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ABSTRACT

This paper considers two methods of processing signals from a multi=look
unfocussed synthetic-aperture radar. A saving in the processor complexity is
achieved in comparison to a fully focussed SAR system at the expense of slightly
greater clutter levels and poorer along=track resolution. In addition, lower power
consumption enables the unfocussed processor to increase the number of looks to
compensate in part for the reduced resolution.

An example of a processor for 150 m resolution at 435 km height with 138 km
swath (7° to 22°) uses only 33 watts for 4 looks (most of the power is used by 4 A/D

converters).




USE OF A MULTI-LOOK UNFOCUSSED SAR
PROCESSOR ON SPACECRAFT

Richard K. T. Fong

1.0 INTRODUCTION

A synthetic aperture radar (SAR)array is achieved by suitably processing radar
echoes from a single mobile antenna moved along thelline of a hypethetical linear
array, resulting in beam sharpening and consequent fine resolution along a line
parallel to the array.

Focussing requires that the effective phase length between each of the

array elements and the target is the same. The total received signal from such a
target is the result of phase=coherent summing of the received signals from all

elements of the array. For a fully=focussed SAR, linear along=track resolution is:

. D
x 4 °
independent of frequency and range [1], where D is the physical length of the
antenna.
Now consider the comparable case for the unfocussed SAR. Each element
of the synthetic array illuminates and receives a return signal from a target independent

of every other array element. Here linear along=track resolution is (for minimum

processing):
fx ~ [%‘ (AR)]]/Z

at slant range R and wavelength A [2].

For the unfocussed SAR, resolution in the along=track direction is dependent on
range and frequency. In this case, the coherent echoes are summed without compen=
sation for the phase shifts. This simplifies the processor but limits the maximum admis=
sable length of the synthesized antenna. This arises from the fact that the phase
difference of the received signals in the center and on the edges of the synthesized

aperture must not exceed 90 degrees [3], i.e.
L< (ar) 2

Unfocussed signal processing provides along=track resolution which is consider=
ably poorer than fully=focussed signal processing. Nevertheless for requirements in

sea-ice, soil-moisture, and snow imaging it may be adequate. One method of
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improving the image quality is to provide for multi-looks. That is, multiple
independent coherent looks are made of each cell, and these coherent looks are
non-coherently combined to provide a batter quality image.

As the real antenna is progressively moved along the line of @ hypothetical
linear array, there is a certain amount of overlapping of beam coverage. This over=
lapping permits multi=looks at a specified picture or target cell area, enabling

averaging to be done to give a better image and reduce speckle (Figure 1).
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Figure 1. System for two looks on a pixel. @

When processing synthetic-uperture radar data, all or part of the Doppler band=
width may be processed for resolution. If the total bandwidth is used for resclution,
the resultant processed signal contains all the information about the target which can
be obtained (assuming the system is linear). Therefore, a multi=look system can never
gather more information about any target than a one=look system having the same
bandwidth (when the system is linear).

If the bandwidth is divided into sections, several signals may be derived from
the total bandwidth, each of which when processed yields proportionately less resolu=
tion. Combining the multiple looks will result in a better-looking image than any
look itself because the speckled appearance of the picture will be improved.

The independent looks can also be obtained by processing different look angles
or different polarizations. The effect on the processor is to increase its complexity
by the number of looks. Thus, for four looks, the memory and arithmetic rate each
increase by a factor of four. If one Doppler filter is required for one look as in the
unfocussed processor, then four filters are required for four looks.

Two methods for the production of multiple looks, illustrated in Figure 2, are: Q



1. Filtering to form multiple bandwidth sections, with each section

processed coherently and the results detected and summed.

2, Processing for ultimate resolution and low=pass filtering detected out=

puts to the desired resolution.

Both methods give virtually identical results in terms of the quality of the
resulting image. However, preference is for method 1 which requires the least

amount of storage [4]. .

PARALLEL PARALLEL
PROCESSORS DETECTOHS
L4 °
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FILTER out
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PROCESSORS DE TECTORS
METHOO I: PARALLEL PRODUCTION OF MULTIPLE LOOKS
SIGNAL WIDEBAND DETICTOA LOW PaSS Y
@ IN PROCESSOR HILIEHING = ;31?“

METHOD 1) LOWPASS 1L TEAING OF THT OUTFUY

Figure 2. Two methods used for producing multi-looks.

