taken from a different range cell. Thus, echoes due to a

single transmitted pulse were used to phase synchraonize the entire

2. 20

FIGURE 4.16 THE RADIATION FATTERN OF THE 8-ELEMENT FERIQDIC
ARRAY (FROM (S1).
( ) IDEAL. (...) DISTORTED DUE TO FHASE ERRORS.
(-——-) RECOVERED BY THE SPATIAL CORRELATION ALGORITHM
OFERATING UFON SEAR CLUTTER.

array. We used 12@ successive range cells starting at 6.4 miles
and ending at 8.2 miles. The clutter to roise ratico was about Z@

dB. The phase of the estimgted autocorrelation values had an
estimated starndard deviation O¢ of @.297 rad which corresponds
to an expected mainbeam gain loss of 2,089 dB (from (3.43), L[51)

which is excellent for most applicaticons.

A small beampointing erraor appears in some experiments; 1t seems
to be zero—-mean and its variance is believed to decrease as the
number of anternna =2lements increases. A zero-mean beampointing
errcrs indicates a real R(X). This agrees with what we expect
since the transmitting beam is symmetric and the roughness of the
ocean is fairly homogencous (&1.
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CONCLUDING_REMARKS

In conclusicn, we think that it is worthwhile to emphasize the
following important features of the spatial correlation algorithm.

1. Simple and fast: it requires a single transmitted pulse faor
' calculating the phase error corrections necessary for real
"4 time self-cohering of airborne distributed arrays.

o 2. HKnown beamforming angle (if the clutter is homogenecus as In
0 the case of sea clutter): this allows for the application of
a newly developed subarray processing technique (described in
the next section) that can be used to phase syrnchronize a very
large array.

n‘ 3. Suitable for sea clutter (as well as land clutter).

‘ 4. Allows for local processing: it is straight forward to see

% from (4.1@) that ®, = %+ ¥, which means that the

ﬁ correction reeded for the next element is equal to that needec

j: for the current crne plus the angle measured by the correlataor

o connect ing them. This mearns that each element rneed only to

Q communicate with its first neighbors (as oppeosed to the case
of the minimum variance algorithm where the amplitude received

- by each element should be sent to a central processor to test

s for the range bin_ of minimum amplitude variance). This

ﬂ property makes the algorithm particularly attractive for a

M cost effective space based radar.
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4.4.3 SUBRRRAY FPROCESSING

It is evident from previcous sections that the larger the array
size the more difficult self-cohering becomes. Figure 4.3
illustrates the point for the minimum variance algorithm. The
robust minimum variance algorithm, however, tolerates larger
arrays as long as the phase prafile of the range bin of  minimum
amplitude variance is good erncugh to permit phase unwrapping of
ather range bins that passed the amplitude variation threshold and
as long as  the number of these range bins is large enocugh bo
effectively smooth the phase across the compernsated array. It 1s
clear that, for a given performance specification (and other
design parameters), cne can not go beyond a certain maximum array

size.

The same is true for the spatial correlationm algorithm.  He we
showed in the previoug section, the carvecticn needed for Lhe r
array element is equal to that rieeded for the current crne plus the
angle measured by the correlator correcting them. Thus errours
made in  previcus correlation measurements (in angle) will
propagate across the array putting an upper limit on array z@ize
(for a given performance and other design parameters). The effect
of error propagation is analyzed in [S1.

It is 1logical to think of dividing a large array 1nto smaller
subarrays each of which can be satisfactorily self-cohered using a
particular algorithm and then correcting the compersated subarrays
somehow in order to straighten out  the entire array. The phase
profile across a compensated subarray will be approximately a
Marizantal line with an urnkrnown height that differs from subarray
to ancther as illustrated in Figure 4.17.

SUBARRAY
P} /
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| e
W’ ' -t~ { [ -
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‘I :a#l ! I t- X
L
OVERLAPP ING
SUBARRAY

