How Coded-Pulse Techniques
" Extend Radar Range

Experiméntal system uses a wide transmitted pulse with low repetition rate

and increases resolution by phase modulating the transmitted pulse carrier
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INCREASING complexity of mod-
ern warfare has resulted in a need
fur sophisticated techniques for long-
distance target detection,  Simple
raduar systems have runge limitations
imposed by average radiated power,
amd resolution is limited by pulse
length and beamwidth acquisition
time,

During World War II, principal
cmphasis in the development of ra-
dur techniques and components was
ventered  on increasing range and
range  resolution performance by
higher transmitted peak power and
reduced pulse length, As a result,
the efficiency of high-power tubes is
still often too low in terms of
average power, While post-detection
integration techniques have been de-
veloped to compensate for this in-
cfficiency and extend radar range,
they often lead to further losses in
the use of total available average
power.

Improved Performance—The chirp
scheme,=-# which employs linear fre-
guency modulation, represents one
method with which desirable high-
resolution properties may be secured
with optimum equipment utilization.
However, this technique, like con-
ventional radar methods, possesses
an inherent ambiguity in simultane-
ous determination of both the range
and velocity of a moving target.t
To obtain improved long-range
radar performance, not only must a
wide pulse with large total power be
employed, but the product of signal
bandwidth or duration (time-band-

width product) must be Jarge. More-
over, the ambiguity function (radar
response function) should be sharply
defined and have low side-lobe level.
In accordance with these require-
ments, a coded-pulse radar was pro-
posed for long-range applications®
and lab experiments were performed
to demonstrate its principle.

Operation—The desired radar sys-
tem had to provide both range and
doppler information, The system
designed utilizes a wide transmitted
pulse with a low repetition rate.
High resolution is accomplished by
modulating the phase of the trans-
mitted pulse carrier, Pseudo-random
sequence is generated with a feed-
back shift register as a modulating
signal,

A wide r-f pulse with width T is
generated by a crystal oscillator,
where the carrier pulse is phase
modulated by a pseudo-random sig-
nal from a sequence generator. A
block diagram of the transmitter is
shown in Fig. 1A, while the signal
waveforms appear in Fig. 1B. The
top waveform in Fig. 1B is that of

the unmodulated r-f pulse; the sec-

ond the pseudo-random sequence
derived from the sequence gener-
ator' that is similar to a feedback
shift register; the third waveform
represents the phase-modulated car-
rier; the fourth, the gate pulse; the
fifth, the transmitted signal and the
Jast waveform the transmitter pulse
sequence.

At the receiver, the signal re-
flected from the target is phase

modulated by a replica of the
pseudo-random signal used in the
transmitter as shown in Fig. 2. The
first local reference signal (Irs) is the
replica of the pseudo-random signal
without delay. The second Irs sig-
nal is the replica with one unit of
delay corresponding to one code
element or one cycle of the feedback
shift register. In the same manner,
the n-th Irs signal becomes the
replica of the pseudo-random signal
with a delay of (n-1) units.

The demodulated signal is sup-
plied to the filter bank, which con-
sists of a number of narrow-band
filters each having a bandwidth of
1/T. For moving targets, the dop-
pler effect produces a frequency
difference between the transmitted
and received pulse. Since doppler
shift is not known beforehand, it is
necessary to be prepared to process
an echo that occurs anywhere within
a wide bandwidth. The filter bank
discriminates between the reflected
signals and those from targets of
different velocities. A number of
local reference signals with different
delays will discriminate between sig-
nals reflected from targets in differ-
ent positions. The principle of
velocity and position discrimination
is shown in Fig. 3A and 3B.

The signal waveforms involved-in °-
the detection process are shown'in .
Fig. 3A for a zero time difference
between reflected signal-and Irs sig-
nal. Here, the output of the phages

modulator is a continuousawagve’ "

without phase modulation; If'there
is no doppler shift; the output of the




first filter in which signal appears
indicatcs the presence of a target.
The other channels yield only small
outputs. ‘

For nonzero time difference be-
tween reflected and local signals, the
waveforms for detection appear in
Fig. 3B. Here, the output of the
phase modulator is a phase-modu-
lated sinusoidal wave. Because the
pseudo-random sequence is derived
by the maximal length or M-se-
quence feedback shift register, the
number of units with a plus-phase
of the demodulated waveform is al-
most equal to that of the minus
phase. Since the pluses and mi-
nuses cancel, none of the filter out-
puts builds up sufficiently. This is
also explained by the fact that each
filter in the bank has a narrow band-
width.

