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Valley Forge Research Center is designing a high resolution narrow angle of
view imaging radar system. It will employ an airborne synthetic aperture of
600 meters operating at X-band to produce a beamwidth of approximately 0.05
ar. This system differs from a conventional SAR in that only a smaller num—
ber of wavefront samples, spaced randomly over the aperture are processed,
and adaptive beamforming with open loop scanning is used. As a result, the
processing requirements are reduced to within the capability of present day
small computer technology, and the tolerance on flight path stability is
loosened by about 100:1. The system will be described and initial analysis
and evaluation results will be preseated.

INTRODUCTION

The system design to be described is a product of the ongoing research pro—
gram to study the application of the theory of large, random, adaptive arrays
to the implementation of high resolution airbornme ground surveillance radars.
This design combines adaptive beamforming and synthetic aperture techniques
to provide a 100-fold improvement in the resolution capability of a helicop-
ter radar system. The assumed helicopter radar has a beamwidth of about 5
milliradians; the high resolution system will sharpen the beamwidth to 0.05
milliradians. This increased resolution will be provided over only a limited
field of view as this high resolution system is designed to be used in a man-
ner analogous to a telephoto lens. The conventional radar will be used to
identify a small region of interest, perhaps 5 mr in angular extent and a few
hundred meters in depth; at the assumed range of about 60 km this target area
would be about 300m on a side. The high resolution 0.05 mr array pattern

will be scanned over this region providing a resolution cell 3 meters wide.
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- The depth of the resolution cell will be determined by the range gate of the
radar and is assumed to be about 1l5m. It is advantageous to limit the angu-
lar extent of the area of high resclution imsging (scanning) since this per-
mits much greater uncertainty ic the position of the radar platform without
losg of resolution. Also, if pipeline processing is used, the amount of data
to be stored will be greatly reduced, since for the parameters assumed above
there would be only about 100 resolution cells in the azimuthal direction and
about 20 range bins in depth.

High resolution imaging requires that the effective aparture of the receiving
anﬁennn is very large; 0.05 milliradian beaswidth demands an aperture size of
about 20,000 wavelengths. This corresponds to a physical dimension of 600
meters (about 2,000 £t) if the system is operating at X-band (a wavelength of
approximately 3 centimeters) [l1]. The system uses a single helicopter which
moves along a path to construct the large array sequentially. When the small
area to be imaged has been selected, the helicopter will maneuver so that its
position is coincident with a line determined by a prepositioned cooperative
corner reflector and the target region. The cormer reflector will serve as
an aiming point for adaptive focusing of the array.

The use of a corner reflector for adaptive beamforming results in major dif-
ferences between this adaptive synthetic aperture radar (ASAR) and a conven-
tional SAR system. Adaptive beamforming will be accomplished by cophasing
the corner reflector returns as measured at each of the sample points of the
array v place the peak of the main lobe of the array's receive pattern in
the direction of the corner reflector. Adaptive beamforming thus permits
forming a beam without knowledge of the positions of the sample points of

the array. The aiming point reflector must be readily identified in spite of
the normal ground clutter; comsequently, this "corner reflector" might be im-
plemented as a high power transponder beacon or perhaps a coded retrodirec-
tive array offering a large time-bandwiith product. Once the helicopter has
established its posf“ion along the line determined by the aiming point and
the target region, 1. will move horizontally in a direction perpendicular to
this line, sampling the signal returns from the target region as it is il-
luminated by the helicopter radar. The samples of the target wavefront will
be collected at random intervals over the entire pathlength (600m at X-band).
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Random sampling permits thinning the array to reduce the amount of data re-
quired to image the target region. The collected target wavefront data will
then be processed to yield an image of the target region. This will be ac-
complished by first organizing the array through adaptive beamforming on the
aiming point cormer reflector. Once the array pattern has been established
adaptively, phase shifts can be added to each of the wavefront samples to
shift the focus of the array from che cornmer reflector out to the target
range. Then sequences of phase shifts can be added to the wavefront samples
to scan the array beam over the target region. The last two operations re-
quire an approximate knowledge of the locations of the array sample points.
It is acsumed that this position determination will be supplied by a separate
independent system. It can be shown that the position data need not be pre-
cise; only the relative positions of the sample points are needed and accu-
racy on the order of 1 meter is adequate. An inertial navigation system can
provide this precision with ease.

