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(71)  We, HUGHES AIRCRAFT COM-
" PANY, a company organised and existing under
" the laws of the State of Delaware, United States
of America, having a principal place of business

5 at Centinela and Teale Street, Culver City, State

of California, United States of America, do

“ hereby declare the invention, for which we pray

that a patent may be granted to us, and the
method by which it is to be performed, to be

10 particularly described in and by the following

statement:— :
_ This invention relates generally to synthetic
array mapping processors, and more particu-

- larly to a radar telescope for providing high re-

15 solution imagery of relatively large areas at
" ghort rémges.

In synthetic array mapping, radar data
received from selected range resolution ele-
~ments within an illuminating beam is period-

20 ically sampled as the antenna is moved along a

. flight path. This data is then electronically

“=H focused to simulate the physical focus (narrow
azimuth beam width) of an anténna having a
length approximately equal to the flight path

... 25 segment over which the synthetic array was
formed. Basically, the electronic focusing in-

7 volves amplitude weighting and phase adjust-
ment of a séquence of range gated radar returns
to cause the returns from a particular patch of

-~ 30 ground to be accentuated while those from
other contiguous ground patches are attenu-
ated. Due to aircraft motion during the time re-
quired to collect the data, a phase history is im-
pressed on the returns from each target; and for

35 these returns to add in phase requires that

... phase compensation be applied thereto.

R One processing technique, sometimes
referred to as “batch” processing, applies a
phase adjustment which “tracks out” the dop-

40 pler frequency of the center point of the map
.. area, Filter banks, responsive to the doppler fre-
. 41 quency differential across the target area, are '
1" thenutilized to provide signals indicative of the
w - radar reflectivity characteristics of the mapped
45 area.
: Another processing technique, sometimes
. referred to as “line-by-line” processing, accom-
7 plishes the required phase correction by apply-

" ing the proper phase adjustments to a sequence

50 of range gated radar returns so that they focus
¥ on aparticular ground point. The sequence is
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then advanced one range resolution élement ac-
ross the aircraft track (range dimension) and
the proper phase adjusiments reapplied. This
process is repeated until all range elements 55
across the swath have been operated upon, at
which time the sequence starts back at the first
range element and advances one azimuth ele-
ment along the aircraft track (azimuth dimen-
sion). In some applications parallel processing 60
channels are used so that the different azimuth
elements are processed simultaneously for each
range interval. ' -
A significant advantage of “batch’ process-.
ing is that it is particularly well adapted to dig- --65
ital implementations; and with innovations such
as the Fast Fourier Transforms techaiques
(sometimes referred to as the “Cooley-Tukey
algorithm”) the number of mathematical opes-
ations required to generate & block of Nazi- 70
muth resolution elements is reduced from N2,
for line-by-lirie processing to 2N log , N for the
batch processing technique. Batch processors
have, however, several disadvantages—particu-
larly for reconnaissance applications. One of 75
these is related to the geometry of batch pro-
cessing inasmuch as for reasonably simple
mechanizations, the angular and not the azi-
muth resolution is constant across a block of
data. For this reason the block of data tends to 80
have a keystone shape which makes it very dif- ~
ficult to generate a composite map by fitting
separate blocks together; and the additional dis-
play processing caused thereBy increases the *
complexity of “batch” type processor systemhs. 85
1t is an object of the invention to provide an
improved method and apparatus for processing
radar data to yield high resolution synthetic
array imagery. - , }
In accordance with the invention thereis . 90
provided a system for processing lower resolu- -
tion radar data received from a selected area of
a surface illuminated by a radar beam during a’
plurality of subarray flight path segments so as
to produce high resolution synthetic array data, 95
said system comprising: ' ‘
first processor means for adjusting the rela-
tive time delay and phase of the radar data
received during each subarray flight path seg-
ment and for summing the résultant signals 100
associated with the same resolution cell in said &
area to consecutively provide sets of imagery ~~
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data, with each set corresponding to the same
group of substantially rectangularly oriented re-
solution cells but derived from radar data from
different subarray flight path segments; and
second processor means for filter processing
the data of corresponding resolution cells from
each of said sets of imagery data to produce a
subset of higher resolution synthetic array imag-
ery data for each resolution cell, with each sub-

10 set corresponding to a plurality of resolution

elements.

In order that the invention may be clearly
understood and readily carried into effect, em-
bodiments thereof will now be described, by

15 way of example with reference to the accom-

panying drawings in which like reference char-
acters refer to like or similar parts and in
which:—

Figs. 1, 1a, 2 and 3 fllustrate the flight

20 path—terrain relationship of the data processed |

by one preferred embodiment of the invention,
operating in a radar telescope mode;

Fig. 4 is a block diagram of a radar map-
ping system which includes a synthetic array

25 processor in accordance with the invention;

Fig. 5 is a block diagram of a presum unit
suitable for incorporation into the system of
Fig. 4;

Fig. 6 is a block diagram of one preferred

30 embodiment of a synthetic array processor in
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accordance with the invention:

Fig. 7 is a more detailed block diagram of
one channel of the processor of Fig. 6;

Fig. 8 is a diagram of flight path-terrain geo-
metry useful for explaining the method of com-
putating focusing coefficients for the processor
of Figs. 6 and 7;and

Figs. 9a, 9b and 9c are timing diagrams help-
ful for explaining the operation of the proces-
sor of Figs. 6 and 7.

As shown in Fig. 1, an aircraft 10 is assumed
to fly a straight line flight path 12, and an ant-
enna 14 illuminates a section of terrain which
includes an area 16 to be mapped. Received sig-
nals reflected from discrete scatterers within
the real antenna beam 18 are periodically sam-
pled at range intervals corresponding to area 16.
The synthetic array processor in accordance
with the invention, electronically focuses the
received radar data to simulate the physical
focus (narrow azimuth beam width) of an an-
tenna which approaches the length of the flight
path over which the synthetic array is formed.

