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I. INTRODUCTION

The development of instrumentation radars for radar cross-section (RCS)
measurements of targets mirrors the development of operational radar sys-
tems. Early instrumentation radars operated with narrow bandwidth radar
waveforms 1limited by the technology available at that time. As broad-
bandwidth radar technology became available and used operationally, the
instrumentation radar bandwidth requirements also expanded to determine the
target response to operational waveforms. At the same time, a second
objective for high-resolution instrumentation radars arose from the
development of modern analytic codes that project the overall scattering
response of the targets. When sufficient bandwidth 1is available from the
radar, the response of individual components that comprise the overall radar
response of the target may be observed. The measured high-resolution
responses of targets nicely complement the analytic projections of the target
response, and this complement extends our understanding of the target
scattering response, In addition, the ability to separate component returns
as a function of range permits the separation of target effects from facility
returns that degrade measurements of target models. This factor permits the
evaluation of small RCS returns from the target, and reduces the radar

reflectivity requirements of the measurement facility.

The instrumentation radar described here was efficiently constructed from
a combination of commercially available components and circuitry constructed
in-house. The emphasis in this discussion centers on the design of the
instrumentation radar and our experience with its performance. A similar
system that has been recently described! emphasizes measured target responses
and processing of the range images to obtain cross-range images through a

transform process.

A parameter of particular interest in high-range-resolution systems is
the range sidelobe response. These range sidelobes result from the matched-

filter processing of finite pulse duration waveforms and limit the dynamic
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range of the measurements, as well as mask the response of a smaller RCS level
in the presence of a larger ome. Particular care was exercised in the devel-
opment of this instrumentation system to achieve good range sidelobe perform-
ance through a combination of (1) waveform amplitude and phase linearity and
(2) amplitude weighting. Measured results for this Iimportant parameter will

be presented.
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II. DESCRIPTION OF THE INSTRUMENTATION RADAR

The desire for radar systems capable of resolving returns closely spaced
in range led to the development of broad-bandwidth, high-resolution wave-
forms. One way to 1lncrease range resolution is to reduce the pulse duration
of the waveform; however, the practicality of this approach is limited, par-
ticularly in operational radar systems, because the reduction in the pulse
duration 1is also accompanied by a reduction in the detection range of the
radar. The alternative that developed was to modulate the waveform during the
pulse duration and process the modulated pulse to 1increase 1ts range

resolution over that available from an unmodulated pulse.

The modulation of a pulse and processing or compressing the response into
a smaller range interval than that available from an unmodulated pulse is
referred to as a high-resolution waveform. High-resolution waveforms afford
the range resolution of a short-pulse system with the detection performance of
a long-pulse system. However, unlike the case for a true short-pulse system
observed with video rather than with matched-filter processing, processing a
finite-duration pulse also results 1{in a distributed response 1in range,
referred to as range sidelobes. These range sidelobes can obscure the
response of small targets in the presence of larger targets, so the range
sidelobes 1imit the dynamic range of scattered components which can be
measured. The control of the range sidelobes, therefore, is a critical issue
in the development of a high-resolution instrumentation radar, and one purpose
of this discussion 1s to describe the range sidelobe performance achieved with

this hardware implementation.

The principles of high-resolution radar systems are well developed.z'3
A general analysis of the waveform properties 1s typically presented in terms
of ambiguity functions, a surface that describes the radar system respounse to
an 1isolated point target in range and Doppler coordinates. The problem is
simplified for an instrumentation radar, because the range between the radar
and target is generally fixed and the Doppler coordinate equals zero. Thus,
for instrumentation radars, the range sidelobe performance is the only concern
in waveform design. In an operational radar system, an additional complexity

arises from the coupling between range and Doppler coordinates.

