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ABSTRACT 

 In this work, we investigate the target classification performance of a cognitive 

radar (CRr) using EM-simulated ground-based target responses and EM-measured aerial 

target responses in the presence of transmit waveform-dependent clutter. Moreover, we 

consider a more realistic target classification scenario where the cognitive radar is 

pointing at a look angle of 30°, in which clutter can definitely be a major interference. 

Previous works included EM-simulated target responses with an adaptive waveform 

design technique known as probability-weighted energy (PWE) for target recognition; 

however, practically measured power spectrum density (PSD) for signal-dependent 

clutter was not considered. Therefore, it is essential to build on prior works by 

considering signal-dependent clutter using measured target responses and a practical 

clutter model. We design clutter-compensating adaptive waveforms for CRr to improve 

classification in the presence of both narrowband and wideband clutter. Our results show 

improvement in classification performance of clutter-mitigating SNR and MI-based 

waveforms used in conjunction with PWE. 
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CHAPTER 1:
Introduction

Cognitive Radar (CRr) is proposed as an intelligent signal processing sensor that learns
and adapts through the interaction between the radar system and the electromagnetic (EM)
environment [1]. According to the study, in CRr, the receiver gets feedback from the elec-
tromagnetic (EM) environment and forwards the learned knowledge to the transmitter. The
performance of a closed-loop radar system depends on the feedback of the EM environ-
ment and the design of the transmit waveform. In [2], Bell used information theory and
proposed two waveform designs for the extended radar target model. First, the waveform
design is based on a deterministic target impulse response, where an optimum transmit
waveform/receiver filter pair is designed to maximize the signal-to-noise ratio (SNR). This
leads to a “transmit eigen-waveform solution” [2]. Second, the waveform is designed for a
random target impulse response that maximizes the “mutual information (MI) between the
Gaussian-distributed target ensemble with known spectral variance and the received signal
in additive white Gaussian noise (AWGN)” [2]. In [3], both waveforms were adaptively
modified during transmission with CRr for target classification.

In [4]-[6], the target classification p erformance u sing a daptive waveforms w ith signal-
dependent interference was discussed and presented based on arbitrary clutter model and 
arbitrary target impulse responses. In recent works, EM-simulated target responses were 
generated using Computer Simulation Technology (CST) Microwave Studio to be used in 
a CRr for target recognition [7]. However, there are three practical issues not considered. 
First, clutter is usually the major interference instead of thermal noise (e.g., radars looking 
for targets on the ground). Second, EM-simulated RCS responses were not generated 
based on a proper grazing angle for realistic ground returns. Third, instead of using 
CST, truly measured target responses in an anechoic chamber were not considered. To 
this end, this work is to enhance realism of CRr technology in the presence of signal-
dependent clutter.
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1.1 Objective

The contribution of this work is the design of signal-to-interference-plus-noise ratio (SINR)
and MI waveforms specifically employed using EM-measured target responses and to mit-
igate clutter using practical model in the received signal within the CRr framework. The
signal model is shown in Figure 1.1. “The received signal is the convolution of the transmit
waveform with target and clutter, hence signal-dependent interference” [5]. Two types
of target responses are utilized to evaluate the performances, namely using EM-simulated
ground-based target responses generated by CST simulation tool and aerial target responses
measured in an anechoic chamber. In this work, we also consider target responses at a
proper grazing angle where realistic ground returns could potentially limit the performance
of CRr. We generate four ground target responses using the CST simulation tool where
the CAD models are modified to actual size to ensure practicality. To further enhance
potential and practical application, physical aerial targets are used in an anechoic chamber.
The setup for the experiment consists of a vector signal generator (VSG) with a transmit
antenna and a vector signal analyzer (VSA) with an antenna to collect the target response
measurements. Three aerial targets are used to generate four target responses at different
angles. In our closed-loop CRr simulations, we consider clutter-limited scenarios with the
use of both narrowband and wideband clutter power spectral densities (PSD). Our goal
is to show viability of CRr technology for both commercial and military systems where
applications are clutter-limited instead of receiver noise-limited.
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Target
𝐡

Noise
𝐰

𝐱

𝐬

𝐲

Clutter
𝐜

Figure 1.1. Signal  model  with target response  in  additive white 
Guassian  noise  and clutter. Adapted from  [5].

1.2 Thesis Organization

This thesis is organized as follows. The signal model for the signal-dependent interference
with AWGN case is covered in Chapter 2. The closed-loop radar framework for target clas-
sification, and the SINR-based and MI-based adaptive waveforms for clutter compensation
are discussed in Chapter 2. The adaptive waveform design for target classification using
probability-weighted energy (PWE) is discussed in Chapter 3. The target sets of ground-
based target responses and aerial target responses at different angles are also discussed in
Chapter 3. The use of clutter PSD is also described in Chapter 3. The results in terms
of percentage or probability of classification (Pcd) are covered in Chapter 4. The results
are obtained via Monte Carlo simulations and 10,000 trials are performed to generate Pcd

against transmit energy. In addition, clutter-to-noise ratio (CNR) and target-to-noise ratio
(TNR) are varied to obtain the target classification performance. Finally, conclusion and
recommendations for future work are presented in Chapter 5.
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CHAPTER 2:
Signal Models  with  Signal-Dependent  