FIGURE 4.17 SUBARRAY FROCESSING




34 5
The subarrays cannot be used (o form a "superarray'" unless phase
Jumps between adjacent subarrays can be estimated and corrected B
for. We do not have access (o the compensated phase profiles; we \J
only have access to the corrections that ouwr self-conering ) &
algorithms produced. If the subarrays are made to overlap aver a }
riumber of elements, twa sets of corrections will be calculated for »
. each group of elements shared by two subarray neignbors.  For eacn .
o such element, the difference betweern the two corrections provides -
¥ an estimate of the phase jump between the two compensated q
¥ subarrays. Naturally, an estimate based on all the shared %
;‘ elements will be of higher quality. The cnly problem with making X
the subarrays overlap is that we are making them lornger than A
necessary this way (and hence making the effort to phase
: synchronize each of them properly more difficult). A better {
: approach  is to let the subarrays be rnornoverlapping and fForm ?
K ancther set of "overlapping! subarrays as illustrated i1n Figure ﬁ
q 4,.17. The phase jump between twa adjacent subarrays can be k
. estimated on two steps: a® +o% (Figure 4.17) with the helip of
: an overlapping suabarray. .
|' l'l

Notice that an implied condition for the success of the techriqgue

P S R

1]
:' is that beams formed by the subarrays should be pointing basically :
s in the same direction. This condition is necegsary for forming a *
! high quality "superbeam" based on the entire array. This almost &
. excludes the minimum variance algorithm as a possible vehicle for v
N sel f-cohering the individual subarrays because then the subarrays :
: are not necessarily focused on the same dominant scatterer ard the 5
formed beams will be locking almost anywhere in the illumirnated q
sectar. On the contrary, the robust minimum variarmce and the }
spatial correlation algorithms fit the procedure rmaturally cince a
. all the formed beams will then be centered 1n the illuminated
N sectaor. "
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CONCLUSIONS

Rirborne distributed arrays carn be reliably self-cohered on either
land clutter or sea clutter. On land clutter, several algaorithms
exist. Their performances can be impraoved by Doppler processing
and/or robust processing. On sea clutter, the spatial correlation
algorithm is the only practical technique and it fits the problem
nicely. :

Subarray processing is necessary for very large arrays. It
employs either the robust minimum variance or =patial correlatiun
algorithm. It makes robust processing applicable to very large
arrays and limits error propagation inherent in spatial
correlation processing.

Finally, local processing, achieved by the spatial correlation

algorithm, can be used with subarray processing  For & Cosy
effective implementation of space based radar where the bulk of
the processing is5 done locally, at the element level, usinmg only

data from adjacent elements. This obviates the need Tor
transferring large amounts of information to and storing it in a
central processing node.
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RECOMMENDATIONS FOR FUTURE WORK

Work should be continued in the two areas of spatial correlation
processing and robust wmirvimum variance algorithms emphasizing
subarray processing (as a means oaf self-cohering very large
distributed arrays) and space based 3DI applications. For both
techniques, consideration should be given to (1) an 1nitial mode
in which a subarray is used to illuminate a larger angular sector
and the full array is used as multiple beam receiver and (3I)
iterative self-cohering of the full array for transmit/receive.

SPATIAL CORRELATION FROCESSING STUDIES
The work should include, but rnot be limited to, the following:

&.1.1 Develop a two-dimensiornal gspatial-correlatiorn algoraithm
utilizing subarray processing. This involves the extensicon of Lhe
one-dimensicnal algorithm to a two—dimernsiocnal array of elements
in order to take advantage of the fact that the required phase
corrections can be estimated more accurately when correlations
between an element and all of its 2-D neighbors are utilized.

6.1.28 Perform analysis and computer simulations for optimizing
system performance in terms of wize and configurations of local
clusters of elements and subarrays, pulse width, riumber of
samples, etc. i

€. 1.3 Evaluate the mainbeam gain and array sidelobe performance in
a nolse and jamming environment.

€.1.4 Establish cardidate &-D gself-cohering systems for use with
active sources such as a jammer,

ROBUST MINIMUM VARIANCE STUDIES

6.&.1 Conduct optimization studies involving subarray processing
of large arrays with the raobust minimum variance algorithm being
used for self-cohering the individual subarrays. This should
include investigations about the optimum array size, optimum
amplitude variation threshold, and an aptimal theory ftfor
astimating the phase jumps between cubarrays.

