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GENERALIZED POLYPHASE CODE PULSE
COMPRESSOR

BACKGROUND OF THE INVENTION

This invention relates generally to polyphase code
systems and more particularly to digital systems for
decoding sequences of polyphase encoded signals.

In a conventional radar, the transmitted waveform is
a train of pulses as shown in FIG. 1a of the accompany-
ing drawing. The average power is determined by the
peak power and the duty ratio, that is to say the ratio of
the width of the pulses to the overall repetition period
T. T is generally fixed by the maximum unambiguous
range, and 7 by the resolution required. Thus, to im-
prove the detectability of the radar only the peak power
can be increased and this is limited by the components
used. There is therefore a conflict of interests if both
improved detectability and resolution are required.

It is now recognized that the resolution is not gov-
erned by the pulse length but by the overall transmitted
bandwidth. Thus, by modulating the carrier within the
transmitted pulse length the bandwidth is increased and
the resolution improved with no reduction in average
transmitted power.

One known form of modulation to effect pulse com-
pression is phase modulation in which, within the width
of the transmitted pulse, the phase is changed at speci-
fied intervais or subpulses. While these phase changes
can follow a random sequence, by using certain well-de-
fined sequences known as “Frank codes” it is possible to
reduce the level of the sidelobes after processing of the
received pulse. An example of a known method to
transmit and detect Frank-coded radar pulses is de-
scribed in U.S. Pat. No. 4,237,461.

In FIG. 1(b) of the drawing, there is shown the pat-
tern of phase changes within a pulse 11 subdivided into
an even number (4) of subsequences of subpulses, 11a-d,
each subsequence having four subpulses, 7 seconds
long, so forming a Frank code with a pulse compression
ratio of (4)2=16. The subpulses are at a constant carrier
frequency and related to a CW reference signal by a
phase angle of (n)(90%), where 0=n=3. The phase, in
radians, encoded on each of the subpulses 11a-d of the
pulse 11 may be determined from the matrix of Table 1,
as read from left to right progressing from the top to the
bottom row. '

TABLE 1
0 0 0 0
0 w/2 ar 3w/2
0 L 0 T
0 3w/2 ar w/2

A counterclockwise phase rotation (phase advance)
has arbitrarily been assigned a positive value while a
clockwise rotation (phase delay) is assigned a negative
value. A phase advance of X radians is equivalent to a
phase delay of 27r —X radians.

The subpulses can be represented. by phasors, i.e.
defined as vectors in a coordinate system rotating at the
carrier frequency of the transmitted pulse. The length
of the vector represents the magnitude of the subpulse;
_ its angle with the x axis represents its phase relative to
the carrier. The component of the vector along the x
axis is in phase with the carrier; the component of the
vector along the y axis is 90 degrees out-of-phase with
the carrier. If the x axis is designated the real axis and
the y axis is designated the imaginary axis, the phase in
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2
complex numbers is shown in Table 2. (Note that posi-
tive angles are measured in the counterclockwise direc-
tion and an advance of phase is represented by a coun-

. terclockwise rotation. Thus, a phase shift of 7/2 is +J

in complex numbers and a phase shift of —%/2is —jin
complex numbers).

TABLE 2

1 1 1
+i -1 -
-1 1 -1
—j ~1 +j

The phases encoded on. the four subpulses of the first
subsequence 11a are indicated in the top row of the
matrix of Table 1 or Table 2; the phases encoded on the
four subpulses of the second subsequence 115 are indi-
cated in the second row of the matrix; the phases for the
four subpulses of the third subsequence 11c¢ in the third
row; and the phases for the four subpulses of the fourth
subsequence 114 in the fourth row. Examining the pha-
ses encoded on the four subpulses of each subsequence
11a-d, it will be seen that the phase increases linearly
from subpulse to subpulse at a rate of 0 radians per
subpulse in the first subsequence 11a, at a rate of /2
radians per subpulse in the second subsequence 11b; at a
rate of 7 radians per subpulse in the third subsequence
11¢; and at a rate of 37/2 (or—/2) radians per sub-
pulse in the fourth subsequence 11d. Examining the
slope of the phase increase of each subsequence, it will
be seen that the slope increases linearly from subse-
quence to subsequence at a rate of /2 radians per sub-
sequence. Since frequency is the rate of change of
phase, linearly increasing phase is a constant freguency.
This, each subsequence 1la-d represents a different
frequency measured with respect to the carrier fre-
quency, viz. 0, (7/2)/7, w/7, and (37w /2)/7 or (—7w/2)/T

respectively for each of the subsequences in order.

