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TRACK PERFORMANCE CONSIDERATIONS
FOR MONOPULSE RADARS

INTRODUCTION

A tracking radar typically measures target azimuth and elevation relative to its antenna beam
axis and time of arrival of its echo relative to a range tracking gate. This information is used to close
tracking loops to cause its antenna beam to follow the target in angle and its range gate to follow the
echo arrival time. Monopulse radars can perform this task with very high precision. However, the
precision is limited because the targets have finite size with multiple reflecting surfaces causing glint;
the radars operate in natural environments with clutter and multipath; and the radars, in tactical
scenarios, are exposed to active and passive countermeasures. The wide variety of sources of error,
particularly when occurring simultaneously, is difficult to analyze or measure. The performance
determination is even more difficult when the radar equipment is not available, or may not exist, and
only system parameters are known. A generic tracking radar model is being developed to provide
realistic tracking performance by a selectable monopulse system tracking a finite-size complex target
in natural and countermeasure enviroments. The model is adaptable to a variety of monopulse radar
configurations.

Assessment of radar track performance, such as loss of track because of imperfections in the
radar system design, target scintillation, multipath fading, or effects of countermeasures (CM) can be
obtained as long as these parameters are included in the simulation. These modeling and synthesizing
processes are, however, time-consuming. In parallel with the development of a generic tracking radar
simulator, a theoretical analysis of track performance of monopulse radars is reported here.

The study validates results of model simulation and also provides detailed insight into how basic
radar characteristics affect monopulse radar track. The radar tracking stability and sensitivity are
analyzed in terms of the open-loop gain crossover, phase margin, closed-loop bandwidth, damping
ratio, and natural oscillation frequency. Track loops are synthesized through filter pole/zero place-
ment with consideration of the overall loop gain. Bode and Nyquist plots and closed-loop responses
are obtained as part of the measure of track performance. A closed-form solution of the radar track
in response to a step error input is analytically derived. Fundamental radar track performance can
thus be observed without complex model simulation.

MONOPULSE RADAR

The basic three-channel (sum, azimuth-difference, and elevation-difference) monopulse tracking
technique [1], as shown in Fig. 1, is used for the development of a generic tracking radar simulator
[1]. A typical model simulation is shown in Fig. 2. This model includes the schematic RF feed, the
combining circuit of a four-horn monopulse comparator, a three-channel linear IF receiver with
automatic gain control (AGC), an integrating sample-and-hold following a dot-product detector and a
low-pass filter, and a range tracker using an early-late gate range discriminator. The finite-size com-
plex target is modeled by a collection of scatterers having different magnitudes and varying phase

Manuscript approved January 26, 1988.
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rates. Chaff is formed by a patch of reflectors in different scenarios. The standoff jammers are,
however, modeled by scatterers collocated in azimuth and elevation but having random phases and
Raleigh-distributed magnitudes that are independent of their ranges to the radar.

The generic tracking radar simulator is sufficiently detailed to provide selection of a wide
variety of antenna feeds with responses to both normal and cross-polarized signals, complex targets
with selectable size and configuration, low-angle multipath, standoff jammers, basic chaff, and
expendable towed and forward-fired decoys. For example, Fig. 3 shows the elevation and azimuth
tracking and the receiver gain for a a complex target under the environment of zero-state multipath.
Here a low-altitude track is occurring with a monopulse radar of ~0.7° beamwidth. Figure 4 shows
the angle and range tracks for towed expendable CM tracking. In this case, a simple level flight path
is used, and the jammer is turned on at 24,000 yd and turned off at 15,000 yd. The towed expend-
able is assumed to be 200 yd behind the target, with repeated pulses at 300 and 400 yd behind the tar-
get. Breaking radar track during jammer radiation is clearly shown in the figure.

ANGLE-ERROR SENSITIVITY

Figure 2 shows that the monopulse error voltages entering the shaping filters are prominently
affected by the angle error detectors and are characterized by the antenna sum-and-difference patterns.
To have a stable closed-loop servo system on angle track, the angle sensitivity must be independent of
the target size and range. In the present configuration this is accomplished by AGC with a voltage
proportional to the sum channel IF output to control the overall loop gain in three receiver channels.
Other monopulse processors with instantaneous AGC by use of a log detector can also be imple-
mented. In practice, the angle error voltage is not exactly linear with respect to the angle error.
Typically, a linear relation with a best fit to the actual radar characteristic is assumed. Figure 5 is an
example of measured data showing two linear approximations that may be selected depending on the
range of off-axis angles to be corrected.