BASIC SIGNAL PROCESSING CONCEPTS
The adaptive synthetic aperture system uses the adaptive beamforming corner

reflector to compensate for the motion induced effects of the helicopter.
Figure 1 shows the geometry which exists if a linear random array is focused
on a near field target. If the target is illuminated from the ith element,
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FIGURE 1. RANDOM ARRAY GEOMETRY
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the phase of the target return at that element relative to reference element
x is )
K\xg
R +—= (1)
2‘1 o Rb
The second term exhibits the quadratic phase variation required to focus the
array on a near field target.

The storage and processing requirements for digital computation in the case
of the ASAR are much less than those of the conventional SAR. A primary
source for this reduction is the use of random sampling to thin the array.
Random sampling is used to eliminate grating sidelobes and the sampled array
will be thinned to a high degree. The number of samples taken along the 600m
flight path will be approximately 1,000; this number of samples implies an
average sidelobe level of approximately -30 dB [2]. Thus if the wavelength
is assumed to be about 3 centimeters, then on the average, samples will be
taken every 20 wavelengths, and the array is thinned below that of a filled
array by a factor on the order of 40 to 1. At each sample point, three types
of information will be stored, the phase of the transmitted pulse, the return
from the corner reflector and the values from the 20 target range bias. 1If
quadrature coapohents are stored for 22 range bins for each of the 1,000 sam-
ple points, a maximum of 44,000 words of memory would be required. This
amount of storage would permit off-line processing; however, the memory re-
quirements can be reduced still further making real time processing practical
for the ASAR.

The required multiplication rate for the ASAR would be similar to that of the
conventional SAR if it were necessary to complete the processing during a
single interpulse period; however since the ASAR array is highly thinned, ad-
ditional time is available for processing. For example, if a helicopter tra-
verses a 600m path at 50 m/s while collecting 1000 samples of the target
wavefront, the average interval between samples would be about 12 miliisec-
onds. A fraction of this time might be required for sweep integiation or
other processing, but on the average an interval of about 10 ms is available
for processing. If the processing is accomplished while the data are being
collected, the data memory could be reduced to 2000 words, one for each reso-
lution element in the target image (100 azimuth cells x 20 range bins). The
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processing and memory requirements for the sampled random array are quite
conpatibie with modern small computer technology; the same can not be said
for the SAR technique.

Thus there are important differences between the conventional SAR and tl.
ASAR. The conventional synthetic aperture approach uses the quadratic pinase
history ariaing from the doppler shift to compress the target signal in azi-
muthal beamwidth. The ASAR array described herein will compensate the sig-
nal to remove the doppler offset so that the target and the array can be
treated as stationary. Furthermore in the case of this randomly sampled ar-
ray, the number of samples is kept small compared to a usual synthetic aper-
ture array. The ASAR array will beamform adaptively on the signal return
from a corner reflector. The use of this technique greatly increases the
tolerance permitted on the uwt ertainty in the position of the sampling points.
It will be shown later that the uncertainty in sample point position can be
as much as 20A. The helicopter motion need nmot be regular, and the system
can tolerate relatively large position errors. The characteristic is in
sharp contrast to an SAR approach where it is desired to hold phase errors to
less than 1 radian and preferably less than 1/10 radian [3].