‘
a



While many types of modulation of the radar pulse have been investigated
and demonstrated, the most popular waveform is the chirp (1.e., linear FM), in
which the radar frequency 1is linearly increased during the pulse duration.
This popularity results in part from the ease of implementation. The range
resolution SR achieved depends on the bandwidth B of the modulation; 1in

particular,

where c 1s the speed of light. The constant K in this equation depends on the

amplitude weighting that 1s applied to the waveform processing to reduce the
range sidelobes. The range resolution equals that of an unmodulated pulse,
c1/2 (where T is the pulse duration) divided by the time-bandwidth product.
For this reason, the time-bandwidth product 1s referred to as the pulse com-
pression ratio. The required bandwidth for a given range resolution 1is
plotted in Fig. 1, where a typical value of 1.3 is used for K. When the

waveform bandwidth approaches GHz values, the range resolution is sufficient

to resolve scattering from different portions of practical radar targets.

For the chirp waveform, delays in range correspond to increases in the
frequency offset between the transmitted and received signal. This situation
is 1llustrated in Fig. 2. The processing required to obtain a display of
radar return versus range consists of mixing the transmitted waveform with the
received waveform and performing a spectral analysis of the result. Targets
farther from the radar are displayed at higher frequencies than those closer
to the radar. To first order, then, a chirp instrumentation radar consists of
a transmitter capable of linearly varying its frequency over the bandwidth
required to achieve the desired range resolution, a receiver capable of mixing
the returned signal with the transmitted one, a spectrum analyzer to provide a
range display, and the necessary antennas for transmission and reception. A
more detailed examination leads to waveform fidelity concerns, sensitivity

requirements, component performance, etc.
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A functional block diagram of the 1instrumentation system constructed is
given in Fig. 3. The chirp waveform is generated by the YIG tuned Gunn oscil-
lator (Watkins-Johnson WJ 5008-138); a ramp voltage input to the oscillator
results in a linear variation in the output frequency. This signal is ampli-
fied by a 1-W TWT amplifier (HP 495A). The signal is then transmitted, with
small portions used as a local oscillator for the receiver and the lineariza-

tion circuitry. The received signal 1s mixed with the transmitted signal.

The large bandwidth required for high range resolution and the assoclated
time-bandwidth product of 4 x 10% makes active chirp generation implemented in
analog circultry a logical choice. Amplitude weighting to reduce the range
sidelobes 1s applied over the pulse duration. The resulting signal is routed
to an HP spectrum analyzer to obtain a convenient display of radar return
versus range. Alternative techniques, such as the digital FFT processing used
in Ref. 1, may be used for the spectral analysis. The system timing and
frequency stability is derived by reference to a crystal oscillator. The
circuitry constructed in-house includes the amplitude and phase linearization
subsystems, the timing and ramp generator, and the weighting circuitry and
assoclated amplification. Details of the circuit design may be found in the
Appendix.

The overall system specifications are listed in Table 1 and a photograph
of the system is given in Fig. 4. 1In this radar, separate antennas are used
to transmit and receive; in this case, diagonal horn antennas available in-
house were selected to provide wide angular coverage, low sidelobe patterns,
and high {solation. The circufitry constructed in-house, the YIG oscillator,
and the power supplies are mounted on the plate beneath the horn antennas.
The HP TWT may be seen beneath this plate. The TWT sits on a rack cabinet

that contains the coaxial cable used in the delay line circuitry.
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f Table 1. Instrumentation Radar Parameters
i
F requency, GHz 8.5 - 10.5 '
Transmit power, W 1
. System noise figure, dB 10
“
73 Pulse duration, msec 2 )
. PRF, Hz 100
Bandwidth, GHz 2
Time-bandwidth product 4 x 106
Measured range resolution, in. 4.9

Measured range sidelobes, dB:

MM NG . SO gy

First 27
Second 38
> Second 2 45

11
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I1I. RANGE SIDELOBE PERFORMANCE

