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[57] ABSTRACT

A pulse compression signal processor suitable for use in
a phase-coded, pulse compression radar for decoding
the phase coded radar return pulses to enhance the
resolvability of objects in range is disclosed. The pulse
compression signal processor includes a conventional
correlation processor operative in accordance with an
initial filter function to convert a signal representative
of the phase-code of the transmittal RF pulse to effect
the range correlation response thereof. The resulting
range correlation response is modified in accordance
with a desired range correlation response. Both the
phase code representative signal and the desired range
correlation response signal are converted by fast Fou-
rier transformations into their corresponding frequency
domain signals which are divided to effect a desired
filter function signal for use in decoding the phase-
coded radar return pulses to effect substantially the
desired range correlation response thereof. The pulse
compression signal processor further includes an intera-
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PULSE COMPRESSION RADAR SIGNAL
PROCESSOR

BACKGROUND OF THE INVENTION

The present invention relates to phase coded, pulse
compression radars, and more particularly, to a pulse
compression signal processor suitable for use therein for

5

decoding the phase-coded radar return pulses to en- 10

hance the resolvability of objects in range.

Phase-coding and pulse compression are commonly
used in radar systems to effect an increased average
power in pulse transmission while maintaining a fine
range resolving capability in processing the phase-
coded radar return pulses. These techniques may be
accomplished by transmitting a long phase-coded or
phase-modulated puise and by signal processing a re-
turn pulse, rendered from the transmission, to a rela-
tively short pulse, commonly referred to as pulse com-
pression. i

The block diagram schematic embodiment depicted
in FIG. 1 exempiifies a phase-coded, pulse compression
radar. Typically, a stable local oscillator (STALO) 10
generates an RF signal 12 which may be gated at 14
using a signal 16 representative of a predetermined
pulse width to form a substantially pulsed RF signal 17.
A phase modulator 18 may be used to code the RF of
the pulse in accordance with a phase code signal 20
which may be generated by a phase code generator 22.
The phase-coded pulsed RF signal governs the opera-
tion of a conventional transmitter 24 for transmission of
the pulse into space via circulator 26 and antenna sys-
tem 28. A return radar pulse is received by the antenna
system 28 and conducted to a conventional receiving
section 30 via circulator 26. The receiver section 30
conditions the phase-coded RF return pulse conven-
tionally using a plurality of mixer stages 32, which may
be governed by various local oscillator signals LO and
corresponding amplifier and low-pass filter (LPF)
stages 34.

In most modern radars, processing of the conditioned
radar return signal is performed in a digital signal pro-
cessor depicted at 36, for example, in which case the
return phase-coded pulse signal is digitized first in an
analog-to-digital (A/D) converter 38. Pulse compres-
sion of the radar return pulse may be accomplished by
a phase decoding function 40 programmed into the
digital signal processor 36. The phase-decoding func-
tion 40 utilizes a phase-coded signal 42 provided to the
processor 36 from the phase-coded generator 22, for
example, to pulse compress the digitized conditioned
return pulse denoted by the arrow 44 to effect a signal
46 representative of the range correlation response
thereof.

Not only does the phase decoding function 40 pro-
vide a response at the range of the object, it also gener-
ates, at times, responses of troublesome levels at ranges
on either side thereof, more commonly referred to as
range sidelobes. It has been generally an object in the
design of phase decoding filters of this type to suppress
the range sidelobes in the range correlation response.
Some recent advances towards meeting this objective
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include a phase decoding filter design using least square

methods which provide optimal performance in terms
of the integrated sidelobe level. The least square
method type filters have also been found to have very
low signal-to-noise (S/N) loss. For a better understand-
ing of least square method filters, reference is made to
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the paper: M. H. Ackroyd and F. Ghani, “Optimum
Mismatched Filters for Sidelobe Suppression,” IEEE
Transactions on Aerospace and Electronic Systems,
Vol. AES-9, No. 2, Mar. 1973. One shortcoming of the
least square method type filter is that the range correla-
tion response usually contains a number of high peak
range sidelobes since the peak sidelobe level is not ex-
plicitly minimized by the least square solution. As a
result, these resulting high peak range sidelobes may
give rise to false signals at ranges other than the range of
the object of interest.