Interference — Clutter

The signal model with the inclusion of signal-dependent interference is shown in Figure
2.1 [4], and the closed-loop radar system is first introduced in [3]. The sampling time is
normalized as in most signal processing applications. Let x[n] be the transmit waveform
with a vector length of Lx . Let X[ f ] be the discrete Fourier transform of x[n] where
f = 0,1/Lx,2/Lx, ...,1−1/Lx [5]. Let h[n] be a deterministic target and its discrete Fourier
transform is H[ f ] [7]. Let c[n] be a complex-valued stochastic clutter with PSD, Scc[ f ] [7].
In this formulation, clutter process does not have to be Gaussian; but in this work, we assume
the interference to be a highly correlated normal process. Let w[n] be an AWGN from the
CRr receiver with PSD, Snn[ f ]. Let s[n] be the “convolution of the transmit waveform with
both target and clutter response” (i.e., s[n] = x[n] ∗ (h[n]+ c[n])) [5]. In other words, unlike
in [7] where the signal return is modeled deterministically, the echo here becomes random
due to the stochastic nature of the clutter. The clutter response is spectrally shaped by the
transmit waveform unlike in the classical case when the target is considered a point target.
Hence, the received signal vector is y[n] = s[n] + w[n] [7].

Both deterministic and stochastic extended targets using SNR and MI matched waveforms
were presented and addressed in [5], [6]. In this work, the matched waveform with signal-
dependent interference, such as SINR-basedwaveform for clutter compensation orMI-based
waveform for clutter compensation, is employed as the transmit waveform to improve radar
system performance under deterministic target scenarios. In addition, other waveforms
such as wideband pulsed waveform (WI), SNR-based probability-weighted energy wave-
form (SNR-PWE)without clutter compensation, andMI-based probability-weighted energy
waveform (MI-PWE) without clutter compensation are included for target classification per-
formance comparison.

5



Clutter
𝐜

Target

𝐡
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𝐰

Update Prior Probabilities

Adaptive Waveform:
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Cognitive Radar
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#
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Target
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Yes
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𝐱
𝐬

𝐲

Figure 2.1. Signal  model  with clutter and the CRr  closed-loop  
system. Adapted from  [5].
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2.1 SINR-based Waveform for Clutter Compensation

The SINR-based waveform design with clutter compensation has a frequency-domain ex-
pression that maximizes SINR. In the case of a deterministic target, the SINR-based wave-
form for a known target in signal-dependent interference is given by [5], [6] as

SINR =
∑

f

|H[ f ]|2 |X[ f ]|2

Scc[ f ]|X[ f ]|2 + Snn[ f ]
∆ f , (2.1)

where ∆ f = 1/Lx . Notice the clutter-waveform spectrum in the denominator.

The optimum waveform that maximizes SINR in Equation (2.1) with respect to |X[ f ]|2 is
described by the waveform energy spectral density (ESD) which is given by

|X[ f ]|2 = max
[
0,B( f )(A − D( f ))

]
, (2.2)

where B( f ) and D( f ) are

B( f ) =

√
|H[ f ]|2Snn[ f ]

Scc[ f ]
(2.3)

and

D( f ) =

√
Snn[ f ]
|H[ f ]|2

, (2.4)

respectively. In Equation (2.2), the energy constraint Ex determines the constant A and
|H[ f ]|2 is the ESD of the known target of length L [5]. The energy constraint with error
tolerance ε is given by [5], [6] as

Ex −
ε

2
≤

∑
f

max
[
0,B( f )(A − D( f ))

]
∆ f ≤ Ex +

ε

2
. (2.5)

When A is found in Equation (2.2) for a given Ex , the SINR is calculated using Equation
(2.1) [5], [6].

7



2.2 MI-based Waveform for Clutter Compensation

The MI-based waveform design with clutter compensation is used to maximize the mutual
information as described by [6]. The MI waveform design in signal-dependent interference
is given by [5], [6] as

MI =
∑

f

ln
[
1 +

|X[ f ]|2 |H[ f ]|2

Snn[ f ] + |X[ f ]|2Scc[ f ]

]
∆ f . (2.6)

The optimum waveform in terms of MI is described by the ESD |X[ f ]|2 via the waterfilling
waveform and is given by [5], [6] as

|X[ f ]|2 = max
[
0,B( f )(A − D( f ))

]
, (2.7)

where
B( f ) =

|H[ f ]|2

2Scc[ f ] + |H[ f ]|2
(2.8)

and
D( f ) =

Snn[ f ]
|H[ f ]|2

. (2.9)

Once |X[ f ]|2 is determined in Equation (2.7), the MI can be obtained from Equation (2.6).
Similarly, the energy of the waveform determines the constant A [5], [6].
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2.3 SINR and MI Waveform for Clutter Compensation

As described in [5], SINR and MI-based waveforms for clutter compensation or in signal-
dependent interference are re-formed to mitigate clutter where the solutions allow the
waveforms to avoid strong clutter energy and focus on weak clutter energy. In addition, for
low-energy constraint, SINR-based waveform occupies the frequency band with higher tar-
get energy while MI-based waveform distributes its energy to occupy more frequency bands
[5]. When the energy constraint starts to increase, both SINR and MI-based waveforms
start to place more energy at frequency bands where clutter energy is slightly stronger [5].
This phenomenon is illustrated in Figure 2.2 [5].

Figure 2.2. SINR and MI waveform for clutter compensation: target and
clutter PSD (top panel); SINR-based waveform ESD (middle panel); and
MI-based waveform ESD (bottom panel). Source: [5].
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2.4 Chapter Summary

A description of the complex-valued signal model with the inclusion of signal-dependent
interference such as clutter and the closed-loop radar systemwere introduced. The equations
of SINR and MI waveforms in signal-dependent interference for deterministic targets were
presented where transmit waveforms were optimized for SINR andMI. SINR andMI-based
waveforms for clutter compensation were presented where the transmit waveforms avoided
strong clutter and focused transmit energy on weak clutter.

