Figure 41  Two examples of missilerange precision
instrumentation radars that use monopulse angle+racking.
Both operate at C band. [Top) Fixed-site AN/FPQ$
Precision Tracking Redar with a 29-ft diameter Cassegrain
reflector antenna capable of 0.1 mil tracking accuracy.
(Bottom) Mobile AN/MPS-39 Multiple Object Tracking
Radar [MOTR), a frainable spacefed 12-ft diameter
electronically steerable lens array radar for simultaneously
. tracking up fo 10 obijects fo a range éc;urccy of several

- feet and 0.2 mil-angle accuracy, ™~ v; T i o
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4.1 TRACKING WITH RADAR

Types of Tracking Radar Systems Thus far we have considered radar mainly as a sur-
veillance sensor that detects targets over a region of space. A radar not only recognizes
the presence of a target, but it determines the target’s location in range and in one or two
angle coordinates. As it continues to observe a target over time, the radar can provide the
target’s trajectory, or track, and predict where it will be in the future. There are at least
four types of radars that can provide the tracks of targets: i

»  Single-target tracker (STT). This tracker is designed to continuously track a single
target at a relatively rapid data rate. The data rate, of course, depends on the appli-
cation, but 10 observations per second might be “typical” of a military guided-
missile weapon-control radar. The antenna beam of a single-target tracker follows the
target by obtaining an angle-error signal and employing a closed-loop servo system
to keep the error signal small. (A small angle-error signal means that the radar 1 ac-
curately tracking the target.) Most of this chapter will be concerned with this type of
tracker. The C-band AN/FPQ-6, shown in Fig. 4.1a is an example of a long-range
precision tracking radar that was used at missile instrumentation ranges. The major
application for continuous tracking radars has been for the tracking of aircraft and/or
missile targets in support of a military weapon-control system.
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* Automatic detection and track (ADT). This performs tracking as part of an air-
surveillance radar. It is found in almost all modern civil air-traffic control radars as
well as military air-surveillance radars. The rate at which observations are made de-
pends on the time for the antenna to make one rotation (which might vary from a few
seconds to as much as 12 seconds). The ADT, therefore, has a lower data rate than
that of the STT, but its advantage is that it can simultaneously track a large number

of targets (which might be many hundreds or a few thousands of aircraft). Tracking

z . Is done open loop in that the antenna;;»omnon is not controiled by the processed trdck-
"-Jng dataas it is in the STT. Thls type of’ trackmg is du»cumecl in Sec, 4 i

" e ' Phased an ay ) Fadar: L"ackmg A }a.rge number’of targets can be: held ; in; trax.mwuh a ;i
high data r'ite .by.an clectromcaliy staered phased array radar.” Mnltrp]e targets dre -
) Lracked 6n ‘a'time- shared basis under computét’ control - since the ‘béam of an elec-

- tromcajly scanned array can be rapidly switched from: one angular direction to. an-
other, sometimes in a few microseconds. It combines’the. rapid update rate of a
single-target tracker with the ability of the ADT to hold many targets in track. This
is the basis for such air-defense weapon systems as Aegis and Patriot. An example
of a phased array for multiple-target tracking is the C-band multiple-target tracking
range instrumentation radar called MOTR which is shown in Fig. 4.1b.

Track while scan (TWS). This radar rapidly scans a limited angular sector to main-
tain tracks, with a moderate data rate, on more than one target within the coverage
of the antenna. It has been used in the past for air-defense radars, aircraft landing
radars, and in some airborne intercept radars to hold multiple targets in track. It is
briefly mentioned in Sec. 4.7. Unfortunately, the same name track while scan was
also applied in the past to what is now usually called ADT.

A radar can track targets in range as well as angle. Sometimes tracking of the doppler
frequency shift, or the radial velocity, is also performed. Most of the discussion in this
chapter, however, will be on angle tracking.

Angle-Tracking In a simple pencil-beam radar the detection of a target provides its lo-
cation in angle as being somewhere within the antenna beamwidth; but more information
is needed to determine the direction the antenna should be moved to maintain the target
within its beam. Consider the angle measurement in a single angular coordinate. In order
to determine the direction in which the antenna beam needs to be moved, a measurement
has to be made at two different beam positions. Figure 4.2 shows two beam positions A
and B at two different angles. The two beams are said to be squinted, with a squint an-
gle = 6, relative to the boresight direction. These may be two simultaneous beams, or one
" beam that is rapidly switched between the two angular positions. The crossover of the two
beams determines the boresight direction. The tracking radar has to position the two beams
so that the boresight is always maintained in the direction of the target; that is, the angle
6y is in the direction of the target angle 65 In this example, the relative amplitudes ax
and ap of the echo signals received from a target measured in the two positions
determine how far the target is from boresight and in what direction the two beams have
to be repositioned to maintain the target on boresight. This applies for one angle coordi-
nate. Two additional beam posmons are needed in the orthogonal plane to obtain angle
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Figure 4.2 Basic principle of continuous angle fracking. (a) Two overlapping antenna patterns that
cross over at the boresight direction 8. A target is located in this example fo the right of the

- boresight at the angle 6;. The amplitude ag of the target echo in beam B is larger than the amplitude
a4 in beam A, which indicates that the two beams should be moved to the right to bring the target

to the boresight position. [b) Boresight position o is shown located in the direction of the target 8r
when a4 = ag. '

tracking in the orthogonal angle coordinate. Three beam positions are the minimum needed
to obtain an angle measurement in two coordinates; but, almost always, four beams have
to be used.
Early tracking radars used a single time-shared beam to track in two angles. These
trackers which time share a single beam are known as either conical scan .or sequential
- lobing trackers. (Both will be discussed later in this chapter.) Modern, high-precision track-
* ing radars, however, use the equivalent of four simultaneous beams to perform two-
dimensional tracking. They are called simultaneous lobing trackers, of which the most
. popular is monopulse, which is described next.
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"% . n=A - monapulse’ tracker is defined as one in which. information ‘concerning the angular --
. . location of a target-is -obtained by comparison of signals-received in two- er-more simul-
+taneous beams.®> A measurement of angle may be made on the basis of a single pulse;
hence, the name monopulse. In practice, however, multiple pulses are usually employed

to increase the probability of detection, improve the accuracy of the angle estimate, and
provide resolution in doppler when necessary. By making an angle measurement based

on the signals that appear simultaneously in more than one antenna beam, the accuracy

is improved compared to time-shared single-beam tracking systems (such as conical scan

or sequential lobing) which suffer degradation when the echo signal amplitude changes
with time. Thus the accnracy of mannnnlea ic nnt affanrtad hr armnliceda St o ¢




the target echo. It is the preferred tracking technique when accurate angle measurements
are required.

The monopulse angle method may be used in a tracking radar to develop an angle
error signal in two orthogonal angle coordinates that mechanically drive the boresight of
the tracking antenna using a closed-loop servo system to keep the boresight positioned in
the direction of the moving target. In radars such as the phased array, angle measurements

can be obtained in an open loop fashion by calibrating the error-signal voltage in terms.

.« - of angle. Tia e e e

it generally refers to'the -amplitude- compan'aon verslon r

Amplitude-Comparison Mondpulse For simplicity, this form of monopulse is first de-
- scribed for the measurement of only one angle coordinate. Two overlapping antenna pat-
terns with their main beams pointed in slightly different directions are used, as in Fig.
4.3a. The two beams in this figure are said to be squinted, or offset. They might be gen-
erated by using two feeds slightly displaced in opposite directions from the focus of a
parabolic reflector. The essence of the amplitude-comparison monopulse method is in
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taking both the sum and the difference* of the two squinted antenna patterns, which are
shown in Figs. 4.3b and 4.3c. The sum pattern is employed on transmission, while both
the sum and the difference patterns are used on reception. The signal received with the
difference pattern provides the magnitude of the angle error. The direction of the angle
error is found by comparing the phase of the difference signal with the phase of the sum
signal, as explained below. Signals received from the sum and difference patterns are am-
plified separately and combined in a phase-sensitive detector to produce the angle-efror
signal, Fig. 4.3d. The sum signal also provides target detection and range measurement,
as well as act as a reference for determining the sign of the angle measurement.

Block Diagram A simple block diagram of the amplitude-comparison monopulse track-
ing radar for a single angular coordinate is shown in Fig. 4.4. The two adjacent antenna
feeds are connected to the two input arms of a hybrid junction, which is a four-port mi-
crowave device with two input and two output ports. When two signals (such as the signals
from the two squinted beams) are inserted at the two input ports, the sum and difference of
the two are found at the two output ports. (There are several methods for obtaining a hy-
brid junction, as indicated later.) On reception, the output of the sum and difference ports
are each heterodyned to an intermediate frequency and amplified in the superheterodyne re-
ceiver. It is important that the sum and difference channels have the same phase and am-
plitude characteristics. For this reason, a single local oscillator (LO) is shared by the two
channels. The transmitter is connected to the sum port of the hybrid junction. A duplexer
(TR) is included in the sum channel for the protection of the sum-channel receiver. Although
it might not be needed for protection of the difference-channel receiver, a duplexer is often

g

e O inserted in the difference channel so as to maintain the phase and amplitude balance of the
two channels. Automatic gain control, not shown, is also used to help maintain balance.
The outputs of the sum and difference channels are the inputs to the phase-sensitive
detector, which is a nonlinear device that compares two signals of the same frequency.
Figure 44  Simple C ' —
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*It is sometimes said that a simultaneous-lobing tracking radar should not be called monopulse unless it employs the
sum and difference patterns.



In this case, the two signals are those of the sum and difference channels. The output of
a phase-sensitive detector is the angle-error signal. Its magnitude is proportional to
|6 — 8|, where 8y = target angle and 6, = boresight, or crossover, angle. The sign of
the output of the phase-sensitive detector indicates the direction of the angle error rela-
tive to the boresight. If the sum signal in the IF portion of the receiver is A, cos wg!,
the difference signal will be either +4, cos wpt or —A4, cos wrt, depending on which
51de of boresight is the target. (In the above, A; > 0 and A; > 0.) Since —A, cos wipt =
<cos: (wipt + ) the"sign of the difference signat may:be found, with the phase-sensi-

plitudes received with simultaneous squinted beams. The:separation of the two-antenna
feeds is small so-that the phases of the signals in the twa heams are almost équal when
the target angle is not far from boresight.

Hybrz’d Junctions*  As mentioned, the hybrid junction is a four-port device that provides
at its two output ports the sum and difference of the signals that are at its two input ports.
For monopulse radar, they are usually constructed from waveguide; but they can also be
in coax or stripline. The hybrid junction known as the magic-T, sketched in Fig. 4.5a, con-
sists of an E-plane T-junction (shown vertical) and an H-plane T-junction (shown hori-
zontal) arranged as indicated. A signal, whose E-field (electric field) is indicated by the
solid arrow, is shown as the input at port 1. It is divided equally in power and appears
with the same phase at both ports 3 and 4. Nothing will appear at port 2. A signal whose
E-field is indicated by the dashed arrow is the input at port 2. It is divided equally be-
tween ports 3 and 4, and no energy appears at port 1. The nature of the E-plane junction
is such as to make the two signals at ports 2 and 3 out of phase by 180°, as is indicated
by the dashed arrows being reversed in direction. Thus the output of port 4 is the differ-
ence of the signals at ports 1 and 2; and the output of port 3 is the suym of ports 1 and 2.
The magic-T is inherently a broadband device. As shown, it is bulky, but its arms can be
folded to make it more compact without changing its electrical characteristics. Folding
means making arms 3 and 4 to be parallel to arm 2 (by folding either up or down) or they
may be folded forward to be parallel to arm 1. .
- The rat-race; or hybrid-ring junction, is shown sketched in Fig. 4 .5b, Ports | and 2
‘are the two . inputs. A signal at port 1 can reach port 4 by two separate paths, one clock-
~ wise and the other counterclockwise. The two paths are of the same length (3/4 wave-
. ‘length), so they reinforce and a signal will appear at this output port. The signal input at
" - port 1 alsp reaches port 3 by two paths—one which travels 5/4 wavelength and the other
174’ wavelength. They are also in phase, so a signal will -appear.at port 3 from port 1. At
port 2, however, the two signals from port 1 are 180° out of phase (the clockwise signal
travelq one wavelength and the counterclockwise signal travels one-half wavelength). Thus
a signal that is input at port 1 will be divided equally and appear at ports 3 and 4, but not
appear at 2. Similarly, a signal input at port 2 will appear at ports 3 and 4 and not at port
1. At port 4, however, the signal from port 2 can be seen to be 180° out of phase with the
signal that arrives there from port 1. Thus the output of port 4 is the difference of the

& e-detector by: cletermmmor wwhether the difference 51gnal is-imphase. with! the. sum-sig- - i

'nﬂl"or 180°-out of phase; that is, whéther the cutput’ p'lase is 0 ot ‘7 radians. .. < 0oL R
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Figure 4.5 Examples of hybrid junctions as might be
used in monopulse radar. [a) Magic-T; (b) rat-race, or
hybrid-ring junction; (c} 3-dB directional coupler obtained
by use of two rectangular waveguides with narrow walls
touching and with quarter-wavelength spacing between
the two coupling holes.
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Figun? 4.5 Examples of hybrid junctions as might be
used’ in .monopu|se radar. (a) Magic-T; (b) ratrace, or
hybrid-ring junction; (c) 3-dB directional coupler obtained
by use of two rectangular waveguides with narrow walls
touching and with quarter-wavelength spacing between -
the two coupling holes.
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' input signals af ports-l;and 2;'and port 3 is .thc,'.smn‘of the' siénais at péf{§ -l'j'é'n.c:l 3. Since :

- arwavelength, it will be frequency sensitive and not as broadband as the magic-T.
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" The 3-dB directional coupler is a relatively compact form of hybrid junction that dan. o

ai?.o' be used to obtain the sum and difference signals for monopulse. One method of ob
taining a 3-dB directional coupler is to align two rectangular waveg;lides with thf:'0 -
r(lmil walls touching, as in Fig, 4.5¢c. Microwave energy from one of the waveguides ilsr :oa::
;])3 :ca:;eth? t;:;:her by means of al?propriate holes or slots between the tw: waveguides.

: of the qua.rter-wave spacing between the two coupling holes shown in the figure
thfs configuration is a frequency-sensitive device, but by employing more than tw o
pling holes or by using slots instead of holes, it can be made to operate over a ?lsf:e(;“ll.lli

- the-operation of this device dépends-on the lengths between ports being some fraction of - =..- o




Figure 4.6

Block diagram
of two-
coordinate
[azimuth and
elevation)
amplitude-
comparison
monopulse
tracking radar.
Diagram in the
upper left corner
represents the
four-horn feed.
(After Fig. 18.9,
Ref. 1.)

frequency band.” (In the configuration of Fig. 4.5¢, a 90° phase shift has to be inserted
in either port 1 or 2 in order to provide the sum and difference at the other two.)

Monopulse in Two Angle Coordinates A block diagram of a monopulse radar for ex-
tracting angle-error signals in both azimuth and elevation is shown in Fig. 4.6. The
cluster of four feed horns generate four partially overlapping (squinted) beams. The four
feeds might be used to illuminate a parabolic reflector, Cassegrain reflector, or a space-

fed -pHased - array antenna. The arrangement of the four feeds: is shown 'in the lipper .
-~left-hand p()ruon of the figure. /sll four fécds .are used to.generate the sum- pattern on.
- transmissiorn and receptlon The dlffercncc patterr in ong plane is formed by taking the -

sum of two adjacent feeds‘and subtracting them from the sum-of the other. two adjacent
feeds. The difference paitern in the orthomnal plane is obtaingd similarly. For example,

based on the arrangement of the feeds shown in Fi ig. 4.6, the sum pattern. is found from .
A + B + C + D; the azimuth difference pattern is obtained from (4 + B) —(C + D); and .
‘the elevation difference pattern is (B + D) — (A + C). Note that the upper feeds form the -

lower beams when radiated by a reflector antenna. A total of four hybrid junctions are
needed to obtain the sum pattern and the two difference patterns. The three mixers for
the sum, elevation difference, and azimuth difference channels use a common local os-
cillator to better maintain the phase relationships among the three channels. Two phase-
sensitive detectors extract the angle-error information; one for azimuth and the other for
elevation. Range information is extracted from the output of the sum channel after enve-
lope detection.

Since a phase comparison is made between the output of the sum channel and each
of the difference channels, it is important that large relative phase differences not occur
among the three channels. The phase difference between channels should be maintained
to within 25° or better for reasonably proper performance.®

Automatic Gain Control (AGC) AGC is required in the receiving system in order to
maintain a stable closed-loop servo system for angle tracking and to insure that the
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angle-error signal is not affected by changes in the received signal amplitude. As indi-
cated in the block diagram of Fig. 4.6, the AGC signal is obtained from the peak voltage

.of the sum channel and generates a negative dc voltage proportional to the peak signal

voltage. The AGC signal from the sum channel is fed back to control the gain of all three
channels so as to provide a constant angle sensitivity independent of changes in target
cross-section fluctuations or changes in range.