The number of corner reflectors required will depend upon how rapidly the
high resolution image must be constructed. Figure 2 shows a typical airborne
surveillance situation. The area of surveillance is assumed to extend over a
sector 120° wide by 30 km in depth. N corner reflectors will be placed on
the accessible side of the surveillance area boundary. The conveutional low
resolution helicopter radar will be used to identify a small target regiom to
be scanned with the high resolution array pattern. The helicopter will then
move from its initial point O to point A to place a convenient corner reflec-
tor, reflector i, in the vertical plane defined by the helicopter and the
center of the target region. If it is assumed that the N corner reflectors
are evenly spaced and that the helicopter has a reasonable top speed of per-—
haps 50 m/s, the number of reflectors required to limit the maximum time re-
quired to move the helicopter to an imaging point is readily computed since
the greatest helicopter movement will be a distance equal to 1/2 the segment

BC. The length of the arc segment BC at the maximum distance is
3

w60 x10'm 27 . 125km
BC =N *3 ‘=N (2)
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fhe time required for the helicopter to move the maximum required distance on

the other side of the surveillance area boundary at 50 m/s is

3
- 125 1 _1.25 x10
tA _ZF'km X Souls N seconds (3)

Thus if four corner reflectors are used, about 5 minutes would be required
for the initial positioning of the helicopter in the worst case. It should
be noted that knowledge of the exact position of the reflector is not re-
quired for beamforming. Thus the use of adaptive beamforming via a cornmer
reflector need not be a large disadvantage if the required rate of imaging
is low.

The details of the system will be developed by counsidering the simplest case
where helicopter motion 18 ignored and it is assumed that both the corner re-
flector and the target are in the far field of the array. The subsequent
section will consider the corrections required to focus the array winrfa the

target'region is in the near field of the array, and the effects of heli-
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copter motion.

FAR FIELD SYSTEM
Figure 2 shows typical geometry. Initially it will be assumed that the heli-

copter is stationary at each of the sample points; consequently no doppler
correction will be required. It will also be assumed for the initial discus-
sion that the corner reflector and the target region are both located in the
far field of the array. (Both of these restrictions will be removed after

the basic system description has been dev. .oped.)

It is assumed that the helicopter wili move from point to point along its
flight path as indicated in Figure 3. At each of the sample points, for ex-
ample, point i, the helicopter will transmit a number of pulses that will il-

luminate the corner reflector and then at a later time the target region.

?\3\ SAMPLE
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o
FIGURE 3. PHASE RELATIONSHIPS, FAR FIELD

The first return of interest received by the radar set at point i will be a
return from the corner reflector. This return will be phase detected against
a local reference signal. The return from the corner reflector 6 as mea-

CRL
sured against a local stable reference is

ecm-em«repc-eoi+zei (4)
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m.otnmphuotmmudpuhouhunmmucnufu-
m.e,eueMpuuuMMbypmmtm from the transuitter to the
coraer ufhcm!aql return, aad 20i - .Pc wod 2v. The phase detectioan pro-
ceas will not be semsitive to intesral vavelengths, aund Opc may be replaced
by 20,. . The phase of the return from the corner reflector can be expressed as
the sum of the phase delay from the element to a planar wavefront from the
far field reflector, 01. and the transaitted phase °01 (see Figure 3).

At a slightly later time the signal vetura from the target region will be
compared ‘against the same local phase reference. The phgse of this return is
given by (5)

hsndmtmmptm-ou-

+0 +0c-6

°o 1 pT + 20

+0_+aZs (5)

of i

°pr = propagation phase for the target signal

Thic equatioun is 3imilar to (4) except that (5) also contains a quantity 6 c
which represents phase drift which might occur in the phase reference against
vhich incoming signals are measured during the time between the receptiom of
the return from the cormer reflector and the detection of the retura from the
target region. For the geometry shown in Figure 2, the difference in propa~-
gation time between the cornmer reflector and the target will result in a max-
ieum delay of approximatcly 200 microseconds. If wve demand that the oscilla-
tor stability ian the receiver system be such that meximum phase error is on
the order of 10°, then as indicated by (6) the stability required of the re-
ceiver LO (the most critical of the phase determining components) will be on
the order of 1 part in 108.