The basic elements of a spaceborne SAR system are shown in Figure 3. Since

the unfocussed SAR processor is relatively simple, it is possible to use it as the on=

_ board system,
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5 ¥
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Figure 3. Basic radar block diagram.
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2.0 SAR SIGNAL PROCESSING

SAR systems employ signal processing to convert stored radar signals into fine=
resolution images. Signal processing in radar systems is analogous to modulation theory
in communication systems. Both fields continuously emphasize communicating a
maximum of information in a specified bandwidth and minimizing the effect of inter=
ference.

The fundamental aperture synthesis process is carried out by storing and sum-

ming reflected radar signals ocbserved at the sequence of positions,

(xl, Xor X3 esesecees xn)

Since the unfocussed SAR processing does not introduce a phase=shift factor,
it merely sums the signals over the length of the synthetic aperture. Summation of
the signals is limited to the first Fresnel zone if severe sidelobe degradation is to
be avoided.

All SAR systems provide the same target histories for processing (filtering).
Each method of processing offers a trade in the suitability of its final image to
satisfy user requirements against the engineering and economic requirement of a
SAR system,

Unfocussed SAR systems (i.e., those which do not require range=dependent
quadratic phase corrections) can be implemented using recirculating delay lines,
Doppler filters and other analogous networks.

Unfocussed SAR processing can also be described as " Zone Plate" processing
employing matched~filtering or reference functions which include only the first
Fresnel zone [5]. The use of modified reference functions gives rise to slightly
greater clutter levels and poorer along=track resolution but this is the trade=-off

leading to the design of simpler processors.

3.0 RECIRCULATING DELAY LINES

In this method, the various range elements are processed sequentially as a
signal circulates around a delay line and is added to the incoming signal .
This recirculation is continued until the signals in N cycles of the input

have been added together. Only signals having the proper period add up each
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Figure 4. Active comb filter.

time, while signals with different periods Jrift in and out of phase in the addition
process.

Consider a train of N pulses (see Figure 5) for which the first train pulse is
denoted by f_(1) and its Fourier transform by F_(w). Then the Fourier transform
F(w)of the pulse train through the comb filter in Figure 4 is given by:

- 2 (4=
Fw) = F {fp(t) KE (T ) + KD (2T ) +
. o okNTg (f-(N-l)rP)}

Fo(w) (1 + Ke WP 4 2 EJWTP +

cesces)

| = KN IWNTp

= Fp(w) -
i = Ke-jw'lp

£ ( e-ijTp/2 eijTp/Z - e-ijTp/Z e-jWNTP/Z-(KN-l) o JWNTp
o)~ TITR7Z W72 TR TR (o) o TP
F (w) 2]0-'|WNTP/2 sm(—z—L) 0( e ~jwNTp
2je ,pr/z sin (i}‘!) - (K1) ~iwTp

wNT
F(w) = Fp(w) [2] sin (!"TP-)-(K -l)eJ—Z—L] eLT_&w
=Wl S
[2jsin(-‘%e)-(K-l)eM2£] e T
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Figure 5. Train of N rf pulses.



-jw(N-1)T
Fw) = Fow) (2 sin (#512) - (KM = 1) {eos (M) -jsin(‘—"-'?j,lﬂ)}le”-ru

(2] sin (478) = (K = 1) {cos (58) = jsin () } ]

For K =1, the expression reduces to
in (WNTp/2 =i -1
Fw) = Fo(w) sn Ty 2] A )

a typical plot of which is shown in Figure 6 where

= ALT [sin(w=wo) AT/2 , sin (w+wo) A7/2
Fp = : [ﬂ?w\:w owa‘r/z & Slrzw\«; WZI)OAT/Z ] (2)

The filtering of o train of pulses is therefore called a comb~filter because
of the shape of the frequency spectrum of the signal.
The carrier frequency wo = T;,m where 'm' is an integer. The width of

the overriding envelope is ZA:i' and is related to the spectrum of a single pulse,
i.e., sin (w =wo) AT/2=0 or (w=wo) = -%F- when w is the value at the first

null of the single-pulse spectrum. The centers of the teeth of a comb are spaced
by Ti—" and have a width of 4n times the reciprocal of the total pulse-train length.