Antennas for Monopulse  The assemblage of hybrid junctions, waveguides, and other
microwave components needed to extract the sum and difference signals in a monopulse
radar is called a comparator. The comparator circuitry of the early monopulse radars was
quite large and bulky. If it were placed at the feed of a parabolic reflector antenna, it would
cause considerable blockage of the antenna radiation and result in high sidelobes and re-
duced angle accuracy. For this reason, the original amplitude-comparison monopulse radar
that was developed by the Naval Research Laboratory-employed a metal-plate lens an-
tenna. A lens does not cause aperture blocking, but it experiences greater loss than does
a reflector antenna because there will be unwanted reflections from both the input surface
and the output surface of the lens. With advances in microwave hardware technology, the
size of the comparator circuitry was reduced and the AN/FPS-16 precision tracking radar
(introduced in the late 1950s) was able to use a'reflector antenna with the microwave cir-
cuitry at the focus of the parabolic reflector. The four waveguide transmission lines to the
four feeds at the focus were made of Invar to reduce the adverse effects of temperature
differences that might be experienced by the waveguides. The introduction of the
Cassegrain reflector antenna (also in the late 1950s) allowed the microwave circuitry to
be placed behind the parabolic reflector at its apex without aggravating the antenna block-
age problem. Also, the feed system at the apex is easier to support mechanically than if
it had to be placed in front of the reflector at the focus. Almost all continuous tracking
precision monopulse radars employ the Cassegrain antenna. The monopulse principle can
also be used with phased array antennas. - e il

Optimum Squint Angle . . The greater the squint angle, the greater will be the slope.of. thé'
angle-error signal at boresightand the better will be the accuracy of the angle meagure- -

ment. As the squint, angle’ increases, however, the on-axis gain.of the sqm,part_ém_'dc;:.’.- ;

creases.--r’l"hus;th_erg_ \yi}l_:be- an’eptimum vatue of the squint angle: Figure 4.7 plats, the-.: -

.. slope of -[hé"@?ff@f@ignal-as"a'- funetion ¢f the squint.angle. 6,, assmmrr:gthe shape of thg- .
+ . sydifited beams;can be modeled.by.a gaussian function and that-mutual'coupling hetween .. .~
- the feedscan be:ignored."(The basis- for this curve was deseribed in;the. fitst:edition.of. * v .-
. this text.”) The-signal received in the sum chammel is proportional to the square of the sum - . ...-

pattern (the sum pattern on transmit times the sum pattern on receive), and the signal in .
the difference channel is proportional to the product of the sum and the difference pat-
terns. The error signal is the output of the phase-sensitive detector. The optimum squint
angle is found to be 6, = 0.3165 where 8j is the half-power beamwidth of the squinted
beams. This corresponds to a crossover 1.2 dB down from the peak. A different optimum
squint angle, based on a different criterion, is given by both Rhodes® and Sherman® as
0.468;, which corresponds to a crossover 2.6 dB down from the peak. Berger'® has pointed

out that the analysis of Rhodes (as well as Sherman) which gives a greater optimum squint

~



Figure 48  Approximately “ideal”
feed illumination for monopulse sum
and difference channels.'

Figure 4.7  Slope of the angle-error signal at ) o s e S Ee T .
crossover for monopulse and conical-scan tracking
radars. 0 = halkpower beamwidth, 8, = squint angle.

LF]
=
8
g Front
=
E o H
S5 Elevation
v .
5 3 difference
EE
i " Fefine T s g
3iair M LT T T _-i-j -1'0 b it AR I . "“"-...3_ BEP il Ry aw i 3 s
; i N 3 . -‘; il oo - Sruintangle 6,00y - il i ey T .
. TG g eyl v AN R e S 'f—‘-'?zz.q‘:’i :;9"{. O I -O'If?- 0? vihs L O R : %
B R RGE o A e G B iy e i e T ; ey Forc;rmﬂa_irpolarizat;&!,_a five=he '

0 2 3 4 s

. - can be switched to operate with eithe
Beam crossover, dB it '

feed does not provide optin:i,iiril sum a
mise between complexity and efficien
trackers. In a radar with- dual-polar
between the polarizations can degrad
polarized target scattering.

angle applies for one-way beacon tracking (instead of two-way radar tracking) since it as- '
sumes a one-way signal is being tracked, hut the curve in Fig. 4.7 is based on two-way
radar tracking.

Phased Array Monopulse Difference
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Monopulse Antenna Feed Systems'' The question of optimum sum and difference pat-

terns also can be examined on the basis of optimum antenna aperture illuminations rather
than the concept of optimum squint angle. The desired illumination of the antenna has to
be convenient to impJement and produce low antenna sidelobes. The sum and difference
patterns for a reflector or lens antenna are determined by the system of feeds that are used.
The original four-horn feed system is the simplest to consider, but it cannot provide a dif-
ference pattern and a sum pattern that are independently optimized. The sum pattern should
have maximum gain on axis, which requires a uniform aperture illumination. The differ-
ence pattern should have an aperture illumination that results in a large slope of the error
signal at the beam crossover. Also, the antenna patterns should have low sidelobes and be
able to maintain their favorable characteristics over a wide bandwidth. If circular polar-
ization is needed, the demands on the feed system are further increased and often some
compromise in performance must be accepted.

An improvement over the original four-horn monopulse system is shown in Fig. 4.8.
This has been approximated in some precision tracking radars with a five-horn feed con-
sisting of one horn generating the sum pattern surrounded by four horns generating the
difference patterns. What makes the arrangement of Fig. 4.8 more suitable for monopulse

Tiwo-Channel and One-Channel Monc
required to obtain monopulse angle t
phase and amplitude balance must be
this problem, monopulse radars that n
in the past. Systems with less than tt
monopulse channels on a shared basis
and its technology was based on vacu
allowed. better and smaller receivers ¢
of a monopulse radar by employing fi

tracking than the original four-horn feed is that analysis indicates that the size of the feed important.
system generating the difference pattern should be about twice that of the feed generat-
ing the sum pattern.'? This is approximately true of the feed of Fig. 4.8. Another ap- Conopulse®®  This is another attem

only two channels rather than three.
the Russians,”* employs two simultan
from the antenna axis. The pair are n
two beams are similar to those of

proximation to the ideal is a 12-horn feed, but it is relatively large and complex.'? Sim-
pler and more compact feed systems can be obtained by using higher-order waveguide
modes to obtain independent control of the sum and difference patterns. These are called
multimode feeds.
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For circular polarization, a five-horn feed system can be obtained so that the antenna
can be switched to operate with either horizontal, vertical, or circular polarization. This
feed does not provide optimum sum and difference patterns; but it is a practical compro-
mise between complexity and efficiency in obtaining circular polarization for monopulse
trackers. In a radar with dual-polarization monopulse tracking, insufficient isolation
between the polarizations can degrade the angle accuracy due to crosstalk from cross-
polarized target scattering.

Phased Array Monopulse Difference Patterns  If monopulse angle measurement is re-
quired with a phased array antenna, it is possible to independently control the sum and
the difference patterns by means of separate beam-forming systems for the phased array.
The sum pattern may be chosen for maximum gain and low sidelobes, and the difference
pattern for good angle accuracy and low sidelobes. In Sec. 9.11, the synthesis of good an-
tenna patterns based on the Taylor aperture illumination is discussed. The Taylor illumi-
nation'* is widely used to design a pattern with predetermined peak sidelobes for radar
antennas, such as the sum beam of a monopulse tracking antenna. An extension of the
Taylor method, due to Bayliss,_‘s-is also widely used to obtain good monopulse difference
patterns, which are known as Bayliss patterns. ' '

Two-'C;‘zanne‘!f-Emd One-Channel Manopuisem‘zo Three channels, bg'-t_hree recéivers,_ are
required to- obtain monopulse angle tracking in two orthogonal azi_g—fle“_cpogdinalcs. Cr_ood
phase and amplitude. balance must be maintained among the three reeivers. To simplify |

this problem,” inonopulse radars that need only two pr.even one receiver were considered
Ain‘the past. Systems with-less than three receivers that process two-or even three of the .-

monopulsg channéls on a shared basis were conceived when receiver. hardware was large
and its techriology was based on vacuum tubes. Over the years, impréved technology has :
allowed better and smaller receivers so that the need for compromising the performance
of a monopulse radar by employing fewer than three receiving channels has become less
important.

Conopulse*'  This is another attempt to obtain the benefits of monopulse, but with
only two channels rather than three. Conopulse, also called scan with compensation by
the Russians,?? employs two simultaneous beams that are squinted in opposite directions
from the antenna axis. The pair are mechanically rotated around the boresight axis. The
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dinates to be obtained by time sharing a single channel. The sum and difference of the
two squinted beams are processed similar to a conventional monopulse radar.

Since it provides a measurement of angle with simultaneous beams, the accuracy of
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Phase-Compqnson Monopulse In a phase-comparison monopuise,: two antenna beams
"dre used to obtain an angle measurement in one coordinate, just as in.amplitude-compar-
(ison monopulse .The two beams, however, look in the same direction and cover the same
l‘eglon of space rather than be squinted to look in-two slightly ditferent directions. In or-
" der for the two beams to look in the same dn‘ectlon two antennas have to be used in the
. phase-comparison monopulse, Fig. 4.9a, rather than using two feeds at the focus of a
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single antenna as is the case for an amplitude-comparison monopulse. The amplitudes of
the signals are the same, but their phases are different. This is just the opposite of the am-
plitude-comparison monopulse. Consider two antennas spaced a distance d apart, as in
Fig. 4.9b. If the signal arrives from a direction 8 with respect to the normal to the base-
line, the phase difference in the signals received in the two antennas is

Ap =24 i 6 ” [4.1]
where A = wavelength. A measurement of the phase difference of the signals received in
the two antennas can provide the angle 8 to the target. The phase-comparison monopulse
is sometimes known as an interferometer radar. ;

The phase-comparison monopulse was invented during World War II about the same
time as amplitude-comparison monopulse. Its early implementation was less efficient than
that of amplitude-comparison monopulse. Four reflector antennas were used arranged in
two rows of two columns. One of the antennas might be used as the transmitter (for pur-
poses of this discussion, assume it is the aperture at the upper left of the two-by-two set
of apertures). It also provides range information on reception. The other three antennas
are used as receivers to obtain the azimuth and elevation angles. The upper right and the
lower right antennas might obtain the phase difference in elevation which gives the ele-
vation angle. The lower left and the lower right might obtain the azimuth angle. (The
lower right antenna in this case is used for both the elevation and azimuth measurements.)
A disadvantage of this method of obtaining the two angle coordinates is that only one-
fourth of the available antenna area is used for transmitting and only one-half the area is
used on receive to obtain each angle coordinate. Thus, the gain and effective area of a
phase-comparison monopulse operating in this manner is less efficient than if the same
total antenna area had been used for amplitude-comparison monopulse that generates sum
and difference beams. i .

Angle information can also be extracted.in a phase-comparison monopulse by em-
ploying sum and difference patterns and precessing the signals similar to that described
for the amplitude-comparison method. The full antenna aperture area can then be utilized,
which is an advantage over the phase-measuserzent method described above. An analysis
of the. sum and difference patterns for phase-comparison 1n0n_0pulée shows that a 90°

- phase shift has &o_be-imm;juge-;i-irg the difference signal so that the-fqu,tpl;,l; of the phase-,
.sensitive detector is an error sigral-whose amplityde-is a function of the sine of the aps, v v -

. gie.of arrivé! from the tasget- measured-with respect to the perpendicular-to, the two-an;,

tennas. (The phase-sensitive detector in this.case performs, 2. multiplication of the sum and
difference signzis.) _: % 2 E St ;

* One of the limitations of phase-comparison monopulse is the etfect of grating lobes
due to the separation d of the two antennas each of dimension 4. Grating lobes in phased
array antennas are discussed in Sec. 9.5, but they apply to this situation as well. If the
spacing d between the phase centers of the antenna is greater than that of the antenna di-
ameter, high sidelobes are produced in the sum pattern and ambiguities can occur in the
angle measurement. Even when the spacing is the same as the antenna diameter, a poor
antenna pattern can result, In practice, the separation between the two antennas should be
less than the antenna diameter d if good radiation patterns are to be obtained on transmit



from a target not located on the switchi
difference in amplitude between the voli
measure of the angular displacement of
in which to move the beam to bring the
beam position has the larger signal. Wh
equal, the target is on axis and its direct
Two additional switching positions
.the orthogenal coordinate. Thus a two-c
sl .- .sistofacluster of four feed fors illumi .
R S b ﬂ“h*wlcft np—down Seclors are cove
ol i . five reed homs \"mcrht also be use-.:. SVl
wowoew o outer.feeds used for reception on 2 sequ,.
: ; In-‘a.sgque,n_iial lobing :system, a pu.
beam is squinted. to-the: right, -again wl
squinted to the left, and when the beam is
right, up, left, down, right, and so forth. .
it must have become obvious that the fo
single feed that radiated a single beam s
continuously rotated to obtain angle me
scan radar.

and angle ambiguities are to be avoided on receive. In the past when parabolic reflectors
were used, a portion of the right-hand side of one antenna was sliced off (truncated), and
a portion of the left-hand side of the other antenna was also sliced off so that when the
two sliced-off edges were butted together, the separation between the two truncated re-
flector antennas could be made less than the original diameter d.

There has been little application of the phase-comparison monopulse as compared to
the more popu]ar amplitude-comparison method.
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S lne s Thc monopu]se trackcr de.n rlhed in mﬂ prf-vieuz; qf:f*uarr uulweﬂ m.l?tlp‘:. hxed beams w0
O - - ¢ obtain the angle measurement. It is also possible to time share a single antenna beam to«
(hie i obtain the angle measurement in a séGuential manner, as was done in early tracking radars. <
Time sharing a single antenna beam is simpler and uses less equipment than sunultane--

ous beams, but it is not as accurate,

Sequential Lobing The t'Lrsl u.s. Army angle-tracking air-defense radar in the 1930%
(SCR-268) switched a single beam between two squinted angular positions to obtain an
angle measurement. This is called lobe switching, sequential switching, or sequential
lobing. Figure 4.10a is a polar representation of the antenna beam in the two switched po-

sitions. The same in rectangular coordinates is in Fig. 4.10b. The error signal obtained Conical Scan  The basic concept of con

angle between the axis of rotation and
Consider a target located at position A.
the target’s offset from the rotation axis
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from a target not located on the switching axis (boresight) is shown in Fig. 4.10c. The
difference in amplitude between the voltages obtained in the two switched positions is a
measure of the angular displacement of the target from the switching axis. The direction
in which to move the beam to bring the target on boresight is found by observing which
beam position has the larger signal. When the echo signals in the two beam positions are
equal, the target is on axis and its direction is that of the switching axis.

Two additional switching positions are needed to obtain the angle measurement in
the orthogonal coordinate. Thus a two-dimensional sequentially lobing radar might con-
sist of a cluster of four feed horns illuminating a single reflector antenna, arranged so that
the right—left, up—down sectors are covered by successive antenna positions. A ctuster of
five feed horns might also be used, with a central feed used for transmission and four
outer feeds used for reception on a sequential basis.

In a sequential lobing system, a pulse might be transmitted and received when the
beam is squinted to the right, again when the beam is squinted up, when the beam is
squinted to the left, and when the beam is squinted down. Thus the beam might be switched
right, up, left, down, right, and so forth. After living with this type of scanning for a while,
it must have become obvious that the four horns and RF switches could be replaced by a
single feed that radiated a single beam squinted off axis. The squinted feed could then be
continuously rotated to obtain angle measurements in two coordinates. This is a conical-
scan radar.

Conical Scan  The basic concept of conical scan, or con-scan, is shown in Fig. 4.11. The
angle between the axis of rotation and the axis of the antenna beam is the squint angle.
Consider a target located at position A. Because of the rotation of the squinted beam and
the target’s offset from the rotation axis, the amplitude of the echo signal will be modu-
lated at a frequency equal to the beam rotation frequency (also called the conical-scan
frequency). The amplitude of the modulation depends on the angular distance between
the target direction and the rotation axis. The location of the target in two.angle coordi-
nates determines. the phase’ of the conical-scan modulation relative to-the conical-scan .
beam rotation. The conical-scan modulation is extracted from the echo signal and applied
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to a servo control system that continually positions the antenna rotation axis in the di-
rection of the target. It does this by moving the antenna so that the target line of sight lies
along the beam rotation axis, as at position B in Fig. 4.11. Two servos are required, one
for azimuth and the other for elevation. When the antenna is “on target,” the conical-scan
modulation is of zero amplitude.

Block Diagram A block diagram of the angle-tracking portion of a conical-scan track-

ing radar-is shown in Fig.'4.12. The antenna is mounted so-that it czn.be mechanically
- positioned in both azimuth and e]m..fatmn by separate motors. The antenna beain is squnted, 4

-+ by displacing’ the feed bhﬂ‘ﬂi]y off the focps of the pdrabma B R

. The parabolic-antenng feed can be a rear-feed design for meohamcal cenvcmmcc :

" When the feed is d&Sl“l‘l"‘d tc maintain the pldne-of polanmt;an -a§ ii-rotates abmu the * - ..

axis, it is called-a nutating feed. A rotating feed is one which causes. the plane of polar-

ization to rotate. The nutating feed is preferred over the rotating feed since a rotating pe--

larization can cause the amplitude of the target echo signal to change with time even for

a stationary target on-axis.;A change in amplitude caused by a modulated eche signal can

result in degraded angle- trackmg accuracy. The nutating feed is usually more complicated,
however, than the rotating feed. If the antenna is small enough (as in a missile guidance
system), it might be easier to mechanically rotate the tilted reflector rather than the feed,
thus avoiding the problems of either a rotary joint or a flexible RF joint for the nutating
feed.

A typical conical-scan rotation speed might be in the vicinity of 30 rev/s. The same
motor that provides the conical-scan rotation of the antenna beam also drives a two-phase
reference generator with electrical outputs at the conical-scan frequency that are 90° apart
in phase. These two outputs serve as reference signals to extract the elevation and azimuth
errors as indicated in Eig. 4.12. The received echo signal is fed to the receiver from the
antenna via two rotary joints (not shown in the block diagram). One rotary joint permits
motion in azimuth; the other, in elevation.

Figure 4.12  Block : .
diagram of conical-

scan tracking radar.
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The receiver is a superheterodyne except for features related to the conical-scan track-
ing. The error signal is extracted in the video after the second detector. A single target is
put into track by having the receiver scan a range gate to search for the target and lock
on to it and then continually track it in range (as described later in the chapter). Range
gating eliminates noise and excludes all targets other than the desired target. The error
signal from the range gate is compared with both the elevation and azimuth reference sig-
nals in the angle-error detectors, which are phase-sensitive detectors. As described previ-
ously, the phase-sensitive detector is a nonlinear device in which the input signal is mixed
with a teference signal. The magnitude of the d-c output from the angle-error detector is
proportional to the angle error, and its sign (polarity) indicates the direction of the error:
The angle error outputs are amplified and used to drive the antenna elevation and azimuth
servo motors. The angular position of the target may be determined from the elevation
and azimuth of the antenna axis.

The video signal is a pulse-train modulated by the conical-scan frequency, as in Fig.
4.13a. It is usually convenient to stretch the pulses before low-pass filtering so as to in-
crease the energy at the conical-scan frequency and to perform analog-to-digital conver-
sion. Pulse stretching, Fig. 4.13b, is accomplished by a sample-and-hold circuit; which
has also been known in the past as a boxcar generator. .

The pulse repetition frequency must be sufficiently large compared with the conical-
scan frequency for proper filtering and avoiding inaccuracy of the angle measurement. There
must be at least four pulses during each revolution of the conical scanning beam (so as to
obtain up—down and right-left comparisons). The prf, therefore, must be at least four times
that of the conical-scan frequency; but it is preferable that it be more than 10 times greater.