Af_f - ((1/36) czlgle“mgsecl =1.38 x 10~° (6)
107" Hz

Assuming X-band operation (f = 1010 Hz)

This is a severe requirement but not beyond the capability of present-day
hardware. The stability required of the lower frequency portions of the sys-
tem, for example IF detection reference sources, will be substantially less
due to the lower operating frequency.

It is apparent from (4) and (5) that if the error signal 6. is small, then
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the iaforustion exists in the phase msasurement of the returns from the cor-
aer reflector to permit cophasing the targst returams at least in the far
field cass. umummmmwmoduwnc
from pulss to pulse, consequeatly it would not be possible to combine succes-
sive phase returns from the target region for the purpose of sweep integra-
tion wnless a correction is made for this fluctuation. This correction can
be accomplished by storing ooiaulcqu'ingit against the corner reflector
return. Upon reception of the return from the corner reflector, the trans-
mitted phase will be subtracted to cbtaim the quantity 291. The sawe correc-
tion would be performad om the target return phase msasurement, thus the
traasnitted pluse wriaticn is removed amd successive returns from the target
region cam be sdded for sweep integratiom and the reduction of noise compo-
seats.

In susmary, three phase quantities will be measured at each sample point.
The first is the transaitter phase. This informstion will provide a refer-
ence phase correction to permit combining successive returns from the target
region. The second quantity to be measured will be the return from the beam—
forming in the direction of the cormer reflector; and since the position of
the helicopter has been deliberately chosen to place the cormer reflector in
the direction of the target region, a beam can be formed in the direction of
the desired angle of view. The third set of dats to be recorded will be re-
turns from the target region. The number of pieces of information to be re-
corded will depend upon the desired number of range bins. It has been
assumed as typical that the range gate duration will be approximately 100
nanogeconds corresponding to a two-way propagation distance of 50 ft. Then
approximately 20 range bins will be required to cover tne target region depth
of about 30C meters.

When these three sets of information have been collected from all of the sam-
ple points, it will be possible to beamform and scan over the target region
assuming only that the approximate locations of the sampling points are known.
The precision required on the determination of the position of the sampling
points is low. Since the maximum scan angle required of the array will be of
the order of 5 milliradians, the uncertainty in the sampl!=2 point positions
can be high; the 5 nillitadia'n scan angle implies that scanning can be accom-
plished even with an uncertainty in element position, on the order of 20
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wvavelengths [4]). A 20 wvavelength uncertainty at X-band corresponds to about
0.6 maters. Position determimatioa to this accurecy can be obtained from a
varisty of distance or position determining equipments. The most desirable
would probably be an inertial navigation system since this would permit self-
contained operation within the helicopter system. It should be noted that
the position determination is particularly nonrestrictive since absolute val-
ues are not required. Umnly the relative position of the helicopter at each
of the sampling points will be stored along with the phase data. The amount
of memory required might be reduced if the sequential array is comstructed as
the data are collected. That ig, there are only 2000 resolution cells in the
target region (100 azimuth cells x 20 range bins), if the processing can be
- parformed in e pipeline fashion it would not be necessary to store more than
ome word per resolutiom cell. This type of operation would fnvolve the fol-
lowing operations at each sample point. The first step would require sub-
traction of the phage of the transmitted pulse from the target returns
followed by beamforming as the data are collected by using the corrected cor-
ner reflector phase. This phase could be subtracted from the corresponding
target values, i.e., a new array of numbers identified only by the element
aumber and range gate position would be constructed. Open loop scanning
would result in a final array of numbers identified by azimuth and range.