The required phase corrections associated
with the data forming a synthetic array com-
pensate for two-way range (R) variations, such
as illustrated in Fig. 2. These range variations
include a quadratic term approximately equal
to twice the distance between straight-line
flight path 12, and a theoretical semicircular
constant range path (arc) 19 centered on a
given ground point scatterer 21. The magnitude
of the As shown in Fig. 2 depicts the one-way
range variation and have been exaggerated to
better illustrate the variation over the array

length. For a given point along the flight path,
the required phase correction (in radians) re-
sulting from the two-way path length variation
is ¢ where: ¢=%’ -2A=4}%A ; where Ais the

radiated wavelength. For purposes of explan-
ation, A may be approximated as A= C? ;

where C is the distance along the flight path
measured relative to the array center and R is
the range to a given point scatterer when the
illuminating beam is broadside thereto. A dif-
ferent point scatterer displaced in azimuth,
such as point 23, would have a constant range
semicircular path (not shown) slightly displaced
from arc 19;and hence the required phase
corrections would be slightly different.

Hereinabove were discussed two techniques
for applying the proper phase correction to the
received radar data, i.e. the “line-by-line” and
the “batch” processing techniques. A signifi-
cant aspect of the subject invention is the
method whereby the advantages of each of
these two techniques are realized while their
respective limitations are minimized.

In the interest of clarity, a relatively simple
example for the radar telescope mode of oper-
ation of the invention has been illustrated in
Figs. 1, 1a and 3. The area 16 (Fig. 1) to be
mapped is approximately rectangular in shape
with its shortest side being approximately
3,000 feet long and the total array length (L)
in Fig. 3 is composed of 12 subarrays, indicated
by reference numeral 24—each of length L .

12
Data gathered along each subarray is processed
by a line-by-line technique to form a low azi-
muth resolution map for each subarray. For
example, the map of Figure 1 could comprise
48 blocks, such as 26, with each block having
a 60 foot azimuth resolution and containing
600 (5 feet resolution) cells in the range dimen-
sion, such as cell 31. One such low resolution
map is formed for each subarray flight path
segment, such as 24 of Figure 3. For the selec-
ted example, twelve maps are formed in a time
sequence to provide twelve angle diversity co-
herent “looks” at the target area. The resultant
data for corresponding points from each of the
low resolution maps (corresponding azimuth
block and range cell) are processed to form
twelve, 5 foot azimuth resolution cells, such as
cell 28 of Figure 1a, for each of the blocks.

Thus the data from a plurality of said sub-
array flight path segments, comprising a total
array length L, is used to produce the imagery
data for one high resolution map. Hence, data
for one high resolution map is formed from the
data accumulated over all of the subarray flight
path segments, which are equal in total to the
array length L.

The term high resolution is used to distin-
guish the data resulting from an entire array
flight path L from the “low resolution” data
resulting from a single subarray flight path seg-
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ment 24. Thus the azimuth resolution of the

low resolution map from each subarray 24 is

60 feet as stated above, while the azimuth re-
solution for the map produced from the data
from the entire array length L is 5 feet.

Figure 3 depicts three of the 48 low azimuth
resolution blocks, sometimes hereinafter re-
ferred to as columns of resolution blocks, 26a,
26b, and 26¢ in greater detail, Each of these
low azimuth resolution blocks are further
broken down into a plurality of subblocks in
the range dimension. The significance of the
range dimension subgrouping is related to the
phase variation of the received signals as a func-
tion of the swath width (across track dimen-
sion). In high resolution mapping applications
compensation for this phenomena must be ap-
plied at periodic range intervals defined by the
allowable defocusing effect assigned to this

 error contributor. Such range intervals are
sometimes referred to as the system’s “depth of

focus”, which for example could be 500 feet. It
can be shown that adequate focusing is ob-
tained a distance z = 2d* /A away from the
range of best focus. For d =5 ft.,A=0.1 ft.,
the depth of focus is 2Z = 1000 ft. In the illust-
rated embodiment the length of the range sub-
blocks are selected to be approximately equal
to the system’s depth of focus. For the map-
ping situation of Fig. 1, there would be six such
500 foot range subblocks in each azimuth re-
solution block. Only three such range subblocks
are shown for each azimuth block in Fig. 3 to
preserve the clarity of the drawing.

As will be explained in detail hereinafter, the

center, such as 27a of each of the sub-

blocks is controlled to lie along parallel lines so
that the total area covered by the subblocks
approximates a square, not a keystone. Also the
azimuth pointing direction of the individual
subblocks is programmed as a function of the

~ position of the aircraft along the array. Hence,
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the log azimuth resolution maps may be formed
such that the 48 azimuth by 6 range subblocks
form a square 3,000 feet on a side with little
distortion. .

Referring now primarily to Fig. 4,a syn-
chronization and control unit 50 applies syn-
chronizing pulses to a conventional coherent
pulse transmitter 52 which in response thereto
provides coherent output pulses of RF energy
54 (see waveform 56 of Fig. 9a). Synchroni-
zation and control devices suitable for unit 50
are well known in the art and may be mechan-
ized, for example, by a high frequency stable
master oscillator and associated circuitry (not
shown) for multiplying the oscillator’s fre-
quency to provide RF signals required by trans-
mitter 52 and local oscillator unit 62. Addition-
ally the unit 50 may include circuitry for
counting down the frequency of the master os-
cillator to the pulse repetition frequency
(PRF); and circuitry for producing range gate
pulses in response to control signals from an
atray center computer 34.

The RF output pulses from transmitter 52
are applied through a duplexer 58 to antenna
14 from whence they are radiated as illuminat-
ing beam 18 (Fig. 1). Antenna 14 is positioned
in response to antenna control unit 36, which
in turn is controlled by computer 34, such that
the illuminating beam 18 is centered on the
area to be mapped.