6.2. & Develop a two—dimensional robust minimum variance algorithm.
Fhase unwrapping should be performed over tilted plares (instead
of the 1-D straight lines) in this case. Efficient =2-D phase
urwrapping algcrithms should be investigated (develaped 1 f
necessary).
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] £.2.3 Design and/or simulate an experiment applying the +»obust
W mindmum variance algorithe in & simulated SDI  threat cloud
o environment where a space-based large anternna array iteratively
N - farms a transmit/receive narrowbeam on  a dense pack of flying
f’ space object, then scams the beam within the pack in  order to
image the threat fur subsequent identificaticon and classification.
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APFENDIX A. THE RADIO CAMERA ALGORITHM

— B T e e S - S S T S i A —— —  ———

Table A.1 shaws all the steps in the procedure. Step 1 initiates

the process: A, exp( 1 ¥Yen ) is the complex envelope of the echo

from the ith ranpge bin received by the nth element. Step & 1is
the search for R, . Step 2 1is the adaptive beamforming step.
The measured phases ¥, can be broken into the sum of two terms

Y. + Ra . The first term contains the conventional target and
array gecmetry and is all that would be expected in the absernce
of array distortion, med i um turbulernce, multipath, and
scattering. The second term represents the errors that the phase

TABLE A.1 STERS IN RADIO CAMERA IMAGING [13]

Step
1 Measure and store complex ern-— 1 ¥n
velopes of echo samples Ain
range bin element number
. ) Yon
2 Find R, such that A, = A, A€
all n

@]

Fhase rotate at R, by phase

conjugate in relation to refer-— 1 Yoo
ence element, exp Jj( ¥, - ¥, A€
i‘“‘n‘ Yon + w"’)

4 Phase rotate at all range ele- Ain €

ments

I W, - Von + Voo K 2272) (V\/R; = 1/Re) )
5 focus at each range R, 'n "
L L . -ikx,u
£ Fhase shift linearly with angle B
R 5 ykxan
7 Sum at each rarnge element Sﬂ«)=‘z B¢
Nz

synchronization process must overcome. In the absence of error
the image «f the target or clutter from the ith rarnge element
would be obtairned from the integral of the phase-weighted signals

received across the array fram the ith range bin. As in any
phased array, the phase weighting is the conjugate of the kernel
of the diffraction integral. Foyr ease of discussicn  the

diffraction integral can be approximated by the Fresnel integral,
which reduces to the Fourier integral when the target is in the
far field. The Fresnel integral, in turn, is best represerted by
a sum, as in (A.1), because the array is discrete. The sum
~ T M : *
i Voo cil(xpu - 70 /2R
Siw = J Ame e A, 1

nat
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is the image g( of the scattering sources in the 1th range bir,
provided that y" = 4. We have u = 3in@ anrd @ = scan angle
from the normal to the array. The discrete variables x, and R;
are, respectively, the x—coordinate in the array (frarnsverse Lo
the array normnal) of the nth element arnd the distarnce to the ith
range bin.
L]

The function of the adaptive processor is to compensate for Vin t i
allow the operation described by (A.1) to be completed. In the
earlier steps of the process the data were searched to find the
range bin in which the echo amplitude acrass the array had the
smallest variation. That range bin became the referernce ravnge
and its signal became the synchronizing sigrnal. Its complex
envelope is Rw.exp(j Yon ), where the amplitudes are all rearly
the same. The phases of the echoes, however, are random because
of the perturbed gecmetry of the array, the spatial variations of
the refractive index, the impedarnce variations from element Lo
element, or any combination of these factors. If the refererce
source were ideal, the phase differerces would be due entirely Lo
themn. In addition, the phases are perturbed by multipath and
scattering. But because it is generally impossible for the
system designer to obtain & priori  information about these
conditions the signal processor must necessarily ignore them.

The third step in the process is to compensate for the phase
variations, which are assumed to be due to the first set of
factors (i.e., gecmnetry, refractive index, and impedarce).
Correction is made by phase-rotating the complex envelopes of the
signals from R, received by the different array elements to
caophase them. Let some element in the array be designated the
reference element and the phase of its sigrnal from the reference
rarige be desigrnated V¥, . The proper phase shift fory the wth
element 1s the regative of the phase difference DYy = '%"- V&

The complex sigrial envelope at the nth element becomes A,, @xp
( }1%,. expl- )< VY — Y )1 2 A cexp(j ¥ ). This correction, .o
phase conjugation, is exactly what a phased array or lens would
do when focusing on the reference source. The output signal from
the array when it is focused is the sum of these phase-corrected
echoes from R, .

Datum line

To near-field
ource

H eference element

Nmﬁmd//;;{ >

correction

distortion plus steering
angle

FIGURE A.1 COMPONENTS OF THE FHASE SHIFT IN ADARTIVE BERMFORMING.
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&Y,y = the differential distance &%%a./k *hat it represents, is
the sum of two quantities. The first is due to the geometric
distortion and includes the steering direction to the source. It
is the distance of each wlement from a datum line or plane in the
array that contains the referernce element and that 1s oriented
rarmal to the direction to the synchronizing source, which is the
desired correcticon. When the sawrce is in the rear filield aof the

array & wy,/k also has a second compornent. It is the added
differential distarce 2r/3R betweern the spherical phasefront and
the datum line. These components of OV, /k are illustrated iIn

Figure A.1.