The range resolution achieved in a practical radar depends not only on
the waveform bandwidth but also on the fidelity of the waveform and amplitude
weighting used to control the range sidelobes at the expense of a reduction in
the range resolution. 1In this radar, leveling circuitry applied to the trans-
mitter was used to provide a constant amplitude output, and amplitude
weighting was applied to the received pulse to reduce the range sidelobes.
Phase linearity was achieved through a third-order phase—-locked delay 1line
discriminator circuit. The large time-bandwidth product, 4 X 106, of the
waveform used in this system demands excellent waveform linearity over the
full bandwidth to achieve the full potential range resolution. In the
development of the system, the microwave components beyond the electronics
should be measured to assure that they are well matched, with minimal phase
distortion over the bandwidth as well; their amplitude and phase variations
further distort the transmitted and received waveforms. The compact
construction, shown in Fig. 4, minimizes the number of rf components and their

associated degradation on resolution performance.

The linearization circuitry for the transmitted phase uses a third-order
phase~locked delay 1line discriminator. Ideally, the frequency slope 1is
constant over the total bandwidth of the system. When this is the case, the
frequency offsets between transmitted and received components remain constant
over the entire pulse duration, as shown 1in Fig. 2. The linearization
circuitry is constructed by sampling the output from the transmitter, dividing
this sample into two components, and delaying one of them by using 200 ft of
coaxial cable. The delayed and undelayed samples are then mixed, and the
phase of the difference is compared with a reference frequency derived from
the timing generator. The phase error is used within the phase-locked loop to

derive a correction to the ramp drive to the YIG oscillator.

The phase linearization circuitry is similar to that developed earlier
for a 94-GHz radara that had a 1-GHz bandwidth and a time-bandwidth product of

106. Such circuitry is necessary for broad-bandwidth waveforms, as the

13
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bandwidth exceeds present capabilities for acoustic delay line techniques for

)

i chirp generation and processing. Additional information on chirp generators
ﬂs may be found in Ref. 6. The stability, linearity, and optimization of such

]
"; loops is further discussed in Ref. 7.

h{ The measured range sidelcbe performance for this instrumentation radar 1is

shown in Fig. 5. 1In this figure the response of an isolated target 1s pre- .

Sl
::: sented as a function of the spectrum analyzer's output frequency. The

*I

‘w. relationship between the spectrum analyzer frequency f, and the range R to the

~

N( target is given by

A

I~
Y 2SR

o - —— 2
- £, = (2)

~: where S 1s the sweep rate of the chirp and R iIs the range to the target. In
':E this figure the display covers a range span from 100 to 200 ft. This range
?:’ sidelobe display illustrates that the main response and the range sidelobe
'f! response are well removed from the target, which is approximately greater than
?? 45 dB below the main return. This level results from the residual amplitude
iz and phase errors of the waveform and limits the dynamic range of the measured
:ﬁ response that can be observed. An expanded scale showlng the range sidelobe
. performance close to the target 1is given in Fig. 6, 1in which the close-in
:; sidelobe structure may be seen more clearly. The ripple on the range sidelobe
ﬂ structure results from the PRF used in this system.

‘; To reduce the range sidelobes, the weighting circuitry in the receiver
N applies a c032X amplitude profile to the received signals. This amplitude
& weighting broadens the range resolution by the factor of K in Eq. (1), but
:\’ reduces the range sidelobe levels near the target. The theoretical value of K
ﬁ; for the cos2X welghting equals 1.626, and this value, coupled with the 2-GHz
.; waveform bandwidth, leads to a theoretical range resolution of 4.879 in.,
3} which is very close to the measured value of 4.9 in. given in Fig. 6. The
f; first range sidelobe level for c032X weighting should be 31.5 dB; the higher
X measured value is about 27 dB. Similarly, the second sidelobe level should be
o~
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Fig. 5. Measured Range Sidelobe Performance
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about 41 dB, while the higher measured second sidelobe level is 38 dB. The
agreement between measured and theoretical range side.obe performance is very

good and indicates excellent waveform fidelity in this system.