From the basic radar equation, the received signal power is

P,GrGga(t)\?
—_— k______._
@m)’R(e)*

where
P, is transmit power,
Gr is transmitted antenna power gain,
R(¢) is range to the target,
Gy is received antenna power gain,
o(t) is target scattering cross section,
A is wavelength, and
k is a constant.

Let £ and A be the antenna sum-pattern and difference-pattern voltage gains, respectively. Assume

that they are proportional to the square roots of the antenna sum-pattern and difference-pattern power
gains. Then, the sum and difference signals at the radar IF output are, respectively,

V, = kZ2VP,0(r)/R%¢) and V;, = kZAVP,a(t)/R*(2),

where k is a constant. This is time variant since the target-scattering cross section and the range to
target are functions of time.
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To maintain a stable closed loop, the AGC system detects the peak voltage of the signal and
provides a negative dc voltage to the IF amplifier. Assume the desired constant IF output voltage
level is V. Then the IF amplifier gain, which is inversely proportional to the detected voltage, must

be V/ 175 or R%(t)V /x? VP,o(t) k. Therefore the sum-signal and difference-signal IF outputs instan-
taneously coverage to

and

A
Vp = _E_V’ &)

which are then independent of the range and target scattering cross section. The overall closed-loop
gain is thus a constant and is invariant with respect to time. If a dot-product angle-error detector is
used, the angle-error voltage is e = VZ(A/T) cos §. Here 6 is the relative phase between the sum-
and difference-channel outputs, and the error voltage is proportional to the antenna difference pattern
normalized by the sum pattern. This gives a nearly constant angle-error sensitivity vs signal level. It
is time invariant if the AGC bandwidth is sufficiently large.

Figure 5 shows the typical nonlinear angle-error sensitivity measured by the AN/FPQ-6 radar
with ~ 8 mils beamwidth {2} and two linear approximations. Line B provides a best fit for azimuth
errors with +3 mils, while line A is a best fit for errors up to ~=+5 mils. For a small angle dis-
placement, the voltage error may be considered linearly related to the antenna boresight error. A
constant sensitivity, labeled K, is used in angle track throughout the report.

RANGE DISCRIMINATOR

A popularly used range discriminator is an early-late gate discriminator. The pulse shape is
Gaussian with the pulse length equal to the gate length. The mathematical presentation of a range



discriminator is similar to that of an angle-error detector although their physical functionings are com-
pletely different. The discriminator output (Fig. 6(b)) is formed by the subtraction of the early and
late gate integrator outputs, as shown in Fig. 6(a). The magnitude of the error signal obtained in Fig.
6(b) is a measure of the difference between the center of the gates and the center of the pulse. The

LIN AND HOWARD

sign of the error signal indicates the direction to which the range tracker has to move.
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SERVO CONTROL AND SHAPING FILTER

Appropriate selections of bandwidth and loop gain are essential in designing a good servo con-
trol system. For a monopulse track radar, sufficiently wide AGC bandwidth is required to obtain a
range- or time-independent angle-error senmsitivity. Increasing the track open-loop beamwidth or
reducing the closed-loop damping ratio generally increases the quickness of the servo control response
and enhances its ability to closely follow a strong, steady signal. This is particularly desirable in a
short-range target-tracking application in which target-angle scintillation errors are large. A wider
servo bandwidth, however, allows more noise to pass through and causes erroneous motions of the
tracking system. In practice, the bandwidth is limited to the minimum needed to maintain a reason-
ably small tracking lag error, although the optimum bandwidth is range-dependent. Proper selection
of the overall loop gain, which may be constant or adaptive, is also necessary since it not only affects
the track performance but also influences the system stability.

Let the servomotor be a simple integrator, represented by the transfer function K,/s, where K,
is a simplified constant factor affected by the amplifier gain and the motor torque and inertia. In the
range tracker loop, K, may be a VCO gain factor. When modeling a tracking radar simulator with
selectable angle-error sensitivity and servomotor constant, adding a shaping filter with flexible pole
and zero placement is needed. The filter with a low-pass characteristic smooths out the IF angle-error
voltage. It also shapes up the closed track loop, providing a desirable track performance.