Another technique for suppressing the range side-
lobes in the phase-coded pulse return signals, known as
linear programming, was used to compute the weights
of a phase decoding filter for minimizing the peak range
sidelobes of the range correlation response. For a more
detailed description of a linear programming technique,
reference is made to the paper: S. Zoraster, “Minimum
Peak Range Sidelobe Filters for Binary Phase Coded
Waveforms,” IEEE transactions on Aerospace and
Electronic Systems, Vol. AES-16, No. 1, January 1980.
This technique, however, is limited to binary phase
codes only. In addition, the mathematical structure of
the linear programming technique is such that it has at
least as many inequality constraints which are exactly
satisfied by the optimal solution as there are variables in
the problem. This drawback results in increased inte-
grated sidelobe level and S/N loss.

Apparently, what is desirable in pulse compression
processing is to have a phase decoding filter which
provides not only low integrated sidelobe level and low
S/N loss, but also minimizes the peak sidelobe level. It
would be therefore, beneficial to have a filter which did
not suffer from a rigid mathematical structure in its
optimization procedure, but rather permit a desired
flexibility in the effectuation of the range correlation
response of a phase-coded pulse return signal. Still fur-
ther, the phase decoding filter should not be limited to
solely binary phase-coded RF pulsed waveforms, but
rather be additionally applicable to the polyphase codes
of the more sophisticated modern radars.

SUMMARY OF THE INVENTION

A phase-coded, pulse compression radar includes a
first means for transmitting phase-coded RF pulses, a
second means for receiving and conditioning the phase-
coded radar return pulses rendered from the transmis-
sion, and a pulse compression signal processor for de-
coding the phase-coded radar return pulses from the
second means to enhance the resolvability of objects in
range. In accordance with the present invention, the
pulse compression signal processor comprises a first
filter means responsive to a first signal representative of
the phase-code of the transmittal RF pulse to effect a
second signal representative of the range correlation
response of the first signal, means for modifying the
second signal into a third signal representative of a
desired range correlation response, means governed by
the first signal and the third signal to generate a fourth
signal representative of a desired filter function, and a
second filter means for phase decoding the phase-coded
radar return pulse from the second means as a function
of the fourth signal to effect substantially the desired
range correlation response therof.

More specifically, the fourth signal generating means
includes means for transforming the first and third sig-
nals into their respectively corresponding frequency
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domain signals, and means for dividing the frequency
domain transform of the third signal by the frequency
domain transform of the first signal to generate the
frequency domain transform of the fourth signal. The
second filter means includes a means for multiplying a
signal representative of the frequency domain transform
of the phase-coded radar return pulse with the fre-
quency domain transform of the fourth signal to effect
substantially the frequency domain transform of the
desired range correlation response of the phase-coded
radar return pulse.

The pulse compression signal processor further in-
cludes means for truncating the length of the time of the
fourth signal, thereby effecting a truncated desired filter
function signal, means for phase-decoding the first sig-
nal as a function of the truncated fourth signal to effect
a range correlation response of the first signal, means
for providing the truncated fourth signal to the second
filtering means if the range correlation response of the
first signal satisfies pre-established criteria, and means
for causing the range correlation response of the first
signal to satisfy the pre-established criteria by adjusting
the truncation of the fourth signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram schematic embodiment
exemplifying a phase-coded, pulse compression radar.

FIG. 2 is a functional block diagram schematic of a
portion of a pulse compression signal processor suitable
for embodying the principles of the present invention.

FIG. 2A is a block diagram schematic of a phase-
decoding filter function suitable for use in the embodi-
ment of FIG. 1.

FIG. 2B is a functional block diagram of an alternate
phase-decoding filter function suitable for use in the
embodiment of FIG. 1.

FIG. 3 is a functional block diagram schematic of an
embodiment which permits an iterative process to ad-
just the truncation of the desired filter function signal to
effect a satisfactory alternative to the desired range
correlation response of the phase-coded radar return
pulse.

FIGS. 4, 3, 6, and 7 are graphs illustrating experimen-
tal results using a 36-element polyphase code (Frank
code).

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Depicted in FIG. 2 is a functional block diagram
schematic embodiment of a portion of a pulse compres-
sion signal processor suitable for use in a digital signal
processor for the processing of radar signals. The em-
bodiment of FIG. 2 is operative to generate a desired
filter function signal for the phase decoding processor
40 for use in the pulse compression operations thereof.

