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(57) Abstract

An electronic system for processing sampled data input signals includes an electronic memory (20fiM) which stores
a set of preprocessed vectors V*(), Vo*(),...VN*( ), where () is a sampled data function, * is a convolution operator,
and V| through Vy are a finite set of N unprocessed vectors each of which represents an anticipated group of input signal
samples. After these preprocessed vectors are stored, input signals are processed in real time by (a) a circuit (20b) which
samples the input signal; (b) a circuit (20d) which compresses the sequence of samples that is taken into a smaller sequence
of index signals that correspond to the indexes 1 through N of the unprocessed vectors; (c) a circuit (20f) which receives
the smaller sequence of index signals and reads from the memory (M), those preprocessed vectors whose indexes match
the received index signals; and (d) a circuit (20h) which adds together the read preprocessed vectors while maintaining 2
predetermined offset between them as they are added.
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METHOD AND APPARATUS FOR PROCESSING SAMPLED DATA SIGNALS

BACKGROUND OF THE INVENTION
This invention, in general, relates to methods and

apparatus for processing sampled data signals; and more
particularly, it relates to ground mapping methods and
apparatus which are used in synthetic aperture radar.
Conventionally, to form a ground map via synthetic
aperture radar, an airplane flies over the ground that is
to be mapped and transmits a sequence of radar pulses at
the ground. Return radar signals £from the transmitted
pulses are sampled in the airplane; those samples are then
compressed in the airplane via various data compression
techniques; and the compressed data 1is then transmitted
from the airplane to a receiving station on the ground.
Alternatively, the original uncompressed samples are sent
to the ground station. Data compression is performed to
reduce the amount of information that needs to De
transmitted, and thereby reduce the Dbandwidth of the

transmission channel.
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If the compressed data is received in the ground
Station, it is then decompressed in order to reconstruct,
to close approximation, the original data samples. Then,
the reconstructed data samples, or the original samples if

‘sent in uncompressed form, are further pProcessed by fast

Fourier transform methods (FFT methods) angd inverse FFT
methods in order to produce the ground map. Alternatively,
the reconstructed data samples or original data samples are
convolved with a sampled data function in order to produce
the ground map.

A problem, however,' with these prior art mapping
Procedures is that they are very complicated, and thus very
slow to carry out. Particularly time-consuming are the
steps of processing the reconstructed or original data
samples via an FFT, inverse FFT, or convolution opération.
Such operations, when performed by a computer, require

scores of floating point multiplications and floating point
additions,

INTENTIONALLY LEFT BLANK

A more general object of the invention
is to provide a fast Yet simple method and apparatus for
processing a sampled data input signal of any source

BRIEF SUMMARY -

In accordance with one preferred method via the
present invention, visual images in a synthetic apertqte
radar system are formed by the following steps. Initially,
before any radar signals are sent, a finite set of
preprocessed vectors Vi*f(m,n), Vz*f(m,n),...vN*f(m.n) are
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stored in an electronic memory M. Here, Vi, Vj3,...Vy are
respective unprocessed vectors, each of which represents an
anticipated grdup of data samples from the radar return
signal; f(m,n) is a two-dimensional sampled data function
with variations in each of two dimensions as represented by
m and n; and * is a convolution operator.

Subsequently, a sequence of spaced apart radar
pulses is transmitted from a flying object; and a retumn
signal from the transmitted pulses 1is sampled. Those
return signal samples are ordered in an array; and - that
array is then compressed into a smaller array of indexes in
which each index 1 1identifies one of the unprocessed
vectors Vi, Va,...Vy. Thereafter, those preprocessed
vectors whose indexes i match the indexes in the array of
indexes are read from the memory M, and the read prepro-
cessed vectors are added together while maintaining a
predetermined offset between them as they are added.
Visual images are formed by sending the result of the
offset additions to a CRT display.

Thus with the disclosed method, no FFT operation
or convolution operation is performed in real time on any
radar return signal samples or their decompressed counter-
parts. In fact, no data decompression occurs at all, and
no multiplications occur at all. In the disclosed method,
only data compression and offset additions occur in real
time. Consequently, the return signal samples can readily

be processed as fast as they are accumulated.