A. & SCANNING

1,

The faourth step (performed simultarecusly with Step 3) is to
phase—-ratate all the sigrnal samples from each antermna element Yy

%, — Voo . The samples of the complex envelope rfrom the 1th
rarge bin rnow  become Ay, expl O Yo — ¥a + %, V1. The sum of a
set af complex samples represents the ocutput of a mistocusad
phased array or lens because ¥, # ¥, except at the range R, of

the reference reflector.

The fifth step is ta  focus the array at all ranges
simultanecusly. This task is accomplished for an arbitrary range
R; by refocusing the array from the refererce range R,to R,. The
phase correction is appraximately quadratic, given by (R.1).
Assuming that the earlier steps were performed properly, the
self-cohering process foreced the quadratic comporent of the phase
shift of the signal in the nth channel +to become —kx:/ER;+
k. x?ERo. To foocuws the array to range R; this term must be set Lo
zera, which requires a further phase addition of (kx} SEYALLS/R, -
1/R, ). This step requires a knawledge of the range R of the
refererce reflector, Forturately the value of Rjycan be wmeasureg
(as in conventicnal radar) by the rcund-trip travel time of the
pulse to the phase synchronizing source and it is read directly
into the signal processor from the radar receliver. The accuracy
of measuwrement 1s determined by the range resolution of the
system, which 13 the order of the reciprocal of the signal
barndwidth [in distance unitsl or the mnear—-field range beamwidth,
whichever is smaller.
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Step 6 imparts a linear phase rotation to the range-rocusea "
complex envelcpe (designated E.a in Table A.1) for rach ccan :;
angle u. The phase shift is —kx, u. &
:"
The last step fTorms the sum of the linearly phase-weighted, k
range—-focused samples to obtain the image sy (i) for the 1th rarnge
bin: ) #
2 & -k Xy th at:
Spm o= 2 B, € (A.2) s
‘I
A.3 ELEMENT FOSITION TOLERANCE X
)
Steps I, 3, and 4 require no knowledge whatsoever of element ‘¢
position. The phase synchromization process is purely g
retrodirective. Steps & (refocusing in range) and € (scanning 10 *
angle) do require coordinate informatiaon. The tolerances o b:
element position error have beeri worked out (11, Lal. ‘he most Q
stringent tolerance is invaoked by Step &. Briefly, the thezry -
consists of the following points: 3{
Ye
First, the loss in mainlaobe gain, in dB, due to all the randaom $
phase errors across the array is shown to be &G R 4,3 0‘; , where "i'i
l% is the variance of the phase errors in square radians.' ﬁ
)
Second, the phase variance due to random position errars ic X
. L 1..% A2 2 PR U
approximately Cp = htiQ-, where oz° is the position error ﬁ;
. ) . , : . ¢
variance in the array in the direction perpendicular to the dq
beamforming direction and @ (rad) is the scan angle measured tﬂ
from the direction of beamforming. Combining these expressions %
and allawing 1-dB loss in array gain as an accepatable gairn-laoss
tolerance, the rms element tolerarvice becomes &G X ( A/47 )Qz‘x . ﬁ‘
2
The factor A/4T 13 the conventiornal tolerance in phased acsray, :ﬁ
Mirrar, or lens designg Bax 15 the maximum scan angle from the Sb
direction of the reference source and is half the field of view. W'y
Because an individual radar target always subterds a small angle »
at the radar, Guu (( 1 and the allowed element position error 15 K
exceedirngly large; for example, if the system were desigred to :k
image a target as large (in angle) as the moon, @.., wruld be %
approximately 172 rad. In this case the position accuracy \i
tolerance increases by two aorders of magnitude to about 124 . it k*
is precisely the extraordinary liberty in position taolerarce,
following adaptive phase synchronization, that permits radio ]:
camera imaging with a norrigid or ill-suwrveyed array. fﬁ
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APRENDIX B. STATISTICS OF GECOMETRICAL "HASE ERRORS

(x5, Y,)

6/ v, (%, 9

R

FIGURE E.1 A TWO-DIMENSIONAL GEOMETRY OF A QUASI-LINEAR
ARRAY EXCITED BY A ROINT SOURCE.