In reference to electronic hardware implemented in the experimental TRAKX radar (tracking
radar at K- and X-band) [3], a shaping filter represented by (1 + 7,5)/7.s is used here. A filter of
higher order may be used later to include the antialiasing function.

ANGLE AND RANGE TRACKER LOOPS

As previously noted, the angle-track loop of a monopulse radar basically consists of an RF com-
bining circuit, IF receiver with AGC, low-pass filter, and servomotor. They are primarily character-
ized by the angle-error sensitivity, poles and zeros of the shaping filter, and the servomotor integra-
tor constant. Their transfer functions are described in the previous sections. These transfer functions
are also applied to the range tracker loop with K; and K, indicating the range discriminator and VCO
gain factor. A baseline model of Figs. 1 and 2 is described by Fig. 7.

R; (s) 14 7,8 K, R,

t®———> K1 - —

Angle/Range 748 s Angle/Range

Fig. 7 — Baseline model of monopulse radar

The open-loop transfer function of the above signal-flow diagram is

K Ky(1 + 755)

G(s) = y @

718
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The gain crossover frequency, or the ‘‘open-loop bandwidth,’’ can easily be calculated as

172
KiK3r \/ KiKi | 4KiKD
7 i i
Wop = ) ’ (5)
or, approximately
K K57y
wop = T - (6)

The negative corner frequency is 1/7, (see Eq. (4)). It is good practice in most cases to have 10 dB
magnitude at this corner frequency. As a measure of the loop stability, the phase margin is defined
as /G(jwpp) — 180° and is consequently reduced to tan~ (K ,K,7%/7;) by Egs. (6) and (4).

The open-loop Bode and Nyquist plots of Eq. (4) in angle track are shown in Figs. 8 and 9.
The figures are plotted for the nominal case of K; = 105.57 V/rad, K, = 0.087 rad/sV, 7| =
0.1848 s, 7, = 0.2521 s. Determination of these parameters is discussed later. In the above case,
the gain crossover frequency is calculated to be 2 Hz and the phase margin is 72.5°, which can also
be obtained from Fig. 5 or Fig. 6.

To further understand track ability, we then consider the close-loop transfer function
R,(s)/R;(s) outlined in Fig. 7. It is easy to derive that
R,(s) 1 + 7ps

Ri(s) Ty
1+ 7ms + Kles

M

2

A ‘“closed-loop bandwidth’’ can then be obtained, with Eq. (7) set to unity gain and solved for w,

that is,
2K K,
W, = T ®)

1

More precisely, the loop bandwidth is defined as the frequency at which the gain has dropped to
70.7% of its zero frequency level. From Eq. (7), the angle or range output response for a step
error-input response is (1 + 7,5)/s(1 + 75 + 7,52/KK,). This can be partitioned into a more

familiar form, i.e.,
s

1 |
R,(s) = — — , ®
S [l TN _l.szJ

Wy, w,%

with
T K lK 2

{=~ 71 (10)

and

KK,

71

10
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By combining Eqs. (6) and (10), the parameters 7, and 7, that must be determined in a shaping
filter design can be expressed in terms of the damplng ratio ¢, open—loop gain crossover wppg, and
other radar parameters. As a result, 7, = 4K 1K2§‘ Jwbp and 7, = 4¢%/wpp. Furthermore, by taking
the inverse Laplace transform of Eq. (9), an analytical solution describing the track loop response is
obtained. For critical and underdamped cases,

_ 1 —{w,t . N 2
r@¢) =u(t) - ————ce sin (w, V1 — ¢ + 11
and
V1 - ¢
¢ =tan~ ———,
=
and for the overdamped case,
q1 q.t 92 q,t
r@) =u@@) - |———e'" — ———e"’ (12)
® ( [41 — 942 9. — 92 }

with

g1, q2 = 0, (—$£VE2 = 1),

12
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Both the closed-loop frequency and step input transient responses for the nominal case are shown in
Fig. 10. The loop bandwidth is ~1.59 Hz.
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Fig. 10 — Response of the angle-track loop

MODEL SYNTHESIS AND TRACK PERFORMANCE

The baseline model (Eq. (4)) shows that the tracking control loop is relatively stable as long as
the loop gain K, = K,K,/7; is positive. This is shown in the Bode plots and in the Nyquist plots for
various loop gains, with the frequency changing from O to 10? rad/s in Fig. 11(a) and from 0 to o in
Fig. 11(b). Since the multiplier KK, is time independent because of implementation of AGC, a wide
range of 7; can be assigned to achieve a desirable loop bandwidth. Figure 12 shows that a decrease
of the loop gain results in the decrease of loop bandwidth, hence, an increase is the track lag error.
In the figure, oscillation gradually occurs because of the simultaneous reduction of the damping ratio
affected by the decrease of the loop gain (see Eq. (10)).