Filter-bank outputs are fed to en-
velope detectors.  To further ex-
tend target-detection range, the
double-threshold method of detec-
tion was used as a means of post-
detection integration.®?  Figure 3C
illustrates the basic principle of this
method.

The pseudo-random signal used
to modulate the transmitted pulse
has a period 7 that equals the trans-
mitted pulse width. According to
the theory of correlation detection,
this prevents the unambiguous
measurement of any delay time
larger than 7. Considering that the
transmitted pulse length is T, this
ambiguity is eliminated by the range
gates that are inserted alter the en-
velope detector.  These gates have
identical repetition frequency as the
transmitted pulses and are arranged

LONG RANGE THREAT

Modern aircraft and missiles operate at speeds so high that they
must be detected at far greater ranges than necessary just a few
years ago. While the coded-pulse radar technique described is not
at present being commercially produced, the authors feel that thair
Investigations into this technique demonstrate that it ofers sub.
stantial radar range extension and image resolution increass. More-
over, they feel sure that research of this type will result in even
greater improvements of the state of the art
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METHOD of correlation detection for zero delay (A),
and the double-threshold detection scheme (C)—Fig. 3

for nonzero delay (B),

so that their time differences are
equal to trunsmitted pulse width.
Therefore, the output of the first
gute indicates the existence of the
refleeted signal with a delay between
T and 27 cte.

Qutput—The first threshold detector
quantizes the output of the envelope
detector into 0 to 1. The succeed-
ing counter integrates the number of
I's during a certain time interval,
Should this number exceeed the see-
ond threshald, the alurm signal will
be obtuined,  The dauble-threshold
method of detection mikes possible
the upplication of digital techniques

to the detection process to stabilize

the system by eliminating various
external disturbunces,

Figure 4 shows the waveforms ine
volved in the detection process for
zero time difference hetween re-
flected and local reference signals,
In these photos, the Inh model used
8 carrier frequency of 1.9 Me, a
pulse repetition frequency of 100
cps. & pulse width of 1 millisee and
a pseudo-randam sequence of 15 for
modulation.

A fifth-order, maximally-flat-delay
LC filter with a 3-db bandwidth of
760 cps and a center frequency of
100 kc was used for the narrow-
band filter. According to results
obtained, the doppler shift* of 300
cps has negligible effect on the
output amplitudes. Morsover, a
doppler shift of -+600 cps gives
6 db attenuation und a shift of
£900 cps gives nearly zero outpul.

Waveforms for nonzero time dif-
ference between reflected and local
signals are shown in Fig. 5A, They
fllustrate the incomplete buildup of
the output waveform of a narrow-
band filter. Observations made for
cach time difference between local
and reference signals resulted in the
ambiguity curve of Fig. 5B where
the ordinate shows the relative am-
plitude of the narrow-band filter out-
put. The unit k represents one cycle
of the feedback shift register. From
these results, the poorest discrim-
ination factor is 0.3, while this fac-
tor is better than 0.2 over the wids
range of k. The peak at the origin
indicates the true coordinate of a
single target, with the response fall-
ing off sharply from the origin. Ac-
cording to theory, the sharpness of
the peak depends upon the band-
width of the modulating signal. In-
creasing the maximal period of the
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pseudn-random  sequence  derived
from a feedback shift register results
in an indefinite increasc in peak
sharpness. For a specific sequence
with a Iength of 15, spurious peaks
uppear at kK = — 7, k = 5, ete. It
seems logical that these peaks can
be further decreased by employing
a pseudo-random sequence with a
larger maximal period. Further-
more, the magnitude of spurious
peaks can be reduced in practice
with post-detection integration of
successlve radar responses. In this
case, the sharpness of the origin
peak will also be increased.

L@ T m o DISCRIMINATION

WAVEFORMS corresponding to the detection
modulator, 2 and 5 are narrow-band filter outputs and 3 and 6 are linear detector out
diserimination factor vs time diffarence (B)—Fig. 5
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The authors would like to empha-
size that this work represents ex-
perimental results of the response
of one specific system. However,
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the narrow-band filter (2) and the linear-detector

scheme shown In Fig. 3B, where photos 1 and 4 show the output of the phasé’

g o, . )

puts (A) and ambiguity diagram showing

they believe that proper waveform
design can further improve the
sharpness at origin and reduce the -
magnitudes of spurious responses.
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