Figure B.1 illustrates a quasi-lirnear array laid along the x-axis
and excited by a point source making an angle @ with array
broadside. From the gecmetry, the distarice fh between the scurce

at (xg , ¥y, ) and the nth array element at (x
e = Lex- 2% & (4, -4, 332

[(Rsing - Ta) + (Rcosg -490" "2

T We
ROl "_;t - % (ToSing 49, c036))

Expanding (B.1) and retaining the first order terms

m 1 Ya ) 1s given by

(B. 1)

in the

birniominal expansion we get the Fresrel (riear field) appraximation

L= R &+ ;'% - (27 SN0 4y, co58)

(B. &

If we further assume that ((r /R) ({1, we get the Fraunhofer (far

field) approximaticon

f = R -(2y 5ng + Y, co58)

"

(B. )

and the difference in phase ietardation (relative U the oreigim)

sensed by the nth element is

—kﬁf"= le s\nf In + k co:99n

(B. 4
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If we have a riumber of non-ideal isolated scurces (separated in
range), the phase measured at the cutput of the nth receiving
charmel of the distorted array due to the ith source is

B s [ 150,50+ ko, o 5 40 2a)
. med 2%

aizxn + by, S‘P‘.n + €y + 20 ™,
where

. ksin g, ,
v kcos &,
®.n = deviation from planar phase front,
unknown phase error pattern due to array electrical
distortion; assumed to be uniformly distributed be-
tween -, +7,
integer to account for the modulo 2N nature of phase
measurements.

a,
b
§

As discussed in section (4.4) if we have (M+1) sources, the ore
that has the ninimum amplitude variance is used to phase unwrap
the rest so that their phases can be averaged to produce the
equivalent smoothed source

#* - - o . =
ﬁ =4 x, +b"9” * 84;;" +€n +2TW ), (4.5)

In the radic camera algorithm (Appendix A), the beamformer phase
is substracted from the phases of all rarnge bins and a scarming
term is applied to image each range bin in azimuth. To evaluate
the quality of (4.3) as a beamformer, we first substract it from
the array response to an ideal test target (a point source)

d%n = Qr X +brY, + €, 27 {p, (B.6)

The difference (modulo 2%) 1s

*

We then scan the test target in angle. The peak of the magrnitude
pattern occurs (within a very good approximation) at

—a‘:(qr-i:‘)fn -r(br—s,')‘,jn_;;l.m (B. 7)

oD -

ar = 4, = «




LI WPUIRRT-IREURTY BE L RTA NS JET L S ) _gl Cak - - L Lol Yad, Ye¥. "2 ~ 0 Aaf e tak vat cally Al "aty?

and the residual phase error at the beamforming angle becomes

S‘P(") = ( bg." ;:)‘5” - ;‘; Iyt

nn s

= §¢m) + S (B.8)

where ’ Y
S (m = Cb,-5,~)4j,, s o
S4m = -5, X
and .
b, = keos { sin (di/n)]} . h

Assuming that the element paosition error in the y—-dimernsion, Jn
is a zeroc mean random variable independent of b,y and .1 it
is straighforward to show that the covariarnce between §¢(r) and i,

§4(r) is zero. Thus, the standard deviation of (B.8) is

_ 2 s V2 ' | H
O5p= [ Tig + 04, ] (B.9) o

In the following, we simulate §4,(n) (and hernce estimate 934, ) -
while we present typical values of 03, in section 4.4 (based on
ERIM SAR data). 1

The variance of §¢(n) is calculated as (e

U";¢ = var {(b'_ -b—,') g,‘} S

= € { by - B e {9Y - (B be- 51 (£491) 3
(B. 1)

where we took advantage of the assumed independence of y, and

both b+, by . Furthermore, since Y is assumed to be zerc—mear,

Fat
(B. 1) is simplified to Y
-2

e o E {(cos ( sin'(sim 6,)] _579(.)11’ (B.11) W

That is

fe =k % {8 (B. 12) o

where i

N
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£ = (1 - tsmo M - g (B. 13)

R
> e e .

We estimated E {Fz(f )} by simulating f( &) on the computer where
we assumed that the angular position of a daminant scatterer §6; is
uniformly distributed within an illuminated sector making an angle
» & with array broadside and having a width &8 (Figure 4.12).
Tyl Equation (B.12) is then used to estimate (GW . In all the
7 simulation experiments we performed the sample size was always
o made large enough to ensure smooth 0';-4. curves.
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