10



CHAPTER 3:
Cognitive Radar for Target Classi�cation in Clutter

CRr for target classification using arbitrarily generated deterministic targets was proposed
in [3]. In this work, we extend the CRr by using EM-simulated ground-based targets which
are more realistic just like those used in [7], [8]. However, the simulated responses in [7]
had zero grazing angle and thus are not suitable when considering ground clutter. Here, we
use simulated target responses that are generated from Computer Simulation Technology
(CST) simulation software at a grazing angle of 30◦. To bring this work closer to practical
reality, aerial targets are placed in an anechoic chamber for measurements with the use of
a VSG for transmission and a VSA for reception. Three small unmanned aerial vehicles
(UAV) are used as targets to generate four responses at different angles.

Looking at Figure 2.1, let us consider the targets to be ground-based or aerial targets flying
at low level. Both ground and target are illuminated where the CRr needs to classify one
of the deterministic targets. Consequently, this multiple hypothesis testing (MHT) problem
needs to be solved. Let H1,H2, ...,HM be the target hypotheses with corresponding prior
probabilities P1,P2, ...,PM . The ith hypothesis is given in [5] as

Hi : y = si + w = (hi + c) ∗ x + w, (3.1)

wherehi is the ith target impulse response i = 1,2, ...,M , c is the random interference dictated
by the clutter PSD, and w is the receiver AWGN. The AWGN is given as w ∼ CN(0, σ2I),
where σ2 is the noise sample variance and I is the identity matrix. However, the clutter
is correlated and transmit-signal dependence as evident in Equation (3.1). Under a given
hypothesis, the joint probability density function (pdf) of the measurement is described in
[5] as

p(y1, ...,yK) =
|Q−1 |

|Kc |πLK |KN |K
exp

[
−

K∑
k=1
[y]HKN

−1y

]
(3.2)

× exp

[ [ ∑K
k=1 Xk

HKN
−1y

]H

Q−1 ∑K
k=1 Xk

HKN
−1y

]
,
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where
y = yk − Xkh (3.3)

and

Q = Kc
−1 +

K∑
k=1

Xk
HKN

−1Xk. (3.4)

Xk is the transmit signal matrix. Kc and KN are the clutter and noise covariance matrices,
respectively. The current number of transmissions is denoted by the subscript k.

To form the adaptive transmit waveform, we first generate the unit-energy SINR and MI
waveforms for each target hypothesis qi,max. The resulting hypotheses probabilities using
PWE are used to adjust and form the adaptive waveform. To form the PWE waveform, each
target optimized waveform is scaled by the updated probability and is given by [8] as

xpwe =
M∑

i=1

√
Piqi,max, (3.5)

and transmit energy constraint is ensured by

x =
√

Ex
xpwe√
Expwe

, (3.6)

where Expwe is the energy of xpwe which is defined in Equation (3.5). The Bayes’ probability
update rule, for the ith target at (k + 1)th iteration, is used as part of the CRr to retain
knowledge from the previous received signals. It is given by [5], [8] as

P(k+1)
i = βp(y(k+1) |Hi)P

(k)
i , (3.7)

where the superscript denotes the iteration number, and p(y(k) |Hi) is the pdf after the k th

iteration. In addition, a total probability of one for each iteration is ensured by β. “Based on
the most probable hypothesis after the last waveform is transmitted, maximum a posteriori
(MAP) is used to determine the target decision” [3], [8].
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3.1 Clutter Power Spectrum Modelling

In [10], road clutter spectrum was reported based on FMCW radar operating at 24 GHz that
was equipped in a moving vehicle. The study also presented the theoretical and practical
clutter spectrum results for comparison. The Doppler clutter power spectrum of a vehicle
(equippedwith radar) moving towards or away from a clutter cell depends on vehicle relative
direction and the clutter area. The received echoes can have random phases, amplitudes,
and angles of arrival. The Doppler shift frequency is given by

fd = fm cos θ cos φ (3.8)

where the maximum Doppler frequency fm is given by 2V
λ . The speed of the vehicle is V

and λ is the wavelength corresponding to the carrier frequency. The experimental results
of measuring a stationary clutter in a park are shown in Figure 3.1, where the static clutter
is focused mostly between 0 to 200 Hz [10].

Frequency (Hz)
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B
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Figure 3.1. PSD of measured clutter. Source: [10].
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In [11], clutter spectrum from trees at X-band showed that Gaussian-shaped spectrum is not
a better curve fit as compared to power law-shaped spectrum since Guassian curve fit rolled
off too quickly. According to the study, this pheonomenon was discovered by Fishbein, et
al, who attempted to generate models of clutter spectrum from trees at X-band. Both the
clutter PSD of a Guassian and power law curves are shown in Figure 3.2. The clutter power
spectrum of a power law curve is described in [11] in the form

Scc( f ) = σDC

(
1

1 + ( f
fc
)n

)
, (3.9)

where σDC denotes the power return for the clutter. The cutoff frequency is denoted by fc,
and integer n is chosen for best fit. Making use of Equation (3.9), we construct a similar
power law curve to represent the clutter model for this work. The plot is generated based
on a platform traveling at 20 m/s, and transmitting at 2.5 GHz with aspect angles of 30◦ in
elevation (θel = 30◦) and 165◦ in azimuth (θaz = 165◦). With f from 0 to 120 MHz, the
approximated power law curve is plotted as shown in Figure 3.3.
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Figure 3.2. PSD of trees at X-band with Guassian and power function curve
�ts. Source: [11].

