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Abstract—Matched illumination (MI) radar signals provide
improved target signal to interference noise ratios (SINR) and
better spread ambiguity function performance compared to
conventional radar in the presence of range-spread targets.
Performance improvements reported in literature are based on
the assumption of perfect knowledge of responses of the extended
targets as well as interference spectra. In this paper, we analyze
the SINR performance of MI systems from the learning phase to
illumination phase using complex geometric theory of diffraction
(GTD)-based target models. We numerically evaluate the worst-
case performance degradation arising from aspect change of the
target models from learning to illumination phase. The results
set the stage for inclusion of a scheduler, which would facilitate
selective MI based on system parameters and the targets being
tracked.

Keywords—Matched Illumination, Cognitive Radar, Range Ex-
tended Target Model, Parametric Models, GTD, High Resolution
Radar

I. INTRODUCTION

Matched illumination (MI) radar systems based on adaptive
waveform-receive design are known to provide significant
improvement in terms of target detection, [1] - [3], and spread
ambiguity function resolution, [4][5]. The considerable perfor-
mance improvement of MI systems is however based on perfect
knowledge of spectra of the extended targets and clutter. In
practice, MI radar systems would work in two phases, the
learning phase where the target and clutter characteristics
are learned by transmitting a standard radar pulse like linear
frequency modulation, followed by illumination phase where
the transmit-receive filter pair are jointly optimized based
on the learned target and clutter spectra. However, owing to
latency between the two phases, the target aspect angle could
change, causing target spectra to change drastically leading
to degradation of overall MI performance gain. In this paper,
we analyze the worst-case aspect change in a target, a radar
is expected to encounter between the two phases and evaluate
the performance of MI systems subject to such aspect changes.

The design of MI waveforms is facilitated by the avail-
ability of radar range profiles (RRPs). RRPs of an extended
target (or a formation of targets) are obtained by transmitting a
wide bandwidth radar signal and then processing the complex
returns to form one-dimensional target ‘images’, measured
along the line of sight between radar and target. Research on
non-cooperative target identification ([8], [11], [21]) is based
on using RRPs. RRPs are important for cognition as they
capture diversity or undulations in frequency responses which
can be utilized by MI signals for selective transmission, [1] -
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Translation motion of a target can cause it to appear at
different positions in successive pulse repetition times (PRTs).
This effect is known as range walk or translation range
migration (TRM). However, as we observe later, this motion
is not the predominant cause of range profile (RP) fluctuations
between PRTs. Target motion also influences the pose of the
target with respect to the radar (or aspect angle). Occlusion
of scatterers, rotational range migration (RRM), and speckle
are effects caused by aircraft rotations which greatly influence
RPs between consecutive PRTs, [21].

In this paper, we model complex target returns using a
GTD-based scattering center model to analyze the influence
of aspect angle on RPs. The impact of imperfect knowledge
on the SINR performance of MI signals is then numerically
evaluated. Although aspect angle can be estimated from track-
ing data, we do not assume knowledge of such estimates at
the MI radar. The GTD ([7], [9], [13], [14], [17] - [20], [24])
appends rigorous field solutions for canonical shapes and is a
reformulation of geometric optics (GO). A GTD-based target
model leads to a conventional radar imaging model in which
the target is considered to be made up of scattering centers that
can be used to determine RP by asymptotic methods. There
are other similar asymptotic scattering center models such as
multi-peak model, [15], [25], and Prony’s model, [11], [22],
[23], etc.