More specifically, a signal, denoted as c(t), represen-
tative of the phase-code of the transmitted RF pulse
may be provided io a correlator functional block 50.
The correlation process performed in the function 50
may include a correlation filter operative with an initial
filter function. The correlation process of 50 may be a
least square or minimum peak sidelobe filter, as de-
scribed hereabove in the background section, or simply
a conventional matched filter function. The resulting
signal 52 which is representative of the range correla-
tion response of the signal c(t) may be provided to a
response modification functional block 54 in which the
range correlation response of signal 52 may be modified
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in accordance with a desired range correlation re-
sponse. The resulting desired range correlation re-
sponse signal is denoted as r'(t).

The signals c(t) and r'(t) may be transformed into
their respective frequency domain signals C(f) and
R'(f), preferably using Fast Fourier Transform (FFT)
signal processing techniques as depictedby the blocks
56 and 58, respectively. The frequency domain signal
R'(f) may be divided by the frequency domain signal
C(f) by the divider function 60 to generate a frequency
domain transform signal for use in the pulse compres-
sion process of the radar return pulse.

Theoretically the signal output of the division opera-
tion 60 is the Discrete Fourier Transform (DFT) of the
filter impulse response. This result is derived from the
recognition that the convolution in time domain corre-
sponds to a multiplication in he frequency domain, so
that mathematically:

R'(=DFT{r'(t)} = DFT{c(t)*h(t)}=C(f) H(D), m
where R'(f), C(f) and H({) are the DFT or FFT of the
de sired correlation response r'(t), transmit phase code
c(t), and filter impulse response h(t), respectively. The
symbol * denotes a convolution operation. Thus, from
the above relationship, it follows that:

H(H)=R'(H)/CH. @

In one embodiment, the DFT of the desired filter
impulse response H(f) may be applied directly to a fre-
quency-domain phase decoding filter 40 such as that
depict ed in the diagram of FIG. 2A by multiplying the
complex conjugate of it in a conventional multiplying
function 62 by the DFT or FFT of the phase-coded
radar return pulse signal 44. The time domain signal r(t)
representative of the desired range correlation response
may be generated by simply transforming the product
output of the multiplication function 62, which inciudes
the desired correlation properties, into its correspond-
ing time domain signal using an inverse FFT, for exam-
ple.

In another embodiment, the time domain signal h(t)
of the desired filter function may be obtained by taking
the inverse FFT of the signal H(f) in the functional
block 66. Furthermore, it is recognized that the cross-
correlation of two time functions is equivalent to the
convolution of the same two time function with one
function reversed in time. Thus, if the phase decoding
filter performs the filter function as a cross-correlation
such as that depicted in the block diagram of the FIG.
2B, then it is desirable to facilitate a time reversion of
the desired filter function signal h(t) to obtain the signal
h(—t) for use in the correlation function 68 of the phase
decoder 40 in accordance with the present embodiment.
Time reversing the results h(t) of the inverse FFT 66 in
a time reversion function block 70 accomplishes the
desired resuit h(—t).

With regard to the phase decoding filter function of
the embodiment described in connection with FIG. 2A,
it is recognized that the frequency-domain decoding
operation is a circular correlation where the phase-
coded radar return pulse and the filter impluse response
are assumed to be periodic functions. Consequently, in
order to prevent any wrap around effect which may be
caused by the circular correlation, the FFT size may be
made sufficiently large. In addition, the S/N perfor-
mance may be degraded somewhat as a result of modi-
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fying the initial range correlation response 52 in the
response modification functional block 54. To minimize
this effect, it is advisable to make only minor modifica-
tions to the correlation function 52 which may be ac-
complished by selecting phase codes with good auto-
correlation properties and an initial correlation filter
function which provides good cross-correlation re-
sponse.

Moreover, it is desirable to keep the length of the
time domain correlation filter function 68 relatively
small especially when only minor modifications are
being made to the initial range correlation response in
the response modification functional block 54. How-
ever, keeping the time domain filter function relatively
small seems contrary to permitting the FFT size to be
made sufficiently large because the former is derived
from the latter. But, this may be accomplished by trun-
cating the desired time domain filter function signal
h(—t) by gradually descreasing the length thereof in an
iterative process until a minimum value is reached and
the desired range correlation response rt) effected
thereby satisfies certain pre-established criteria like,
having acceptable spurious sidelobes, for example.