Figure 3.3. Resulting PSD of clutter from 0 to 120 MHz with carrier fre-
quency 2.5 GHz using Equation (3.9).
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3.1.1 Narrowband and Wideband Clutter Model

The clutter power spectra described in [10] and [11] provide a basis to generate generic but
practical clutter PSDs in this work. Tomodel clutter PSD, we consider both narrowband and
wideband clutter where the Hamming-shaped and Blackman-Harris-shaped PSDs are used
which are centered at 0 Hz as is usual in clutter scenarios. The PSDs of the narrowband
and wideband clutter (normalized frequency) are designed based on a less conservative
approach, where the clutter occupies the target response bandwidth of 1 GHz, and centered
at 0 Hz. The PSD models for both narrowband and wideband scenarios are shown in Figure
3.4.

Frequency (Hz)

P
SD

Frequency (Hz)

Figure 3.4. Clutter models used in simulations: PSD of wideband and nar-
rowband clutter (normalized frequency).
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3.2 CST-Generated Target RCS Responses at 30◦ Degree
Grazing Angle

While RCS responses of high fidelity CAD target models were used in previous work [7],
those targets were at 0◦ in elevation (θel = 0◦), and thus are not appropriate when ground
clutter is considered. It is therefore imperative to produce ground-based target responses at
proper grazing angles. The clutter-mitigating CRr presented here is applicable to both static
and moving targets or platforms. For moving targets and/or platforms, the proper Doppler
shift can easily be addressed by subtracting the Doppler frequency shift due to that motion.

Four ground-based target CAD models from publicly open sources are modified to actual
size for practicality. CST simulation software is used to generate the ground targets RCS
responses. The EM-simulated RCS frequency responses between 3 to 4 GHz (S-band
radar) are generated through an asymptotic solver that utilizes the ray tracing technique.
The two incidence or aspect angles are: a) azimuth of 165◦ (θaz = 165◦) and elevation of
30◦ (θel = 30◦), and b) azimuth of 180◦ (θaz = 180◦) and elevation of 30◦ (θel = 30◦). The
ground target models and their RCS electric field (E-field) responses for 165◦ in azimuth
(θaz = 165◦) and 30◦ in elevation (θel = 30◦) are shown in Figure 3.5 and Figure 3.6,
respectively. The ground target CAD models and their RCS E-field responses for 180◦ in
azimuth (θaz = 180◦) and 30◦ in elevation (θel = 30◦) are shown in Figure 3.7 and Figure
3.8, respectively.
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Ground Target 1: Car Ground Target 2: Hummer

Ground Target 3: Tank Ground Target 4: Truck

Figure 3.5. Ground-based target CAD models: car, Hummer, tank and
truck. Aspect angle of 165◦ in azimuth (θaz = 165◦) and 30◦ in elevation
(θel = 30◦).

Frequency (Hz)

Frequency (Hz)

Frequency (Hz)

Frequency (Hz)

BMW HUMMER H1

LEOPARD TANK TRUCK

𝐸
𝜃
2
𝑉
/𝑚

2

𝐸
𝜃
2
𝑉
/𝑚

2

𝐸
𝜃
2
𝑉
/𝑚

2

𝐸
𝜃
2
𝑉
/𝑚

2

Figure 3.6. Ground-based RCS targets' 3 to 4 GHz frequency responses at
θaz = 165◦ and θel = 30◦ shown in normalized frequency.
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Ground Target 1: Car Ground Target 2: Hummer

Ground Target 3: Tank Ground Target 4: Truck

Figure 3.7. Ground-based targets CAD model: car, Hummer, tank and
truck. Aspect angle of 180◦ in azimuth (θaz = 180◦) and 30◦ in elevation
(θel = 30◦).
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Figure 3.8. Ground-based RCS targets' 3 to 4 GHz frequency responses at
θaz = 180◦ and θel = 30◦ shown in normalized frequency.
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3.3 Target Impulse Response Measurements in the Ane-
choic Chamber

Three small aerial targets are used to measure their impulse responses in a radio-frequency
(RF) anechoic chamber. The measured impulse responses are easily converted to frequency
responses via traditional Fourier methods. A RF anechoic chamber has the benefits of
preventing surrounding EM waves from entering the receiving antenna with minimal to no
reflected signal from walls during measurement. The setup in the RF anechoic chamber
requires the VSG, VSA and antennas. The VSG transmits 2000 pulses via a carrier at a
pulse width (PW) of 10 ns and pulse repetition interval (PRI) of 200 ns. We desire 1 GHz
bandwidth in the 2-3 GHz carrier band but the VSA instantaneous bandwidth is limited to
120 MHz. Thus, the series of pulses are repeated from 2 to 3 GHz in 100 MHz increments.
The VSA collects the 2000 received signals for post-processing through MATLAB. The
VSG (used as transmitter) and the VSA (used as receiver) are shown in Figure 3.9. Coherent
integration is used to obtain higher SNR. The targets and equipment setup in the anchoic
chamber are shown in Figure 3.10. The two incidence or aspect angles are: a) RiteWing
- The Zephyr II, DJI M100 and Quadcopter-MosquitoHawk at 30◦ in azimuth (θaz = 30◦)
and 30◦ in elevation (θel = 30◦), and b) only RiteWing - The Zephyr II at 0◦ in azimuth
(θaz = 0◦) and 30◦ in elevation (θel = 30◦). Through pulse integration and post-processing
via MATLAB, the magnitude frequency responses are generated. The aerial target models
are shown in Figure 3.11 and the four target responses are shown in Figure 3.12.
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Figure 3.9. Transmitter and receiver for target impulse response measure-
ment.