II. EXTENDED RADAR TARGET MODELS &
FLUCTUATIONS IN SCATTERED SIGNALS

The simplest extended target models are based on the
weak scattering model which utilizes the idealized concept of
persistent, localized scattering centers. The scattering centers
in this model are outcome of the GO approximation and are
represented as

h(t, v) = ZnNzl

where h(t,v) is the target impulse response as a function of
delay and Doppler and each scattering center is represented by
the triple {an,t,, v, } denoting amplitude, delay and Doppler
of the n'” scattering center. The target impulse response is
represented by superposition of N such scattering centers.

and(t —tp)0(v —vy) (1)

The weak-point scattering model has limitations and is
ill-behaved for scatterers that include edges, gentle curved
plates and re-entrant structures such as ducts and cavities.
In particular, the model does not capture variation in the
target impulse response arising from aspect angle changes
and other non-geometric processes such as edge or corner
diffractions. In the high-frequency region, there are six types
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of physical processes that are responsible for returning the
radar pulse, [26]. These are specular reflection, diffraction
by discontinuities, localized multi-bounce, separated multi-
bounce, cavity and duct, and surface waves. Except for cavities
and ducts, the other processes can be represented by advanced
parametric models based on modified scattering centers. The
most notable of these models, based on GTD, [9], is the one
developed at the Ohio State University ([7], [13], [14], [17]
- [20], [24]). The GTD is an extension of GO to account
for diffraction and refraction effects apart from reflection. The
former are produced by incident rays which hit edges, corners,
or vertices of boundary surfaces or which graze such surfaces.
Various laws of diffraction, analogous to the laws of reflection
and refraction, are employed to characterize diffracted rays.

A. Target Variations

We now describe the main sources of RP fluctuations ([6],
[15], [21D).

1) TRM: A target undergoes TRM when a change in
distance between the radar and target causes scatterers to
move from one range bin to the next. For rigid-body targets
however, the shape of the RP does not change and the effect
is only a translation of the original profile, with only a linear
phase change in the frequency response. As MI works on the
target and clutter frequency spectra, TRM is not of significant
concern.

2) RRM: If a target rotates over a significant aspect angle
(of the order of few degrees) such that the outermost scatterers
move from one range bin to the other, the RPs undergo
RRM. The aspect variation of the target that leads to range
bin migration is also referred to as Move-through-Range-Cell
(MTROC) in literature [6]. The tolerable aspect variation for
scatterer’s MTRC is given by 0¢ < (0¢)yrrc = ¢/(2W L)
where W, L,,c are the bandwidth of the radar signal, the
maximum target dimension in cross range and the speed
of light, respectively. For a jet aircraft of size 36 m and
radar bandwidth of 100 MHz, the tolerable aspect variation
is approximately 2.5° .

3) Speckle: Speckle occurs if in a single range bin two
or more distinct scatterers are present. Small rotations of the
target in azimuth or elevation can cause enough change to the
differential path length to the radar over half the wavelength.
The coherent sum of the scattered signals can change from
constructive to destructive interference and vice-versa. This
results in amplitude fluctuations (speckle or scintillation) in the
returns from unresolved targets that are coherently illuminated.
Variations due to speckle are caused by aspect angle changes
that are one or two orders of magnitude smaller than those
associated with RRM, [15].

4) Occlusion: Occlusion occurs when a scatterer is posi-
tioned such that it does not contribute to the measured RP.
Aircraft rotations in the order of 10° or more can cause
occlusion effects.

III. GTD BASED COMPLEX TARGET MODELS

The phase of a scattering center, at a given aspect angle,
is determined by the down range position of the scatterer.
Accordingly the backscattered field of the n'" scattering center
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is expressed as
Ey (K, ¢,0) = AnS(k, ¢,0; 0y) exp(j2kRy) 2

where k = 27 f/c is the wave number, f is the frequency in
hertz, c is the propagation velocity, ¢ is the azimuth aspect
angle, 6 is the elevation aspect angle, and R,, = [Zn, Yn, #n]
is the down range of the n'” scattering center. ©,, contains
the parameters that characterize the n'* canonical scattering
center. The canonical structures include flat plate, top hat,
trihedral corner reflector, dihedral corner reflector, cylinder,
sphere, etc. A, = (jk)®, where the parameter o has a
half integer value. The different scattering centers can be
characterized as localized or distributed mechanisms and for
H, =0,r, = 0 type scatterers can be expressed as