The reflected energy received from scatterers
within antennna pattern 18 is applied from an-
tenna 14 through duplexer 58 to mixer 60. The
RF reference signal applied from L.O. unit 62
varies as a function of the relative position of
the aircraft so as to maintain the relative phase
of the signal received from the center of the
mapped area constant — i.e., the doppler fre-
quency of the center of the-beam is “tracked
out”. The tracking of the phase history of the
center of the beam may be performed by sev-
eral techniques one of which is illustrated int
Fig. 4. As there shown, computer 34 computes

the doppler frequency of the beam center from

the flight geometry and antenna coordinates;
and controls a voltage controlled oscillator 63
such that the frequency of the signal from the
beam center is maintained constant at the out-
put of mixer 60. L.O. unit 62 may, for example,
comprise a mixer (not shown) for forming the
signal (f; — 30Mhz) + fy where : (f¢ — 30Mhz)
is the transmitted frequency less the IF fre- ‘
quency, applied from unit 50; and ft is the dop~ -
pler frequency at the center of the beam, ap-
plied from voltage controlled oscillator 63.

Also, computer 34 computes the minimum and
maximum ranges, on each range sweep (PRF
interval), which encompass the area to be map-
ped — i.e. the range intervals of area 16 of Fig.

1. These maximum/minimum range values are
applied to synchronization and control unit 50
which in turn provides range gate signals (“shift
in” control signals) on an output lead 74, and
“shift out” control signals on an output lead

90. The relative timing of the “shift in” and
“shift out” control signals for several PRF in-
tervals are shown in waveforms 40 and 42, res-
pectively, of Fig. 9a. The change in the range of.
gating signals 44 during the &djacent PRF inter-
vals have been exaggerated to illustrate the _
point that the relative range of these signalsis -
programmed by computer 34 so that data from
the area to be mapped is sampled as the aircraft
moves along the array path.

The output signals from mixer 60 phase
compensated to the center of the array are ap-
plied to, and amplified by, an IF amplifier 64;
and are then phase detected in a phase detector 68
against an IF reference signat applied on a lead
66. The IF reference signal is also produced by
synchronization and control unit 50 as a func-
tion of the basic frequency reference of the sys-
tem. If the input signal to detector 68 is repre-
sented by a vector of amplitude A with a phase
B relative to the phase of reference signal 66 -
(arbitrarily established as phase standard), then *
the output signal therefrom may be represented

70

75

80

85

95

100

105

110

115

—

20

125

130



by the quantity A cos B which is sometimes

hereinafter designated “I” for in-phase video.
Similarly, the signal from amplifier 64 is

also applied to a quadrature phase detector 70;

5 and the signal 66, after being phased shifted 90
degrees by a phase shifter 72, is applied as.the
reference thereto. Hence, the output signal of
phase detector 70 is translated 90 degrees from
that of detector 68 and may be represented by

10 the quantity A sin B — which quantity is some-
times hereinafter designated “Q” for quadra-
ture video. :

As mentioned above, the range interval to
be mapped is determined by the “shift-in-con-

I5 trol” signal applied on lead 74 from synchroni-
zation and control unit 50. These pulses are ap-
plied to and control the sampling operation of
analog to digital (A/D) converters 77 and 78,
as well as the operation of buffer storage units

20 80 and 82. The minimum/maximum range gates
may be mechanized by a counter (not shown)
which controls a flip-flop circuit (not shown)
such that the flip-flop is set when the counter
counts a number of master oscillator pulses,

25 as determined by computer 34, corresponding
to the start of the mapped area. The flip-flop
is reset when a second count, also determined
by computer 34, corresponding to the end of
the mapped area has been reached. The shift-

30 in-control signal may then be formed by com-.
bining the minimum/maximum range gate sig-
nal with sampling clock pulses. The repetition
frequency of the clock pulses is determined by
the desired range resolution, i.e., the length of

35 the individual range zones or segments to be
processed, (5 feet in the illustrated embodi-
ment). Upon the application of the shift-in-
control signals analog-to-digital converter units
77 and 78 sample the inphase and quadrature

40 video signals applied from detectors 68 and 70
respectively. Units 77 and 78 convert the video
signals to digital words of the desired precision,
e.g. each word could comprise 8 bits including
a sign bit..

45 The digital words representative of the value
of the inphase and quadrature signals are ap-
plied from the converter units on composite
leads 79 and 81 to buffer storage units 80 and
82, respectively. Relative to Fig. 4, the term

50 “composite lead” means that, although a separ-
ate lead for each data bit is utilized, for the
sake of clarity of the drawing only one lead per
data channel is shown. It will be understood
that in the discussion of the digital circuits

55 hereinafter presented that composite leads are
employed where appropriate. It should also be
noted that, by appropriate data reformating, the
parallel bit readout could be converted into a
high speed serial bit readout so that only one

"60 wire could be utilized. However, such high
speeds are rarely practical in high resolution
processors. . , . -

The inphase and quadrature binary data
words are shifted out of the buffer units 80 and

65 82 to presum units 84 and 86 on composite .

leads 88 and 91 respectively. The buffer and
presum units are controlled in response to
“shift out™ control signals (waveform 42 of
Fig. 9a) applied on a lead 90 from the syn-
chronization and control unit 50.

. A mechanization suitable for presum units
84 and 86 is shown in Fig. 5 and will be ex-
plained relative to unit 84. The digital data
words are shifted out of buffer storage unit 80
on lead 88 and are applied to a first input cir-
cuit of a summer 94, the output circuit of
which is coupled to a switch 96. The switch 96
has a first output circuit coupled on a lead 98
to a second buffer storage unit 51 and a second

output circuit coupled to a presum register 102.