Figure 3.10. Antennas and radar targets (airplane and drones) in anechoic
chamber.
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Air Target 1: Airplane Air Target 2: Airplane

Air Target 3: Drone Air Target 4: Drone

Figure 3.11. Airplane and drones used for impulse response measurement.
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Figure 3.12. Aerial targets' 2-3 GHz frequency responses shown in normalized
frequency (targets are placed 6 m away from antennas).
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3.4 SINR-based Waveform for Clutter Compensation on
Measured Target Frequency Responses

As described in Chapter 2, the SINR-based waveform design for clutter compensation has
a frequency-domain expression that maximizes SINR. In the case of a deterministic target,
the SINR metric can be calculated using Equation (2.1). When SINR-based waveform
for clutter compensation is employed, the adaptive waveform avoids high energy clutter
region and transmits only at low energy clutter regions. An example of a SINR waveform
with signal-dependent interference under the influence of a Hummer target response, hence
clutter compensating waveform, is shown in Figure 3.13.

FREQUENCY (Hz)FREQUENCY (Hz)

P
SD

P
SD

Narrowband Clutter
Clutter Compensation waveform
Without Clutter Compensation waveform

Narrowband Clutter
Clutter Compensation waveform
Without Clutter Compensation waveform

Figure 3.13. SINR waveform with clutter compensation.
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3.5 MI-based Waveform for Clutter Compensation on
Measured Target Frequency Responses

The MI-based waveform for clutter compensation is designed for stochastic target in clutter
where it maximizes the mutual information as described by [5], [6]. The MI metric can be
calculated using Equation (2.6) [5], [6]. WhenMI-based waveform for clutter compensation
is employed, the waveform avoids the high energy clutter region and transmits at high energy
target regions in the frequency domain, hence clutter compensation waveform is achieved.
An example of a MI waveform with signal-dependent interference under the influence of a
Hummer target frequency response is shown in Figure 3.14.
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Clutter Compensation waveform
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Figure 3.14. MI waveform with clutter compensation.
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3.6 Chapter Summary

A stationary clutter PSD was used as a basis to generate a clutter PSD model to generate
interference realizations for Monte Carlo simulations for this work. Moreover, narrowband
and wideband clutter were designed to ensure a less conservative approach when included
in the simulation. To generate target RCS responses at a grazing angle for realistic ground
or clutter returns, the first approach used CAD target models where the CST simulation
software generated the EM-simulated frequency responses. With the use of CST simulation
software, two incidence angles for four targets were generated: a) 180◦ in azimuth (θaz =

180◦) and 30◦ in elevation (θel = 30◦), and b) 165◦ in azimuth (θaz = 165◦) and 30◦

in elevation (θel = 30◦). The second approach of generating target impulse responses
was to use physical aerial targets in the RF anechoic chamber to generate more realistic
target measurements. The anechoic chamber method was chosen since it could prevent
unwanted EMwaves from the surroundings and achieve minimal to no reflected signal from
walls during measurements. Two incidence angles were used to generate the responses: a)
RiteWing - The Zephyr II, DJIM100 and Quadcopter - MosquitoHawk positioned at 30◦

in azimuth (θaz = 30◦) and 30◦ in elevation (θel = 30◦), and b) RiteWing - The Zephyr II
positioned at 0◦ in azimuth (θaz = 0◦) and 30◦ in elevation (θel = 30◦). With the target
magnitude frequency responses, SINR-based and MI-based waveforms were derived to
illustrate how waveforms were shaped under wideband or narrowband clutter scenarios.
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CHAPTER 4:
Results

The MAP detection rule is used to determine which target is present for one transmission,
and in the case of CRr, multiple transmissions are considered. The system selects one of the
possible M targets based on the highest hypothesis probability after the last transmission.
Adaptive waveform performance is calculated with the percentage of correct classification
(Pcd). To show the utility of the clutter-compensated waveforms, we will compare them
to the uncompensated counterparts. The waveforms used are: a) WI, b) SNR-PWE, c)
MI-PWE, d) SINR-CC-PWE, and e) MI-CC-PWE.

The two ground-based target sets and one aerial target set are used in generating Pcd

against transmit waveform energy Ex over 10,000Monte Carlo simulations. Both wideband
and narrowband clutter are considered for comparison. Single transmission and three
transmissions are considered and the performance results are compared. Four combinations
of CNR and TNR are considered for the three target sets: a) CNR at 0 dB and TNR at 13
dB, b) CNR at 3 dB and TNR at 13 dB, c) CNR at 6 dB and TNR at 20dB, and d) CNR at
10 dB and TNR at 16 dB. A total of 48 test cases are simulated to generate the percentage
of correct classification (Pcd) to compare adaptive waveforms with clutter compensation
against the other waveforms.
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4.1 Target Classification Performance—Ground Target
Responses for 165◦ in Azimuth and 30◦ in Elevation