13
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In practice, it may be preferable to increase loop gain and simultaneously reduce 7, to obtain
proper damping ratio without too much oscillation and overshoot (see Eq. (10)). Having determined
proper damping ratio { and open-loop gain crossover frequency wop, the filter pole/zero can easily be
placed. This will result in a satisfactory angle track.

With the choice of { = 0.89, Fig. 13(a) shows the closed-loop frequency responses for the gain
crossover of wpg = 1, 2, 4 Hz. In these cases, the closed-loop bandwidths are ~0.8, 1.59, 3.18
Hz. Figure 13(b) shows the corresponding step input transient responses.

For wgp = 2 Hz, 7, and 7, can be placed at 0.084 and 0.115 s, 0.1848 and 0.2521 s, 0.37 and
0.51 s or 0.93 and 1.27 s, such that { = 0.6, 0.89, 1.26, or 2, respectively. Figure 14 shows the
Bode plots of these cases. Figure 15 shows the corresponding closed-loop frequency responses and
the step input transient responses. The case that { = 0.89, wop = 2 Hz, and the loop gain K, =
49.7 is obviously preferable, this is being used as the baseline in the simulator development.

Similar arguments are applied to the range-tracker control loop. For practical applications, a
Gaussian shaped pulse with a length of 160 yd 3 dB down from the peak is considered. This results in
the discriminator constant factor Ky = 0.0069 V/yd. Let K, = 0.2 yd/s-V as in Ref. 3. Then 7| =
443 X 107 ®s and 7, = 0.1 s must be designated for the shaping filter to give the range tracker the
superior performance shown in Fig. 16. Figure 16 shows the closed-loop frequency response and the
step input transient response. The range-tracker loop has a loop gain of ~312, open-loop gain cross-
over of 5 Hz, closed-loop bandwidth of 4 Hz, and damping ratio { = 0.89.

By applying Eqs. (11) and (12), the angle error-input track responses can quickly be obtained
with the plots shown in Fig. 17. for the cases wpg = 10 Hz and { = 0.89 (the nominal case), w op
= 50 Hz and { = 0.89, and w o5 = 10 Hz and { = 0.2. This, on the other hand, validates those
results obtained from a complex monopulse radar simulation. In that case, a 1°-beamwidth antenna,
combining circuit, dot product detector, and early-late discriminator are modeled without
simplification. The simulation is set to a special mode, a fixed-point target without electronic coun-
termeasures (ECM) and multipath. The antenna boresight and range tracker are initially offset by
0.5° in elevation and azimuth, and by 100 yd in range. Figure 18 plots the track responses as a func-
tion of elapsed time. A comparison of Fig. 17 with Fig. 18 shows that the monopulse radar track
performance resulting from complex model simulation is almost identical to that described by an
analytical equation.
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CONCLUSIONS

A generic tracking radar model is being developed at NRL to provide realistic tracking perfor-
mance on a finite-size complex target. The associated simulator can be used as a tool in synthesizing
a monopulse radar and provides a means of assessing the effectiveness of monopulse countermeasures
and counter-countermeasures in selectable tactical scenarios. It can also be used in identifying radar
system peculiarity or physical limitations in radar design.

In this report, track performance considerations for monopulse radars are discussed from a
theoretical viewpoint. By using a classical control approach, the radar tracking stability and sensi-
tivity are analyzed in terms of the open-loop gain crossover, phase margin, closed-loop bandwidth,
damping ratio, and natural oscillation frequency. Track loops are synthesized through filter pole/zero
placement with the overall loop gain being considered. An analytical solution describing the angle
and range tracking responses is also derived. This provides detailed insight into how basic radar
characteristics affect monopulse radar track. Basic design of a monopulse radar or assessment of its
fundamental track performance can also be accomplished without performing a time-consuming simu-
lation. Within the framework discussed here, further monopulse radar modeling of relative complex-
ity, either through computer simulation or theoretical analysis, can easily be done.
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