Automatic Gain Control . As with monopulse radar, AGC is employed in the conjcal-
scan radar. It has the purpose of maintaining constant angle-error sensitivity in spite of

(b)



amplitude fluctuations or changes of the echo signal due to changes in range. Constant
angle-error sensitivity is required to provide stable tracking. AGC is also important for
avoiding saturation by large signals which could cause the loss of the scanning modula-
tion and the accompanying error signal. It also attempts to smooth or eliminate as much
of the noiselike amplitude of the target echo signal as is practical without disturbing the
extraction of the desired echo signal at the conical-scan frequency. The gain of the AGC
loop at the conical-scan. frequency should be low so that the error 51gnal will not be c;up-
pressed by the AGC actionz»~- - . - i

The required dynamic ran ec"‘ for the AGC will. depend on tht- vanaﬁon 1narangc mrer

‘which targets are tracked. and the variation expected in the target cross section. If, for ex- -

. ample, the, range var'allon were 10 to 1, s contribution o the: required: dyamic. I’an”c,' 5l
. would-be 40.dB. The targef cross section might contribute-another:40-dB variation. A 3
-other 10 dB might be allowed to account for other variations in the parameters.of.the radar .

equation. Hence, the dynamlc range in this example that is required for operation, of the
receiver AGC might be of the order of 90 dB In practice, a large dynamic range cannot

‘be obtained with only one stage of AGC.B

Optimum- Squint Angle The greater the squint angle in the conical-scan trackf'r the
greater will be the slope of the error signal around boresight and the more accurate will
be the angle measurement. In Fig. 4.7 is shown the theoretical slope of the error signal
for a conical-scan radar when the target is on boresight, or crossover, computed for an
antenna pattern with a gaussian shape. The maximum slope occurs at a squint angle equal
to 0.41 of the half-power beamwidth. The maximum is seen to be not too sensitive to
squint angle in this case. A squint angle of 0.4165 corresponds to a point on the antenna
pattern of about 2 dB down from the peak. This means that when a conical-scan radar has
a target in track, the echo signal is 4 dB less than if the target were viewed at the peak
of the antenna beam. (This is sometimes called the crossover loss.) A monopulse radar,
it will be recalled, tracks the target with the peak of the sum beam so that it does not in-
cur such a loss. Thus the monopulse tracker will have a larger signal-to-noise ratio which
provides more accurate:tracking in both angle and range than that of the conical-scan
tracker.

In a conical-scan tracker a compromise is often made between the range and angle
accuracy by selecting a smaller squint angle than that which produces maximum angle-
error-signal slope. A compromise value might be 6,/6; = 0.28, which corresponds to a
point on the antenna pattern about 1.0 dB below the peak. The tweo-way loss in antenna
gain is 2.0 dB instead of 4.0 dB, which makes more accurate range tracking but lower ac-

curacy-angle tracking. If the radar is used to track a beacon on a one-way path rather than

the two-way path of the radar “skin echo,” the optimum squint angles are larger.*

Scan on Receive Only*> Military conical-scan and lobe-switching tracking radars are
especially vulnerable to electronic countermeasures (ECM) since it is easy for a hostile
intercept receiver to detect and determine the conical-scanning frequency. With such

"*Dynamic range is the ratio, usually expressed in decibels, of the maximum fo the minimum signal power over which
a device [in this case, the AGC) can operate within some specified level of performance.
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knowledge, a hostile ECM jammer can cause a conical-scan radar to cease tracking a tar-
get (called break-lock) by retransmitting the received radar signal with an amplitude mod-
ulation that is the inverse of the conical-scan frequency. This produces a return signal that
is out of phase with the signal which would have been received from the skin-echo of the
target, and break-lock might occur. This type of countermeasure is called inverse gain,
and can degrade conical-scan or lobe-switching tracking systems.

To prevent the hostile ECM jammer from detecting a conical-scan frequency, a track-

ing radar can operate with a nonscanning transmitting beam to illuminate the target and .
apply conical scanning or lobe switching only on receive. This is called COSRO, which.

stands for conical scan on receive only. The analogous operation with sequential lobing
is called LORO, or lobe on receive only. :

4.4 LIMITATIONS TO TRACKING ACCURACY .

In this section several of the major effects that determine the accuracy of a tracking radar
will be discussed, including:
*  Glint, or angle noise, which affects all tracking radars, especially at short range.

*  Receiver noise, which also affects all radars, and mainly determines tracking accu-
racy at long range.

* Amplitude fluctuations of the target echo that bother conical-scan and sequentldl-
lobing trackers, but not monopulse.

Other factors that influence the overall accuracy of a tracking radar include the mechan-
ical properties of the antenna and pedestal, the servo system, the method by which the

pointing of the antenna boresight is determined, the antenna beamwidth, atmospheric ef- :

fects, and multipath.”®

Glint  This has also becn ca‘led angle noise, target noise, angle fluctuations, and ang !e Sl
- scintillation; but glint is ths Ierm commonly used. Tt occurs with complex targets thaf'have el
more. than one scattering’ cenfer: within- the resolution cell of the radar. A single’ “point’} - -

.. .scatterer, such gs a-sphere. does not show the; p‘lenomenon of glint. Compiex .targets. with- -,
; mv'uple,scultcﬂm centers, -such. ag ,aucrﬂfl1 ;ean -cause-glint and degragde, tracking: The‘- F s 74
. eche frem. a.single ‘scatterer wenf-rally arrives.ai the {ad,xr anienna with-a dniform pidna_r S
waw‘forn’ that has a- iiit. which depends.on.the angle of arrival,-Fig. 4.14a, The; asual’
- method for measuring aagie almost always-assumes that the arriving wavefront is plahar. .;

and uniform. If, however, the target consists of multiple scatterers, each ata different an-
gle, their individual echo signals arrive at the antenna with slightly different wave tilts, as
sketched in Fig. 14.14b (exaggerated to show the principle). These tilted wavefronts add
vectorially across the aperture to give a composite wavefront whose amplitude and phase
are not uniform across the aperture. Glint from a complex target is sometimes thought of
as a distortion of the echo wavefront.

The result of having a nonuniform wavefront from a complex target, when the radar
is designed to process the echo wavefront that is planar, is an error in the measurement




Figure 4.14 (o) Plane wave from ane scatterer incident Single Extended
on the antenna. [b) Plane waves from three scatterers scatterer target
incident on the antenna. Resultant aperture illumination is the L]

\

vector sum of the three plane waves.

of the angle of ztrriiral The measured angle does not bear a-simple ralatiohship"to some
distinctive property of the target, such as its center, leading edge, or its largest scatterer.
Furthermore, the measured angle of arrival can sometimes cause the boresight of the track-
ing antenna-to point autside the angular extent of the target, which can cause.the.radar to
break track. The gr@aat_et_j_the extent of the target in angle as seen by the radar, -the worse
will be the angle measurement, as we shall see. Glint, therefore, can be a major source
of error when making angle measurements, especially at short range where the angular
extent of the target can be relatively large. It bothers all continuous tracking radars that
employ closed-loop angle tracking, whether conical-scan, sequential lobing, amplitude-
comparison monopulse, or phase-comparison monopulse.

Example of Glint from a Simple Target Model ~ Consider a target model consisting of two
independent, isotropic scatterers separated by an angular distance 65 as measured from the
radar, Fig. 4.15a. (Sometimes this is called a dumbbell target.) The two scatterers are as-
sumed to be located symmetrically to each side of the perpendicular from the antenna at
*6p/2. Although it may be a fictitious target model chosen for reasons of simplicity, it il-
lustrates the effects that a complex (multiple-scatterer) target has on the accuracy of a track-
ing radar. The relative amplitude of the echo signals from, the two .isotropic. scatterers is

taken to be a (a number less than unity) and the relative phase difference.is a. Differences
in the phase rmoht be due to differences in range between the two scatterers or to differ-

_ences in the reflecting characteristics of the two scatterers. The angular error AG as mea-
SurecL from the larger.of the two isotropic scalterers is given by J..E. Meade as”

Ag a* + a cos ‘ :
== = . g P [4.2]
Op 1+a +2acos o

Thls is shown plotted in Fig. 4.15b. The larger of the two seatterers is at A8/6p = 0, and
the smaller is at A8/6, = +1. Positive values of A6 correspond to the angular region to
the left of the larger of the two scatterers; negative values lie outside the target, at angles
to the right of the larger target. When the echo signals from both scatterers are in phase

“with respect fo the larger of the two
__ scafterers.

Figure 4.15  Plot of Eq. (4.2) of
the error A6/ 6p as a function of @
and a. Insert shows two isotropic
scatterers of relafive amplitude a and
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an angular extent 85 as viewed from
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Figure 4.15  Plot of Eq. (4.2) of
the error A8/8p as a function of @
and a. Insert shows two isolropic
scatterers of relative amplitude a and
relative phase shift «, separated by
an angular extent fp as viewed from
the radar. The angle A8 is measured
with respect to the larger of the fwo
scalterers. o *
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(e = 0), A8/, reduces to al(a + 1), sometimes called the “center of gravity” of the two
. scatterers. When the signals are of equal amb]itilde. (a=1) and the phase difference
a = 7 radians, Eq. (4.2) indicates the antenna points to A6/f, = —oo; that is, the antenna
is driven well outside the bounds of the target. It should be cautioned that an assumption
made in deriving Eq. (4.2) is that the voltage of the angle-error signal is directly propor-
- tional to the angle error; that is, the angle-error signt;l is linear. This implies that angle er-
rors are small; but when A#/6, — —, the angle error is not small. As was indicated in
Fig. 4.3d, as the angle error increases, the angle-error signal voltage will no longer be lin-
-ear and its slope can even change sign. Equation (4.2) no longer applies when A6/6,, be-
“... .. comes large. Nevertheless, the simple model of Eq. (4.2) describes the general nature of
: i - the behavior to be expected by a radar trac__:ke_f':s_ubjected to glint from a complex target.
: - .7, . The relative pl_m_s:;;-_a,,chénges if the relative ranges to the two scatterers change. This. ..
55 cau'.occ_uffor ‘example if the 2spect angle of an aireraft changes-due to its:flightpath or
- atmospheri¢ turbulenee.Fitus the value of @ can vary with time. The radar tracker theo- . .0
s+t . Equation.(4:2) indicates that the tracking ertor A for the two-scatterer target is pro-
- portional to the’angular extent of the target 6, which is why the fracking error due to
glint varies inversely with range. The error becomes larger as the range becomes shorter.
Although this statement is based on the simple two-scatterer target, it is a reasonable ap-
proximation to a real target provided the angular extent is not greater than the antenna
beamwidth. When the angular extent of the target is greater than the antenna beamwidth,

the two scatterers can be resolved and there is no glint.
A slightly more complex model than the two-scatterer target considered above is
one consisting of many individual scatterers, each of the same cross section, arranged



uniformly along a line of length L perpendicular to the line of sight from the radar. The
resultant cross section from such a target is assumed to behave according to the Rayleigh
probability density function. It was found that the probability is 13.4 percent that the ap-
parent direction of the target measured by the radar will be outside of the target region.®
Similar results for a two-dimensional model consisting of equal cross-section scatterers
uniformly spaced over a circular area indicate that the probability the apparent direction
lies outside the target is 20 percent. Howard™? states that measurements made on actual
aircraft of the rms value of angle noise, expressed in the same length units.as the target -

.+ _extent L in cross-range, are between 0.15Z and 0.2L. A small single-engine aircraft viewed. -~

. .- _nose-on might have a valve near 0.1L, and larger aircraft-and aircraft viewed from the
Leside approach 021, - «oF i, i oonn e RN

&, Although glint is_a deterministic phenomenon if the target configuration and its.scat+ . -~ -
. tering_properties are known, it has sometimes been analyzed in statistical terms.”®*' The

deterministic approach, however, helps in understanding what is iaking place with the.tar-
get and the radar, something that statistical models cannot do as well. Glint is usually
thought of as a target effect; but to some extent, the radar enters also. Glint occurs when
the radar cannet resolve the individual scatterers of a complex target; so that some radars
might not be affected by glint that would seriously bother others.

Methods for reducing the effects of glint on radar tracking performance are discussed
{ater in tius section. The phenomenon of glint also occurs in the range dimension, as will
be discussed in Sec. 4.6. A brief survey of radar glint, along with an extensive bibliogra-
phy of the early work in this field, has been given by Wright.*!

In addition to tracking radars, it has been said in the literature that glint also occurs
with scanning surveillance radars.>” This might not be completely accurate. Surveillance
radars estimate the target direction as the antenna pointing angle where the echo signal is
a maximum. The estimate of angle in scanning surveillance radars is often made by beam
splitting, or something equivalent. Closed-loop angle tracking is not employed. A com-
plex target might cause an error in the beam-splitting angle estimate because of the nonuni-
form response of the target with angle, but the error does not seem to produce an angle
measurement that extends beyond the angular confines of the target as does the glint that
occurs in a radar with closed-loop tracking. Thus, glint does not occur with a scanning
radar, only one with closed-loop tracking.

Receiver Noise  The noise at the input of a radar receiver affects the accuracy of radar
tracking just as it does the detection capability of a radar. In Sec. 6.3, the accuracy of
radar measurements is discussed, based on a noise model described by the gaussian prob-
ability density function. All theoretical expressions for the rms vaiue of the error of a radar
measurement (such as angle) are inversely proportional to the square root of the signal-
to-noise ratio. From our previous discussion of the radar range equation in Chap. 2, we
know that the range of a radar is inversely proportional to the fourth root of the signal-
to-noise ratio. The rms value of a radar measurement error is, therefore, directly propor-
tional to the square of the range. Receiver noise is a major factor limiting the accuracy of
a radar at long range where signal-to-noise ratios are small. Section 6.2 also indicates that
the rms error in the radar measurement of angle is directly proportional to the antenna
beamwidth.
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The theoretical accuracy of a tracking radar, given as the rms error in the angle mea-
surement, has been given by Barton®® and can be found in Howard,> It is
e = kBTSN, /By fo!B

(4.3)

where the constant £ = 1 for a monopulse radar and 1:4 for a:conical-scan radar, 6z =

-half-power beamwidth, k; = slope of the angle-error signal at boresight (which is differ-

‘ent for monopulse and conical-scan radars), B = bandwidth, 7= pulse width, (S/N) =
signal-to-noise ratio per pulse (assumed in the derivation of this expression to be greater
than 6 dB); f, = pulse repetition frequency, and S, = servo bandwidth. Generally, Br =

-1, and f,/2B, = number of pulses integrated. According to Howard,™ the value of the

slope ; for a good four-horn monopulse feed is 1.57. Its value for a conical-scan radar
is 1.5 when the offset angle is chosen to optimize overall radar performance. Since the
conical-scan radar does not track a target with its maximum antenna gain, the signal-to-
noise ratio is lower than that of a monopulse radar. Earlier in this chapter, we have said

_ that the conical-scan tracker might suffer a two-way loss of 2.0 dB. More elaborate ex-

pressions for the angle error for the conical-scan tracker> and the monopulse tracker® can
be found in the literature, but the above expression is often suitable for many purposes.

Amplitude Fluctuations  The amplitude of the radar echo from a complex target with mul-
tiple scattering centers will fluctuate as the aspect of the target changes with respect to
the radar. (Changes in aspect may be due to the motion of the target in yaw, roll, or pitch.
Aspect changes also occur even if the target moves in a straight line.) Conical-scan and
sequential-lobing radars interpret any change in amplitude of the target echo signal as be-
ing due to the target not being on boresight, They then direct the antenna to move in a
direction to make the “error signal” zero. Thus a change in amplitude due to fluctuations
in the target echo during the time interval of the sequential measurement can degrade the
accuracy of the measurement. Amplitude fluctuations in the target echo signal, which are

.also known as target fading, do not affect the angle-error measurement accuracy of si-

multaneous lobing or monopulse systems t_hdt_cxtract an angle-error voltage with each

--Since-the percentage modulatlon of the euho signal due to fluctuations.in the target

.- cross, section is; independent. of range if AGC s us\.d ~the 3;1gle c;rror as.a result Qf am-;
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high frequency: According to Howard,” the low-frequency pulse-to- palse ¢ amplitude. fluc-;

tuatiens-might be,concentrated mainly below 10 Hz-at X bar;d These age due to varia-

tions in the target cross section caused by changes. in the relative distances of the indi-

vidual scattering centers. The amplitude spectrum does not seem to depend strongly on
the size of the target. An aircraft with a large wingspan has its scattering centers (the en-
gines, for example) spaced wider than would an aircraft with a small wingspan so that a
higher fluctuation frequency would be expected if the rate of change of yaw were the
same in the two cases. The large aircraft, however, has slower rates of yaw than a small
aircraft so that the frequency extent of the spectra might be expected to be similar. The
spectral width of the amplitude fluctuations is closely proportional to the radar frequency,

o

W



since a change in the relative distances of the scatterers will result in a larger change in
wavelengths if the frequency is high than if it is low.

High-frequency amplitude fluctuations can be caused by reflections from propellers
and jet engines. The frequency of propeller modulation depends on the number of blades
and the rotation rate. The modulation is not sinusoidal and has harmonics of the funda-
mental frequency. The fundamental frequency of the prope]ler modulation and its har-
monics de not depend on the radar frequency.

£ Zw ,'Ll_m_,cffpct of amplityde fluctuations on the accuracy: of comcah%cau tracking-can be.:
iy gedpce;d by choosing a cepical-scan frequency..that ,co,rre;spcnds to:a low value of the tar--

-get’s amplitude fluctuation. spectrum.. If- thé-arplitude fluciuation noise power were large

-at, the.conical-scan or, lobing frequenty, it tould hot:be-readily eliminated by AGC or fil- - =¥
tering. A typical conical-scan frequency, foi-example, might be 30 Hz.-Generally the higher ...
the scan frequency, the less the noise due’to amplitude fluctuations. ‘At the higher scan.

frequencies, however, propeller modulation might be:present and needs to be avcided. A
sufficiently high scanning frequency, however, will have little degradation in tracking: be-

. cause of amplitude fluctuations. It has been reported that experimental measurements with

radars operating with pulse repetition frequencies from 1000 t0.4000 Hz and a lobing or
scan rate one-quarter of the prf are not limited by amplitude fluctuations of the target.”’

Servo Noise  This is the hunting action of the tracking servomechanism which results
from backlash and compliance in the gears, shafts, and structures of the antenna mount.
The magnitude of the nmse is independent of the target echo and will therefore be inde-
pendent of range.