Looking at Figure 4.1, we present the CRr closed loop system where four targets are
positioned at 165◦ in azimuth and 30◦ in elevation. Clearly, with CRr, the waveforms for
clutter compensation will be adapted before transmitting as described in Chapter 3. We
show in Table 4.1 the first 16 test cases for ground target responses at 165◦ in azimuth
(θaz = 165◦) and 30◦ in elevation (θel = 30◦). The first 8 test cases considered are with
wideband clutter for 1 transmission and 3 transmissions, whereas the next eight test cases
considered are with narrowband clutter. Four different combinations of CNR and TNR are
varied to obtain the adaptive waveform performance.
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Figure 4.1. CRr closed loop diagram: ground target responses for θaz = 165◦
and θel = 30◦.
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Table 4.1. Test cases for ground target responses at Az = 165◦ and El =
30◦ in signal-dependent interference

Ground Target Responses at Az = 165° and El = 30°
Test

Cases
Target Responses Clutter CNR (dB) TNR (dB)

# of
Transmission

1

Ground Target Responses at
Az = 165° and El = 30°

Wideband 

0 13 1

2 3 13 1

3 6 20 1

4 10 16 1

5 0 13 3

6 3 13 3

7 6 20 3

8 10 16 3

9

Ground Target Responses at
Az = 165° and El = 30°

Narrowband

0 13 1

10 3 13 1

11 6 20 1

12 10 16 1

13 0 13 3

14 3 13 3

15 6 20 3

16 10 16 3
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4.1.1 Wideband Clutter—Target Classification for One and Three
Transmissions

In this section, we discuss the classification performance for test cases 1 to 8. Referring to
the classification performance in Figure 4.2, we observe that MI-CC-PWE, MI-PWE and
SINR-CC-PWE outperform WI and SNR-PWE. The performance of MI-CC-PWE under
wideband clutter is the best where it achieves the best Pcd at all transmit energy levels.
From Figure 4.3, it can be seen that the performance improves significantly for adaptive
waveforms under multiple transmissions. For instance, comparing test case 2 (in Figure
4.2 upper right hand corner subfigure) for one transmission and test case 6 (in Figure 4.3
upper right hand corner subfigure) for three transmissions, Pcd with MI-CC-PWE improves
by approximately 0.2, (from 0.75 to 0.95) at transmit energy of -15 dB (J). This shows that
with even more transmissions, the Pcd can be further improved; thus the radar is behaving
as a CRr.
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Figure 4.2. One transmission  on ground  target (wideband  clutter)—classi- 
�cation performance for WI, SNR-PWE, MI-PWE, SINR-CC-PWE and MI-

CC-PWE waveforms at θaz = 165◦ and θel = 30◦.
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Figure 4.3. Three transmissions  on ground  target (wideband  clutter)—classi-
�cation performance for WI, SNR-PWE, MI-PWE, SINR-CC-PWE and MI-
CC-PWE waveforms at θaz = 165◦ and θel = 30◦.
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4.1.2 Narrowband Clutter—Target Classification for One and Three
Transmissions

In this section, we discuss the classification performance for test cases 9 to 16. As expected,
the classification performance under narrowband clutter is slightly better compared to
wideband clutter since less total clutter energy over the entire frequency band interacts with
the target response before convolutionwith the transmit waveform. The performance forWI,
SNR-PWE,MI-PWE, SINR-CC-PWE andMI-CC-PWEwaveforms for target classification
at θaz = 165◦ and θel = 30◦ are shown in Figure 4.4. Similar to the first 8 test cases, MI-CC-
PWE,MI-PWE and SINR-CC-PWEoutperformWI and SNR-PWE.MI-CC-PWEperforms
the best as it achieves the best Pcd for all transmit energy levels. The performance using
three transmissions are shown in Figure 4.5. Similar to wideband clutter test cases (1 to 8),
the results show that with more transmissions, the Pcd increases.
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Figure 4.4. One transmission  on ground  target (narrowband  clutter)—classi- 
�cation performance for WI, SNR-PWE, MI-PWE, SINR-CC-PWE and MI-

CC-PWE waveforms at θaz = 165◦ and θel = 30◦.
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Figure 4.5. Three transmissions  on ground  target (narrowband  clutter)—
classi�cation performance  for WI,  SNR-PWE, MI-PWE,  SINR-CC-PWE  and 
MI-CC-PWE  waveforms  at θaz = 165◦ and θel = 30◦.
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4.2 Target Classification Performance—Ground Target 
Responses for 180◦ in Azimuth and 30◦ in Elevation

In Figure 4.6, we present the CRr closed loop system where four targets are positioned at
180◦ in azimuth and 30◦ in elevation. As described in Chapter 3, the adaptive waveform
for clutter compensation will be adapted according to the EM environment such as clutter
or noise incorporated in the received signal. We show in Table 4.2 the next 17 to 32 test
cases that are used on ground target responses for 180◦ in azimuth (θaz = 180◦) and 30◦

in elevation (θel = 30◦) for both wideband and narrowband clutter with varying CNR and
TNR.
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Figure 4.6. CRr closed loop diagram: ground target responses for θaz = 180◦
and θel = 30◦.
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Table 4.2. Test cases for ground target responses at Az = 180◦ and El =
30◦ in signal-dependent interference

Ground Target Responses at Az = 180° and El = 30°

Test
Cases

Target Responses Clutter CNR (dB) TNR (dB)
# of

Transmission

17

Ground Target Responses at
Az = 180° and El = 30°

Wideband 

0 13 1
18 3 13 1
19 6 20 1
20 10 16 1
21 0 13 3
22 3 13 3
23 6 20 3
24 10 16 3
25