5 The contrast between weighted and unweighted range sidelobes can be
; made. The measured response in Fig. 6 indicates that the range sidelobes are

40 dB below the peak level when the range separation 1s about 1.5 ft from the
i target. If this waveform were unweighted, the range resolution value would
E reduce to 3 in.; however, a range separation of 9 ft would be required before
v the theoretical range sidelobe levels reach 40 dB below their peak value. The
. unweighted range sidelobe levels follow a sinX/X dependence and, accordingly,
the first range sidelobe level is theoretically 13.6 dB; such high levels mask

the presence of small targets in the vicinity of large ones.

The importance of the range resolution and range sidelobe performance
becomes more apparent from examination of Figs. 5 and 6. The definition of
range resolution is based on the Rayleigh criteria, whereby range resolution

is the required separation between two equal-amplitude signals in which two

Al O

discernible responses can be observed. When the two returns have unequal
amplitudes, the signal from the smaller one may be obscured by the range

sidelobes. 1In the measured response in Fig. 6, for example, a target removed

DAt Ry e

5 in. from a larger target having a relative amplitude of 27 dB would have the
same level of return as the first range sidelobe. In planning a measurement
program and determining the resolution requirements of the waveform, both the

separation of the details of the target scattering and their dynamic range are

o S L 7.

required to determine the required radar resolution performance and range

A

sidelobe requirements. Ultimately, it should be recognized that the dynamic
range that can be observed in the measurements is limited by the residual

amplitude and phase errors of the system, which dictate the range sidelobe

levels well removed from the target.

P NN A

The dynamic range of the iInstrumentation radar 1s also 1limited by
restrictions imposed by the electronics, and tw areas require particular

attention in the development of the radar. The first area lies with the

[N N L WY

l1solation between transmit and recelve electronics, leakage components, and

LR A

17




scattering effects close to the instrumentation radar. While the choice of

7 and con-

diagonal horns used in this system minimizes the coupling component
trols the sidelobe illumination of the radar's surroundings, the level of
these components greatly exceeds the level of the signal components scattered
by the target. However, the range separation of the isolation and scattering
components is typically very small compared to the target's separation range,
and thus these components are clustered about a zero-frequency return in the
radar. High—pass filtering techniques were found to be effective in reducing
the amplitude of the low-frequency isolation and scattering components, so
that the returns from the targets are not masked and the dynamic range over
which the receiver operates is reduced. For very high level components, the
receiver would saturate, which would further distort the received image with

intermodulation products.

The dynamic range of the receiver also requires design attention. While
the spectrum analyzer is a convenient display in this system, its very high
noise figure degrades system sensitivity. Preamplification before the
spectrum analyzer can reduce the overall system noise figure; however,
preamplification also reduces the input receiver level at which the analyzer
saturates, Moreover, the noise figure of the preamplifier is important in
effectively reducing the overall system noise figure. While integrated—cir-
cuit operational amplifiers expediently provide the necessary gain, their
noise performance is not particularly good. A preamplifier constructed from
discrete components using low-noise IM 194 transistors was developed for this

system, and an overall system noise figure of about 10 dB was thus achieved.

Finally, an example measurement made with this system is shown in Fig.

7. A parking lot behind our lab building was illuminated for these measure-

ments, and the returns from individual components, such as curbing, trees,

cars, and a lamp post, are indicated. The return for a narrow—bandwidth radar
would be a single number representing the phasor sum of the components seen in
Fig. 7. A corner reflector return, which is also shown, can be used to
establish an absolute level for the measured return; the levels of other
returns must be corrected for their relative space-loss values and antenna

pattern variations,
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IV. SUMMARY