Summary of Errors  The contributions of glint, receiver noise, and amplitude fluctuations
to the accuracy of a tracking radar as a function of range is illustrated in Fig. 4.16. The
error due to glint varies inversely with range; receiver noise causes the error to vary as
the square of the range; and both amplitude fluctuations and servo noise are independent
of range. This is a very qualitative plot showing the general nature of each of these fac-
tors. Two resultant curves are shown. Curve A might be representative of conical-scan and
sequential-lobing trackers. It assumes that the error due to servo noise is less than that
due to amplitude fluctuations. Curve B might represent monopulse trackers since it does
not include the effect of amplitude fluctuations. Tracking accuracy deteriorates at both
long and short range with the best angular accuracy occurring at the intermediate ranges.

The best tracking radars have been able to achieve an-angle accuracy of about
0.1 milliradian. Such accuracy does not come easy. It can only be achieved by full atten-
tion.to the many- mtcrnal and external factors affecting tracking accuracy and by timely,
accurate: callbrallon ;

Meihods for Reducing Angle Errors Due to Target Glint  Glint can be debilitating to a mil-
itary tracking radar or a radar guided missile. It is important, therefore, to reduce its ad-
verse effects when highly accurate tracking is required. There have been a number of
methods proposed to reduce glint. Some can provide significant improvement but may re-
quire operating the radar in a manner that is not always best for achieving the radar mis-
sion. Other methods might not degrade the major task of the radar, but they do not always
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Freq‘uency Agility  The angle error due to glint depends on the radar frequency since the
relatfve phase « in the simple two-scatterer model depends on frequency. A change in the
relative phzfse « can change the glint error (Fig. 4.15); it can be smaller or it can be larger. .
If the relative phase « is due primarily to the difference in range AR between the tw-c;l

scatterers, then the phase differeiice. @@ = 47(AR)f/c, where f= radar frequency
LT ,vel'oc1tyl of propagation, ard f/c SAs ,fadér.wavelength. A change in radai' freqUenb‘:
+..;,Jsults in a change ipthe elative phase o and 2 change in the angle error A@. There o
.. be a sufficient charigé in frequency to decorrelate the ‘phase meastrement aid make e ¢ - 11+
. meagurements independent. Decorretation ogeurs when the phese ¢ changes by more than -
24 radians. BVit.}IL this’criterion, the fr equenéy‘ :Sh,t:m} J bé.clﬂa.nlf_’ed Hian 'a'r.rib:iéit o) o

g (m;"i)_ SR

of () = ges Af (M) = Al .

where D = the ’depth of the target. (In the two-scatterer case, D is the same as AR.) The
f:iepth_D of an aircraft target as seen by radar usually is not the same as the projected phys-
ical size of the target since the extremities of the target might be too small to be deteciad
by the radar or they might be masked by other scatterers.

':f'here are several methods that have been proposed to use the frequency dependence
of glint to reduce its effect on tracking accuracy. One method is based on the observation



that a large glint error is accompanied by a low echo-signal power. This inverse relation-
ship between glint error and receiver signal power was apparently recognized as early as
the mid-1950s.*° This can be seen qualitatively with the two-scatterer model. When the
amplitudes of the two signals are almost equal and their relative phase is almost 180°,
Fig. 4.15 indicates that glint errors will be large. But when the two signals are almost
equal in amplitude and almost 180° out of phase, they will destructively interfere at the

antenna and result in a low echo-signal amplitude. Thus when the signal received by the
»~'radar is-found to be lows when it is-not normally expected ta be low, it is likely that the ..x.: g
feral angic rnaasuremenm in.error. To take:advantage 'of this effect;séveral different.frequen- . -
 oles arefadidted with frequency-separation- greater than. that glvén‘*by“Eq (44). The an- .
), SUme Criterion {such :
aken Sexfena} other.. -
" weightings were-analyzed by Loomis and Graf:*! It was found that simply using the an- .~ +“f
.gle measurement associated with the largest signal amplitude prov1des the most accurate -

'--5‘_. gle 'esi_irﬁ?z}:t ¥ the receiyed echo signals are wéighted accordmg
a8 propﬁ'ﬁmnal m» the;r mgnai-ito noise ratios); and the. averabents :

- * estimate of angle. The reduction in rms tracking error by processing only that signal whose
frequency results in the largest echo’ amplltucle is approxlmately

Opms = —% - 1{N<4 [4.5] .

N

* where 8, is the single-frequency (no agility) glint error and N is the number of indepen-
dent frequencies. More than four frequencies were found to offer no significant improve-
ment in accuracy.

Although pulse-to-pulse frequency agility can reduce the effects of glint, it has some
drawbacks. Detection of moving targets in clutter using MTI or pulse doppler methods is
not compatible with pulse- to-pulse frequency agility. To employ doppler processing, the fre-
quency must remain constant for a significant number of pulses. Frequency diversity is pos-
sible by transmitting either simultaneously or in sequence a number of constant-frequency
pulses at each of several frequencies that are separated by more than the Af of Eq. (4.4).

‘Pulse-to-pulse frequency agility reduces the glint found in conical-scan and sequen-
tial-lobing radars, but it can increase the amplitude fluctuations in such radars because of
the dependence of radar cross section on frequency. It might result in a net increase in the
angle error, and is not always appropriate to use with such radars.

In some crowded radar bands, it might not be easy to achieve the required range of -
frequencies needed to obtain a reduction in the glint error. If, for example, the effective -

" depth D of a target were 10 m, Eq. (4.4) indicates that the change in frequency must be
at least 15 MHz to decorrelate the glint error. If four different frequencies were required,
there must be at least 45 MHz of bandwidth available. %

Range Resolution It was mentioned that glint occurs when there are multiple scatterers
within the radar resolution cell. Range resolution can be quite good in a microwave radar,

far better than the angle resolution. Therefore; if the radar has sufficiently high range-.

resolution to be able to resolve the multiple scatterers that constitute a: target,
angle glint (as well as range glint) will not occur and the tracking accuracy in angle as well
as range will be improved compared to that of a low-resolution system. If, for example,
the radar has to have a range resolution of one meter to resolve the various target
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scatterers, the required spectral width must be 150 MHz. The higher microwave frequencies
are therefore more suitable for this method of glint reduction than are lower frequencies.

In some respects the use of high range-resolution for reduction of angle glint is re-
lated to the use of frequency agility for the same purpose. Both take advantage of wide
bandwidth. The frequency agility method uses a finite number of discrete narrowband fre-
quencies within a wide frequency band rather than a continuous spectrum as is required
for high range-resolution. If both methods use the same extent of spectral bandwidth, it
is suspected. that-the high-resolution method should produce more accurate tracking than
the use of frequency agility. High range-resolution can be used in conjunction with MTI
or pulse doppler radar if digital signal-processing technology is not limited by jthe wide
bandwidth required for high resolution. : R '

Servo Bandwidth and AGC Bandwidth®  Angular error due to glint may be reduced by
keeping the servo bandwidth small. This might not be a good idea in practice since the
servo bandwidth usually is determined by the requirement that the tracker be able to fol-
low a maneuvering target. Too narrow a servo bandwidth might cause the track of the ma-
neuvering target to be broken and the target lost.

The effects of glint also may be reduced by reducing the bandwidth (increasing the
time constant) of the AGC system.** A narrowband AGC does not respond to rapid fluc-
tuations in signal amplitude with the result that the echo-signal amplitude might not main-
tain constant signal level. This can cause a reduction in the angle-error sensitivity during
large angle-noise peaks, and smaller rms tracking noise can result. This reduction in an-
gle noise, however, is accompanied by a new component of noise due to amplitude fluc-
tuations associated with the echo signal. Narrowing of the AGC bandwidth generates ad-
ditional noise in the vicinity of zero frequency that can result in poor tracking. In spite of
the potential benefits of a narrowband AGC, a wideband (fast) AGC is usually preferred
especially at short and medium ranges where target maneuvers result in high angular rates
and the lag in the tracking can be large if a narrowband AGC were used.

-, Thus-narrow servo and/or AGC bandwidth as a means for réducing glint produce

. .Qt_hgrf_u_.ndesirab'le_ effects. Bandwidths should be selectéd sg’-as' t'd_' be '_Ci')'ns_ist_ept with the
various factors that can affect the tactical requirements that:detériine thé_hl:c_ep{ablg track-,
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gaussianand nonstationary:** Glint can often be better modeled as deterministic or non-
statistical* rather than statistical. Another problem in modeling glint as noise to be fil-

tered is that glint errors are “spiky.” They tend to be of large value only when the phase

difference e in the two-scatterer model is near 7 radians. Filtering to smooth the rela-

tively large spikes in the glint can result in a bandwidth too narrow to maintain the track

of a maneuvering target, as mentioned above when discussing the servo and AGC band-

width. It has continued to be fashionable to consider glint as a noise problem, but there

has not been the success that one might desire.




Excising of Measurements Associated with Fades It has been mentioned previously that
when the glint error is large, the received signal amplitude is small. If the signal level is
properly monitored so as to recognize a low signal amplitude, the corresponding angle
measurement can be removed (censored) and the tracking error improved. It has been sug-
gested*® that when a Kalman tracking filter is used in conjunction with a rank detector
preprocessor to detect fades and remove the accompanying angle measurement an im-
provernent of 15 percent m the angle trackmcr accuracy can. be obtained.

“Polarization®’ ‘It Has been suggested that polanzamn agility: .can reduce the glint error -

: 'based on‘ Lﬁe eréctann that the Scatk,nno ¢enters will be dlfferent thh dlﬁ'ﬁreht polar- N
“{Zations. The aSsumonn is Ihat the' taruet echo'will be produced by $catterers with widely -

* “different pcrlarizanon reSponse characteristics 'so that glinit will be-decorrelated when thefe <.

is 4 change in polanzatlon In- prdcnce however, it might not be expected that polariza-

“tion ‘agility can decorrélate the glint errors 4s well-as‘¢an frequency agility. It has been

: szud44 that with polarization agility “the 1rnprovements are often modest (at best).”

Spatial and Aspect Diversity It also has been suggested that glint can be reduced with
either spatial or aspect diversity.*® B y spatial diversity is meant viewing of a target from
a different location. The required separation of the antennas for spatial diversity need not
be large. Aspect diversity requires that the target rotate with respect to the radar so as to

" change its aspect with respect to the radar. Not all targets cooperate by changing their as-

pects sufficiently to obtain the necessaray diversity. Furthermore, a change in aspect takes
time, which is usually not available with weapon control radars subject to glint. Both spa-
tial and aspect diversity, therefore, have operational limitations that tend to restrict their
practical application for glint reduction.

Avoiding Closed-Loop Tracking As mentioned previously in this section, a radar that
extracts the angle of a target without performing closed-loop tracking is not susceptible
to the large errors caused by glint. There have been many solutions proposed for reduc-
ing the adverse effects of glint. No one method solves all problems, each has its advan-
tages and disadvantages, and no one solution is universally applicable. As with so many
other things, compromises might have to be made in order to deal with the potential ef-
fects of glint.

4.5 LOW-ANGLE TRACKING

A radar that tracks at low elevation angles illuminates the target via two paths, as shown
in Fig. 4.17. One is the direct path from radar to target. The other is the path that includes
a reflection from the earth’s surface. It is as though the radar were illuminating two tar-
gets, one above the surface and the other its image below the surface. This is an example
of the classic two-scatterer model mentioned in the previous section on glint. An error in
the measured elevation angle of the target occurs because of the effect of glint. The error
can be large enough to seriously degrade the quality of the tracking. At low grazing

the surface. -

Antenna beam

Surface-reflected path

Figure 4.17. .. low-angle tracking illustrating
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. Figure 417 low-angle tracking illustrating the surface-reflected path and the targel's image below
the surface.

angles over a perfectly smooth reflecting surface, the reflection coefficient from the sur-
face is approximately —1 (Sec. 8.2). That is, its phase is in the vicinity of 180° and its
magnitude is approximately unity so that the signal amplitude reflected from the surface
is almost equal to the signal amplitude incident on the surface. This is, unfortunately, close
to the worse condition for the angle error due to glint, as can be seen from the plot for
the two-scatterer target model of Fig. 4.15. For this reason, the tracking of targets at low
elevation angles can produce significant errors in the elevation angle and can cause loss
of target track. The surface-reflected signal is sometimes called the multipath signal and
the glint error due to the geometry of Fig. 4.17, a multipath error. Multipath errors can
be a serious limitation to the radar guidance of missiles to targets low on the water as
well as to surface or shipborne radars used for defense against low-altitude cruise mis-
siles or sea-skimmer missile attack.

The effects of multipath depend on what part of the antenna pattern strikes the sur-
face. Three regions can be identified,*® according to elevation angle:

1. Sidelobe region. Elevation angles are such that the near-in sidelobes, rather than the

_ main beam, illuminate the surface. The accuracy of a precision tracking radar (such
as the AN/FPQ-6) begins to be degraded when the elevation angle is less than six
beamwidths above the horizon. . '

2. Main-beam region. The effects of multipalﬁ.c_an begin to be severe when the eleva-
_tion angle is less than about 0.8 beamwidth, :

3. -Horizon region.- At grazing angles approaching zero. degrees. when there is specular .
- . reflection from the surface, ‘the echo signal.from the target and its image: are ap-
__proximately equal and. out of phase so that combined direct and surface-reflected sig--
.nal is very low. This reduction in signal-to-noise ratio further aggravates the accuracy
problem. i _ ] : i '
Figure 4.18 shows an experimental measurement of the elevation-angle‘ error obtained
with an S-band radar as a function of range for an aircraft flying at low altitude.®'~ The
antenna beamwidth in this case was 2.7°. The aircraft flew out in range at a nearly con-
stant altitude of 3300 ft. The start of the track is at about 4° elevation. At this angle the
antenna sidelobes, rather than the main beam, illuminate the surface and the effect of mul-
tipath on angle accuracy is relatively small. At the center of Fig. 4.18 where the elevation
angle is less than 2°, the main beam illuminates the surface and the effect of the surface-
reflected wave becomes significant. Large elevation errors occur, which cause the antenna
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to look at the image below the ground rather than at the target. The errors are cyclic
because a phase greater than 247 radians appears to the radar as if it where within 0 and
24 radians. It is seen in the example of Fig. 4.18 that there are times the antenna can point
at an angle greater than 2° below the target. The tracking has been described as “wild”
and great enough to cause the radar to lose track. The effect is most pronounced over a
smooth water surface where the surface-reflected signal is strong. It can be so great that
it becomes impossible to maintain a track at low altitudes with conventional tracking
radars. According to Barton,* in the horizon region when the magnitude of the reflection
coefficient exceeds 0.7 and the target is below 0.7 beamwidth, “there will be a strong ten-
dency for the radar to track a centroid of reflection at or near the horizon.” (This did not
appear to occur for the data shown in Fig. 4.18.)

The multipath problem is similar to the glint error that results from tracking a clas-
sical two-scatterer target. Careful examination, however, of the theoretical glint error given
in Fig. 4.15 and the experimental data of Fig. 4.18 show a significant difference. The two-
scatterer model indicates there will be large errors when the surface reflection coefficient
approaches —1. The large tracking errors appear to the side of the larger scatterer of the
pair rather than the smaller scatterer. Generally, it is expected that in the multipath situa-
' tion, the larger scatterer will be the target and the image will be the smaller (because the
-reflection coefficient is not greater than 1). The data of Fig. 4.18 show, however, that the

large ‘elevation angle errors are in the direction of the image rather than the true target.
Thus the antenna is more likely to look into the ground than in the direction of the sky.
Howard et al.* state that this difference can be explained by the failure to account for the
amplitude distortion across the aperture, in addition to the phase distortion.

Although it has been easy to accept the two-scatterer target model as applied to low-

angle tracking multipath case, there is a difference between the two. In the two-scatterer
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model there are two propagation paths: the two two-way paths from the radar to each scat-
terer and back. In the multipath case, there are actually four propagation paths.>® These
are: (1) the path from radar to target and return by the same path; (2) the path from radar
to target via reflection from the surface and return by the same path (this is the image

path); (3) the path from radar directly to target and return via reflection from the surface;
and (4) the inverse of path no. 3 which is the path_from radar to target via the surface re- -
flection, or image, and return directly to the radar. Thus paths no. 3 and 4 are the same

except for direction of travel. (These four-paths are made use of in multipath time-delay

height finding to obtain the height of a target using high-range resolution with a fan-beam

antenna pattern rather than a pencil-beam pattern.) The echoes from the four paths in the

multipath geometry will provide a different composite echo signal at the radar than that
obtained from the two-scatterer model. It should be expected, therefore, that the nature of
the glint error in the multipath situation will be different from that predicted by the two-
scatterer model, as has been demonstrated by experiment.

Another complication with surface multipath not modeled by the two-scatterer target
is the effect of surface roughness which results in two components of the surface reflected
signal; one is specular scatter and the other is diffuse scatter.*®

With a rough surface, the angle error due to multipath is reduced because the
surface-reflected wave is of lower magnitude (the reflection coefficient is less). Note that
the roughness of a surface depends on its physical variations in height relative to the radar
wavelength. The higher the radar frequency, the greater will be the “electrical” roughness
of the surface (in wavelengths) for a given physical roughness, so that the effect of
multipath on the elevation-angle accuracy might be less at the higher frequencies. At mil-
limeter-wave frequencies, the surface reflection is more likely to be diffuse scatter rather
than specular scatter.>*

In addition to causing errors in elevation-angle tracking, it is also possible for mul-
tipath to introduce errors in the azimuth-angle tracking channel. This can be caused by’

cross talk where a portion of the elevation-angle channel signal enters in some manner
the azimuth-angle channel. It might also be caused by the target-image plane depaiting-
from the vertical as when over, ‘;lopmg land or when the radaris on a rollmg or patchmg
ship. !
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: -Meﬂwds-for Raducang Mulhpui’h Effecis at l.ow Ang]es There ﬁj‘ e been a number ot meth- -
e odsﬁemomtmrﬂd or proposed- for reduc:mO‘ the large elevaiton’ “angle err ors that can OuCU'{'
Ll clue ‘to' the multipath etpeuenued at-low? e]evauon ‘angl :
e, smgle melhod suitable for-all apgllcatlom where low- anolc Lrack;ll‘g is l'equ;lred Each has

its llrmtanom Thay are mainly for elirhinating'the large errors that occur-when the main’
beam, rather than the sidelobes, illuminate the surface. Many of the methods mentioned
below assume the use of a monopulse tracker. Only the first three seem to have had ap-
plication. The others are mentioned because of some particular technical interest, and can
be skipped if desired.