Since the frequency (slope of phase) also changes lin-
early by (#/2)/T from subsequence to subsequence, the
Frank code is seen to be a step-wise approximation to a
swept frequency.

The amplitude of the auto-correlation function of
pulse 11 as might be obtained after the matched filter of
a pulse-compression radar receiver is shown in FIG. 1c.
This graph shows the level of correlation of a pulse as in
FIG. 1b with a similar pulse when plotted against the
relative time of the pulses being completed. It will be
seen that except at coincidence in time, the correlation
function takes on values between 0 and V2 and that
when the two signals are coincident the correlation
function has a value of 16. This means that though the
transmitted pulse has an overall duration of 167, the
resolution of the radar is 1 7 and there is a ratio of 16 to
V2 between the correlation peak and the peak side-
lobes.

FIG. 1d of the drawing shows the pattern of phase
changes within a pulse 12 subdivided into an odd num-
ber (3) of subsequences of subpulses, 12a-¢, each subse-
quence having three subpulses, 7 seconds long, so form-
ing a Frank code with a pulse compression ratio of
(3)*=9. The subpulses are at a constant carrier fre-
quency and are related to a CW reference signal by a
phase angle of n (120°), where 0=n=2. The phase in
radians, encoded on each of the subpulses 12¢~c of the
pulse 12 may be determined from the matrix of Table 3,



4,698,827

3

as read from left to right progressing from the top to the
bottom row.

TABLE 3
4] 0 0
0 27/3 47/3
0 47/3 87/3

The phase in complex numbers is shown in Table 4.

TABLE 4
1 1 1

1 —a2 +i N3 —a2 - N3 »2)

1 —a - i N3 —a2 +i N3 12

Each subsequence 12a-c represents a different fre-
quency measured with respect to the carrier frequency,
viz. 0, 27)/37, and (47)/37 (or —(27)/37) respectively
for each of the subsequences in order.

It is known that the receivers of conventional radars
are band-limited. That is to say, the gain of the receiver
is inversely-proportional to the frequency deviation
from the carrier frequency. Thus, a pulse, such as
shown in FIG. 154, having an even number of subpulse
subsequences 11a-d of different frequencies measured
with respect to the carrier frequency is attenuated un-
evenly across the pulse. The end subsequences for
which the frequencies are closest to the carrier fre-
quence are attenuated the least, while the center subse-
quences, for which the frequencies are furthest away
from the carrier frequency, are attenuated the most.
Specifically, the first, second and fourth subsequences
11a, 114 and 114 having respective frequencies of 0,
(carrier frequency) (7/2)/7 and —(w/2)/T are attenu-
ated the least, while the third subsequence 11c having a
frequency of 7/7 is attenuated the most. A pulse, such
as-shown in FIG. 1d, having an odd number of subpulse
sequences 12a-c of different frequencies measured with
respect to the carrier frequency is also attenuated un-
evenly across the pulse. The end subsequence whose
frequency is at the carrier frequency is attenuated the
least while the center and opposite end subsequences
whose frequencies are furthest away from the carrier
frequency are attenuated the most. Specifically, the first
subsequence having a frequency of 0 (carrier frequency)
is attenuated the least, while the second and third subse-
quences having frequencies of (27)/37 and —(2mw)/37
are attenuated the most. This inverse weighting disad-
vantageously reduces the ratio between the correlation
peak of the auto-correlation function and the level of
the sidelobes. The latter is undesirable because it in-
creases the possibility that weak target echos will be
hidden by the sidelobes from an adjacent stronger target
echo.

SUMMARY OF THE INVENTION _

It is therefore an object of this invention to transmit
long coded pulses and to digitally compress the long
coded pulses to short pulses of optimum signal-to-noise
ratio.

Another object is to use a code that is tolerant of
precompression bandwidth limitations.

These and other obJects of the present invention are
achieved by a decoding device which decodes the pat-
tern of phase changes with a pulse. The pulse is subdi-
vided into an integral number N or subsequences, each
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4

subsequence having N subpulses at which the phase is
changed so forming a polyphase code that is tolerant of
precompression bandwidth limitations. The decoding
device includes a means which provides a decoding
phase rotation —Ady,, to the kth subpulse in the pth
subsequence of the pulse, where

A p=Qm/N)k+pNllp—(AN—1)]

k=0,1,2,...,N—1

p=0,1,2,...,N—1;

and a means which adds the phase-rotated subpulses at
the same time.