BRIEF DESCRIPTION OF THE DRAWINGS
Various features and advantages of the invention
are described herein in conjunction with the accompanying

drawings wherein:
FIG. 1 shows an overview of a preferred method of
forming visual images in accordance with the invention;
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- FIG. 2 shows the details of a transmit and sample
step in the method of FIG. 1;

FIG. 3 shows the details of a8 sample array that is
formed during the method of FIG. 1;

FIG. 4 shows the details of the unprocessed
quantized vectors that are used in the method of FIG. 1;

FIG. 5 shows an index array that is generated in
the method of FIG,. 1;

FIG. 6 shows a convolution operation that occurs

just one time on the quantized vectors in the method of

FIG. 1;
FIG. 7 shows another convolution operation that
occurs just one time in the method of FIG. 1;

FIG. 8 shows an offset addition that occurs among
selected preprocessed vectors in the method of FIG. 1;

FIG. 9 shows an electronic system which carries
out the method of FIG. 1; and '

FIG. 10 shows a program of a computer in the FIG.
9 system.

DETAILED DESCRIPTION OF THE INVENTION

Referring now to FIG. l, an overview of a
preferred method for forming visual images via radar in
accordance with the invention will be described. Addi-

‘tional details of each step in the FIG. 1 method, as well

as apparatus for performing that methoed, will Subsequently
be described in conjunction with FIGs. 2-10.

Initially in the FIG. 1 method, a finite set of
preprocessed vectors Vi*f(m,n), Vz*f(m,n),...VN*f(m,n) are
stored in an electronic memory M. This step is indicated
by reference numerals 10a thru l0e. There, the symbols Vi
V2r+..Vy are respective unprocessed vectors, each of which
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represents a group of anticipated data samples, f(m,n) is a
two-dimensional sampled data function with variations in
each of two dimensions as represented by m and n, and * is
a convolution operator.

Forming and storing the preprocessed vectors
Vi*€(m,n),  Vy*£(m,n),...Vy*f(m,n) is performed just one
time. That step is done first in preparation for the
remaining steps of the FIG, 1 process. Additional details
on this forming and storing step 10a-10e, including a
specific example, are described herein in conjunction with
FIGs. 4, 6 and 7.

All the remaining steps of the FIG. 1 process are
indicated by reference numerals 20a thru 20i. To begin, a
sequence of spaced-apart radar pulses is transmitted from a
flying object such as an airplane or a satellite. This is
indicated by reference numeral 20a. Then, in the time
interval following each of the spaced-apart pulses, a
return signal is motion compensated, frequency shifﬁed, and
sampled multiple times. Each such sample can be a real or
complex number. Those samples of the return signal are
arranged in an array. All of this 1is indicated by
reference numeral 20b. Samples of the return signal from
one pulse make up one row of the array: samples of the
return signal from the next pulse make up the next row of
the array:; etc.

As the array of samples is accumulated, it is
converted into a smaller array of indexes in which each
index i identifies one of the unprocessed vectors Vi,
VoreeeVye This conversion step is called  vector
quantization.

During vector quantization, a group of adjacent
samples in the sample array is compared to each of the

unprocessed vectors Vi, V3se..VN-. This 1is done to
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determine which of the vectors Vir V2,...Vy most closely
matches the group of samples from the sample array.
Additional details of this Step are described herein in
conjunction with FIGs. 3, 4 and 5.

Once the most closely matching vector Vi is found,
its index i is utilized to read from the electronic memory
M that previously stored preprocessed vector V;*f(m,n)
which has the same index i. This step is indicated in FIG.
1 by reference numerals 20e, 20f, and 20g. One such
readout occﬁrs for each vector quantization operation that
occurs. '

. Then, to complete the FIG. 1 method, those
preprocessed vectors which are read from memory M are added
together in a predetermined fashion during which a certain
offset is maintained between them. This is indicated by
reference numeral 20i. Further details of this offset
addition step are described herein in conjunction with
FIGs. 8 thru 10. And, it is the result of this offset
addition which forms a visual image on a CRT screen.