Narrow Beamwidth ~ The surest method for reducing or eliminating tracking errors due
to multipath is to have a narrow antenna beam that does not illuminate the surface. The
beamwidth of an antenna is approximately 6 = A/D radians. where A = radar wavelenoth

R There is not, however, a* """ © ¢




and D = antenna dimension, both in the same units. Thus a narrow beamwidth requires
a large antenna, a high radar frequency, or both. Although a narrow beamwidth can elim-
inate the multipath problem, it is not always possible to do so in practice since there may
be compelling reasons for not using a large antenna or for operating the radar at high
frequency.

A method that has been successfully used operationally to obtain low-angle tracking

.__.';capablhty is to employ two radars, one at X band (9 GHz).and the other at K, band .
3 .-'.".:(35 GHZ} “using 4 single antenna system 10 prowde opefallon at-the two. quuenr:les
.. 'The. lowér’ frecuency radar generally has a longer ranﬂe Target acqmsmon can be-imiti-
'a':ed with'the- Io\ver-frequbhcy tracker and thcn pnclslon “low-altitude tracking can’ ‘be ob -
,;amed by smtchlh‘f t6 fbe hlgher-fraquency tracker Tt;nag been said that’ wﬁh 1he dual: .
: .'f;ﬂ’equency trackér “targe‘ts ‘at 100-ft altitude were successfully tracked over witet with Jess -

“than 0 4. mlls mulnpath erTor to ranges in excess of 30; 060 }’d}y" Another advantaﬂe ofa

57,58

L dual-frcquency radar for military applications is that it maL,cs hostile. electronic counter-
i 'mcasurcs more dlfﬁcult since both frequencies have to be jﬁmn‘led

Ii!og_icaf Targ‘er Trajectory  Prior knowledge of polentlal tar'gel behavior can be used to
reduce the effects of low-angle multipath without overly complicating the radar. Since air-
craft or missile targets will not likely go below the surface of the earth and are limited in
their ability to accelerate upward and downward, radar tracking data indicative of unrea-
sonable target behavior can be recognized and rejected. In some situations, the target might
be flying fast enough and the inertia of the antenna might be great enough to dampen the
angle-error excursions caused by multipath.

Off-Axis, or Off-Boresight, Monopulse Tracking ~ Advantage can be taken of the fact that
large angle errors are usually limited to a region of low elevation angle predictable from
the antenna pattern and the terrain. It should be possible, therefore, to determine when
the target is in the low-angle region by sensing large elevation-angle errors. The antenna
is then locked at a small positive elevation angle (usually about 0.7 to 0.8 beamwidth)
while continuing closed-loop azimuth-angle tracking. With the beam fixed at a positive
elevation angle, the target’s elevation angle may be determined open-loop from the error-
signal voltage. Alternatively, the elevation angle may simply be assumed to be halfway
between the horizon and the antenna boresight. In the extreme, the peak-to-peak tracking
error would not exceed 0.7 to 0.8 beamwidth, and the rms error would be typically about
0.3 beamwidth. The tracking accuracy is only slightly improved, but wide swings of the
antenna and loss of track are avoided. .

Double-Null Elevation-Difference Pattern® " monopulse radar when tracking a sin-

_gle target attempts to have the null of its difference pattern pointing in the direction of
~‘the target. When this occurs at low elevation angles-the echo signal that arrives in the
lower beam of the difference pattern via the surface reflection can result in a glint error.
By using a more complicated antenna pattern than that of the usual four-horn monopulse
antenna, a second null can be independently steered to the direction of the surface-
reflected echo signal (the image echo) so as to cancel it before it reaches the radar re-
ceiver. The second null can be obtained by employing a third pair of feeds in the vertical
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plane. The signals in elevation from the three pairs of vertical feeds are combined to pro-
duce two nulls, one in the direction of the target and the other in the direction of its im-
age, as has been described by White in the cited references. The second null is maintained
in the direction of the image, as computed by Snell’s law for the measured target range.

A conventional four-element feed in a monopulse tracker has only one degree of free-
dom in the vertical plane (as well in the horizontal plane). It is designed to track only a
single target. When multipath occurs, there are two target signals present (the actual tar-
get and its image). A conventional monopulse radar cannot cope since it is designed on
the assumption that there is only a single target present. When a third pair of feed-ele-
ments is employed in the vertical, two degrees of freedom result so that there are now
two nulls that can be positioned in the direction of the target and its image. This can be
extended to even more feeds in the elevation plane (providing additional degrees of free-
dom and nulls) which enables better control of the nulling of the unwanted image.

Experiments over water have demonstrated good tracking (0.05 to 0.1 beamwidth
rms) with the double-null technique to elevations as low as 0.25 beamwidth.®

There have been several other variants of this approach. The signal incident on the
antenna aperture can be sampled at multiple points across the aperture (especially if an
array antenna is used) and the maximum likelihood decision criterion employed to deter-
mine the location of the target and its image. Barton®” states that these methods degrade
in the presence of diffuse surface reflection. They also require more complicated feed
structures and processing than a conventional monopulse.
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racker and then precision low-altitude tracking can be ob-
ser-frequency tracker. It has been said that with the.: dual--
0-ft altitude were successfully tracked over water with less

» ranges in excess of 30,000 yds.” Another advz.mtagc of a
ry applications is that it makes hostile electronic counter-
soth frequencies have to be jammed.

rior knowledge of potential target behavior can be'used .to
multipath without overly complicating the radar. Sm;e air-
likely go below the surface of the earth and are limited in
wrd and downward, radar tracking data indicative of unrea-
recognized and rejected. In some situations, the target might
nertia of the antenna might be great enough to dampen the

" High Range-Resolution The surface-reflected signal travels a longer path than the
by multipath.

direct signal so it may be possible in some cases to separate them by use of high range-
resolution waveforms. By tracking only the direct signal, the angle errors introduced by
multipath are avoided. The range resolution AR required to separate the direct from the
ground-reflected signal is approximately :

nopulse Tracking ~ Advantage can be taken of .the fact that
limited to a region of low elevation angle predictable from
srrain. It should be possible, therefore, to determine when
-egion by sensing large elevation-angle errors. The antf:nna
itive elevation angle (usually about 0.7 to 0.8 beamw@?h)
azimuth-angle tracking. With the beam fixed at a positive
evation angle may be determined open-loop frqm the eﬁorr "
the elevation angle may simply be assumed to be halfway " .3
itenna boresight. fn the extreme, the peakto-peak tracking ..~ 3
0.8 be’iﬁﬁ}vi_d}h";'_ahd the rms error would p_e .lyplu;qil-_y._ a_bot}t..-
accuracy is only slighfly improved, but wide swings of tlle._
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where h, = antenna height, h, = target height, and R =range. For a radar antenna height
“of 20 m,_target height of 30 m, and a tange of 4 kmi; the range.resolution AR must be P
0.3 m. This requirgs a pulse-widthof-2 ns and-a bandwidth of 500 MHz,.which is-a shorfer’ ~»«- .
- pulse and a.greater,bandwidth than usually found in operational radars. If the target wetg £+
“-a sea-skimmer, antiship’ missile; at’ an: altiude’ as' low as 2 m above thesea, thé bapd-r = 257
_widfh required to. elimipate the multipath effect is tos great to ‘be’practical for most -:'s
applicaticns.. Thus .range resolution has not usually been a ‘satisfactory. solution to the *
multipath problem. - : et : :

once Pattern®®>®® A monopulse radar when tracking a sin-
le null of its difference pattern pointing in the direction of
at Tow elevation angles the echo signal that arrives in the
pattern via the surface reflection can result in a glint error-
_antenna pattern than that of the usual four-horn monopulseé
be independently steered to the direction of the surface-
lage echo) so as to cancel it before it reache:sl the radar.rﬁ—
~ hininad hu amnlavine a third nair of feeds in the vertical

Frequency Agility It was stated in Sec. 4.4 in the discussion of the two-scatterer model
that use of more than one frequency each sufficiently separated from one other could
smooth the angle error due to glint and produce an average result that was less likely to
have large errors. The frequencies had to be separated by the amount given by Eq. (4.4)
in order to obtain independent values of the glint error. The same can occur with the
elevation-angle measurement when multipath is present if D in Eq. (4.4) is taken as the



difference in the path lengths; but there are two reservations. First, the average measurement
of angle is more likely to be somewhere near the horizon rather than indicate the elevation
angle of the target. Second, the bandwidth within which the various frequencies must oc-
cur is likely to be large. It is likely to be comparable to the bandwidth, discussed in the
above, that is required of a short pulse for resolving the direct target echo from the image
target echo. If a sufficiently large bandwidth were available to the radar designer, it might
be better to employ that bandwidth for high range-resolution rather than for frequency agility.
We have indicated previously, however, that this bandwidth is often-larger-than can be con-
: vemem,ly obtamed in prac.zce e“pemall) when the hrget 1*‘. ata. very low ajtitude.
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uP Dop‘pter Rem{mwn Smce iht) LaIQeL and its’ lmage dre at dLﬁere'it ule‘*atlon anﬂ}es their ‘=
- dc}ppler frequency-shifts are slightly different. With safficient deppler-resolution, the tar~’
get can be- separated from its image. In praetice, however, the difference in the-doppler
frequencies generally is too small to be used for isolating the target from its image, un-

less exceptionally long observation times are employed.

Clutter Fence A fence surrounding the radar can mask the echo from the image, espe-

cially when the near-in sidelobes are a factor in creating a multipath error. Fences can be
expensive and are only of value when the radar is at a fixed site. Since the main beam il-
luminates the top edge of the fence, diffracted energy might illuminate the image.

Polarization  Vertical polarization, which is often used in tracking radars, reduces the
surface-reflected signal from the image when the image elevation angle is in the vicinity
of the Brewster angle (Sec. 8.2). It has no special advantage, however, at low grazing an-
gles when the angle to the image is much less than the Brewster angle.

Complex Angle (CA)*®"  The normal monopulse receiver uses only the in-phase (or
the out-of-phase) component of the difference signal. When a multipath signal is present
along with the direct signal, the difference signal has a quadrature component. The in-
phase and quadrature components of the error signal define a complex angle error signal.
In the complex plane, with the in-phase and quadrature components as the two axes, the
locus of the complex angle as a function of elevation angle is a spiral path. By measur-
ing the complex angle,.the target elevation can, in principle, be inferred. In using the com-
plex-angle techniqué,-the radar antenna is fixed at some angle above the horizen and an
open-loop measurement of the complex angle is compared with a predicted set of values
for the particular radar installation, antenna elevation-pointing angle, and terrain proper-
ties. A given in-phase and quadrature measurement does not give a unique value of the
elevation angle since the plot of the complex angle shows multiple, overlapping turns of
a spiral with iricreasing élevation angle of the target. The ambiguity can be resolved with
frequency diversity or by continuous tracking over a long enough interval to recognize
the ambiguous spirals.

This technique is limited by the need to resolve ambiguities, by the echoes from the
real surface being different from theoretical when the surface is rough and the reflection
is diffuse, and by random variations in the measurements which are difficult to remove
by calibration because they vary rapidly with time and depend on target position.
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Superresolution  In general, two equal-amplitude signals can be resolved in angle if they
are separated by at least 0.8 beamwidth. Sometimes it can be better than this since reso-
lution depends on the phase between the two signals as well as the signal-to-noise ratio.
Many attempts have been made in the past to improve anﬂular resolution beyond 0.8
beamwidth, but without the desired success. Superresolution® is an example that is based .
on spectral estimation or specna! analysis to provide resolution in angle. It has been of

interest for low-altitude tracking because of the claim that it can produce improved reso- :

lution compared to conventional linear methods, but it does not work for radar signals.
Such methods do provide enhanced resolution of uncorrelated signals (such as 1ndepen—_
dent noise), as occur with multiple jamming signals or the radio astronomy observation

of cosmic sources. They are not applicable, however, for the resolution of correlated sig- = . :

nals—and radar echo signals are correlated since they originate from the same transmit-
ter. W. D. White® has shown the limitation of superresolution for coherent echo signals
and that it has little, if any, value in solving the radar low-angle tracking problem.

Superresolution methods produce impressive-looking plots with sharp responses in-
dicating the target locations. Depending on the algorithm used, however, the amplitude
and position of the responses might not always be related to the features of the target.
Spurious responses can be obtained when the algorithm used is nonlinear. Of importance,
but of lesser concern compared to its other limitations, is that the signal-to-noise ratio
must be high to use these methods and many of the algorithms are computationally com-
plex. Superresolution is a technique whose name implies more than has been delivered
and whose promises have not materialized as advertised.

Maximum Likelihood Estimation There have been many papers in the literature
that describe the application of maximum likelihood estimation (MLE} to obtain the
target’s elevation angle in a multipath situation. Only a few are referenced here.®*-%6 MLE
also has been applled in conjunction with multiple frequenaes 7 and with three- aperture'
antennas. 5% There have been some interesting results, but the techmque has had ..
limitations.

Electro- Op.:ca! and fnfmred Opncal and IR sensors offer the advmtage of fdl; beiter

-angular reg;olutlon than can:be obtained. with radar. They have the 1mportant advantaae of s
. not suffering £ from the muiupaﬂa prohlern Both optical, and IR have bct‘n use:d IQ suppl

,ment- fadar: coyerage at. 10\5{ a'wleb  At.low, anole _they are, of 'ihort rance smce thpy are ; :
senously lmnte.d by hlol' .attcmmmn in. the, c]ear atmosnhere as well as in ram Further—

capability is. nccessary raddr is theua *NSOF that has to be seriously cqns=de 'e_cll

Other Commenrs In addition to the above there have been several othcr ‘methods pro-
posed or investigated for rmtlgatmg the effects of glint when trackmg a target at low an-
gle. These include height diversity,’® the use of neural nets,”! the use of maximum like-
lihood estimation based on deterministic modeling that requires finding only four
unknowns and which doesn’t need to know the range,’ the use of a threshold in the sum
channel that must be exceeded in order to accept an elevation-angle measurement (this
eliminates the large errors that can occur when the direct and the image signals are




almost out of phase—the condition for a large glint error and for a small signal in the
sum channel),” and the use of bias compensation to reduce the glint error along with a
threshold on the sum signal that eliminates measurements made with small signal-to-noise
ratio.”* The large number of publications on this subject is an indication of the impor-
tance of low-angle tracking and that there has been a lack of a good all-purpose solution,

When conditions permit, the use of a narrow beamwidth is the best method to ensure
accurate tracking at low angle. Off-axis tracking with the antenna at a fixed elevation, and

with the elevation angle measurement made open-loop, is simple and cam’ prevldv relief 2

from the wild swings. of- Lhe aﬂlenna caased by multipath glint. _ .
The low-angle trackiing pr oblem as discussed heie concentrated on the effenb 01' rnul

. tipath. Radars concemﬂd with }ow-anOIe trarlr;mg dl.,o have-to be able 10 detect mrhets in: :

the presence. of Q]ultr'r echoes that can be many.orders of magnitade larger. lh.m thc tar-
_ get, so that doppler- methods;: as discussed in Chap 3, need te be considersd.” '

In this section, the radar was usuallv considered to be located on or near the surfat,e : :'- .
and tracking a target at low altitude. The problem of low-angle multlpath is a]scr 1mpor~ :

tant for missile guidance’at low altitudes.”

TRACKING IN RANGE™7"

In the early days of radar, tracking of a target in range was usually done manually by an
operator who watched an A-scope or similar presentation and positioned a handwheel to
maintain a marker on the display over the desired target pip. The setting of the handwheel
was a measure of the target range and was converted to an electrical signal and supplied
to a data processor. Manual tracking has many limitations and it cannot be used in sys-
tems such as missiles where there is no operator present. It was soon replaced by closed-
loop automatic tracking, such as the split-gate tracker.

Split-Gate Tracker  The technique for automatically tracking in range is based on the split
range gate. Two range gates, as indicated in Fig. 4.19, are generated. One is the early gate
and the other is the late gate. The video echo pulse is shown in Fig. 4.19a, the relative
position of the two gates at a particular instant is in Fig. 4.19b, and the difference signal
is in Fig. 4.19¢c. In this example the portion of the signal in the early gate is less than that
of the late gate. The signals in the two gates are integrated and subtracted to produce the
difference error signal. The sign of the difference indicates the direction the two range
gates have to be moved in order to have the pair straddle the echo pulse. The amplitude
of the difference determines how far the pair of gates are from the “center” of the pulse,
sometimes called thé centroid. When the error signal is zero, the range gates are centered
on the pulse and the position of the two gates gives the target’s range. Deviation of the
pair of gates from the center of the echo pulse increases the signal energy in one of the
gates and decreases it in the other. This produces an error signal that causes the two pulses
to be moved so as to reestablish equilibrium.

Range gating allows a single target to be isolated. The gate rejects unwanted signals
and improves the signal-to-noise ratio by eliminating noise from other ranges. The AGC

Figure 4.19

Splitgate range tracking:

o) Echo pulse; (b) early-late range gates;
(c) difference signal befween early and

late range gates.
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circuits respond only to the short time interval of the range gate where the echo from the
target is expected. The range-gate width should be sufficiently narrow so as to minimize
extraneous noise, but not so narrow that an appreciable fraction of the signal energy is
excluded. Generally, the gate width is approximately equal to the pulse width. If tracking
of the leading edge of the echo pulse is desired rather than its center, a bias can be in-
serted to move the gates forward. With leading-edge track, the gates should be “consid-
erably narrower than with normal radar tracking.”’®
Range Glint A target with multiple scatterers distributed in range can cause tracking er-
rors because of glint similar to the glint error experienced in angle tracking that was dis-
cussed in Sec. 4.4.7° _

Assume a two-scatterer model, similar to that considered for angle glint, but with the

scatterers separated in range rather than angle. One scatterer is at a range Ry=cTy/2and
the other is at R, = ¢T5/2, where ¢ = velocity of propagation and Ty and T, are the re- -

. spective:two-way time delays to the two scatterers. The two scatteress ‘are assumed tobe .
_ upresolyed. The efror AT, due. to range, glint in the measurement of the time delay, rela-; -

'{j'\__fg_:.‘t_g_l';hq"ce_nt;f_' of the two scatferers, is found fo be” " . i
s, o A R A
<R T Ty g i s (2o AT)

where AT = 2(R, — R,)/c = time extent of the target; @ = ratio of the amplitudes of the
signals from the two scatterers (a =< 1); and f; is the radar carrier frequency. This ex-
pression is equivalent to the angle-glint expression of Eq. (4.2) if the error in Eq. (4.2) is
referred to the center of the two scatterers as it is here rather than referred to the larger
scatterer. The range measurement error can be larger than the extent of the target.