Flo)

2r
sl B \rp

e Width of spike = 27 /W7

T >\/(betwem peak and first zero)
\n\
\
A w
0

Figure 6. Fourier transform of pulse train.
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Expanding F(w) further we obtain ) }
=jw(N-1)Tp
F(w) = FP(W) [(KN'I) cos (%IE) - j(KN+l) sin (W—NZIB)] e

[(K-1) cos (3B) = j(K+1) sin (%32)] @)

A switch or inhibit gate as shown in Figure 4, limits the pulse train to N
pulses. The gates are usually used to clear the delay line after (N=1) recirculations
of the first pulse. By employing a feedback loop around the delay line with loop
gain K less than unity, we can do without the input or output gates. In fact, some
unfocussed SAR systems use this method and omit the switch, with the effective N
determined by the decay associated with the repeated passage of the signals through
the gain K.

Another effect of the feedback loop is to reduce the sidelobes. The teeth
sin x

of the comb filter have a shape if all pulses summed are weighted the same.




By adjusting the amplifier gain K in the feedback loop for less than unity, this
shape can be changed to achieve any of the standard weighting functions and
resulting passband shapes. Hence to optimize integrator performance, the value
of K, loop gain must be optimized. [4]

|
3 K, f
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Figure 7. Weighting function for feedback loop
gain K.

To demonstrate the effect on a SAR system, equations (1) and (3) were
plotted using SAR specificatians and illustrated on Figure 8. The computer print=
out results are in Appendix A.

Advantages in recirculating delay line processors include the need for no
physical range gating since target range is determined by the time of appecrance
of echo pulses at Doppler outputs. The comb filter has a set of passbands spaced
by the same spacing as the Fourier components of the received pulse. This permits
narrow-band Doppler filtering while retaining the wide~band characteristics of the
pulse train necesicry to retain range resolution.

Disadv: nta- .clude the necessity for stringent requirements on loop gain,
bandwidth, delay 1ime, and spurious responses.

If the delay line is implemented by a sampled-data system using either an
analog or a digital shift register, the delay is established by the clock driving the
register, which can be made very accurate. The use of a digital system clso
eliminates the loop=-gain stability problem.

4,0 DOPPLER FILTZRS AND RANGE GATES

The infusion of digital techniques into radar processing in recent years is
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well known. In replacing conventional analog circuits with small and reliable
digital storage devices, significant improvements such as size, weight, power and
reliability have been made possible.

The alternative method to recirculating systems is the use of sampling systems
at a clock frequency, fr. The sampling rate must be high enough to aveid aliasing
and is usually at the pulse repetition frequency (PRF) of the radar. This method also
depends on range gates, with a sample per range gate. Figure 9 illustrates a schematic

of a simple unfocussed processor.
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Figure 9. Unfocussed sampling processor.

The IF echo signal is distributed to the several range gates where it is sampled
at least once per pulse width and converted to a digital word. N samples correspond-
ing to the coherent integration time or desired array length are summed together in a
register which is controlled by the master clock. The register, therefore, only stores
the sampled signal and adds a new sample for each pulse signal per range gate.

Figure 10 illustrates the processor using 1 and Q channels for a zero-IF
configuration. The advantage of this unfocussed processor is that it requires no
multiplications at all for the single channel range gate and only output multiplica=-
tions for I and Q channels. - This is possible because of the recent advances in
A/D conversion rates and the rapid decrease in the cost of digital storage.

To make a map, multiple range cells are required. When multiple range
gates are processed similarly, an azimuth line is formed. The map is formed with
successive azimuth lines laid side by side. Each azimuth line is like a sample of
the synthetic array pattern. For multiple looks, replications of the system according
to the number of looks will be needed with different local oscillator frequencies to

ORIGINAL PAGE I8
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Figure 10, Digital I and Q SAR processor multiple
range gate, single filter.

point the beam. [7]
In the above system, since each range gate does its own A/D conversion, the @

conversion can be carried out at a slow rate although a fast sample-and-hold unit

is still required. If we use a single fast A/D unit before distribution, its output
must go into a fast buffer for each range gate as shown in Figure 11. However, this
buffer store could use fewer bits than the main register, and summing could be done
still slower. The buffer memory that operates on a First=in, First-out mode is the

most cost-effective way to interface two systems with different data rates.