Turning now to FIG. 2, additional details on the
transmit and sample steps of the FIG. 1 process will be
described. In FIG. 2, reference numerals 3la and 31b

‘indicate two of the Spaced-apart pulses that are trans-

25

mitted; and reference numerals 32a and 32b indicate the
corresponding samples that are taken of the retum signals.
Those pulses which are transmitted can have any

predetermined shape and repetition rate. For example, each

. transmitted pulse can be a modulated chirp of the form

30

given by Egq. 1 in FIG. 2. Suitably, the carrier frequency
£c is 9.35 GHz, the chirmp length is 2.7 microseconds; the
repetition rate is one chirp per 15 microseconds; and the
chirp rate is 33.33 megahertz per microsecond. Similarly,
the return signal can be sampled at any predetermined rate,
such as one sample every 10 nanoseconds.

i
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Considering next FIG. 3, it shows the details of
how the samples of the return signal are arranged in an
array. All of the samples 32a lie in the order in which
they were taken along the first row of the array; all of
the samples 32b lie in the order in which they were taken
aiong the second row of the array; etc. Each sample is a
real or imaginary number, and it is called a pixel. It
consists of a certain number of bits, such as eight, twelve
or sixteen.

Next, with reference to FIGs. 4 and 5, the details
of how the array of pixels in FIG. 3 is converted into a
smaller array of indexes i will be described. This conver-
sion step utilizes the unprocessed vectors Vi, Vj,...Vy as
shown in FIG. 4. And, FIG. 5 shows the array of indexes
which results from the conversion step.

In FIG. 4, each of the unprocessed vectors Vi,
Vo,...Vy consists of nine pixels which are arranged in a
3X3 array. And, all of the pixels in each unprocessed
vector Vi, V2,...Vy are preset to certain respective
values. In FIG. 4, each of the pixels A thru I of vector
vy is shown as having a value of Pl; each of the pixels A,
B, C of vector V, is shown as having a value of P2, while
the remaining pixels have a value of P3; etc. These values
to which the pixels in the unprocessed vectors are set
represent anticipated values for the actual return signal
samples.

To convert the pixel array of FIG. 3 into the
index array of FIG. 5, a 3X3 group of pixels Gl in the FIG.
3 array is compared to all of the unprocessed vectors Vi,
Vy,...Vy. This enables a determination to be made as to
which of the vectors Vj, Vj,...Vy most closely matches that
sample group Gl. Once that determination 1is made, the
index of the matching vector is placed in the FIG. 5 array
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at a location which corresponds to the location of the
sample group Gl in the FIG. 3 array. Then the comparison
Steps are repeated for another sample group.

For example, in the index array of FIG. 5, indexes
il, i2, i3 respectively correspond to sample groups Gl, G2,
G3 in FIG. 3. Also, index il is shown as having a value 2;
and that indicates that the unprocessed vector V; most
closely resembles the samples ip group Gl, Similarly,
index i2 is shown as having a value of 5 which indicates
that sample group G2 most Closely resembles vector Vg.

' Considering now FIGs. ¢ and 7, the detailed steps
for- forming the breprocessed vectors Vi*f(m,n) will bpe
described, Here, f(m,n) is assumed to be of the form
f1(m)£s(n). Initially, each row of vector Vi is convolved
with a sampled data function fy(m). This results in a new
vector as shown in FIG, 6. Then, each column of the FIG. ¢
vector is convolved with another sampled data function
£2(n); and the result is shown in F1G. 7,

Preferably, function £1(m) is the sampled impulse
response of a range filter. For éxample, when the trans-
mitted pulse is the modulated chirp of the form given by
Eq. 1 in FIG. 2, the corresponding range filter will have a
sampled impulse response as given by Egq. 2 of FIG. 6. Also
preferably, function £2(n) is a sampled impulse response of
an azimuth filter, One such azimuth filter sampled impulse
response is given by Eq. 3 in FIG. 7.