S(k,¢,6;0,) = (jk)asinc(kLn sin(¢) cos(H)).
6727rf17n sin(¢) (3)

where L, = 0 if the scattering center is localized and
L, # 0 if the scatterer is distributed. The total scat-
tered field is the superposition of N individual scattering
terms. The scattering center is a function of frequency,
scatterer location (%, Yn, 2, ), pose angles (o, Bn,v,) and
scatterer size parameters (L, Hp,r,), and each scatter-
ing center is described by a subset of the parameter set
(Tn, Yns 2ns Qns By Yoy Ly Hiy ) for mo= 1,2,.., N. We
model the complex targets, viz. aircraft and ship, using these
canonical structures for evaluating the performance of MI radar
subjected to changes in aspect angles.

A. Aircraft Range Profile

The aircraft response is modelled with distributed scatterers
representing the response from fuselage, and localized scatter-
ers comprising response from the radome, wings, propellers,
tail-wings, and antennas. The dimensions of Airbus A320 are
used for modelling the aircraft as a range-extended target. As
aircraft are usually symmetric, so is our scattering model; we
can safely assume that a RP measured at an aspect azimuth 6
is identical to that measured at — (for a fixed aspect elevation
¢). An aircraft can roll left or right by opposite movements
of the ailerons present on the outer rear edge of each wing.
Average roll rates are 6° per second on takeoff and 8° per
second on approach. However, roll rates of up to 45°/sec
occur during turbulence. The average pitch rate of an aircraft is
3.0°/sec, and yaw rates upto 15° /sec are reported in literature.
A combination of roll and yaw is required to cause the aircraft
to turn. It is worth noting here that for MI, roll, pitch, and yaw
rates w.r.t. Ims is important, as it represents the change from
one PRT (learning) to the next (illumination).

B. Ship Range Profile

The ship response is modelled with scattering centers repre-
senting its hull form, masts, and the quarterdeck. A typical
cargo ship with length, width, height, and mast radius as 200m,
50m, 50m, and 15m is considered. The nature of the various
dynamic components for a ship depends on wave characteris-
tics such as sea-state, wind, control surfaces, maneuvers, ship
mass, ship loading, and hydrostatic and hydrokinetic pressures.
The most obvious motions are typically roll and pitch. Roll is
the most dominant motion for the ship hull form, hence the
roll angle is typically large. Usual roll rates are 14° in 10.2
sec. Pitch of the ship is mainly dependent on the sea state. In



heavy sea-states pitch rates can be up to 4° in 6.5 sec. Yaw
is quite damped and least dominant among other rotations;
the maximum yaw can be up to 2°. Translational motions i.e.
heave, sway, and surge are heavily damped.

IV. SINR MATCHED ILLUMINATION

The optimum SINR-MI transmit signal is given as [1] [3]

H()|2n()][A -~ 2:()/|H ()] )
Dc(f)
where H(f), ®.(f), ®,(f) are the target spectra, clutter

Power Spectral Density (PSD) and noise PSD respectively. The
parameter A determines energy F; of the transmit waveform

as B, = EVV[/,% | X (f)|?df where W is radar bandwidth. The

corresponding optimum receive filter R(f) is given by [1] [3]

R(f) = kH*(£)X*(/)/[2c(DIX (NP + 2u(f)] @

where k is a constant.

X () = max {0,

V. RESULTS & DISCUSSIONS

Performance results are presented for MI signals in pres-
ence of parametric aircraft and ship target models. Starting
from an initial aspect angle, RPs of both models are generated
for different initial aspect angles by subjecting the targets
to roll, pitch, yaw movements. Based on the target/’s initial
location and orientation, these movements cause change in
elevation and azimuth aspect.

To illustrate the influence of varying RP on MI, in all
the results presented in this section, the (roll, pitch, yaw)
is varied as the triples («,83,7) = (-0.5,-0.5,-0.5),
(—0.25,-0.25,—-0.25), (0.25,0.25,0.25) and (0.5,0.5,0.5)
(all in degrees), for both models. Performance of MI is
evaluated based on the change of RP arising from these
aspect changes. Essentially the exercise tries to capture this
change from the learning to illumination cycles. Therefore the
considered (roll, pitch, yaw) change accounts for the target
movement within one PRT, i.e. 1ms.

