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PREFACE

The purpose of this report is to document a presentation prepared by the
author for delivery by the Deputy Director, Advanced Sensors Directorate
Research,. Development, and Engineering Center, U.S. Army Missile Command, to

the Twenty Eighth Meeting of the Technical Cooperation Program Subgroup-K held
in London, England.
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I. TINTRODUCTION

The techanique of pulse compression involves the rearrangement of the tem-
poral distribution of energy in a pulse in such a way that a long pulse with a
given energy is transformed to a shorter pulse with the same energy. The
instantaneous power during the shortened pulse is; therefore greater than the
instantaneous power during the long pulse, since the total energy is the same
for both. One reason pulse compression is useful in target sensor systems is
it allows a3 more precise measurement of a waveform arrival time thereby pro-
viding greater accuracy to targetr distance. If the active sensor is peak
power limited, as is usually the case, pulse compression allows long-pulse,
limited peak power systems to have performance equivalent to a shorter-pulse
higher-peak power system. -

Ideally, pulse compression is implemented with matched filters where the
processing device is a network with impulse response matched to the time
reverse of the long-pulse waveform. This matched-filter operation results in
maximizing the signal-to-noise ratio and in optimum detection of the target.

Pulse-compression techniques can be implemented using trasveral filtering.
Essentially, the method is to delay the energy arriving early in the long-
pulse period, add it coherently with the energy that arrives later in the
pulse, and output the resulting shorter pulse. Two technical issues that
arise in the evaluation of the effectiveness of the pulse-compression systems
are sidelobes in the compressed-pulse waveform and the response of the trans-
versed filter to other, nonmatched waveforms which may be present in the
received signal. The non-matched waveforms could be the result of receiving
the transmission of other deployed sensors or the result of the transmissions
of intentional jammers. :

An array of waveforms has been used for pulse compression, including
binary coding of the phase of a carrier signal (bi-phase modulation using
binary codes). Perhaps the best-known codes for use in bi-phase modulation
implementations of pulse compression are the Barker Codes. Other binary wave-
forms that have been used for pulse compression include pseudo-random codes
and random binary codes. Nonbinary waveforms that have been used for pulse
compression include FM modulated signals and polyphase codes.

A problem that has limited the utility of pulse compression and correla-
tion receivers in radar systems has been the existence of temporal/range side-
lobes in the correlation function of the radar waveform. These sidelobes
allow out-of-range-gate returns, such as clutter, to compete with a target in
a particular range gate. A number of research efforts have addressed this
problem in the past, and several waveform designs have resulted in the poten-
tial reduction or elimination of the range sidelobe problem. For example,
Barker codes (also know as perfect binary words) -limit the range sidelobes.
Barker codes are known for lengths only up to N=13, and they do not natch the
desired "perfect'" range cbrrelation property.

Application of Golay code pairs (also known as compelmentary sequences)
involves processing two coded pulses at a time in a radar processor to elimi-
nate the range sidelobes. These codes have the property that when their indi-
vidual range sidelobes are combined (algebraic addition), the composite




sidelobes completely cancel, yeilding the desired perfect correlation pro-
perty. Complementary sequences are know to exist for a limited number of
sequence lengths, including N=2, 4, 8, 10, 16, 20, 32 and 40.

Several properties of binary code waveforms are desirable if they are to
be used in implementing pulse compression in the target senSor component of a
missile or fire-control system. These include very ,low or zero temporal side-
lobes in the autocorrelation function and very low or zero cross-correlation
with other binary codes that may be implemented in sensors deployed nearby.
These properties would ensure that there would be little or no degradation in
sensor system performance due to out-of-range clutter returns, multiple target
sidelobes, or mutual interference between deployed sensors using different
codes.

Long binary codes with the desired properties are required in order to
implement waveforms with large time -bandwidth products and large pulse-width
compression ratios. This report describes the structure and properties of
Such a waveform, called Group Complementary Codes along with a new pulse
compression scheme.

A new technique for pulse compression has been revealed (Patent #359646)
which utilizes the polarization of the expanded and radiated signal as the
vehicle of coding to achieve compression of the received pulse., This is a
unique approach which offers a doppler insensitive waveform, avoiding the
mismatch losses suffered in typical pulse compression methods.

Most pulse expansion/compression tehcniques result with undesirable time/
sidelobe responses which require amplitude weighing to achieve acceptable
sidelobes. A pulse encoding and processing technique has been developed
(Patent #4513288) to achieve zero time sidelobes, this approach being called
Group Complementary Coding. The combination of Group Complementary Coding and
polarization pulse compression is expected to offer enhance exploitation of
target and clutter polarization characteristics for discrimination between the
two.

This report presents definition of the two techniques and addresses com-
bining the two for the benefit of doppler insensitive pulse compression with
zero time sidelobe responses.