' Note that in Eq. 3, the sampled impulse response
£2(n) for the azimuth filter actually varies as a function
of the range index m. Consequently, the total number of
preconvolved FIG. 7 vectors which could be stored equals
the number of unprocessed vectors times the number of
sample points in the range filter, Preferably, however,
the total number of preconvolved FIG. 7 vectors which are
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actually stored is reduced by holding the azimuth filter
function constant at its average value over several values
of m. For example, in Eq. 3, m can be set equal to 25, 75,
125,... for all actual values of m between 1=-50, 51-100,
101-150,... respectively.

As FIG. 6 shows, the convolution step Vi*fj(m)
increases the number of columns in the unprocessed vector
Vi. If vector Vi has Xj columns and function f3(m) has Y¥j
sample points, then the convolved vector will have Xj+¥j-l
columns. Similarly, FIG. 7 shows that the convolution step
vi*[£1(m)£2(n)] increases the number of rows in the FIG. 6
result. If Vi*fl(m) has X, rows and function f3(n) has Y3
sample points, then the convolved vector Vi*[£1(m)E£2(n)]
will have Xp+Yy~-1l rows. Preferably, the number of sample
points in each of the functions f£;{m) and f3(n) is between
ten and one thousand.

Referring now to FIG. 8, it shows how the prepro-
cessed vectors V;j*f(m,n) which are read from memory M are
added together in an offset fashion. There, the symbols il
and i2 indicate the indexes which occur in row 3 column 4
and row 3 column 5 respectively of the index array of FIG.
5. Also, symbol Vji*f(m,n) indicates the preprocessed
vector in memory M which results from performing the
convolution steps of FIGs. 6 and 7 on the unprocessed
vector Vji. Similarly, symbol Vio*f(m,n) indicates the
preprocessed vector in memory M which results £from
performing the convolution steps of FIGs. 6 and 7 on the
unprocessed vector Vijz. ‘

With vectors Vjii*£(m,n) and Vj2*f(m,n) being in
offset alignment as shown in FIG. 8, an addition occurs
between the pixels which overlap each other. Thus, for
example, the pixel in row 1 column 4 of vector Vi1*€(m,n)
is added to the pixel of row 1 column 1 of vector
Vio*€(m,n). These two pixels are indicated by reference
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numeral 50, Similarly, the pixel of row 1 column 5 of
vector Vij1*f(m,n) is added to the pixel of row 1 column 2
of vector Vi *f(m,n). This is indicated by reference
numeral 51,

One such offset addition occurs for each of the
bPreprocessed vectors whose index is in the FIG. 5 index
array. Preferably, these additions occur in a left-to-
right sequence for all of the preprocessed vectors whose
indexes are in a single row of the FIG. s array; then the
additions continue for all the preprocessed vectors whose
indexes are in the next succeeding row; etc. By performihg
the offset additions in such a Seéquence, those pixels in
FIG., 8 which are indicated by reference numeral 60 will
become completely Drocessed; next, the pixels which are
indicated by reference numeral 61 will become completely
processed; etc. Thus the resulting visual image will grow
in size in an orderly sequence of three rows at a time.

A primary feature of the above described method is
that it significantly reduces the time and complexity in
producing visual images when compared to the prior art.
This improvement occurs because in the disclosed method, no
FFT operation or convolution operation is performed in real
time on the samples of the radar return signals or on any
decompressed radar return samples. 1In fact, no data decom-
pression occurs at all, and no multiplications occur at
all. In the disclosed method, only data compression and
offset additions occur in real time. Consequently, the
réturn signal samples can readily be processed as fast as
they are accumulated.

Next, referring to FIG. 9, the architecture of an
electronic systenm for p‘roducing visual images in real time
in accordance with the above method will be described. 1I-
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includes a digital computer 71, a memory 72, another
digital computer 73, another memory 74, an amplitude
detector 75, a CRT display 76, and the memory M in which
the preprocessed vectors V;i*f(m,n) are stored. All of
these modules are interconnected via data buses 76a-76g as
shown.