Some reservations need to be mentioned about the use of this expression for range-
glint error. It is based on the time delay (or range) of a target being given as the rate of

e



change of the echo signal phase with respect to frequency, or 8¢/8f. This can be seen by
differentiating Eq. (3.1) as a function of frequency. Cross and Evans state”” that the split-
gate range tracker makes a measurement equivalent to finding range from the derivative
of phase with respect to frequency. When the target consists of multiple scatterers, a glint
error is introduced when using this criterion for extracting time delay.®°
If, however, range is determined without a closed-loop tracker, a glint error does not
- oceur. There can be range errors in this case due to the effect of noise, but they do not
““génerate the type of effects that can’happén when gliat is pessible: A glint error does fiot

& -': a}pp"ca':,’__far example, when the measurement is made manually by viewing the output sig-:
. 'Ildl on an A-scppe-display.(amplitude versus Tange). A complex target with nmltiple scat- -

tﬁ'rers w;thm-the radar resclution-cell can cause idau,l..ra"y in the measurenient.of the ex-

clesed-loop tracker to position the range gate well outside of the target extent or the Tes-
“olution of the pulse. Thus Eq. (4.7) does not app]v to: manual tracking or its electronic
.equivalent.that doesn’t used closed-loop tracking.

. If range glint is a problem, some of the methods pfewous,}y described for reducing
angle glint might offer relief. The best approach, when sufficient bandwidth is available,
".is to employ high range-resolution. If the individual scatterers of a target can be resolved
in range, both angle glint and range glint are not a problem. Tracking in range is gener-
ally much more accurate than tracking in angle (as measured by cross-range distance) so
[hdt any effects of range glint, if it occurs at all, is less of a concern than errors in angle,
«'OT Cross-range.

4.7 OTHER TRACKING RADAR TOPICS

Target Acquisifion A tracking radar must first find and acquire (lock on to) its target be-

fore it can operate as a tracker. Most tracking radars employ a narrow pencil beam for ac-

curate tracking in angle; but it can be difficult to search a large volume for targets when
“'using a narrow antenna beamwidth. Some other radar, therefore, must first find the target

to be tracked and then designate the target’s coordinates to the tracker. These radars have

been called acquisition radars or designation radars and are surveillance radars that search
“a large volume.

The tracker is slewed to the direction of the target based on the target coordinates
supplied by the acquisition radar. These coordinates are not always accurate enough to
bring the tracker directly onto the target. Some searching in both azimuth and elevation
angle might have to be done by the tracker in order to find the target. There have been
several different types of patterns employed to search a limited angular region, as was de-
scribed in Sec. 5.7 of the 2d edition of this book: but the raster scan has been one of the
most popular. The raster, or TV, scan paints a rectangular search area in a uniform man-
ner. An airborne intercept radar, for example, might acquire its target by scanning a 3°
pencil beam over a target space 60° in azimuth by 15.5° in elevation by scanning six el-
evation steps, or bars.®' The search space is relatively large in this example; but it can be
much smaller if the target location information provided to the tracker is more accurate.

- act center of the target, but -an opcrator would not be misled ‘as- vould: an-adtomatic” - :
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"jate the tafget’s coordinates tothe tracker. These radars have .
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"6 the tatget. Some searching in both azimuth-and elevation
"2 by the tracker in order to find the-target. Tlfere have been
terns employed to search a limited angular region, as was de-
edition of this book; but the raster scan has been one of the
TV, scan paints a rectangular search area in a uniform man;
adar, for example, might acquire its target by scanning‘ al
yace 60° in azimuth by 15.5° in elevation by scanning six el-
search space is relatively large in this example; but it can be
v+t frmenntian neavidad ta the tracker is more accurate.

" §Of designation radars ‘a1 4re surveilldnceradars that search _
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Raster scan is a simple and convenient means for searching a limited sector. It is also
known as N-bar scan, where N is the number of azimuth scans, or bars.. o i

If a 2D air-surveillance radar (range and azimuth) is used for designating a target to
a surface-based mechanical tracking radar, the tracker might acquire its target with a
nodding-beam scan in elevation, which is a raster scan in the vertical rather than the hor-
izontal. Surface-based mechanical tracking radars can be designed .to slew 180° in one
second and perhaps take another second to bring the target into track, so that acquisition
can take place in under two seconds from the time of designation. ST

The target must be found in range as well as in angle. During the acquisition process,
the tracking radar receiver range gate is scanned in range as the pulse propagates out-
wards in space..As has been mentioned, narrow range gates are important for restricting
the noise the receiver must handle and to have only one target within the gate. The range
gate is scanned from minimum to maximum range and is usually set to acquire the first
target echo signal it detects. In some trackers there might be several contiguous range
gates to shorten the acquisition time.”® .

A multifunction phased array radar for air defense usually performs as both the ac-
quisition radar and the tracking radar. There is usually not much time that can be allo-
cated for target acquisition in a multifunction radar that must maintain track on many tar-
gets and perform surveillance with adequaté revisit times. The target-designation
information obtained by a phased array needs to be accurate enough so that the tracking
beam can be placed directly on the target without having to perform a search in angle.
For this reason the target designation data from the surveillance portion of the multi-
function phased array radar must be much more accurate than in air-defense systems that
employ separate tracking and surveillance radars.

Servo System The automatic tracking of a target in angle employs a servo system that
utilizes the angle-error signals to maintain the pointing-of the antenna in the direction of

" the target: The servo system introduces a lag in the tracking that-results in an error. The

lag error will' depend on the nature of the target trajectory (whether it is a straight line, a

‘gradual turn, or a rapid maneuver). The error also depends on the ability of the servo sys-
~tem to accommodate to:changes in speed, .velocity, of :acceleration.-A so-called Type I

servo system,. which has often been used in tracking vadar, theoretically-has. no: steady- . ..
state- efror when the target velocity.is.constant. .:For- this reason; it is: 2180 known as. a.aere. i is

_welocity-etrorsystem. A steadysstate-error-will exist; however, for:a step-acceleration.in=: ;v « -
o put,“The ‘operation:of-the Type* I ‘servo-is. similar to-the:alpha-beta sracker discussed:in i, o

*".Sec. 4.9 for sutomati¢ tracking-in a'scanning surveillahce. radas., There are other types-of. - 7 -
. servo systems-depenting .on the required tracking accuracy and the-expected targat char-

acteristics,®* The effect of ‘'velocity and acceleration on a servo system can be described
by the frequency response of the tracking loop.*

Servo Bandwidth  The tracking bandwidth of a servo system is that of a low-pass fil-
ter. There are conflicting requirements on the choice of tracking bandwidth. On the one
hand, the bandwidth should be narrow to minimize the effects of noise or jitter, reject un-
wanted signal components (such as the conical-scan frequency or aircraft-engine modu-
lation), and to provide a smoothed output of the desired measurement parameters. A wide
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I_-owesr Serwo Re*sonanr Fi'equency Another restriction on the tracking-bzmdwidm of a
" mechanical tracker is that it should be small compared to the lowest natural resonant fre-
quency.of the antenna and its structural foundation in order to prevent the antenna sys-
tem from oscillating at its resonant frequency. Figure 4.20 illustrates the bounds of mea-
sured data on-the lowest resonant frequency as a function of antenna size. This figure is
based on a compilation by the Aerospace Corporation of the lowest servo resonant
frequencies for 190 individual radar, radio-telescope, and communications parabolic-
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reflector antenna systems. Also shown are the resonant frequencies for several tracking
radars. Howard™ states that it is desired that the lowest resonant frequency be at least 10
times the servo bandwidth. This might be difficult to do with large antennas, and is not
always practical. He mentions that the highly accurate AN/FPQ-6 radar tracker with a
29-ft diameter Cassegrain reflector antenna (Fig. 4.1a) has a resonant frequency only three
times its servo bandwidth of 3.5 Hz. He also states that the smaller 12-ft antenna (such
as for the AN/FPS-16) can provide a servo bandwidth up to 7 or § Hz.

Precision “On-Axis” Tracking®*®>  Some of the most precise tracking radars are those as-
sociated with the instrumentation used at missile test-ranges.*® One such class of highly
precise tracking radar that achieves better than usual performance is known as on-axis
tracking. : ;

The output of a conventional servo system lags its input, which results in a tracking
error. The on-axis tracker accounts for this lag and keeps the target being tracked in the
center of the beam or on the null axis of the difference pattern. This improves tracking
accuracy by reducing coupling between the azimuth and elevation angle-track channels,
by minimizing the generation of cross polarization, and by reducing the effects of any
system nonlinearities.

On-axis tracking includes (1) the use of adaptive tracking whose output updates a
stored prediction of the target trajectory rather than control the antenna servo directly,
(2) removal of the static and dynamic system biases and errors by prior calibration, and
(3) use of appropriate coordinates for filtering (smoothing) the target data.

The radar’s angle-error signals are smoothed and compared to a predicted measure-
ment based on a target-trajectory model updated by the results of previous measurements.
This is especially useful for situations where prior knowledge of the target trajectory is
approximately known, as when tracking ballistic missiles or satellites. If the measurement
is the same as the prediction, no adjustment is made. and the antenna beam is pointed ac-
cording to the stored prediction. If they do not agree,.the target trajectory prediction is

. changed until they do. Thus the pointing of the:antenna is performed open-loop based on
the stored target-trajectory prediction which is updated by the radar measurements. The-
servo loop that points the antenna-is made relatively wideband (a high data rate) to per-. -

... .-mit fast response when tracking.targets have high acceleration. The adjustment of the pre-: .
.5~ sdicted position hased on the measured. position, however, is performed with a narrow-band- -, ..~ ¢
- width. Thig error-signai bandwidth is adaptive and can be made very nartow, vet the system , -
. vrwill; continues fo_*.pqin_t open-loop based on the 'stoxed:targct.wirajgcmrj"-p'rﬂic;ipn.and_. ther - -1,
- - wide bandwidtir-of the antenna-pointing servos. The.radar makes its measurements of the;- v,
-..- »target in -the polar coordinates of range; azimuth;.and-elevation.(r,6,¢). A target-on a

straight-ling trajectory has a curvilinear track in polar radar coordinates which can gen- .
erate apparent accelerations and can complicate the processing. These can be avoided by
converting the polar coordinates to rectilinear coordinates (x,y,z) for data smoothing and
comparison with prediction. After updating the target prediction, the rectilinear coordi-
nates are converted back to radar polar coordinates to drive the antenna.

Systematic tracking errors include (1) error in the zero reference of the encoders used
to indicate the orientation of the antenna axis, (2) misalignment of the elevation axis with
respect to the azimuth axis (nonothogonality), (3) droop or flexing of the antenna and



mount caused by gravity, (4) misalignment of the antenna with respect to the elevation
axis (skew), (5) noncoincidence of the azimuth plane of the mount to the local reference
plane (mislevel), (6) insufficient dynamic range in the servo system, (7) finite transit time
that results in the target being in a different position by the time the echo is received by
the radar (which could be important for tracking of space-objects), and (8) bending and
additional time delay of the propagation path due to atmospheric refraction. Systematic
errors are determined by prior measurement, They are then used to adjust the encoded po-
. sition of the antenna to proyide the correct target position:.

. - A boresight. telescope mounted on the radar-antenna permits cahbm[mr of- the«me— :
) c,hdnd:al -axis of the antenna; with-respeet to a star fieid. This calibration accounts for bias: -

.in azimuth.and elevatipn, mislevel, skew, droop, -and .1onor*hog0ﬁal:ty Tracking a'visible'

. satellite with the radar' ‘permitg the position of-the RF axis tc be determined relative.1o.the: « o

mechanical (Optical) axis. The difference between the position measured by the opfics and
that measured by-thé radar-is obtained after correction is made for the difference in at-
mospheric refraction for optical and RF propagation. This type of dynamlc calibration re-
quires that the radar be large enough to track satellites.

. The calibration and compensation procedures to insure the tracking radar is of the
highest accuracy might take several hours before the radar is ready for use. Such cali-
bration might have to be repeated regularly. This is something that can be tolerated in pre-
cision instrumentation radars where time might not be important, but such times are less
likely to be available for operational military radars. Also the performance of on-axis
tracking can be degraded when the target performs unanticipated maneuvers,

There is nothing unique about any of the individual processes that enter into on-axis
tracking. They can each be applied individually, if desired, to any tracking radar to im-
prove the accuracy of track.®’

Tracking in Doppler  Coherent radars can also track the doppler frequency shift of the
moving target echo. This is especially important for airborne pulse doppler radars and
missile-guidance radars. The tracking doppler filter not only provides a measure of rela-
tive velocity, but also improves the ability of the radar to isolate the moving target echo
from much larger clutter echoes. The doppler tracking filter is sometimes called a speed
gate. Modulations of the target echo due to moving parts such as the propellers of piston
engines or the compressor stages of jet engines extend the doppler spectrum and can de-
gracle tracking accuracy : :

, .Track While Scan (Limited Sector Scan] It was said at the beginning of this chapter that

in the past the term frack while scan has been applied to two different types of tracking

. .radars. The name has been used to denote the tracking ‘performed by a rotating-antenna

air-surveillance radar which obtains target location updates each time the antenna beam
rotates past the target, which might be from about 1 to 12 seconds. The name track while
scan for this type of radar is now seldom used since almost all modern air-surveillance
radars provide the equivalent with what is called automatic detection and track (ADT),
which is discussed in Sec. 4.9. Here we will briefly discuss the type of track-while-scan
(TWS) radar used to rapidly scan a relatively narrow angular sector, usually in both
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azimuth and elevation. It combines the search function and the track function. Scanning
may be performed with a single narrow-beamwidth pencil beam (or a monopulse cluster
of beams) that might cover a rectangular sector in a raster fashion. Scanning can also be
performed with two orthogonal fan beams, one that scans in azimuth.and the other in el-
evation. TWS radars have been used in airport landing radars, airborne interceptors, and
air-defense systems.

-A difference between a continuous tracker and the TWS radar is that the angle-error
signal in a continuous tracker is used in a closed- loop servo system to control the point-
ing of the antenna beam. In the TWS radar, however, there is no closed-loop positioning
of the antenna. Its angle output is sent directly to a data processor. Another significant
difference is that the TWS radar can provide simultaneous, tracks on a number of targets
within its sector of coverage, while the continuous tracker observes only a single target,
which is why it is sometimes called a single-target tracker (STT). With comparable trans-
mitters and antennas, the energy available to perform tracking is less in a TWS radar than
a STT since the TWS shares its radiated energy over an angular sector rather than con-
centrate it in the direction of a single target. In airborne-interceptor applications, the TWS
radar might be preferred when multiple targets have to be maintained in track and the
tracking accuracy only has to be good enough to launch missiles which contain their own
guidance systems to home on the target. On the other hand, if highly accurate tracking is
needed, a single-target tracker might be preferred.®’ '

Limited sector-scan TWS radars have been used in Precision Approach Radars (PAR)
or Ground-Controlled Approach (GCA) systems that guide aircraft to a landing.®® These
radars allow a ground controller to direct an aircraft to a safe landing in bad weather by
tracking it as it lands. The ground controller communicates to the pilot directions to change
his or her heading up, down, right, or left. In the control of aircraft landing, fan beams
have been used which are electromechanically scanned over a narrow sector at a rate of
twice per second. The azimuth sector that is scanned might be 20° and the elevation sec-
tor 6 or 7°. Landing radars using limited-scan phased array antennas, such as the AN/TPS-
19, operate differently than scanning fan beams since they electronically scan a pencﬂ

~ beam over a region 20° in azimuth and 15? jn elevation at a rate of twice per second. The .
- AN/TPN-19 used multiple receive beams to obtain.a monopulse angle measurement. Be- ;. e
... ing. a‘phased array, the AN/TPN:L9 could slmultaneOusJy track up_to six aircraft at-a.
.50, 20-Hz data rate.. In the. past, radars for the conirol of Janding aircraft have be,::n —mqmly
"+ “used by the nu]st;u'y -Ciyilian pilots prefer to use landing systems in. wluf‘ll the LO!JlI'Ql. of.
- Janding is;in I.H&‘ dircrait’y mckpn rather.than xmm 2,.Voice . ongmamg from,jhc U"ound X
sonod Trae ;{-m‘uledﬁcan radarg have also heen used sucessf.ully for the comxol of weaponu_ ey 9
Jig-surface-to-air missile systems for both land and shlpabased air d,etense especially. by .

the former Soviet Union.

Generally, TWS systems using fan beams have some hn'llldthIlS comparcd to systems

that operate with one or more pencil beams. The fan-beam system can see more rain and
surface clutter, it is more vulnerable to electronic countermeasures, and there might be
problems with associating multiple targets that appear in the two beams.

The advantage of TWS compared to a continuous tracker is that multiple targets can
be tracked. Because it shares its energy over a region of space, the TWS radar needs to
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have a larger transmitter to obtain the same detection and tracking capabilities of a
STT that dwells continuously on a single target. If the target’s angle is found from the
centroid of the angle measurements obtained as the TWS antenna beam scans past the
target, inaccuracies can occur if the target signal fluctuates in amplitude. TWS radars are
also more vulnerable to angle jamming than are continuous trackers.? TWS radars can
use monopulse angle measurements in an open-loop manner, similar to a phased array.
Sinee the monopulse-measurement is not made with closed-loop tracking, a TWS radar

-+ should not experience the wild. fluctuations in. angle caused:by glint when there are il . © -
. . tiple scatterers. within the resolution ceil or .when. .hf‘re }s mﬂ‘tlpalh,at law elevation
5, dng_les ey ORI (D L 2t ] ‘.— 1 " .
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deang -with Phased -Array Radar :  Tracking with-a phased-azay-tadaris more: likethat-* .
of & track-while-scan radar or automatic. tracking with a“surveillance radar than the con- " . -
. tinuous single-target tracker that has been the subject of most of this chapter thus far, The ..
..advantage of a phased array is that it can haye a much higher data rate than radars with

.. mechanically scanned antennas and it can simultaneously track multiple targets by time

- --sharing a single antenna beam. This is.possible because of the rapid inertialess beam po-
* sitioning that, in some systems, can switch the anténna beam from one direction to an-

other within microseconds. There is no closed-loop feedback to control the positioning of
the beam as in a STT. When it is time to update a track, the computer controlling the radar
directs the beam in an open-loop fashion to the expected present position of the target to
either transmit or to receive the expected echo signal. Many targets can be tracked si-
multaneously in this manner.