II. POLARIZATION PULSE COMPRESSION

Under research at Georgia Institute of Technology (Ga. Tech) sponsored by
the Office of Naval Research, and the U.S. Army Missile Command (MICOM) a new
pulse compression scheme has surfaced. This being the process of achieving
pulse compression while operating upon the polarization of the radiated trans-
mission. Figure | presents the basic approach which uses the transmitted and
received polarization as the information carrier to achieve pulse compression.
By establishing two channels (transmit and receive each) and controlling the
relative phase between the two transmitting channels a circularly polarized
wave of either right/left hand sense can be generated within the envelope of
the pulse. Thus, a sequence of polarization switching will occur within the
transmitted pulse and an even reflector will return the same sequence while an
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odd reflector will return a pulse with the polarization sense of each subpulse
element being complemented, resulting in a complemented sequence belng
received versus that transmitted.

Since the polarization sense takes on two states, right or left, a binary
sequence may, be used to encode the transmitted pulse. Upom reception, the
encoded sequence can be recovered as the polarization sense changes within the
pulse. The received and detected sequence can then be cross-correlated with
the sequence used at transmission encoding. For even reflection returns a
positive correlation will result while for odd reflection returns a negative
correlation will be achieved.

Qut-of-range responses, in the form of time sidelobes, are always of con-
cern in pulse compression systems. Typically, these are suppressed through
amplitude weighing of the received signal, at the expense of decreased range
resolution., With only two states of polarization being radiated within the
transmitted pulse, it is convenient to apply binary coding. Optimum binary
codes such as Barker and maximal-length are applicable to *his pulse compres-
sion scheme. Such codes offer reduced time sidelobes while a new category
called "Group Complementary Codes" offers zero time sidelobes.

Figure 1 depicts a simple implementation in a non-coherent transceiver
where only one channel is encoded to establish a positive or negative 90°
phase relationship between the two channels. With one channel applied to the
vertical port of a dual polarized antenna feed and the other applied to the
horizontal port, right or left hand semse circular polarization is radiated in
accordance with the bi-phase modulation imposed on one channel. Other con-
figurations are realizable, including coherence with the source. One con-
figuration applies orthogonal codes to each channel while maintaining the plus
or minus 90° phase relationship between the two channels. With the codes to
each channel being orthogonal, cross-talk between the channels is eliminated
and improved polarization isolation results.

The two channels are applied to a dual polarized feed antenna such that a
circularly polarized wave of right/left hand sense (within the pulse envelope)
is radiated. A received pulse of right hand/left hand sense will result in
the output of the two receiver I.F. ports. Ideally, these two signals will be
related by plus or minus 90° in phase. Performing a phase detection between
the two signals will result in a binary output according to the plus or minus
90° relative phase. For an even bounce reflector, the same right/left hand
sense subpulse pattern will be received and the original binary code will be
recovered at the phase detector. For an odd bounce reflector the opposite
sense polarization pattern will be received and a complement of the original
code will be recovered.

The recovered code can be correlated with the original code to achieve
the effective pulse compression. Since the recovered code may be the original
code or its complement, depending upon the energy reflector, a posxtxve or
negative correlation will result as the compressed pulse output.

As with any pulse compression scheme time sidelobes arise because of the
redistribution of energy under the ambiguity function. As polarization is




used to carry the modulation and information for pulse compression, time side-
lobes likewise arise. Such undesirable responses permit out-of-range target
energy to be ambiguous with the desired in-range target response. These unde-
sired responses may be eliminated with the application of binary coding called
"Group Complementary Codes". Such codes have the unique property of zero-time-
sidelobes.

III. GROUP COMPLEMENTARY CODES

Group Complementary Codes are extensions of the complementary code con-
cept introduced by Golay. The codes discussed here are matrices of X by N
binary elements, and the pulse-compression processing involves transforming K
long pulses, each coded with one of the K rows of N-bit binary words, into one
single short pulse. Therefore, the pulse compression is a composite operation
over a number of pulses rather than on a single pulse.

. The implementation of the multipulse processing technique could take
several forms but would necessarily require the storage of the partial corre-
lation resulting from each of the K pulses to form the composite matrix corre-
lation. One means of implementing the concept would utilize a Charge Coupled
Device (CCD) delay line for storage of each of the K pulses correlations. The
device would then provide K inputs for the formation of the composite com-
pressed pulse. Another implementation would involve the use of one integrator
to accumulate the range-time samples resulting from correlating the K pulses.

A binary group complementary matrix is composed of K rows and N columns
with each element being a plus or miaus "1". Each row is a code word used to
encode each of K radio-frequency pulses using bi-phase modulation.