The output signal of presum register 102 is ap-
plied to the second input circuit of summer 94,
The operation of units 84 and 86 may be

explained in terms of the example of Fig. 3,

and arbitrarily selected system parameters. For .

a PRF of 800, a range resolution of 5 feet and

a presum ratio of 4 to 1, 600 range samples are

fed to buffer units 80 and 82 in 6.1u sec., every
_1_ ofasec. The buffer units 80 and 82 will
800 :

read out the stored samples during the inter-
pulse period (1250—6.1u sec.) in response to
the shift out control signals. The presum ratio
is chosen so that approximately one sequence
of 600 output pulses enters the processor 100
each d feet of aircraft travel. For an azimuth
resolution of d = S feet and an aircraft speed of
900 ft./sec., a presum ratio of about 4 to 1 is
appropriate. For this presum ratio the switch
96 (Fig. 5) connects the output of the summer
94 to the 600 word presum register 102 for
three consecutive transmission pulse intervals;
and connects the summer output circuit to the
input of second buffer unit 51 during the
fourth interpulse interval. This sequence is re-
peated every four transmission periods. Hence,
the data from buffer units 80 and 82 is read
into buffer units 51 and 53, respectively, at a
rate equal to one-fourth the transmission rep-
etition frequency. Hence, the function per-
formed by the presummers is to process the re-
ceived data to provide the unfocused sum of a
number of consecutive returns associated with
each range interval, so as to reduce the pro-
cessing rate required by processor 100.

Buffer units 51 and 53 receive the bursts
(600 words per burst) of data (inphase and
quadrature) during a 1250y sec. interval every
5 milliseconds and applies this data on leads
1041 and 104Q, respectively, to the 48 channels
(Fig. 6) of processor 100 at a uniform rate
over the 5 millisecond interval (see Fig. 9b).
Buffer units 51 and 53 are contralled by pro-
cessor clock pulses, synchronized to the system
of Fig. 4, applied on lead 71 from-synchroniza-

, tion and. control unit 50.

One preferred embodiment of processor 100

- is shown in a simplified block diagram form in

Fig. 6 as comprising 48 parallel processing
channels. Each channel includes an arithmetic
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unit 110 and a filter unit 112, In Fig. 6, the
arithmetic and filter units associated with chan-
nel one are designated 110-1 and 112-1, re-
_ spectively; and the elements of the other chan-
S nels are correspondingly assigned a channel
identification number following the element
reference numeral. The operation and mech-
anization of each of the processing channels are
identical, with each channel providing output
signals to a display unit 114. The output signals
from each of the channels define the high azi-
muth resolution characteristics of one azimuth
block 26 (Fig. 1). Considering channel one, for
example, during each one of the 12 subarray
15 flight segments (see waveform 103 of Fig. 9¢),
100 presum input data bursts of 600 words
(range cells) per burst at a repetition rate of
200 bursts per second are applied thereto, in
¢ parallel with the other 47 processing channels.
20 It is recalled that the presum input video signals
have been range and phase corrected to the
center 38 of mapped area 16 by the shift in
control signals and the local oscillator reference
signals, respectively, under the control of com-
.25 puter 34 (Figure 4). Unit 110 provides the
' necessary range correction to cause the center
of the subblocks, such as 27a shown in Figure
3, to lie on straight lines rather than on a cord
% - of a constant range circle. Since the input data
30 is range correlated to the center of the map
area, only one range correction is required by
unit 110 for each channel, for each of the sub-
array segments.
Unit 110 also applies the appropriate phase
‘i35 correction to each input data word (range cell);
‘ and accumulates the phase corrected signals for
- - each range cell during subsequent input signal
.. bursts of each subarray to provide focused out-
~ put signals for each of the range cells, some-
times hereinafter referred to as resolution cells.
These output signals represent the value of the
signals received during the subarray period from
each range bin focused on the center of the cor-
responding 60 foot azimuth resolution block
‘45 (26 of Figure 1). Hence, in the disclosed em-
" bodiment during each subarray period units
< 110 of the 48 parallel processing channels pro-
vide focused output signals for 48 columns of
" resolution cells in the azimuth dimension, and
*50 600 rows of resolution cells in the range di-
mension; and as is explained above and as
shown in Figure 3, these resolution cells are
substantially rectangularly oriented. At the end
of each subarray time period 600 output words
-..55 from each azimuth processing channel, some-
times hereinafter collectively referred to asa
set of imagery data, are provided from arith-
metic unit 110 and applied to filter unit 112.
Each of these words are indicative of the
B0 characteristics of a mapped area 60 feet in azi-
muth and 5 feet in range resolution. Filter unit
112 stores, processes, and stores the residues of
the processed signals from corresponding re-
solution cells (same azimuth and range location)
;65 from each low resolution maps sequentially

10

formed during each of the 12 subarrays. At the
end of the total array (subarray number 12
having been completed) the filter bank 112 pro-
vides output signals defining the high resolution
map — such as resolution elements 28 of Figure
1a. Each of the 48 processing channels provide
12 output signals, sometimes hereinafter collec-
tively referred to as a subset of high resolution
synthetic array imagery data, for each of the
600 range resolution cells. Hence, 48 X 12 X
600 output signals indicative of the map charac-
teristics of the illuminated ground atea are pro-
vided to display unit 114. Unit 114 displays the
mapped area with 5 foot resolution in both
range and azimuth and without noticéable
“keystone” problems. ’ i
One of the processing channels of Figure 6
is shown in greater details in Figure 7. As there
shown, the input data to the processor 100
(inphase and quadrature) is applied'on compo-

~3

0

85

site lead 104 to an interpolator 116, sometimes

hereinafter referred to as “delay means”, which
comprises a shift register 118 and a switching
network 120. Shift register 118 may, for ex-
ample, be eight words in length. Switching net-
work 120 includes the necessary switching and
logic circuits for coupling a selected one of the
output taps of the shift register to a multiplic-
and input terminal of a complex multiplier

unit 122, in response to a digital code applied
to the switching network from a coefficent
storage unit 124. Interpolator 116 provides the
necessary range corrections, sometimes herein-
after referred to as “relative time delay”, for
each of the 12 subarraysto place the center of -
each subblock (Figure 3) on a straight line
rather than on a circle of constant range. There-
fore, 12 values of range coefficients () must
be stored in the coefficient storage unit 124. '
These values may be computed by a computer’