Additional advantages and features will become ap-
parent as the subject invention becomes better under-
stood by reference to the following detailed description
when considered in conjunction with the accompany-
ing drawings wherein:

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1a-1d depict the pattern of phase changes
within transmitted pulses and the amplitude of the auto-
correlation function of a pulse.

FIG. 2 depicts the pattern of phase changes within a
transmitted pulse when coded by the novel polyphase
code of this invention.

FIG. 3 depicts the pattérn of phase changes within
another transmitted pulse when coded by the novel
polyphase code of this invention.

FIG. 4 is a block diagram of an embodiment of the
decoding device of this invention.

FIG. 5§ is a block diagram of another embodiment of
the decoding device of this invention.

DETAILED DESCRIPTION

A decoding device which compresses a novel poly-
phase code that is tolerant of precompression band-
width limitations will now be described. The decoding
device may be used, for example, as block 49 (labelled
“decoding unit”) in the pulse compression radar system
illustrated in FIG. 6 of U.S. application Ser. No. 143,399
(Navy docket number 64,365) now U.S. Pat. No.
4,521,779 by Bernard L. Lewis, filed Apr. 24, 1980 the
disclosure of which is hereby incorporated by refer-
ence. The novel code type is described by the following
formula (where Adyp is the phase change at the kth
subpulse of the pth subsequence within the width of a
phase modulated pulse):

Adgp=Qas/N)k+pN]lp—@UN-1)

K=0,1,2,...,N-1 .
p=0,1,2,..., N—1(N any integer)

FIG. 2 shows the pattern of phase changes within a
transmitted pulse 11’ encoded by the novel code for an
exemplary even value of N, that is to say N=4. Pulse
11’ is subdivided into four subsequences of subpulses
11'a-d, each subsequence having four subpulses, T sec-
onds long. It is seen that the frequencies of the end
subsequences 11'¢ and 11'd in the pulse are furthest
from the carrier frequency, while the frequencies of the
center subsequences 11'4 and 11'c are closest to the
carrier frequency. Furthermore, the frequencies of the
subsequences are symmetrical about the center of the
pulse. Specifically, the end subsequences 11'a and 11'd
of the pulse have respective frequencies of — 37 /47 and

-37w/47, while the center subsequences 11’6 and 11'c
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have respective frequencies of —7/47 and w/4r. The
symmetry of the frequencies and the larger frequencies
towards the end of the pulse than at the middle result in
greater, attenuation by the band-limited radar receiver
at the ends of the pulse than at the middle. Thus, the
inverse weighting is eliminated and the resultant new
weighting is such that ratio between the correlation
peak of the auto-correlation function and the level of
the sidelobes is increased in contrast with the prior art.

FIG. 3 shows the pattern of phase changes within a
transmitted pulse 12' encoded by the novel code for an
exemplary odd value of N, that is to say N=3. Pulse 12’
is subdivided into three subsequences of subpulses
12'a-c, each subsequence having three subpulses, = sec-
onds long. It is seen that the frequencies of the end
subsequences 12'a and 12'c in the pulse are furthest from
the carrier frequency, while the frequency of the center
subsequence 12'b is at the carrier frequency. Further-
more, the frequencies of the subsequences 12'¢ and 12'¢
are symmetrical about the frequency of the center sub-
sequence 12'b (the carrier frequency). Specifically, the
end subsequences 12’ and 12'c of the transmitted pulse
have respective frequencies of —2#/37 and 2w/37,
while the center subsequence 12’ has a frequency of 0.
The symmetry of the frequencies and the larger fre-
quencies at the end of the pulse than at the middle result
in greater attenuation by the band-limited radar re-
ceiver at the ends of the pulse than at the middle. Thus,
the inverse weighting is eliminated and the new
weighting is such that the ratio between the correlation
peak of the auto-correlation function and the level of
the sidelobes is increased in contrast with the prior art.
Use of the decoding device of the present invention
with this code in a radar, such as the radar described in
the referenced patent application, solves the problem of
auto-correlation peak-to-sidelobe ratio decrease in the
radar.