In operation, samples of the return signal are
sent on bus 76a to computer 71. That computer temporarily
stores the samples in memory 72, and it quantizes them into
an array of indexes as was described in conjunction with
FIG. 5. Those indexes il, i2,... are sent via bus 76c to
computer 73. In response, computer 73 reads the correspond-
ing preprocessed vectors Vjj*f(m,n), Vjp*f(m,n),... from
memory M, and it adds the read vectors together in
accordance with the offset addition of FIG. 8., Results of
that addition are sent via bus 76e to memory 74; and from
there, they are sent via bus 76f to the amplitude detector
75 and then to the CRT 75 for visual display.

A flow chart of the program which computer 73
executes in carrying out its above described task is shown
in FIG. 10. To begin, the program waits for a START signal
on bus 76c which indicates that the receipt of a sequence
of 1indexes is about to begin. Upon receipt of the START
signal, a row counter register and a column counter
register in computer 73 are initialized to one. This is
indicated by reference numeral 8l. Then, the computer 73
waits for the receipt of an index signal.

When an index signal i is received, the program
reads the corresponding preprocessed vector Vi*f(m,n) from
memory M. This is indicated by reference numeral 82. Then
the program performs an offset addition on the pixels of
that vector as was described in conjunction with FIG. 8,
and it stores the resulting sum in memory 74. This 1is
indicated by reference numeral 83. Next, the program
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updates the row and column registers such that they indi-
cate the location, in the FIG., 5 index array, of the next
index in sequence. This is indicated by reference numeral
84. Thereafter, when that next index is received, all of
the above steps are repeated.

A preferred method for forming visual images via
radar in accordance with the invention, as well as an
electronic system for carrying out the steps of that
method, have now been described in detail. 1In addition,
however, many changes and modifications can be made to
these details without departing from the nature and spirit
of the invention. '

For example, in the above described preferred
method and embodiment, vector quantization isg used to
compress the samples of the radar return signal. But as an
alternative, any other data compression method may be used
which results in a finite number of indexes that correspond

" to the indexes of the preconvolved vectors.

As  another example, in the above detailed
descfiptionq each of the unprocessed vectors Vi through Vn
coﬁsists of certain anticipated radar return samples which
were grouped in a 3X3 array. But as an alternative,
various other ‘groupings can be used. For example, each
unprocessed vector Vi could be a 4X5 array of pixels, or a
7X6 array of pixels, etc.

As still another example, in the above detailed
description, the sampled data function f(m,n) is a
two-dimensional function. But as an alternative, the
function by which each unprocessed vector Vi is convolved
can have any number of dimensions. And, to indicate such a
function here and in the claims, the symbol f( ) is used.

Preferably, the total number of unprocessed

vectors is from sixteen to ten thousand; the total number

of samples in each unprocessed vector is from two to one
hundred; and the total number of points in said sampled
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data function 1is from ten to fifty thousand. By these
constraints, the size of the memory M which stores the
preconvolved vectors becomes practical with today's tech-
nology. For example, suppose the number of unprocessed
vectors V) thru Vy is one hundred; each such vector is a
3X3 matrix; f£3(m) is a fifty point function; and £f£3(n) is a
fifty point function. Then, the total number of pixels in
the preconvolved vectors equals (100)(50+3-1)(50+3-1) or
270,400, Assuming twelve bits per pixel, this equals
3,244,800 bits; and today, a single DRAM chip holds one
million bits.

As still another example, the single computer 73
in FIG. 9 can be replaced with multiple computers which
operate 1in parallel. With that arrangement, the offset
additions of FIG. 8 could be performed on several overlap-
ping pixels simultaneously. Also, to reduce memory size
for the case where fj(n) varies with m, the memory M of
FIG. 9 can be double buffered. One buffer would be filled
with the preconvolved vectors for the current range of
indexes, while the other buffer will be updated with the
preconvolved vectors for the next range of indexes.

Further, as yet another example, in the above
detailed description, radar return signals were processed
to produce visual images. But in general with this inven-
tion, linear signal processing can be performed in any
system - radar or nonradar - which previously performed
FFT's or inverse FFT's or convolutions in real time. Such
systems include, but are not limited to, speech signal
Processors, seismic signal processors, image signal
processors, synthetic aperture sonar processors, infrared
image processors, automatic image recognition systems, and
spectrum analyzers.