95

[y

00

- 105

126 from parameters of the flight geometry " -

supplied from auxiliary systems (not shown)
and/or from information manually entered

into computer 126. It is noted that both the
inphase and quadrature components of the sig-
nals are processed by unit 100, although only a
single processing path is shown in Figs. 6 and

7 in order to maintain the clarity of the draw-
ings. It is understood that all digital units are
appropriate complex devices for performing the
indicated operations on the inphase and quad-
rature signal components. For example, where
the data words applied through switching net-
work 120 are designated x and the desired co-
efficient multipliers by the complex number A,
the complex multiplication Ax applies the
appropriate phase correctios and amplitude
scaling of the input data signals to provide the
desired focusing and “sidelobe” levels of the

synthetic subarray. This complex muftiplication _

function may be more clearly visualized by re- -
calling that the product of two complex num-
bers, A] +jAQ and Dy +jDQ, is (A1 D1 - AQ

DQ) +j (AQ Dy + D[ AQ) where Dy and D(j are

the inphase and quadrature component terms

110

115

120

—

25

130



10

15

20

30

35

45

50

55

60

v +* UVUJ LU0 A

of the data words and Af and AQ) are the in-
phase and quadrature terms of the complex
multipliers. (A} D1 - AQ DQ) and (AQ Dy + Aj
DQ) are the inphase and quadrature terms res-
pectively of the complex product of these two
complex numbers. Means for mechanizing the
above product terms are known in the art —
such as those illustrated in copending apphi-
cation Serial No. 73,470, filed September 18,
1970, by Frederick C. Williams, entitled “Poly-
phase Encoding-Decoding System”, and as-
signed to the assignee of the subject appli-
cation.

The output signal from multiplier 122 is
combined with the signal at the output of shift
register 128 in a summation unit 130 and the
resultant sum signal is normally applied threugh
a switching circuit 132 to the input of shift
register 128, ,

The shift register 128, sometimes hereinafter
referred to as a serial data storage device, which
may be 600 wozrds in length, functions to store
the partial sum for each of the 600 range cells
as each range cell, for the azimuth block associ-
ated with the channel, is focused during a sub-
array time period. For each of the subblocks,
such as block 29 of Figure 3, the same focusing
coefficient is applied to each input data burst.
For the parameters presented above, the total
time to fly 12 subarrays is 6 seconds, and the
time of a single subarray is T/12 = 0.5 seconds.
At an input data rate of 200 presumed video
bursts per second, there are 100 data bursts,
each containing 600 words (each word associ-
ated with a range resolution cell) for each sub-
array.

After range interpolation within unit 116,
the data from one subarray is multiplied by a
100 constants (A) as a function of phase focus-
ing from an azimuth point of view. To compen-
sate for the depth of focus considerations the
coefficients A also are a function of the range
subblock being processed. Hence, the coeffici-
ents to multiplier 122 are designated Ap.f
where first subscript identifies the number of
the presumed data burst, and the second sub-
script identifies the range subblock. For ex-
ample, for the 100 bursts of data associated
with any particular subarray these are 100 co-
efficients associated with the respective bursts
sequences for the first range subblock;a new
set of 100 coefficients associated with the
second range subblock, etc., for a total of 600
focusing coefficients per subarray.

The 600 partial sums for each 60 foot azi-
muth block (each processing channel) are
stored in shift register 128 and are circulated
through the summation circuit 100 times dur-
ing the formation of a subarray. These signals
correspond to 3,000 feet of range coverage at 5
feet range resolution.

With reference to Fig. 8, the difference
(6R) between the distance from the center of
the synthetic array to the center of the mapped

65 area 16 (Ro, 0), and the distance from the

points vt along the synthetic array to a point
located at a distance (x, y), away from the
center of the area being mapped can be written
to terms of the third order as:

6R~ 1, 32R02y+R0x2— X2y - vt [2xRg
2

Sin 6 - X2Cosf - 2xy Sin6] - v? t? [ySin?6
2
+2x Cos 0]% (1)

The inphase and quadrature terms for multi-
plier coefficients A are Cos §¢ and Sin § ¢,
respectively; where § ¢ is equal to 473R/A.
These multiplication values are computed for
each (R, 8) corresponding to the center of the
synthetic array (at 6 second intervals); for each
x value (the center of each azimuth block, 48
values); and y value, (each subblock in the
range dimension, 6 values) for each presumed
data burst (200 burst per second — 600 words
per burst). Programming computer 126 for this
computation could include incrementing in x,
y and t and double incrementing to obtain x?
and t? — techniques which are well known in
the computer programming art.

At the end of the first subarray, the signals
from summation circuit 130 are indicative of
the low azimuth resolution map (60 foot re-
solution) for the azimuth block associated with
a particular channel. Means for processing this
data and the data generated during the subse-
quent subarrays, to form the high resolution
map (see Fig. 1a) will now be considered.
Again, referring primarily to Fig. 7, at the end
of the first subarray (the 100th data burst for
the selected parameters) switch 132 applies the
output data from summation circuit 130
through a switch 134 to a shift register 136, in-
stead of returning this data to shift register 128.
At this time, at the end of a subarray, the low
resolution map had been formed by the phase
rotation and accumulation operations per-
formed within multiplication unit 122, shift
register 128 and summation circuit 130. This
data is further processed and stored, and com-
bined with data from subsequent subarrays to
provide the high resolution map.