An example of a phased-array instrumentation radar used for multiple target track-
ing on missile ranges is the AN/MPS-39 that was shown in Fig. 4.1b. It is also known as
MOTR (Multiple Object Tracking Radar). This is a transportable C-band radar capable of
tracking up to 10 targets simultaneously with an angle accuracy of 0.2 mrad. Its space-
fed lens array is mounted on an elevation-over-azimuth tracking pedestal so that its 60°
cone-angle coverage can be positioned anywhere in the hemisphere. A 1° (at broadside)
beamwidth is obtained with a 12-ft diameter aperture. The monopulse tracking capability
is achieved with a four-horn triple-mode feed. The manufacturer’s literature states it is
able to can acquire a target in less than 1 s. The advantage of a phased array for range
instrumentation is that a single system simultaneously can track a drone target or targets,
the aircraft that launches a weapon, multiple parts of a destroyed target, and other aircraft
that might be observing the test or be in the vicinity. Without the phased array, a separate
single-target tracker, such as the AN/FPS-16 or equivalent, would have to be used for each
target that is to be tracked.

An excellent review: of tracking with phased arrays and multifunction phased array
radar has been given by Barton.”®

Signal-to-Noise Ratio. In Chapter 2, we found that reliable detection of a target required
an integrated or single-pulse signal-to-noise ratio of the order of 12 to 15 dB. The track-
ing accuracy of the best radars is about 0.1 mrad. Such highly accurate tracking in angle
requires much higher signal-to-noise ratios than required for detection. As indicated by
Eq. (4.3) or the discussion of angle accuracy in Sec. 6.3, integrated or single-pulse
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4.8 COMPARISON OF TRACKERS
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signal-to-noise ratios need to be more than 40 dB to achieve the inherent accuracy avail-
able in the best of the precision trackers.

obtain the same detection and tracking capabilities of a
+ on a single target. If the target’s angle is found from the
ements obtained as the TWS antenna beam scans past the
if the target signal fluctuates in amplitude. TWS radars are
» jamming than are continuous trackers. 89 TWS radars can
ements in an open-loop manner, similar to a phased array.
sment is not made with clesed-loop tracking, a TWS radar
d fluctuations in angle caused by glint when there are mul-
solution céll or when there is multipath at low elevation

Distinguishing Feature of Monopulse = There are other types of simultaneous tracking meth-

- ods, in addition to amplitude-comparison monopulse; that can obtain an angle measure- -
ment based on a single pulse. One might, for example determine the angle-error signal in-
one angular coordinate by taking the difference of the signals produced by two squinted -
beams at the video outputs of two-separzite receivers, Obtaining an accurate difference
signal in this manner requires that the total gains of the two receiver channels be equal
and remain that way. The high stability required to maintain balance of the two channels:
is not practical considering .the total amount.of gain there is in a receiver from the.input .
antenna to the output difference circuit. The ineffectiveness of such a method was the rea-
son why amplitude-comparison monopulse was invented during World War II by Robert
Page of the U.S. Naval Research Laboratory.”’ By taking the sum and the difference of
the two squinted beams right at the antenna, there is no need for ultrastable receivers as
would be required to make an accurate measurement of angle in the video. It is the sum
and difference networks at the antenna that distinguish monopulse from other simultane-
ous angle-measurement methods.

sdar  Tracking with a phased array radar is more like that
- automatic tracking with a surveillance radar than the con-
aat has been the subject of most of this chapter thus far. The
is that it can have a much higher data rate than radars with
as and it can simultaneously track multiple targets by time
1. This is possible because of the rapid inertialess beam po-
ns, can switch the antenna beam from one direction to an-
nere is no closed-loop fredback to control the positioning of
tis time to update a track, the computer controlling the radar
oop fashion to the expected present position of the target to
the expected echo signal. Many targets can be tracked si-

4.8 COMPARISON OF TRACKERS

In this chapter we have concentrated on two major tracking systems: the amplitude-com-
parison monopulse and the conical scan. There are several other types of trackers that
were mentioned and others that could have been mentioned, but these two are the only
ones that will be considered. in the comparison in this section since they are quite repre-
sentative of simultaneous tracking and sequential scanning. -

-array instrumentation radar used for multiple target track- .
N/MPS-39 that was shown in Fig. 4.1b. It is also known as
king Radar). This is a transportable C-band radar capable of
ultaneously with an angle accuracy of 0.2 mrad. Its space-
an elevation-over-azimuth tracking pedestal so that its 60° -
yositioned anywhere in the hemisphere. A 1° (at broadside)
_12:ft diameter aperture. The monopulse tracking capability
tripie- "mcde feed The manufacturer’s literature states it is~ =

h Jess than 1 s The advantage of a phased array for range, -
le dystém Slmundr‘cously ¢an track a'drené target omargets,
,ai'on mulqple parlq of a’destroyed targel, and other aircraft "
ist'or be in the vicinity. Withour the. phased array, a aep.iratr’
he P-NfFPb 16:0r uquwal\,nt woula tiave: to be-used for.each -

o o i
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ra{_lqna wnh phaged arrays and mulufunctmn phased arra\’

0i’1.90

Signal-to-Noise Ratio When the taroet is belng tracked the signal-to-noise r"tlo from L
.. .a monopulse radar is un.,a{er than. that from a- comcal»scan radar since the m(}nquLhe A s
. ..tenna views the target.at 1he peak of its ‘sum pattern The. comcal-scan radar yiews the.tar- .-
8ol nigel at.some angle. off: Lhc pcak -of: the antenna.; beam;:. Thys- the. ilgﬂtﬂ 10 -Noise, ratio of.
e e .rnoqopulse might be from 2. {0 4 dB gi eater than wuh comc,ai scan.- i

e A ". m . i =

: : Accymcy The mcmopulse radar w:ll have grea{ar aqgie ﬂccuracy smce ns 51gna1 tq- -,
e ~-o w0 sOISE Tatio is higher (important, wheq accuzaey is; lippited by thermal- nmsa) Also its an-: o
; : ___gle accuracy is not affected by fluctuations in the amplitude of the echo signal as are se~
quential scanning systems. Both monopulse and conical-scan systems are degraded by the
wandering of the apparent position of the target caused by glint. Monopulse, because of
its better signal-to-noise ratio, has a better range accuracy than conical scan.

apter 2, we found that reliable detection of a target required
signal-to-noise ratio of the order of 12 to 15 dB. The track-
rs is about 0.1 mrad. Such highly accurate tracking in angle
to-noise ratios than required for detection. As indicated by
of anele accuracy in Sec. 6.3, integrated or single-pulse

A
it
¥ Complexity  The monopulse radar is the more complex of the two since it requires

RF combining circuitry at the antenna and three receiving channels. Conical scan has
only one receiving channel and uses a single feed, but it has to rotate or nutate the



antenna beam at a high speed. In the early days of tracking radar, the relative complex-
ity of monopulse was more pronounced. Receivers were big since they were based on
vacuum-tube technology, and the combining circuitry was also large. Many a tracking
radar development started out with monopulse, but had to switch to conical scan when its
size or cost became too large. This is no longer a major consideration. Receivers are now
solid state and small, and the combining circuitry has been made small by specially de-

- -signed devices and the use of multimode feed systems. Thus complexity seldom need be
. reason for not choosing monopulse. The Cassaﬂram isa-popular antenna-for- -monopulse
- singe. the. comhlmno cmum} and low-nojse receiver front-ends can be plac,ed behind-the
s rcﬂector where, they can be beLLe. cuppcr‘ted ,mec‘ﬁamcaily and not encoumer the loss tha(--
4.2 . /Gan.oceur. With Iong transmissmn lines, i .. va it e A e
v i e A space fcd phased array. rad:,i,r m.n :m.plesment monepu}se by usmn a .mulnpie feed: .,

: ;__-sysbem sumla “to-that used in a Cassegrain reflector antenng or' a parabolpld reflector.
i ft:qnsr,ramcd feed system in a phased array, the- oenf:rauon of multiple
squmted beams r@qun‘es 4 more complicated beam-forming network :
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Mm.fmum Namber af Pu(ses As the name implies, a. monopulqe radar can. perform
an angle measuremem in two coordinates on the basis of a single pulse., A phased array
radar might make such a single-pulse angle measurement if the signal-to-noise ratio
received on a single pulse is large enough. Usually, a number of pulses are integrated
in a monopulse single-target tracker to increase the signal-to-noise ratio.and the mea-
surement accuracy. The conical-scan tracker requires a minimum of four pulses per
revolution of the beam to extract an angle measurement in two coordindtes. Ten pulses
per revolution is more likely than four. Generally the pulse repetition frequency (prf)
is at least 10 times the conical-scan frequency. (There have been exceptions to this,
however.) :

The monopulse radar first makes its angle measurement and then integrates a num-
ber of measurements to obtain the required signal-to-noise ratio and to smooth (reduce)
the error. The conical-scan radar, on the other hand, integrates a number of pulses first

- (in its narrowband filter) and then extracts the angle measurement. The two tracking radars
would have to integrate the same approximate number of pulses to achieve the same sig-
nal-to-noise ratio (assuming comparable radar systems), except that the conical-scan
tracker has to process more pulses than the monopulse because of its 2.to 4 dB lower
signal-to-noise ratio compared to the monopulse tracker, as mentioned above.

; Susceptibility to Ex’ecrronic Countermeasures  The military conical-scan tracker is more
_vulnerable to spobﬁng countermeasures that take advantage of its conical-scan frequency.

It can also suffer from deliberate amplitude fluctuations.’ A well-designed monopulse
tracker is much harder to deceive.

- Application ~ Monopulse trackers should be used when good angle accuracy is wanted
and/or when susceptibility to electronic countermeasures is to be minimized. When high-
performance tracking is not necessary, the conical-scan tracker might be used because of
its lower cost and reduced complexity.
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4.9 AUTOMATIC TRACKING WITH SURVEILLANCE RADARS

This section is concerned with tracking performed by an air-surveillance radar rather than

a single target tracker, or STT. Tracking with air-surveillance radars is done at a much
longer revisit-time (lower data rate) between observations than STTs. STTs have revisit
times of the order of a tenth of a second; air-surveillance radars have revisit times of a
few to many seconds. The STT tracks only a single target; the air-surveillance radar may
have many hundreds, or even thousands, of targets in track.

A long-range or a medium-range air-surveillance radar can have within its coverage
a large number of aircraft targets as well as many individual clutter echoes. In the busy
parts of the continental United States, a long-range radar might have more than 600 air-
craft within view during the heavy air-traffic part of the day. Military radars might have
to deal with many more than that number. In the early days of air-surveillance radars,
when there were fewer aircraft in the sky and they didn’t fly as. fast as modern jets, tar-
get tracking was done manually by operators using grease pencils to mark the position of
a target on each antenna scan, calculate its speed, and determine its direction. An alert,
tmmed operator can update a target track manually at a rate of about once per two sec-
onds.”** With a civil air-traffic control radar antenna rotating at the relatively slow rate
of 5 rpm, a good operator might be able to hold in track 5 or 6 aircraft. Such a rate can-
not be sustained, however, for more than about 20 to 30 minutes before the operator’s per-
formance is reduced. With the higher antenna rotation rates of military radars, manual
tracking of aircraft is even more limited. When there are more aircraft than can be tracked
manually, automatic methods must be used for target detectlon coordinate extraction, and
tracking. This is called automatic detection and track (ADT)..,

ADT requires a good radar that eliminates clutter echoes and other undesired signals.
This might sound like an obvious statement that can be said for many things; but when
ADT was first introduced it was mistakenly applied to the then existing radars which had
poor or no MTI, or any other means for reducing clutter..Its pert‘brmance was a disaster
when used with poor radars. A tracking system can be demgned fo recognize and even-

5, llellY elzmmate clutter echoes that do not form logica). tracks; but it takes time and com-
; -:'pu;cr capacity  which mi;_.ht not be_available when a, hroe nu,rnbc‘.r of targets must be ..
2 m.lmtamed m.track Thus good tracking’ starts wnh:l ﬂood raqlar that ch"mnatcs ‘unwanted

b c‘lultel echoes and other extraneous ‘;wnals

When clut*el targets ¢ cannot be cm‘npletf:l)r cllmlﬁaﬁ.d by doppler pmccs;‘;mg, rhe ADT

5 .. '-n.zdar hqlS to empl(,y CFAR to mmmam a-constant, false dﬂmz J'a[e (CFAR icchmque» are -
; .'_dzscussed in Sec. 5.7,) A-CFAR senses thé local clutter and nomc enyiropment.in-the. vigin-
ity of the radar echo signal, and automatically adjusts the receiver decision-threshold o

maintain a constant false-alarm rate. When the environment consists of range-extensive
clutter such as from land, sea, or rain, the clutter signal is used to change the threshold
whenever the target echo competes with clutter. The required change in threshold due to
a change in the clutter environment occurs almost instantaneously as the clutter seen by
the radar changes. CFAR works fine to keep the ADT from being overloaded by echoes
that are not from aircraft; but it comes at a price. An increase in the detection threshold




to maintain a constant false-alarm rate reduces the detection probability, thus some tar-
gets might not be detected. As discussed in Sec. 5.7, CFAR can introduce a loss of one
or more dB, it can suppress desired echoes from targets in the vicinity of the target which
is benefiting from the CFAR action, and it degrades the ability of the radar to resolve two
closely spaced targets. CFAR may be needed in many radar systems; but one would like
to have a radar that can accurately track a large number of targets without the accompa-
nying Iirnitations of CFAR.

Funchons of an AD1'94‘9‘ ] The mnctlons per,formcd hy an ADT system 'ncluae target de-s

3 [E){“'llf‘u,: ack 1'11t1at1{“1 t'*acl\ asqouauon, hach updafe track. smoothing (I'ltarmfﬂ and
track Lermmatmn Each, w111 be briefly discussed, assuming 4 ground-based. 2D} (r:moe and
; falmuth) &ll’-Shl’\’ellIdR(‘ﬁ radar with mechamc‘aily rt)ratrnb antenma.. . i :

' Auromanc Detecaon (Thls is revlewed in \ec 5 .5.) One approach is to first quantlze

the range and sometimes the azimuth angle (sn‘mlar to what was done in the MTD dis- -
cussed in Sec. 3.6). The quantxzanon increment in range might be the pulse width and .

that in angle might be the azimuth beamwidth. At each range-azimuth quantization cell,
the pulses received during the time the antenna scans past the target are integrated and a
detection decision is made. CFAR generally is incorporated before the decision process
in order to prevent excessive false alarms due to clutter echoes. Pulse integration is per-
formed in some form of automatic detector, or integrator, such as discussed in Sec. 5.6.
Another approach to automatic detection is the moving window detector which examines
continuously the last n pulses and announces the presence of a target if at least m out of
n of the pulses exceed a preset threshold.

A by-product of the automatic detection decision with a moving window detector or
something similar, is an angle measurement made by beam splitting.”” If n pulses are ex-
pected to be received froma target, beam splitting involves recognizing the beginning and
end of the n pulses and locating their center. Angle accuracy depends on how well the be-
ginning and end of the train of n pulses can be determined, as well as the number of pulses
available and their signal-to-noise ratio. The beam splitting decision logic usually has no
prior knowledge of a target’s beginning. The logic must be sufficiently sensitive to quickly
recognize the increased density region that signifies the start of an echo-signal pulse train,
yet it must not be so sensitive that it generates false starts due to noise alone. Once a tar-
get’s beginning is recognized, the device must sense the end of the increased density re-
gion. If the decision logic is too sensitive to change, it could cause a single target to split
into two. A rough rule of thumb often quoted is that the accuracy of beam splitting is
about one-tenth of a beamwidth when the signal-to-noise ratio is high enough to provide
a good probability of dcltection. -

Track Initiation  In principle, a track can be initiated from the target-location informa-
tion obtained on two successive scans of the radar antenna. In practice, however, target
information from three or more scans is usually needed to initiate a track. Two scans would
be adequate when there is only one or a few aircraft within view; but when the radar has
in view a large number of echoes, one or more additional scans may be-needed to
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prevent false tracks from being initiated. Thus it is more usual to require three or more -

scans before establishing a track.
A clutter map is used to store the locations of fixed clutter echoes and prevent tracks

from being initiated based on a clutter echo combined with a real target detection. Such

tracks can everitually be. recognized as false and can be dropped, but'it takes time and
computer capacity to do so when there are a large number of them. Clutter echoes for in-
clusion-in the clutter map are those echoes that do not change their location with- time or
that change location too slowly to be targets of interest. !

The process of initiating a track in a dense environment of targets and clurter not
eliminated by the radar can be quite demanding in both computer software and hardware:

Initiation of a new track:may take more computer time and Cﬂpdbl]lly than any other as-

pect of ADT.

Requiring three scans for a civil air-traffic control radar to establish a track i is usu-
ally not a burden. Waiting three scans for track establishment, however,; may be an ex-
cessively long time for a military air-defense radar that has to direct weapon-control radars
to defend against high-speed attackers that “pop up” at short range over the horizon. It is
possible to quickly acquire the target on the basis of a single scan past the target if the
radar can obtain a quick second look. This might be done with a look-back beam directed
to the angle of the original detection. The quick look-back can provide confirmation of
detection and an estimate of target’s radial velocity. A phased array radar is well suited
for this purpose, but mechanical rotating radars can also be outfitted with a fixed look-
back beam. (One approach is shown in the antenna of Fig. 9.54.) Look-back might also
be accomplished with a 3D radar whose electronically scanning beam in elevation is re-
turned to the elevation angle of initial detection, before the radar beam entirely scans past
the target.

Track Association . When a new detection is received that is not-at the location of a clut-
ter echo stored in the clutter map, an attempt is made to associate it with an existing track.
Association with an existing track is aided by establishing for each track a small search
window;‘_,br gate,. within which the detection of the target an-__thé next :scan of the radar

having more-than one echo: fall within it when the traffic density is high or:when two

ability of detection. When an echo is not found within the nonmaneuvering gate, the larger
region encompassing the maneuvering gate is then searched. The size of the maneuver-
ing gate is determined by the estimate of the maneuvering capability of the target under
track. .