Preferred embodiments of the decoding device which
exhibit the aforementioned advantages are shown in
block diagram form in FIG. 4 and FIG. 5. All of the
elements shown in FIGS. 4 and 5 are dual parallel chan-
nel devices for separately processing the digital words
representative of the digital values of the inphase signals
(i.e. the values of the real parts of the complex numbers
that are the subpulses defined in a.coordinate system
rotating at the carrier frequency of the transmitted
pulse) and the digital words representative of the digital
values of the quadrature signals (i.e. the values of the
imaginary parts of the complex numbers that are the
subpulses defined in a coordinate system rotating at the
carrier frequency of the transmitted pulse). The digital
words representative of the digital values of the inphase
signals and the digital words representative of the digi-
tal values of the quadrature signals are obtained by
sampling once each subpulse interval the inphase and
quadrature components of the returned signal in corre-
sponding analog-to-digital converters disposed in front
-of the decoding-device. All of the connecting leads are
composite leads (for example, comprising 16 individual
leads with eight for each inphase and each quadrature
word respectively, where each word is an 8-bit word).

The decoding device generally comprises a means
which provides a decoding phase rotation —Adyg, to
the kth subpulse in the pth subsequence of the pulse,
where

Adrp=Qm/N)lk+pN]p—BIN-1)
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k=0,1,2,...,N—1"
p=0,1,2,...,N—1
and a means which adds the phase-rotated subpulses at
the same time. While the phase-rotation means may take
a variety of forms, conveniently it may take the form
illustrated in FIG. 4 and FIG. 5 of N2 stages of a shift
register 13 (N=4 in FIG. 4, N=3 in FIG. 5) having an
output terminal at each stage, with a uniform delay
between the stages equal to the width of a subpulse to
permit the set of complex numbers which are the sub-
pulses defined in the rotating coordinate system to be
clocked into the shift register; and N? complex multipli-
ers 15 each coupled to a respective stage of the shift
register 13 and producing the phase shifts indicated
therein. The phase rotations produced in the complex
multipliers 15 are equal in magnitude but opposite in
direction to those impressed on the subpulses so that the
pulse is decoded when it is centered in the shift register.
While the adding means may take a variety of forms,
conveniently it may take the form illusirated in FIGS. 4
and 5 of a full adder 17 coupled to the outputs of all of
the N2 complex multipliers 15. The sum produced by
the adder when the pulse is centered in the shift register
is a pulse one subpulse wide with an amplitude N2 times
that of each subpulse and a relative phase angle of zero
(the auto-correlation peak).

Let the time of observation be defined as t=0 when
the puise is centered in the shift register. As the time of
observation is varied about t=0 within a period equal to
the width of the pulse, the output of the adder is ob-
tained as the auto-correlation function of the pulse with
a well-defined auto-correlation peak at t=0 surrounded
by a number of sidelobes.

It is obvious that many modifications and variations
of the present invention are possible in light of the
above teachings. For example, the received pulse could
also be processed in an analog manner although a digital
implementation is preferable. It is therefore to be under-
stood that within the scope of the appended claims, the
invention may be practiced otherwise than as described.

What is claimed as new and desired to be secured by
Letters Patent of the United States is:

1. A decoding device for decoding the pattern of
phase changes within a pulse, the pulse being subdi-
vided into an integral number N of subsequences of
subpulses, each subsequence having N subpulses at
which the phase is changed so forming a polyphase
code that is tolerant of precompression bandwidth limi-
tations, comprising:

means for providing a decoding phase rotation

—Adyr,p to each kth subpulse in each pth subse-
quence of the pulse, where

Adpp=Qa/N)k+pN]lp—B(N-1)]

k=0,1,2,...,N—1

r=012,...,N—1;and
means for adding the phase rotated supulses at the
same time.

2. The decoding device recited in claim 1 wherein the
phase rotation means includes:
N2 stages of a shift register having an output terminal
at each stage; and
N2 complex multipliers, each multiplier coupled to a
respective stage of the shift register.
3. The decoding device recited in claim 2 wherein the
adding means includes:
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a full adder coupled to the outputs of all of the N2

complex multipliers.

4. A method of decoding the pattern of phase changes
within a pulse, the pulse being subdivided into an inte-
gral number N of subsequences of subpulses, each sub-
sequence having N subpulses at which the phase is
changed so forming a polyphase code that is tolerant of
precompression bandwidth limitations, comprising the
steps of:
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8
providing a decoding phase rotation —Ady , to each
kth subpulse in each pth subsequence of the pulse,
where

Ay p=(2m/N)[k+pN]lp—B)N—1)]

k=0,1,2,...,N-1
p=0,1,2,...,N—1; and
adding the phase-rotated subpulses at the same

time.
* %x * %* *