During the second subarray (the first filter
processing time Py of Fig. 9¢) the low azimuth
resolution data formed during the first subarray
and stored in the 600 stages (one for each range
resolution element) of shift register 136 is cir-
culated 12 times. During each circulation the
proper multiplier values (B) are applied from a
coefficient storage unit 138 to a complex multi-
plier unit 140. The output signals from multi-
plier 140 are used for digital frequency syn-
thesis of the corresponding portions of the high
azimuth resolution maps from the 12 sequen-
tially formed low azimuth resolution maps.
During each of the 12 recirculations of shift
register 136, the proper phase rotation and am-
plitude weighting (complex multiplication by
B) is applied to the data and it is then coupled
through a summation unit 142 to a memory
device 144.
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The memory device 144 which may be of
the random access memory type, has its ad-
dressing format programmed such that during
the second subarray (first filter processing

5 period P1) 12 phase shifted values (multiplied
by different B values) for each range resolution
cell are stored within the memory. During the

 following subarray (filter processing period P2)
the twelve stored value for each of the resol-

10 ution.cells are sequentially retrieved from the
memory and summed in summation circuit 142
with data from a corresponding resolution cell
and circulation cycles to form first residue sig-
nals. These first residues are then stored in

15 memory 144 and during the following subarray
time period (period P3) are sequentially
retrieved and combined with data from a cor-
responding resolution cell and circulation cycle
from subarray 3 to form second residue signals.

20  The above just described process mechanizes
by a Fourier Transform technique, the equiva-
lent of a bank of equally spaced adjacent digital
filters, which encompass the doppler frequen-

. cies defining the different ¢ells (28 of Fig. 1a)

25 for the high resolution map. For example, con-
sidering the first range resolution cell of a low
resolution azimuth block such as block 26
(Fig. 1),if X (k) fork equalt0 1,2,3, ... N,
is the value of the low resolution signal formed

30 during each of the N subarray time periods

then: N .
Y§?=k§ X 00809 2N

is the value of the ith filter output si%nal, where
ialsoisequall,2,3,...N.g (k) ei2nik/Nig
the B multiplication coefficient of multiplier
140 discussed above. The term g (k) is an ampli-
tude weighting function which may be included
in each of the multiplication operations to ob-
tain the desired response shape for the filter
bank outputs. For example gk could be of a
truncated gaussian shape centered at the center
subarray data point.

Therefore, on the last twelve circulations of
the data in register 136 following subarray
number 12 (filter processing period P12), out-
put signals, indicative of the high azimuth re-
_solution cells (28 of Fig. 1a), are formed in
summation circuit 142. These signals may be
stored in memory 144 as well as applied on a
‘output lead 146 to display unit 114 (Fig. 6).
For the selected parameters, there will be 12
output signals for each of the 600 range resolu-
tion cells for each of the processing channels.
Hence, data defining 600 x 48 (channels) x 12
individual resolution cells, each 5 feet by 5 feet
are stored in the memory 144 and/or applied
to the display unit 114. The multiplication co-
efficients applied to multiplier 140 from co-

60 efficient storage unit 138 could be precom-
puted and manually entered in unit 138 or pre-
ferably they may be computed by computer
126 in accordance with Equation (2). These B
coefficients applied to multiplier 140 consist

65 of 144 values (12 circulations of each of the
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12 subarrays) for each of the range subblocks
and they are common to all 48 parallel process
ing channels. :
To summarize the operation of the processor
of Fig. 7, interpolator 116 is controlled by
computer 126 (7 coefficients) so as to cause the
centers of the resolution subblocks (FIG. 3) to
lie on a straight line rather than along a cord of
a circle of constant range. The line-by-line pro-
cessing portion of each channel, such as units
122, 130, 132 and 128, form a low azimuth re-
solution map for each of the 600 range cells of -
the associated low azimuth resolution block.
The digital frequency synthesis portion of the
processor channel shown in Fig. 7, such as
units 134, 136, 140, 142 and 144, respond to
the data from corresponding parts of the low
azimuth resolution maps formed during each of
the subarrays to provide a high resolution map.
The timing sequence of the operation of pro-
cessor 100 will now be explained by outlining
the steps in the formation of one high resolu-
tion map. The multiplier coefficients applied to
complex multiplier unit 122 are expressed as
Ap.f where the first subscript identifies the data
burst number (1 through 1200) and the second
subscript the range subblock (1 through 6). The
received data from interpolator 116 is desig- -
nated xp.; where the first subscript is the burst
number and the second subscript corresponds
to the range cell (1 through 600). The data
pulses of the first burst (600 range gated
returns from the first transmission period) are
focused and amplitude weighted within multi-
plier 122, and the output signals therefrom may
be written in a time sequence as:
A1 X1.1, A1-1 X1.2 - - - A1-1 X1-100 Al
X1-101 - - - A1-6 X1-600 :
It is noted that every 100 range intervals the
value of the multiplier coefficients are changed
to correct for the depth of focus effects dis-
cussed previously. This sequence of signals is
applied from multiplier 122 by means of switch
132 to shift register 128. On the second input
data burst, multiplier 122 provides output signals
A2.1X2.1, A2-1 X2.2 . . . A2-1 X2.100, A22
X2-101 - - - A2-6 X2-600 ;
These signals are combined in summation cir-
cuit 130 with the signals stored in shift register
128 and the sum thereof are applied through
switch 132 to shift register 128. At the end of
the second data burst the signals stored in shift
register 128 are:
A1.1 X1-1, Al 1512 -A1-1+X1-1oo,

+ ] .. H
1A2.1 2.1, A2-1 X22. . [A2-1 X2-100,

A121X1-101- - -A1-6 X1-600
+ +

A2.2:%2-101, A2-6 %2600

X100-100> A100-2 X100-101 - - - A100-6
On the 100th burst, the output of multiplier
122 is a sequence of signals: -

A100-1 X100-1, A100-1 X100-2; - - - A100-1
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X100-100 A100-2 X100-101 - - - A1006
X100-600 .
and the output of summation circuit 130 on
burst 100 is:
X1-1, X1-2 - - - X1-100, X1-101 - - - X1-600
where the first subscript of the “X” define the
subarray; the second subscript the associated
range cell and the notation

100
10 X1y = = Apf xp.r. For example, the output

b=1

signal X1.1 from summation circuit 130 on the
first processing period (range cell) of the 100
burst is:

IS ﬁ1-1 X1-1 +A2.1X2-1 +A31 X3 +...