1 . FiysT s | Fas: | Weign <l S"‘WN-«; -
@i B R
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e . 3 |
R
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Figure 11. Fast A/D convertor before range gating .

of processor.
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The range gate distributor can be designed according to the schematic in
Figure 12. Here the sampled signal is clocked serially to the left. When the retum
from a zero range target is in the left=most storage location, the sampling clock is
stopped, and the contents of the distributor are transferred in parallel to the output
fast buffer stores, thereby sorting the radar return into range bins.

non ot Close Renge Tonk at Long Renge
o

8

i .
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Ty oy CI T D . T I )
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SEREREEEE
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Figure 12, Schematic of the Operation of a‘ RGF. The video
retumn is sampled as shown, and the samples are clocked into
the RGF. The man at close range results in a large signal at
V, and the tank at longer range results in a large signal ot Ve

A common criterion for optimization is to find a weighting function which
will provide a minimum main-lobe widening for a specified side-lobe level. Proper
amplitude weighting of the received pulse train can improve the signal =to=clutter
ratio in many situations. Some examples of weighting are the Taylor, Cosine,
Hamming functions.

In summary, sampled-data systems depend on range gating first whereas the
comb~-filter techniques do the inverse and Doppler filter on the complete signal
and then separate the range cells.

To illustrate the advantage of the unfocussed multi-look SAR processor from
a hardware aspect, let us consider the following example which compares it with a
focussed system using a fast Fourier transform (FFT) processor.

The SAR system has the following parameters:

Altitude of spacecraft 435 km

Ground velocity 7.2 km/sec
ORIGINAT, P
AG
POQ o1
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Wavelength 0.063 meters

Swath 138 km
Bandwidth 4.8 kHz
Aperture length 3 meters
Look angle -l
Number of looks 4

Let us assume a cross—track resolution of 150 meters. Then for a swath of

138 km, we obtain the required number of range bins = 920.

Assume that a word of information can be represented by 5 bits, then the

distributor shift register must be able to handle 5 x 920 = 6400 bits.

For an unfocussed multi=look system, hardware and power consumption fis

listed as follows:

Quantity Item Power
1 A/D Convertor 8.33 watts
2 Digital shift register, 6 MHz, 2x123 yw =
AM 2F 25 246 pw
920 Buffer memories CMQOS MC14014 920 x 63 nw
57.96 uw
1840 Summing Registers (I and Q) 1840 x 1 pw =
CMOS MC14008AL 1840 pw
Sub - total 8.332 watts
for 4 looks = total 33.328 watts

For FFT focussed processor, hardware and power consumption is listed as follows:

BT = 1.268 x 4.8 x 10™ = 6090

G = number of sub=apertures, D/2 per pixel = 11295 =100

Number of pulses per sub-aperture = %— = 60.9.

For FFT, no. of pulses must be an integer of 2

Nearest multiple of 2™ is for m = 6 where N = 26 = 64.

Memory size, including corner turning is = % x 64 x 920 x 5 = 368 k bits.

16



’ Quantity Item Power

1 A/D Convertor 8.33 watts
100 ns, Datel ADC~UH63
2 Digitai Shift Register 2x123 yw =
6 MHz, AM 2825 246 uw
368 RAM Intersil CMOS IM6508A~1 368 x 10° x 9.8 x 107
(plus corner=turning memory) =3.6 watts
920 x 4 Adder /Subtractor register 3680 x 1 uw
CMOS MC14008AL 3.68 mw
920 x 4 Multiplier 3680 x 100 nw =
CMOS MC14554AL 0.360 mw
Total 12.0 watts

It is interesting to note that the application of a CCD transversal filter for an
image processor [8] could provide a power consumption of a similar order of magnitude:
(7 watts for 10 km swath width with 50 m resolution from an altitude of 800 km) as

' the unfocussed processor.

5.0 CONCLUSION

Unfocussed signal processing produces images with considerably poorer along=
track resolution than fully or partially focussed systems. However, the unfocussed
signal processor is very much simplified enabling a reduction in hardware for the system
so that it can be placed on-board the aircraft or spacecraft.

This advantage also enables the reduction of the required telemetry channel
capacity and the ground-based processing facilities significantly.

It is necessary that multi-looks be applied to unfocussed signal processing to
provide an image which can be useable. This is at the expense of additional
hardware, however.

Since the azimuthal resolution v for a fully focussed system is related to the

total Doppler bandwidth, it is possible to provide more coverage per orbit by

employing unfocussed systems at the sacrifice of azimuthal resolution. This in
addition to multi~looks may provide the necessary parameters for a mission which
. does not require high resolution.
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APPELDIX A

SAR SPECIFICATIONS: PRF = 7.2 kHz. ; Afg = 26 Hz.

Therefore: N, number of pulses = PRF = 277
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