Accordingly, it 1is to be understood that the
invention is not limited to the above detailed embodiment

but is defined by the appended claims.
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WHAT IS CLAIMED IS:

1. A method of forming visual images via radar,
including the steps of:

electronically storing in a memory, a finite set
of preprocessed vectors Vi*£( ), V2*( )y V*E( ) where
Vir V2,...Vy are respective unprocessed vectors, f£( ) is a
sampled data function, and * is a convolution operator:

transmitting a Sequence of spaced apart radar
Pulses from a flying object;

sampling a retum signal from said transmitted

pulses and ordering the samples in an array;

converting said array of samples into a smaller
array of indexes in which each index i identifies one of
said unprocessed vectors vy, V2r4..Vy which approximates a
group of said samples;

reading 7 from said memory, those preprocessed
vectors whose indexes i match the indexes in said array of
indexes; and '

adding together the read preprocessed vectors
while maintaining @ predetermined offset between them as
they are added.
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2. A method according to claim 1 wherein the number
of preprocessed vectors Vi*£( ), Vo*f( ),...Vy*£( ) ranges
from sixteen to ten thousand.

3. A method according to claim 1 wherein said sampled
data function f£( ) ranges from ten to fifty thousand points

in size.

4. A method according to claim 1 wherein said sampled
data function includes the sampled impulse response of a

range filter.

5. A method according to claim 1 wherein said said
sampled data function includes the sampled impulse response

of an azimuth filter.
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6. A method according to claim 1 wherein said sampled
data function f( ) is of a form f3(m)fy(n), and wherein

£1(m) is convolved by row with each vector Vir Vae.uVy

while f(n) is convolved by column with each result from
> the f)(m) convolution.

7. A method according to claim 1 wherein each of said
unprocessed vectors Vi, V2r+..Vy approximates from two
samples to one hundred samples of said return signals. -

8. A method according to claim 1 wherein said reading

step and said adding step are performed sequentially on one
preprocessed vector at a time.

9. A method according to claim 1 wherein said reading

and adding steps are performed on several preprocessed
vectors in parallel.
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10. An electronic system for forming visual images via
radar of the type which transmits a sequence of pulses,
samples a return signal therefrom, and converts the samples
into an array of indexes in which each index i identifies
an unprocessed vector Vi (i=l1 thru N) which approximates a
group of said samples; wherein said system is comprised of:
an electronic memory wmeans which stores a set of
preprocessed vectors Vi1*£( ), Vo*£( ),...Vy*£( ) where £( )
is a sampled data function, and * is a convolution
operator; ‘

a means for receiving a sequence of index signals
and for reading from said memory means, those preprocessed
vectors whose indexes i match the received index signals:
and

a means for adding together the read preprocessed
vectors while maintaining a predetermined offset between

them as they are added.
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11, An electronic system for processing sampled data
input signals, which is comprised of:

an electronic memory means which stores a set of
préprocessed.vectors VI*E( ), V£ YreoVN*E( ) where £( )
is 'a sampled data function, * jig a convolution operator,
and V; thru Vy are a finite set of N unprocessed vectors

‘each of which répresents an anticipated group of input

signal samples;

a means for sampling an input signal that is to be
processed and for compressing the Sequence of samples that
is taken into a smaller sequence of index signals that
correspond to the indexes 1 thru N of said unprocessed
vectors;

_ a means for receiving said smaller sequence of
index signals and for reading’ from said memory means, those
preprocessed vectors whose indexes match the received index
signals; and

a means for adding together the read preprocessed

vectors while maintaining a predetermined offset between
them as they are added.
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12. A system according to claim 1l wherein said means
for reading and said means for adding operate sequentially
on one preprocessed vector at a time.

13. A system according to claim 1l wherein said means
for reading and said means for adding operate in parallel
on multiple preprocessed vectors at a time.

14, A system according to claim 11 wherein the number
of preprocessed vectors Vi*£( ), Vy*f( ),...Vy*£( ) ranges
from sixteen to ten thousand.

15. A system according to <claim 11 wherein said
predetermined offset which is maintained between the
preprocessed vectors -equals the size and shape of an

unprocessed vector.
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