In accordance with this aspect of the present inven-
tion, a block diagram schematic of an embodiment
which permits an iterative process to adjust the trunca-
tion of the desired filter function signal h(—t) to effect
a satisfactory alternative to the desired range correla-
tion response r(t) of the phase-coded radar return pulse
is depicted in FIG. 3. More specifically, the initial range
correlation response 52 may be modified in the block 54
in accordance with a desired correlation response set-
ting to effect the modified range correlation response
r'(t). The time reversed filter impulse response function
signal h(—t) may be obtained through the functions of
the block 80 which comprises the functions of the
blocks 56, 58, 60, 66, and 70 as previously described in
connection with the embodiment of FIG. 2. The length
of time of the impulse response h(—t) may be truncated
in the functional block 82 to effect a truncated filter
function signal 84 which may become the filter function
of the correlation process 50 to update the correlation
response to effect a new range correlation response
denoted as 52'. If the range correlation response repre-
sented by signal 52’ satisfies the pre-established criteria
as determined in the functional block 86, the signal 84
representative of the truncated signal h(—t) is provided
to the correlation function 68 in the phase decoding
filter 40 via gate 88. An unsatisfactory result of deci-
sional block 86 causes an adjustment of the truncation of
the filter function h(—t) via the control line 90. The
adjustment of the truncation is in a direction to cause
the range correlation response resulting therefrom to
satisfy the pre-established criteria of the decisional
block 86.

More specifically, the filter function signal h(—t)
may be truncated in small increments, for example, until
the range correlation response signal 52" resulting there-
from produces an unsatisfactory condition in the deci-
sional block 86 wherein the previous truncated filter
function signal was satisfactory. Accordingly, the pre-
vious setting of truncation is that minimum value to
produce a satisfactory range correlation response signal
52’. Consequently, the filter function signal h(—t) may
be truncated to that extent and provided to the correla-
tion filter 68 via gate 88 for use as the correlation filter
function in phase decoding the radar return pulse.
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In an alternate embodiment, a fixed truncation setting
may be established for truncating the filter function
h(—t). Under this condition, an unsatisfactory condition
determined by the block 86 may cause an alteration of
the response modification of the range correlation re-
sponse signal 52 via signal line denoted by the dashed
line 92. Accordingly, the response modification may be
incrementally altered until the pre-established criteria
of block 86 are satisfied in which case the truncated
filter function corresponding to the altered response
modification is provided to the phase decoding filter 68
to effect a signal representative of an alternative to the
desired range correlation response.

In summary, the length of the filter function h(—t)
may be constrained to a specific truncated value by
preestablished criteria imposed on the range correlation
response effected thereby. The response modification
may be altered with a fixed truncation length imposed
on the truncated filter function signal or the length of
the filter function signal may be truncated incremen-
tally for a fixed response modification. In either case,
the operation includes a number of iterations until a
satisfactory range correlation response 52’ is reached.
The final range correlation response effected by the
truncated filter function signal represents a compromise
between the desired correlation response and the speci-
fied filter function length or response modification at-
tainable according to the pre-established criteria.

Experimental results using a 36-element polyphase
code (Frank code) are illustrated in the graphs of FIGS.
4, 5, 6 and 7. Improved range sidelobe capability is
shown in the correlation responses of FIGS. §, 6 and 7.
FIG. 4 depicts an autocorrelation response which has a
peak sidelobe of —25.1 dB and integrated sidelobe of
—11.1 dB. Using the response modification techniques
described hereabove in connection with FIGS. 2 and 3,
the autocorrelation response of FIG. 4 may be modified
to the one shown in FIG. 5 by dividing any sidelobes
that are greater than one by two. The response of FIG.
5 illustrates a 6 dB improvement in peak sidelobe to
—31.1 dB and an improvement in integrated sidelobe to
—13.4 dB with a resulting S/N loss of only 0.14 dB.
With regard to the responses of FIGS. 6 and 7, the
length of the filter function signal h(—t) was limited to
156 element and 116 elements, respectively. In each
case, additional far sidelobes appear. However, the peak
and integrated sidelobe values of the responses resulting
from the truncation of the filter function signal are not
much altered from the desired values resulting from an
untruncated filter function signal. The S/N losses on the
other hand are slightly improved to 0.13 and 0.11 dB for
the filter function signal length of 156 and 116 elements,
respectively.