NEAR-FIELD CORRECTIONS

Several additional considerations arise from study of the near-field model.
These include the necessity for increasing the beamwidth of the transmitter
antenna and for refocusing the array. As shown in Figure 2 the target region
is assumed to be about 300 meters on a side. The flight path required for
the generation of the array is approximately 600 meters. Consequently the
center of a 5 mr transmit antenna beam from the helicopter will swveep over a
transverse distance of 600 meters at the maximum target range, and the target
region will not be uniformly illuminated for all positions along the flight
path. It will be necessary to increase the beamwidth by a factor on the or-
der of 4 to 1; a beamwidth of 20 milliradians would have cross-section at a
distance of 60 km of 1200 meters. This beamwidth will be adequate to illumi-
nate the target region continuously and uniformly as the helicopter moves.

A focused array will be required. The far-field boundary as given by (7) is
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located approximstely 12,000 kilometers awav from the array [5].

2
Far Field Boundary * %T-- 12 x 106-

L = array extent = 600m, A = 3 cm for X-band )

Consequently the target region will be in the extreme near field. Also, the
depth of field will not be great emough to achieve simultaneous focus on the
target region and the corner reflector. The depth of field as given by (8)
is approximaiely 525 me’ rs at a distance of 30 km from the 600 meter array
operating at a 3 centimeter wavelength [6].

P
Depth of field = 7A (E‘l)2 = 525a (8)

Po = 30 km, helicopter to beacon
L = 600m, array extent
A = 3 cm wavelength

It will be necessary to refocus the array after beamforming by adding phase
corrections to the data received at the sequential sampiing poiats.

HELICOPTER MOTION

The pext topic to be considered in this description of the high resulution

imaging radar system is the effect of helicopter motion. Fortunately, the
corner reflector provides a means of compensating for the , :se change aris-
ing from radial motion of the helicopter, that is if the transmitted phase is
compared with the phase return from the corner reflector, an indication of
the pathlength between the helicopter and the corner reflector is obtained.
Comparing this length on a pulse-to-pulse basis will permit generating a his-~
tory of the motion of the helicopter in the radial direction with respect to
the corner reflector. This measurement of pathlength change can be used to
correct the measured phase of the returns from the target region. The phase
shifts due to the helicopter's radial motion can be predicted if the rate of
movement is not so large that the helicopter can move an ambiguous number of
wavelengths during an interpulse period. If we assume a pulse rate of 1 KHz,
then the motion of the helicopter must be such that it moves less than 1/2 of
the assumed wavelength of 3 centimeters in the interpulse period of 1 milli-

second. This corresponds to a maximum radial velocity on the order of 15 me-
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ters per second.

CONCLUSION

An adaptive SAR system has been described which may be used with a helicopter
radar to provide high resolution imaging over a limited target region (e.g.,
appr -ximately 300m on a side at 60 km). Array organization will be accom—
21iviied by adaptive beamforming on a corner reflector in the direction of the
tay’,2at region. Since the cormer reflector is nearby relative to the target,
refocusing after beamforming will be required. The array will be formed se-
ysutially by moving the helicopter and sampling at random intervals. Random
sanpling is used to permit data reduction through array thinning while pre-
veat ng grating sidelobes. Approximately 103 sample points will be recorded
ales. ; a 600 meter flight patn. These data will be used to construct an image
by adaptive beamforming and then open loop scanning. Since the maximum scan
angl: will be about 5 mr, the element position uncertainty can be high, e.g.,
207. This thin, random adaptive array offers several advantages over a con-
ventional SAR approach. First, the amount of storage required for realistic
processing rate. is much lower, (at least 10:1) and the processing rates are
v ‘thin the capability of modern small computer technology. Secondly, the op-
eration of a conventional SAR is much more sensitive to motion uncertainties
ot the platform, i.e., 100:1. These advantages arise because the ASAR array
is highly thinned relative to a filled array (40:1), and the use of adaptive
beamforuing on # .orner reflector permits greatly increased uncertainty in
sampl ing point positions.
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