The mean correlation of the RP across azimuth and el-
evation aspects from initial elevation ¢ and azimuth 6 is
computed as

_ X, S(ni¢o,00) S*(n; g0 + 36, 60 + 39)
|[S(n; do, 0o)l| S (n; do + 56,00 + 50)]|

where S(n; ¢, 0) represents the RP at the (¢, 6) aspect angle.
Loosely speaking, the mean correlation defined here can be
considered as a matching score between two RPs from dif-
ferent aspect angles. It should be noted here that the mean
correlation plots do not necessarily reflect SINR performances
of MI since it is dependent on the selectivity of the target fre-
quency response and two completely different target responses
can produce the same SINR performance. In the simulations,
a RF carrier frequency of 1GHz, radar bandwidth of 50MHz,
sampling frequency of 100MHz, pulse width of 10us and PRT
of 1ms have been considered. Clutter and noise are assumed
white with CNR as 0dB in our simulations.

p(6¢,46) ®)

Figure 1 depicts the RP magnitude for the aircraft target
model with initial aspect angle of (¢g,6p) = (20,75)° with
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varying roll, pitch, yaw of the target. Figure 2 presents the
impact of changing roll, pitch, yaw of the target on the SINR
performance of MI system due to delay from learning cycle
to illumination cycle. Figure 3 presents the normalized mean
correlation pattern across azimuth and elevation aspect from
the initial (¢pg,0p) = (20,75)° for aircraft target model.
The normalized mean correlation shows that for zero azimuth
change, the correlation drops to 0.5 after variation of ~ £3.5°
in elevation, similarly ~ £3° change in azimuth at no elevation
change causes the correlation to drop to 0.5. However it must
be noted that the mean correlation pattern does not provide a
one on one representation of the impact on SINR performance
as is observed in this scenario. The roll, pitch, yaw of the
target causes appreciable variation of the aircraft RP, and thus
a lower auto-correlation coefficient. However, the change of RP
response are mostly dominated by translation of the scattering
peaks, i.e. RRM and no abnormal phenomenon such as peak
splitting and occlusions are observed, thus the predominant
effect is on phase of the frequency response of the target
and the contours of the frequency response do not fluctuate
drastically, and thus MI is able to withstand roll, pitch, yaw
motion of the target.

Figure 4 depicts the RP magnitude for the ship target model
with the initial aspect angle of (¢, 0) = (0,60)° and varying
roll, pitch, yaw of the target. Figure 5 presents the impact of
changing roll, pitch, yaw of the target on the SINR due to delay
from learning cycle to illumination cycle. Figure 6 presents
the normalized mean correlation pattern across azimuth and
elevation aspect from the initial (¢, 6) = (0,60)° for ship
target model. The RP for ship at this initial aspect depicts
the abnormal phenomenon of occlusion and/or destructive to
constructive interference of speckle at peaks at 640th, 670th
and 695th range index. The responses at those bins become
noticeable for («, 3,7) = (0.25,0.25,0.25) and (0.5,0.5,0.5).
The target range response at initial (0,60)° is due to destruc-
tive interference of the individual scatterers or occlusion of
scattering centers that constitute the response from ship. The
mean correlation of the range response also drops to 0.5 within
0.5° azimuth aspect change and much earlier for the positive
change of elevation aspect angle. The drastic change of the
RP in this case degrades the performance of MI to be par with
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that of conventional radar at («, 3,7) = (0.25,0.25,0.25) and
(0.5,0.5,0.5).

VI. CONCLUSION

The results of MI subjected to the roll, pitch, yaw change
of the target motivates the introduction of MI scheduler, which
based on the learning cycle decides whether MI would be used.
The extreme movement of the targets have been used in the
simulations to mainly analyse the large-scale fluctuations of
the target models and also to understand the limits of radar
system parameters, in terms of PRT and relative motion of the
radar. The results look promising for further investigation into
cognitive radars.
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