-1 X100-

100?1 !chel?(())oh burst which is the end of the
first subarray time period, switch 132 is oper-
ated to cause the data from the summation cir-

20 cuit 130 to be shifted into shift register 136
instead of into shift register 128. Hence, during
the 100th burst, shift register 128 is emptied.

In a similar manner, on burst 101 the output
signals from multiplier 122 are:

25 A101-1 X101-1, A101-1 X101-2, - - - Ai01-1
X101-100, A101-2 X101-101, - - -A101- 6
X101- 600;
and as described for the first subarray, the
partial sum of the focused data for each range

30 cell is accumulated during the second subarray
such that on the 200 burst the output of sum-
mation circuit 130 is:

X2-1,X22 .. . X2-100, X2-101 - - - X2- 600
Also on the 200th burst which is the end of the

35 second subarray time period, switch 132 is op-
erated to cause the data at the output of sum-
mation circuit 130 to be shifted into shift
register 136 instead of into shift register 128.

This just described operation is repeated for

40 every successive subarray such that on burst 1200

subblock. Hence the B coefficients may be
varied as a function of the range subblock, how-
ever, to clarify the explanation, this variable (B
as a function of R) is ignored in the following
analysis. During the first circulation of the data,
the terms:

B1.1 X1.1,B1.1 X12........ B1-1 X1-600

are formed and stored in memory 144. The first
subscript of the coefficient B identifies the sub-
array number; and the second subscript identi-
fies the filter number (also the circulation
cycle). On the second circulation of the data
(X1) formed during the first subarray, the
terms:

Bl-% X1.1,B12X12...... B1.2X1.600
are formed and stored in the memory 144. This
process continues until the 12th circulation
wherein terms:

- B1.12 X1, B1.12 X122+ ... . B1-12 X1-600

the output signals from summation circuit 130 are:

X121, X122 . - - X12-100, X12-101 - - -
X12- 600 :
Reference is now directed to the digital fre-
quency synthesis portion (units 134, 136, 138,
140, 142 and 144) of the processor channel
shown in Fig. 7. The following description ex-
plaining how effectively 12 filters are formed
for each of the 600 range intervals. On burst
100 the signals X are shifted into shift regis-
ter 136 and during burst 101 through 199
(filter processing time P1) these signals are re-
circulated 12 times in the loop which includes
switch 134 and register 136. The signals stored
in the register 136 represent the value of the re-
solution cells (600 range intervals) for the low
azimuth resolution map formed during the last
preceding subarray. During each circulation of
this data it is multiplied in multiplier 140 by a
60 different coefficient (B) as defined by Equation
2. Due to changes in the doppler frequency dif-
ferential across a low azimuth block (26) as a
function of range, it may be desirable to adjust
the g (k) weighting function to optimize cover-
65 age of the synthesized filter bank each range
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are formed and stored in memory 144.

On burst 200, switch 134 opens the “feed-
back” loop 135 around shift register 136.
During burst 200, the old data (from the first
subarray) is “dumped” and new data from the
second subarray: X2.1, X292 . . . X2.600, is
shifted into register 136 through switches 132
and 134. During burst 201 through 299 (filter
processing time P2), the new data associated
with subarray number 2 is circulated 12 times
in a manner similar to that explained above for
subarray number 1. However, now the data -
corresponding to each filter (circulation cycles),
for each range bit, that was stored in memory
144 during the last filter processing period is
recalled from memory 144 during the appro-
priate cycles such that the partial sums required
to produce the effect of 12 filters may be ac-
cumulated. For example, during the first circu-
lation of period P7 the terms
Bl-1+X1-1 B1-1+ 12..... B1-1+X1- 600

Ba.1 X2.1 B2-1 X22..... B2.1 X2-600

are formed and stored in memory 144. Con-
sidering the first term of Equation (15), the
quantity By.1 X1.1 was formed during the pro-
cessing period Pj and was recalled from mem-
ory after the term By X7.1 were formed by
multiplier 140 during the first processing step
of the first cycle of period P7. In a similar man-
ner the terms for each range cell of the data for
circulation 1 are formed as indicated by Equa-
tion (15) and similar type series of terms are
formed during circulations 2 through 12.
During circulation 12 the following sequence of
terms would be stored in memory 144:

B1-12+ X1-1B1 -12+X1-2 ----- B1-12+ X1-600

B2.12 X2.1 B2.12 X222 B2-12 X2- 600
Twelve partial sums for each of the 600

range cells are formed during each filter pro-
cessing time period in the same manner as just
outlined.. For example, during the time period
of burst 1201 to 1299 (filter processing period
P12), on the first circulation of register 136,
the terms:
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" Y11, Y12, Y120l Y1.600
are stored in memory 144. The term Y].1
would be the completed output signal for the
first filter of the first range cell in accordance
5 with Equation (2), and represents the value of
. one high resolution cell (5 feet resolution in
range and azimuth) of the completed map. The
term Y1.2 would represent the value associated
with the %n’st filter of the second range cell and
10 5o forth for the remaining range cells, with the
* term Yj. 00 being the value for the first azi-
muth high resolution cell and the range cell
600. In a like manner during subsequent circu-
lations the high resolution map is completed
5 term by term with the last series of term
- Y121, Y122, Y123 - . .- .. Y12-600
completing the map. The term Y]7.1 is the
value of the 12th filter (azimuth resolution cell)
for the first range cell.