Ground Target Responses at
Az = 180° and El = 30°

Narrowband

0 13 1
26 3 13 1
27 6 20 1
28 10 16 1
29 0 13 3
30 3 13 3
31 6 20 3
32 10 16 3
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4.2.1 Wideband Clutter—Target Classification for One and Three
Transmissions

In this section, we discuss the classification performance for test cases 17 to 24. The
performance for WI, SNR-PWE, MI-PWE, SINR-CC-PWE and MI-CC-PWE waveforms
for target classification at θaz = 180◦ and θel = 30◦ for the 4 combinations of CNR and TNR
under wideband clutter are shown in Figure 4.7. The performance under three transmissions
are shown in Figure 4.8. The performance results are very similar to test cases (1 to 8)
where SINR-CC-PWE, MI-PWE andMI-CC-PWE outperform theWI and SNR-PWE. MI-
CC-PWE performs the best as it achieves the best Pcd for all transmit energy levels. For the
performance of three transmissions, similar results can be observed when comparing with
test cases 5 to 8 (Figure 4.3), where the Pcd significantly improves with more transmissions
for all waveforms. MI-CC-PWE performs better against the rest of the waveforms when the
CNR increases.
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Figure 4.7. One transmission  on ground  target (wideband  clutter)—classi- 
�cation performance for WI, SNR-PWE, MI-PWE, SINR-CC-PWE and MI-

CC-PWE waveforms at θaz = 180◦ and θel = 30◦.
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Figure 4.8. Three transmissions  on ground  target (wideband  clutter)—classi- 
�cation performance for WI, SNR-PWE, MI-PWE, SINR-CC-PWE and MI-

CC-PWE waveforms at θaz = 180◦ and θel = 30◦.
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4.2.2 Narrowband Clutter—Target Classification for One and Three
Transmissions

In this section, we discuss the classification performance for test cases 25 to 32. Similar
to previous result obtained for test cases (9 to 16), the classification performance under
narrowband clutter is slightly better compared to wideband clutter since less total clutter
energy over the entire frequency band interacts with the target response before convolution
with the transmit waveform. The performance for WI, SNR-PWE, MI-PWE, SINR-CC-
PWE and MI-CC-PWE waveforms for target classification at θaz = 180◦ and θel = 30◦

are shown in Figure 4.9. Similar results are obtained where MI-CC-PWE, MI-PWE and
SINR-CC-PWE outperformWI and SNR-PWE. Also, MI-CC-PWE performs the best. The
performance using three transmissions are shown in Figure 4.10. Comparing with test cases
13 to 16 (Figure 4.5) under 3 transmissions, we obtain similar performance where the Pcd

increases with more transmissions.
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Figure 4.9. One transmission  on ground  target (narrowband  clutter)—classi- 
�cation performance for WI, SNR-PWE, MI-PWE, SINR-CC-PWE and MI-

CC-PWE waveforms at θaz = 180◦ and θel = 30◦.
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Figure 4.10. Three transmissions  on ground  target (narrowband  clutter)—
classi�cation performance  for WI,  SNR-PWE, MI-PWE,  SINR-CC-PWE  and 
MI-CC-PWE  waveforms  at θaz = 180◦ and θel = 30◦.
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4.3  Target Classification Performance—Aerial Target Re-
sponses for 0◦ and 30◦ in Azimuth and 30◦ in Elevation

Looking at Figure 4.11, we consider the CRr closed loop system where four aerial targets
are positioned at 0◦ and 30◦ in azimuth and 30◦ in elevation. We show in Table 4.3 the test
cases (33 to 48) that are used on aerial target responses. While similar results are obtained
where SINR-CC-PWE, MI-PWE and MI-CC-PWE outperform the WI and SNR-PWE, the
performance is lower as compared to CST generated target responses. The classification
performance of any waveform depends on the correlation of the target to the waveform as
well as the clutter correlation with the target. Perhaps the CST generated EM responses
correlate better with the adaptive waveforms and are not very correlated with clutter. For
example, the ground-based target responses have rich frequency components as compared
to aerial target responses. Moreover the aerial targets are smoother in the frequency
domain, which is no doubt because of the receiver filter around the 120 MHz instantaneous
bandwidth limitation of the equipment (VSG and VSA) used. But a similar conclusion is
observed where MI-CC-PWE performs better against the rest of the waveforms when the
CNR increases.
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Figure 4.11. CRr closed loop diagram with aerial target responses.
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Table 4.3. Test cases for aerial target responses at Az = 0◦ and 30◦ and El
= 30◦ in signal-dependent interference

Aerial Target Responses at Az = 0° and 30°, and El = 30°
Test

Cases
Target Responses Clutter CNR (dB) TNR (dB)

# of
Transmission

33

Aerial Target Responses at
Az = 0° and 30°

and  El = 30°
Wideband 

0 13 1
34 3 13 1
35 6 20 1
36 10 16 1
37 0 13 3
38 3 13 3
39 6 20 3
40 10 16 3
41

Aerial Target Responses at
Az = 0° and 30°

and  El = 30°
Narrowband

0 13 1
42 3 13 1
43 6 20 1
44 10 16 1
45 0 13 3
46 3 13 3
47 6 20 3
48 10 16 3
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4.3.1 Wideband Clutter—Target Classification for One and Three
Transmissions