A high-resolution 1instrumentation radar, which was constructed from a
combination of commercially available components and circuitry built in-house,
is described. The system operates at X-band frequencies and uses a 2-GHz
bandwidth chirp waveform to achieve a 4.9-in. range resolution. A key feature
of this radar is the low range sidelobe performance achieved through amplitude
weighting and good waveform fidelity. Such range sidelobe performance 1is
required to observe low-level target returns in the presence of stronger
ones. Measured range sidelobe performance illustrates the performance that

can be achieved.
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APPENDIX: TINSTRUMENTATION CIRCUITRY

The circuitry constructed in-house for this instrumentation is described
in this appendix. This circuitry 1includes the amplitude 1leveling for the
transmitter, the phase linearization circuitry, the ramp generator for the YIG
oscillator, the clock and timing generator, and the amplitude weighting and
preamplifier in the receiver. The circuit diagrams for these units will be

described in turn.

The amplitude leveling for the transmitted signal is obtained by sampling
the output of the TWT amplifier during the pulse period and coupling this
output to the amplitude control of the TWT. The circuitry used is shown in
Fig. A-1. The TWT output 1s detected by an HP 423 detector connected to a
coupler that is in line with the TWT output. The switch Sy is driven by the
timing generator sgo that the circuitry {s active only during the pulse
period. The TWT output power level 1is controlled by adjusting a potentiometer

to produce a leveled output.

The phase 1lineariz:ition circuitry for this system has several circuit
elements. A functional block diagram of this circuitry is given in Fig.
A-2. The output from the TWT is sampled and divided into two outputs, one of
which 1s delayed by a 200-ft length of RG 214 coaxlal cable. This delay,
coupled with the sweep rate of the chirp, produces a 304-kHz offset between
the delayed and undelayed components which 1s obtained by mixing. The mixer
output is amplified by the IF circuitry shown in Fig. A-3. Low-noise LM 194
transistors are used to establish the noise figure at this point. After
amplification at the IF level, the signal is limited by the circuitry shown in
Fig. A-4. This output of the limiter and a 304-kHz signal obtained from the
timing generator are processed by a phase detector. The output at this point,
1f the waveform 1is 1ideally linear, would be a constant phase value over the
entire pulse duration, and variations of the phase represent departures from
linearity. These departures are passed through a loop filter whose circuitry

is shown 1in Fig. A-5. The output of the loop filter is coupled to the YIG

oscillator and the ramp generator.
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The clrcuitry of the ramp generator and the driver is shown in Fig.

A-6. This circultry generates a voltage ramp input to the YIG oscillator to
produce the chirp waveform. The switches indicated in this circuitry are
controlled by the timing generator to establish the pulse duration and pulse
repetition frequency (PRF). The 1initial starting frequency of the chirp
signal can be adjusted by a potentiometer. Likewise, the chirp rate can be

controlled by another potentiometer.

The system timing and the reference frequency for the phase linearization
circuitry are derived from a reference crystal. This crystal with a 4.864-MHz
frequency 1is used in the clock generator circuitry shown 1in Fig. A-7. The
output of the clock 1is used as an input to the timing generator circuitry
described in Fig. A-8. The timing signals are routed to the ramp generator,
the amplitude leveler, the loop filter, and the amplitude weighting circuitry
in the receiver. The timing routed to the weighting circuitry can be adjusted
to center the weighting over the delay corresponding to the target. The 304-

kHz reference signal is also derived from the crystal frequency.

The weighting circuitry for the received signal is shown in Fig. A-9.
The timing of this circuitry 1s controlled by inputs from the timing gen-
erator, and the weighting circuitry can be adjusted to provide the c052X
amplitude weighting of the receiver. The circuitry for the receiver is shown
in Fig. A-10. The input to this unit 1is from a mixer connected to the recefve
antenna and a portion of the transmitted signal 1s used as a local
oscillator. The 1input 1is 1initially preamplified by low-noise IM 194
transistors as discussed 1in the text. The output is fed to a balanced
modulator driven by the amplitude weighting circuitry described in Fig. A-8.
A stage of buffering is provided before the received signal is routed to the

spectrum analyzer, which provides the range display after spectral analysis.
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