Thus there has been described a new and
efficient method and apparatus for processing
radar data to provide high resolution synthetic

array data in a format readily adapted for dis-
A play.
25 WHAT WE CLAIM IS:—
1. A system for processing lower resolution
radar data received from a selected area of a
surface illuminated by a radar beam during a
< plurality of subarray flight path segments so as
.30 to produce higher resolution synthetic array
data, said system comprising:

first processor means for adjusting the rela-
tive time delay and phase of the radar data
received during each subarray flight path seg-
ment and for summing the resultant signals as-
‘sociated with the same resolution cell in said
area to consecutively provide sets of imagery
data, with each set corresponding to the same
group of substantially rectangularly oriented re-
40 golution cells but derived from radar data from

. different subarray flight path segments; and
second processor means for filter processing
the data of corresponding resolution cells from
', each of said sets of imagery data to produce a
45 subset of higher resolution synthetic array im-
" agery data for each resolution cell, with each
" ‘'subset corresponding to a plurality of resolu-
tion elements.
2. A processor as claimed in Claim 1 where-
50 in said selected group of resolution cells has col-
" umns of resolution cells approximately parallel
to a first axis and rows of resolution cells ap-
. proximately parallel to a second substantially
~ orthogonal axis, and said first processor means
35 includes a plurality of first parallel processing
", channels equal in number to the number of said
* columns, with each channel providing the im-
agery data for a different one of said columns
and including:

delay means for delaying the received radar
data as a function of the subarray flight path
segment of the radar data being processed;

first multiplier means coupled to said delay
- means for phase and amplitude adjusting the
-85 output signals therefrom as a function of the

20

X

60

motion along said flight path of the source of
said radar beam; thereby electronically focus-
ing the received radar data at the approximate
center of the associated column;

" and

accumulator-circulator means for sequen-
tially forming from the data of each subarray
flight path segment the sum of the phase-ampli-
tude adjusted data for each-cell in the agsoci-
ated column, to provide said imagery data for
the resolution cells of said associated column.

3. A processor as claimed in Claim 2 where-
in said second processor mearts includes a plu- -
rality of second parallel processing channels
with each second parallel progessing channel

coupled to a different one of said first parallel -

processing channels and including:
second multiplier means coupled to the

accumulator- circulator means of the associated .
first parallel processing channel for multiplying:

the applied imagery data for the resolution cells

70
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of the associated column by a plurality of com-

plex coefficients to produce a plurality of pro-
duct signals; and

means for summing selected groups of said
product signals associated with all of the sub- -

arrays, to provide said subset of high resolution’ -

synthetic array imagery data for each resolution

; cell.

4. A processor as claimed in Claim 3 where-
in said second multiplier means includes means
for circulating the imagery data for the associ-
ated column of resolution cells from each sub-
array flight path segment a number of times
equal to the number of subarray flight path
segments, and means for multiplying said data
during each circulation by a different complex
coefficient. '

5. A processor as claimed in Claim 4 where-
in said means for summing the product signals
includes means for forming and storing partial
sum signals during each circulation cycle, and
means for updating these stored partial sum sig-
nals as a function of the associated product sig-
nal for the same resolution cell formed during
the next circulation cycle. - A

6. A processor as claimed in Claim 1 further
comprising compensation means for adjusting
the frequency of the radar data so as to main-
tain the frequency of the data received from
the central portion of the illuminating beam
substantially constant.

7. A processor as claimed in Claim 2 where-
in a plurality of range sweeps of data are se-
quentially received each subarray flight path
segment, with each range sweep having a plural-
ity of range zones and each range zone being
associated with a different one of said rolls of
resolution cells, and wherein selected groups of
adjacent rolls of resolution cells define depth of
focus range subgrofips and said first multiplier
means includes multiplier coefficient control
means for varying the phase and amplitude ad-
justments as a function of the range sweep and
range subgroup to cause the center of said range
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subgroups to be approximately linearly dis-
posed along said second axis.

8. A processor as claimed in Claim 7 where-
in said accumulator-circulation means includes:

a summation unit having a first input circuit
coupled to the output of said first multiplier
means, a second input circuit and an output
circuit;

first switching means having an input circuit
coupled to the output circuit of said summa-
tion unit and having first and second output
circuits, for coupling its input circuit to its first
output circuit during the processing of each of
said range sweeps except the last range sweep of
each subarray, and for coupling its input circuit
to its second output circuit during the process-
ing of said last range sweep of each subarray;

a first serial data storage device having an in-
put circuit coupled to the first output circuit
of said first switching means, and an output cir-
cuit coupled to said second input circuit of said
summation unit; and

means for coupling said second output cir-
cuit of said first switching means to said second
processor means; whereby the set of imaging
data of the associated channel for each subarray
flight path segment is accumulated in the loop
including said summation unit, said first switch-
ing means and the first serial data storage de-
vice, and the set of imagery data is then
coupled through the second output circuit of
said first switching means to said second pro-
Cessor means.

9. A processor as claimed in Claim 8 where-
in said second processor means includes a sec-
ond switching means having a first input circuit
coupled to the second output circuit of said
first switching means a second input circuit and
an output circuit, for coupling its first input
circuit to its output circuit during the time per-
iod data is applied to said second output circuit
of said first switching means and for coupling
its second input circuit to its output circuit
during other time periods;

a second data serial storage device having an
input circuit coupled to the output of said sec-
ond switching means and having an output cir-
cuit coupled to said second input circuit of said
second switching means;

control means coupled to said second data
serial storage device for causing the data applied
from said first switching means to be circulated
through said second data serial storage device
a number of times equal to the number of sub-
arrays;

second multiplier means for multiplying the
output signal of said second storage device dur-
ing each circulation by a different complex co-
efficient;

a second summation unit having a first input
circuit coupled to said second multiplier means,
a second input circuit and an output circuit;
and

storage means having an input circuit cou-
pled to the output of said second summation
unit, a first output circuit coupled to said sec-
ond input of said second summation unit and
a second output; whereby a plurality of partial
sum signals associated with each resolution
cell — complex coefficient combination is
stored by said storage means during each circu-
lation cycle and then updated as a function of
the signal of the corresponding combination
provided by said second multiplication means
during the next circulation period.

10. A processor as claimed in Claim 9 fur-
ther comprising a display device coupled to said
second output circuit of said storage means.

11. A system for processing radar data sub-
stantially as described herein with reference to
the accompanying drawings.

A.A. THORNTON & CO.
Chartered Patent Agents
Northumberland House
303/306 High Holborn
London W.C.1.
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