We claim:

1. In a phase-coded, pulse compression radar includ-
ing first means for transmitting phase-coded RF pulses,
and second means for receiving and conditioning the
phase-coded radar return pulses rendered from said
transmission, a pulse compression signal processor for
decoding said phase-coded radar return pulses from said
second means to enhance the resolvability of objects in
range, said pulse compression signal processor compris-
ing:

first filter means responsive to a first signal represen-

tative of the phase-code of said transmittal RF
pulse to effect a second signal representative of the
range correlation response of said first signal;
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means for modifying said second signal into a third
signal representative of a desired range correlation
response;
means governed by said first signal and said third
signal to generate a fourth signal representative of
a desired filter function; and

second filter means for phase decoding said phase-
coded radar return pulse from said second means as
a function of said fourth signal to effect substan-
tially said desired range correlation response
thereof.

2. The pulse compression signal processor in accor-
dance with claim 1 wherein the fourth signal generating
means includes:

means for transforming the first and third signals into

their respectively corresponding frequency domain
signals; and

means for dividing said frequency domain transform

of the third signal by said frequency domain trans-
form of the first signal to generate the frequency
domain transform of the fourth signal.

3. The pulse compression signal processor in accor-
dance with claim 2 wherein the second filter means
includes a means for multiplying a signal representative
of the frequency domain transform of the phase-coded
radar return pulse with the frequency domain transform
of the fourth signal to effect substantially the frequency
domain transform of the desired range correlation re-
sponse of the phase-coded radar return pulse.

4. The pulse compression signal processor in accor-
dance with claim 2 wherein the transforming means
comprises a fast fourier transform (FFT) signal proces-
sor.

5. The pulse compression signal processor in accor-
dance with claim 2 wherein the fourth signal generating
means includes another means for transforming the
frequency domain transform of the fourth signal into its
corresponding time domain signal; and means for per-
forming a timer reversion of said time domain fourth
signal to effect a fifth signal representative thereof; and
wherein the second filter means includes means for
performing a cross-correlation of the time domain,
phase-coded radar return pulse and fifth signal to effect
substantially the time domain signal of the desired range
correlation response of the phase-coded radar return
pulse.

6. The pulse compression signal processor in accor-
dance with claim 5 wherein the other transforming
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means comprises an inverse fat fourier transform (FFT)
signal processor.

7. The pulse compression signal processor in accor-
dance with claim 1 including: »

means for truncating the length of time of the fourth

signal, thereby effecting a truncated desired filter
function signal;

means for phase decoding the first signal as a function

of said truncated fourth signal to effect a range
correlation response of said first signal;

means for providing said truncated fourth signal to

said second filtering means if said range correlation
response of said first signal satisfies pre-established
criteria; and

means for causing the range correlation response of

said first signal to satisfy said pre-established crite-
ria by adjusting the truncation of the fourth signal.

8. The pulse compression signal processor in accor-
dance with claim 7 wherein the second filter means
includes means for performing a cross-correlation of the
time domain, phase-coded radar return pulse and trun-
cated fourth signal to effect substantially the time do-
main signal representative of an alternative to the de-
sired range correlation response of the phase-coded
radar return pulse.

9. The pulse compression signal processor in accor-
dance with claim 1 including:

means for truncating the length of time of the fourth

signal, thereby effecting a truncated desired filter
function signal;

means for phase decoding the first signal as a function

of said truncated fourth signal to effect a range
correlation response of said first signal;

means for providing said truncated fourth signal to

said second filtering means if said range correlation
response of said first signal satisfies pre-established
criteria; and

means for causing the range correlation response of

said first signal to satisfy said pre-established crite-
ria by altering the modification of the second signal
into a third signal representative of an alternative
to the desired range correlation response.

10. The pulse compression signal processor in accor-
dance with claim 9 wherein the second filter means
includes means for performing a cross-correlation of the
time domain, phase-coded radar return pulse and trun-
cated fourth signal to effect substantially the time do-
main signal representative of the alternative to the de-
sired range correlation response of the phase-coded

radar return pulse.
% * * * %