One reason the target might not appear in the nonmaneuvering gate is that its radar
cross section might decrease, or fade, so that it is not detected. When this is the case, it

-antenna:is predicted.to appear. The gate should be as small:as:possible in order to avoid. -

. tracks.are close to cnu-anuther. On- the-other hand, a large gate reglon is nceded if-the .o
tracker i$ ‘to follow target turrw or;maneuvers: More than. one gate-size. is used 1o over:

.. come: th1s dilemma. rl“i..!.l‘ﬁ‘-4 9‘1 shows a-small: aonmaneuvering gate. sliuated ,ir()md the..” .
predicted* position of the target-in track: The size of the'gateis'determined- by the esti-.., ., .
+ :mated errors in.the: predicted position and the estimated errofs in speed and direction of.+
the track. The detection threshold might be lowered in the gate region to increase the prob- .
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iv possible for a faisetrack-to cctur when a noise ‘spiks or enécho- from ancther targetis.n B =
found in the maneuvering. gate. To avoid the problein caused by a target fade ard a false -
indication appearing in.the larger maneuvering:gate, the .track can be divided into: two:

tracks. (This is know as bifurcation of the track.) One is the original track with no new
detection in the nonmaneuvering gate. The other is-a new track based on the signal found

in the maneuvering gate. After receiving the target position on the next scan of the vadar. .
(or sometimes after two scans), a decision is made as to which of the two tracks should"

be dropped.
Tracking is usually done in Cartesian coordinates, but the correlation gates are de-

fined in polar (1 6) coordinates.

Track Smoothing (a-B Tracker)  On the basis of a series of past target detections, the
automatic tracker makes a smoothed (filtered) estimate of the target’s present position and
velocity, as well as its predicted position and velocity. One method for accomplishing this
is with the a-3 (alpha-beta) tracker that computes the present smoothed target-position X,
and smoothed velocity x,with the following equations

smoothed position = X, = x,, + a(x, — X,,) [4.84]

% G = %)  [4gb]

smoothed velocity = %, = %,_, +
The predicted position on the next scan (the n + 1st) is then
Xotn+1) = Iﬂ "+jnTs 4.8

where x,, = predicted position of the target on the nth scan, x,, = measured position on

the nth scan, e = position smoothing parameter, 8 = velocity smoothing parameter, and

T, = time between observations. If @ = 8 = 0, the tracker uses no current target informa-
tion, only the smoothed data from prior observations. When @ = 8 = 1, no smoothing of
the data is included at all. Thus the closer « and 3 are to zero, the more important is the
smoothed track in determining the predicted track. The closer they are to I, the more im-
portant is the currently measured data. If target acceleration is significant, a third equation
can be added to describe an a-f3- tracker, where y = acceleration smoothing parameter.

Benedict and Bordner®® show that if the transient response to a maneuvering target
can be modeled by a ramp function, the output noise variance at steady state is minimized

.
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in an a-B tracker when 8 = o*/(2 — «). It was stated that the analysis does not, and can-
not, specify the optimum value of a. The value of « is determined by the bandwidth and
will depend on the system application. In selecting @, a compromise usually must be made
between good smoothing of the random measurement errors (requiring a narfow band--
width) and a rapid response to maneuvering targets (wide bandwidth), Trunk®® states that
an o and a B3 satisfying the above relation can be chosen so that the tracking: filter will
follow a specified g-turn. . e

Another criterion for selecting the &-f3 values is based on the best linear track fitted
to the radar data in a least squares sense:'° ' : :

22— 1) _ 6.-‘-_;..- :
= T + 1) p= n(n+1) 491

where n is the number of the scan or target observation (n > 2). The above equations for
e and B are also called the Kalman gain components.'°! .

The classical a-8 tracker is designed to minimize the mean-square error in the
smoothed position and velocity. This type of tracker is said to be relatively easy to im-
plement, but it does not handle the maneuvering target. Some means has to be included
to detect maneuvers and change the values of « and B accordingly.

The two tracking gates described in connection with Fig. 4.21'is one example of how
to deal with a large maneuver. Another example is an adaptive a-f tracker which varies
the smoothing parameters to achieve a variable bandwidth that allows the radar to follow
target maneuvers.'”* When the target is not maneuvering the adaptive tracking algorithm
provides heavy smoothing. If the target maneuvers or makes a turn, the filter bandwidth
is widened so as to allow the track filter to follow. As the ‘selection of the values of « and
B become more sophisticated and requires knowledge of the statistics of the measurement
errors and the prediction errors, the a-@ tracker approaches the Kalman filter.

Track Smoothing (Kalman Filter) The Kalman filter is similar to the a-8 tracker ex-

- eept-it:can inherently. provide for the maneuvering target."®>:A ‘model for the measure:

*ment error has to be assumed, as well as a model for the target tiajectory and the distur-
bance jor: uncertainty of the trajectory.'%* Such disturbafices might be due to neglect of

: " -higher order derivatives in the medel for the dynaﬁliésg-franiio‘lﬁ' Tfirotions “due“t6 atmog-- =~
vuo oeewes s o pherie turbulence; ‘and deliberaté target mansavers. ‘The Kalmati filter can-utilize & wide™ *

variety:of models for measurement of noise and disturbatice BUL'it is often assamed that

~these are'.deseribed by: white noise' with zero mean.'% A manéuvering 'target dou, not-~
- ;always fit.such-a model since its measurements afe likely fobe correlated, The proper in-" -
" clusion of realistic: models: increases the complexity of the“ealculations. :Fuithérfriore:sit"

- may be difficult to describe ahead. of time the precise nature of the trajectory disturbances.”

When the Kalman filter is modeled with the target trajectory as a straight line, and

the measurement noise and the trajectory disturbance are modeled as white, gaussian noise

with zero mean, the Kalman filter equations reduce to the a-f3 tracker equations with «
and B computed sequentially by the Kalman filter procedure.

Blackman'% states that “Experience with airborne radars has shown the versatility

of Kalman filters to be almost indispensable when dealing with problems presented by

missing data, variable measurement naise statistics and manenvaring faraate with derm s



capabilities.” The Kalman filter has better performance than the a-8 tracker since it uti-
lizes more information. The a-f tracker, however, might be considered when the target’s
maneuver statistics are not known or in a dense target environment where computational
simplicity is 1mp0rtant

The Kalman filter'®” and the - B tracker also can be applied to control digitally the
feedback Ioop in the single- target tracker

= Tr‘(‘zck Fermination  If the radar does nol receive’ target information on a particular scan,
" the smodthing and prediction operation can’ be continued by properly acc_nunfmg for the
(This is sometimes called coamhg) Wher data from a target is misging’

missing data. ios

" for 4 number of consecutive scans, thu track is temlma:ed Although the critéridh to be

“used for d\.temunmg when fo terminate’a track depcnds on the application; 'it"has been -

suggested that when three target reports' are used to’ e»tab';sh a irack five consecutive
mlsses 15 a suitable criterion for termination.!® - A

: Trr.ihlcing Petformed on a Sector Basis  To avoid having to correlate all new detections -

with all existing tracks, the correlation and track updating process can be done on a sec-
tor basis. The 360° of azimuth coverage might be divided, for example, into 64 sectors.
Figure 4.22 shows sectors 4 through 12. As given by Trunk,'' the following actions
occur:

i Radar has reported all its detections found in Sector.11 and is now obtaining detec-
tions from Sector 12.

*  Detections from Sectors 9, 10, and 11 are examined to see if they correlate with clut-
ter cells from Sector 10 in the stored clutter map. Any detections associated with
clutter cells are deleted from the detection file.

*  Detections from Sectors 7, 8, and 9 are examined for possible association with the
firm tracks in Sector 8. At this point, all detections from clutter cells have been re-
moved from Sector 9 and below. Detections that are found to be associated with firm
tracks are deleted from the detection file and are used to update the appropriate track,
as with an -8 tracker.

*  Preference is given to firm tracks. Thus tentative tracks are examined two sectors be-
hind the firm tracks.

*  Remaining detections not associated with either clutter cells or tracks are used to ini-
tiate new tentative tracks. Both a tentative track and a clutter cell are established un-
til enough information is obtained to determine which of the two can be deleted.

Maneuvering Targefs  Target maneuvers and crossing trajectories can cause problems in
- tracking systems unprepared to cope with them. Some of the methods for handling ma-
neuvering targets have been mentioned. Bar-Shalom'!" points out that a commercial air-
craft that can turn at rates up to 3°s completes a 90° turn in 30 s, so that a radar with a
scan time of 10 s (rotation rate of 6 rpm) will obtain only- three observations during the
turn. He states that “very few of the existing schemes among the many in the hterature
(even adaptive ones with maneuver detection) can track such a target with good accuracy.”
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operations of a track-while-scan
system performed on a sector
basis.
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Various

Initialization

Radar position

He mentions algorithms and tracking methods to employ, but the radar must also be in-
cluded. A 10-s scan time, or 6 rpm antenna rotation rate, is used for long-range civil air-
traffic control radars where 90° turns are unlikely. Thus such radars are seldom exposed
to a 90° turn ‘in 30 s. Medium-range air-traffic control radars that observe traffic in the
vicinity of airports, where aircraft are more likely to make a 90° turn, have shorter scan
times than 10°'s. The ASR-9, for example, has a scan time of 4.8 s. Military radars that
have to deal with targets that maneuver more than do civil airliners, also have shorter scan
times. In addition to the antenna scan time, the performance of an ADT system depends
on the accuracy of the radar measurements, as well as the ability of the radar to resolve
targets, reject clutter, eliminate discrete clutter echoes, and reject interference. Obtaining
a good ADT is a total system problem, and should not be done in isolation by the
control-system theorist without coordination with the radar systems designer.

Narrowband Data Communications Allowed by ADT One of the corollary advantages of

- ADT it that it allows a reduction in the bandwidth of the radar output since the informa-
tion content of processed video detections or processed target tracks occupy significantly

.. less bandwidth than the raw radar data. Narrowband telephone lines can be used for trans-
mission rather than wideband microwave data links. Thus, if circumstances permit, when
the radar has to communicate its output tc a remote, location, it is often better to extract
-the information right at the radar and transmit processed information tather than raw data.

L ' Lo [ 0 ¢ ! .

"+ . " Meaning:of Target Defection When Trocking:is Performed When the ‘operators of early - .

.+ radars viewed the radar display, a single blip-seen on.the scope was faken to mean a tar- -

- that echoes (blips) be seen on two consecutive scans, or two out of three (or some other
combination) before the presence of a target was indicated. This is especially important
when the noise or clutter has higher tails in its probability density function than the gauss-
ian. With many modern ADT methods, the presence of a target is generally not finally
confirmed until a track is formed. This criterion can employ a higher false-alarm rate per
observation since multiple target observations are employed and the resulting track must
be realistic. Thus the single-scan detection-threshold can be lowered and still achieve a
very low probability of a false track.




Track-Before-Detect  The probability of detection can be improved for weak targets, or
the detection range extended for conventional-size targets, by noncoherently integrating
the radar echoes received over multiple scans of the antenna. With such long-duration in-
tegration, the target can move beyond the resolution cell of the radar and may traverse
many resolution cells during the integration time. In order to perform integration, knowl-
edge is required of the speed and direction of each target in order to properly associate
the echoes from scan to scan. Target trajectory information, of course, is usually not known
wIfmf.y'ehzmd S0 -sgan-to-scan integration must'be performed-assuming all possible. trajec-

: ,tones A ¢errr‘cl trajectory is one that provides a realistic -speed and direction for the type . :
.-of targel, being obseryed. In other W words, lhe target must be rracked before it is.detected, .. - °
which is why this method was ongmdhy callcd frack bepre d'e“e{:‘ Tt bas also-been calied ' .

_ retrospecf:ve detection and long-term mregfarwn as well as J..(mﬂm scan integraiion. . -
" Track-before-detect can provide greater sensitivity because of the- large number of -

pulses thaf it lnteﬂrctes. Also, the single-scan probability of false alarm can be much-higher
“because of the reqmrcment that the pulses being integrated form a logical iarget track

from scan to scan. It can, however, be much more demanding of computer capability than

“conventional AD”i Track-before-detect was first examiried experimentally in the 1960s,
_when data processing technology was still based on vacuum tubes. What it could do was

quite limited at that time. As solid-state digital computer technology became available
with much better capabilities, so could the performance of track-before-detect be signif-
icantly improved. .

An analytical investigation’ - of a hypothetical radar with track-before-detect for de-
tection of sea-skimming missiles by a shipborne radar when sea clutter is a problem con-
cluded that “long-term integration [track-before-detect] provides around 10 dB increase
in detection sensitivity over conventional cumulative detection . . . in ‘Beaufort’ sea state
4.” Track-before-detect, or retrospective detection, was experimentally investigated''? us-
ing an AN/FPS-114 shore-based sea-surveillance radar, The conclusions were that the
single-scan probability of false alarm can be of the order of 10~ rather than the 105
to 107® that might be typically required for conventional automatic tracking systems.

In addition to requiring increased data processing capability, track-before-detect also
requires a longer observation time, which may be something that is not be available in all
tracking applications. Unusual target maneuver during the scan-to-scan integration time
might also limit performance.

Weak echoes on each scan are used to form the track. They will have lower signal-
to-noise ratio than a radar designed to make the detection decision based on what is re-
ceived with only a single scan. Thus the conventional detection philosophy as discussed
in Chap. 2 has to be modified for use with track-before-detect.

The outputs of each resolution cell, whether from weak targets or from noise, are ex-
amined over N scans to determine if they form logical tracks. Tracks may be found by an
exhaustive search of all possible trajectories based on the data from all N scans. The num-
ber of possible trajectories to be examined with exhaustive search can easily become im-
practicably large. The processing load can be narrowed by limiting the range of target
speeds and placing restrictions on the type of target trajectories. Even this is usually not
sufficient. Barniv,!'* however, suggests that by applying a dynamic programming algo-
rithm the amount of computation can be significantly reduced so as to become feasible.
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It can be applied with curved as well as straight-line target trajectories. When conditions
permit, dynamic programming can perform the equivalent of an exhaustive search, but in
a more convenient manner and with significantly less computer capability. In his example
of tracking using a set of (passive) infrared mosaic-sensor images (a__'nonradar example),
Barniv found that the use of dynamic programming typically required five or more orders
of magnitude less computations than what was needed if employmg an exhau‘;twc search.

_ Mulhple-Rudur Tracking When multiple radars view a common volume, there can be im-

proved tracking, the data rate can be greater than any of the radars acting alone, there is
less vulnerablllty to electronic countermeasures, and less hkellhood of having missed de-
tections due to reduced echo-signal strength caused by nulls in one of the antenna pat-
terns or changes in the target aspect. There are two related cases: one is when the radars
are collocated, as on the same ship or at the same land site; the other, is when they are at
separated locations and netted together.

Integrated Tracking from Collocated Radars at a Single Site ' When more than one radar,
covering approximately the same volume in space, are located in the same vicinity, their
individual outpufs can be combined to form a single track. The radars might operate in
different frequency bands, have different antenna characteristics, and different data rates.
There is more than one way to combine the outputs of multiple radars.'"® A good ap-
proach is to combine all the detections from each radar to form a single track and to up-
date the track rather than develop separate tracks at each radar and either select the best
track or combine them in some other manner.'!® The data from the various radars do not
arrive at the tracker at a uniform rate. The development of a single track file by the use
of the total data available from all radars produces a better track than combining the tracks
developed individually at each radar. It reduces the likelihood of a loss of data as might

‘be caused by antenna lobing, target fading, interference, and clutter since integrated pro-
- cessing permits the favorable weighting of the better data and lesser weighting of the

poorer data. This method of combining data frorn multiple radars has been known as ei-
ther Automatic Detection and Imegmred Tradmg (ADIT) or Integrated Automatic De-
recr:on and Tracking (IADT).

are transmitted to a tracking center which combines the tracks to establish a single track
for each target. The distributed architecture allows the track information to be transmit-
ted over telephone lines rather than wider bandwidth links, and it can employ less capa-
ble computer resources. The composite tracking accuracy it produces, however, is not as
accurate as that with the centralized architecture.

To track targets over a large area as for air-traffic control or military air defense, mul-
tiple radars are located so that as a target leaves the coverage of one radar it enters the
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coverage of the other and a continuous track is maintained. There needs to be some over-
lap in the coverages so that tracks can be properly handed over from one radar to the
other. One of the problems that plagued early multisite radars was being able to associ-
ate radar detections or tracks made by one radar with data or tracks made by another radar.
The absolute location of a radar site, even when fixed, was not always known accurately
so that the central tracking facility might generate multiple tracks from a single target.
This situation is even more serious when trying to net the radars from multiple ships or
aircraft. Methods were developed for-merging. the data from muiupl\, sites to provide a

. single track when. the location or orientations of the radars was inaccurate.''® The avail- -
s ',xdb,llity of GPS { (Jéor‘al Positioning System), howeves; readn‘y ‘provides thg acevtate loca- ..,
-vtion of a radar and, elnmnates the problem.of aa‘;oc‘lat."ng data from radars lncafm far apart. - -

" Multiradar trackmg (MRT) deve]oped for the air-traffic: control syster of the Romé
thht Information Region integrates five radars sited oni-the west side of the center and
south of Italy."'®'*° Alenia ATC radars were used with ranges up.to 170 nmi. They were

separated approximately 135 nmi apart. The filtering algorithm used an a-3 trackér. The -

measured tracking accuracy of this system when the target flew a straight line course; was
said to be better than 0.3 nmi. The observed accuracy with an accelerating path (acceler-
ation was not further described) was 0.8 nmi.

Combined Tracking with Radar and Passive Direction Finding Radar provides the range
and angle to a target. Passive direction finding (DF) provides angle and not range. The
angle accuracy obtained by a radar is usually more accurate than the angle accuracy ob-
tained by DF, so there is no gain in using the DF measurement in the tracking filter to
produce a more accurate track. Passive DF, also called Electronic Support Measures
(ESM), however, can assist in target recognition since it receives the emitted signal and
can recognize the type of system that emitted it. Signals from hostile aircraft are likely to
be distinctive and different from signals emitted by other aircraft, and can be used to rec-
ognize the nature of the target. This is of importance for military air-defense radars since
some form of target recognition is needed to separate friendly and neuzral aircraft from
hostile aircraft.

Although DF systems provide target recognition and an angle measurement, they do
not provide range so a track cannot be formed. If the passive angle track can be associ-
ated with a radar track, then the target being tracked by the radar can be recognized based

on the information received by the passive DF system. Statistical methods. for achieving . -

this have been described.'?!+12?
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