In this section, we discuss the classification performance for test cases 33 to 40. For one
transmission, the classification performance for SINR-CC-PWE, MI-PWE and MI-CC-
PWE are better than WI and SNR-PWE, which are shown in Figure 4.12. MI-CC-PWE
performs the best among the different types of waveforms. With three transmissions, the
classification performance increases and is shown in Figure 4.13. When comparing these
results with the test cases (1 to 8 and 17 to 24) under the wideband clutter, the performance
is lower. With a sufficient increase in number of transmissions, the performance can be
improved which shows that CRr can potentially work using actual physical targets in most
clutter-limited scenarios.
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Figure 4.12. One transmission  (wideband  clutter)—aerial target classi�cation
performance for WI, SNR-PWE, MI-PWE, SINR-CC-PWE and MI-CC-PWE
waveforms.
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Figure 4.13. Three transmissions  (wideband  clutter)—aerial target classi�-
cation performance for WI, SNR-PWE, MI-PWE, SINR-CC-PWE and MI-
CC-PWE waveforms.
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4.3.2 Narrowband Clutter—Target Classification for One and Three
Transmissions

In this section, we discuss the classification performance for test cases 41 to 48. The
performance results for one and three transmissions are shown in Figure 4.14 and Figure 4.15
respectively. Under narrowband clutter, the performance is better compared to wideband
clutter. When we compare previous test cases under narrowband clutter (test cases 9 to
16 and 25 to 32), the performance is lower but with similar outcome where SINR-CC-
PWE, MI-PWE andMI-CC-PWE outperform theWI and SNR-PWE. Again, it is noted that
wideband clutter degrades the performance when compared with narrowband clutter since
more total clutter energy over the entire frequency band interacts with the target response
before convolution of the transmit waveform.
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Figure 4.14. One transmission  (narrowband  clutter)—aerial target classi�ca-
tion performance for WI, SNR-PWE, MI-PWE, SINR-CC-PWE and MI-CC-
PWE waveforms.
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Figure 4.15. Three transmission  (narrowband  clutter)—aerial target classi-
�cation performance for WI, SNR-PWE, MI-PWE, SINR-CC-PWE and MI-
CC-PWE waveforms.
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4.4 Chapter Summary

SINR-CC-PWE,MI-PWE andMI-CC-PWE outperformed theWI and SNR-PWE in all test
cases. In the case of one transmission, even without the benefit of multiple transmissions,
the clutter compensating waveforms already mitigated the interference effectively. With
multiple transmissions, a significant improvement of performance was obtained. In all the
test cases, MI-CC-PWE was the best performer when compared to all the waveforms. In
addition, there was a good performance improvement for the MI-CC-PWE waveform over
the MI-PWE when the CNR was large (10 dB) at three transmissions. This indicates that
MI-CC-PWE will most likely perform better than MI-PWE when the system is even more
clutter-limited. The SINR-CC-PWE also showed significant gain over the SNR-PWE and
WI waveforms.

The target responses that were generated using CST had slightly better performance than
those that were generated using the anechoic chamber method. The classification perfor-
mance of any waveform depended on the correlation of the target to the waveform, as well
as the clutter correlation with the target. It may be possible that the CST generated EM
responses correlated better with the adaptive waveforms and are not very correlated with
clutter. For instance, the ground-based target response had rich frequency components as
compared to aerial target response. The aerial targets were also smoother in the frequency
domain because of the receiver filter around the 120 MHz instantaneous bandwidth limi-
tation of the equipment. However, with sufficient increase in the number of transmissions,
the performance can be improved. These performance results validate the viability of using
CRr under clutter-limited scenarios.
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CHAPTER 5:
Conclusion and Recommendations

We presented SNR andMI-based waveforms for clutter compensation where the waveforms
were able to mitigate clutter. We designed practical clutter PSD models where narrowband
and wideband clutter were included in the simulation. We also generated target RCS
responses at a grazing angle for realistic ground or clutter returns. Two methods were used
to generate the target responses, namely via CST simulation software and using physical
targets with VSG, VSA, and antennas in the anechoic chamber. We examined the ground-
based and aerial target classification problemswith the use of clutter-compensating transmit-
adaptive waveforms in signal-dependent clutter with the use of CRr. We compared these
waveforms against their uncompensated counterparts and the pulsed wideband waveform
(WI) for single and three transmissions.

SINR-CC-PWE,MI-PWE andMI-CC-PWE outperformed theWI and SNR-PWE in all test
cases. Without the benefit of multiple transmissions, the clutter compensating waveforms
could already mitigate the interference well. With multiple transmissions, significant
performance improvements were obtained. In all the 48 test cases, MI-CC-PWE was the
best performer of all waveforms. There was a good performance improvement for MI-CC-
PWE waveform over the MI-PWE when CNR was large (10 dB) at three transmissions.
Consequently, MI-CC-PWE will most likely perform better than MI-PWE when the system
is even more clutter-limited. The SINR-CC-PWE also showed significant gains over the
SNR-PWE and WI waveforms. The performance was slightly lower when target responses
were generated through the anechoic chamber method when compared to those generated
using CST. The classification performance of any waveform depended on the correlation of
the targets to the waveform as well as the clutter correlation with the target. It was likely
that the CST generated EM responses correlated better with the adaptive waveforms and not
very well with clutter. However, with sufficient increase in the number of transmissions,
the performance could be improved.

Overall, our results showed improved target classification performance of a CRr in the
presence of transmit waveform-dependent clutter when adaptive waveforms were used. It is
recommended to implement a closed-loop system in hardware to validate clutter-mitigating
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adaptive waveforms with cognitive radar for target classification.
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