The first K-l rows are shifted versions of the same maximal-length code
word but with an extra bit of value "1" added at the end. The last row of the
matrix is composed of all.-"1"s. Since a new matrix may be established for
each unique maximal-length word, M unique matrices exist for M unique code
words.,

A very large set of group complementary matrices may be generated from
this configuration. An initial unique, but square, matrix may be operated
upon in four different ways, in combination or separately, to generate new
Group Complementary Code matrices while maintaining the desired and beneficial
properties: (1) One or more columns may be truncated, (2) Columns or rows may
be interchanged, (3) One or more rows may be complemented, and (4) One or more
columns may be complemented. For one unique maximal length code and amn ini-
tial matrix with 16 rows and 15 columns this would result in an upper limit of
more than 3.10X1036 Group Complementary Code matrices as compared with 2NK
possible matrices without including truncated columns. This would be 216(15)
or greater than 1.76X1072. An example of a group complementary matrix struc-
ture where eight code words are used, each with 6 bits, is shown in Figure 2
with the principal portiog of its autocorrelation response.

Group Complementary Codes have another beneficial property which can be
exploited in sensor design and development. This feature involves mutual
orthogonality of code matrixes. The Group Complementary Code matrix, A,
Figure 2, may be operated upon to create new matrices while maintaining the
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autocorrelation properties of the original matrix. A special case is when N
is even and N/2 columns of the original matrix are inverted to form a second
matrix. For this case, the cross-correlation between the two matrices is
identically zero. This is an ideal property for two closely deployed sensors,
whose transmissions can be synchronized, each using one of the code matrices
for pulse compression. This provides mutually noninterfering operation over
the unambiguous interval.

The discriminating properties of a waveform are revealed in the ambi-
guity surface for the particular waveform. Figure 3 (upper plot) shows the
square root of the ambiguity surface for a 16 pulse train with each pulse
encoded with a 15 bit maximal length sequence. As can be observed, time side-
lobes exist along the range axis near the zero doppler region. In doppler the
response falls off as a sin X/X function for the on=-range position. A clutter
model is shown in the lower half of the figure with doppler spread along the
range axis. This illustrates the out-of-range clutter which competes with the
in-range target signal at the peak of the ambiguity plot. If the ridge along
the waveform ambiguity surface near zero doppler were eliminated, only that
clutter co-located with the peak response would compete with the target
return.

Group Complementary Codes offer this desired reduction in the ambiguity
surface along the zero doppler response for range positions along the unam-
biguous interval. Figure 4 is a plot of the ambiguity surface (square root of
same for emphasis) for a Group Complementary Coded waveform. Here 16 pulses
are each encoded with 15 bits of code, each code being one row of the code
matrix. In the near-zero doppler region, the range response has been reduced
and the time sidelobes are truly zero along the zero doppler extent in range.

Iv. COMBINING GROUP COMPLEMENTARY CODES WITH POLARIZATION MODULATION

The basic approach of encoding one channel with a bi-phase code such that
a plus or minus 90° phase relation exist between the channels for each sub-
pulse element can benefit in time sidelobe performance through the use of
Group Complementary Codes. Any out-of-range responses will be excluded from
in-range responses because of the zero-time-sidelobe nature of these codes.
Consequently polarimetric properties of reflectors, targets, clutter, etc.,
may be enhanced by this additional discrimination.

Some target or reflector configurations can be envisioned wherein the
approach of encoding only one channel of the transmission may result in out-
of-range reflector contributions to in-range reflector responses or result in
no response to a reflector. Two cases independent of the code used, will be
illustrated: (1) If the reflector depolarizes the return such that either the
horizontal or vertical component is absent in the received signal, the phase
detection process will not recover a received code; (2) If two reflectors are
separated in range (one returning opposite circular polarization and the other
only linear polarization) a situation can be generated where the linear
reflector will look like a sidelobe of the circular reflector. Neither of
these cases would® result if each channel of the transceiver is éncoded separa-
tely. Likewise doppler insensitivity would not be achieved. With each chan-
nel encoded separately pulse compression would be achieved on each channel
with or without time sidelobes, depending upon the codes used.
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Group Complementary Codes can be obtained which are orthogonal. With use
of these on each charnel, cross-talk between channels would not occur and
polarization isolation would be improved over that realized with a given
antenna system.

Coding of only one channel versus coding of two channels has not been
analyzed adequately and offers the need for further research.
.

V. SUMMARY

A different approach to pulse compression has been presented. Instead of
operating upon the phase of an RF carrier to achieve wide bandwidths for pulse
compression, the polarization of the radiated wave is encoded for subsequent
cross-correlation with the encoding waveform. In reality the phase of two
carriers are operated upon such that their relative phase carries the coding.
Consequently, a moving reflector will operate upon the phase of each carrier
in the same manner with preservation of the relative phase between the two and
alternately the code. This should result in insensitivity to doppler as
opposed to the bi-phase modulated carrier case where increased doppler shifts
introduce increased loss is correlation.

Application of Group Complementary Coding to the pulse compression approach
using polarization as the information carrier offers improved performance
through properties of zero time-sidelobes and orthogonality.

Polarization characteristics of targets and clutter can be enhanced through
the use of Group Complementary Coding because of their features. Further
research is necessary to realize these benefits and the optimum implementation
of such codes in pulse compression through polarization control.
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