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ABSTRACT

The Cognitive Radar (CR) is a new field for radar research. Its basic characteristics are
introduced in this thesis. Two specific types of waveforms are used in this research;
wideband and an adaptive waveform called probability weighted energy (PWE)
waveform. This thesis also illustrates a comparison of two approaches to using a target
recognition CR system. The first approach is to set a specific probability threshold but
without limiting the number of transmissions. In contrast, the second approach is to set a
specific number of transmissions. Moreover, waveform design due to moving target and a
static target recognition CR system using wideband waveform and PWE waveform is
presented. For a target whose extent changes with motion, a CR system must compensate
the waveforms in order to mitigate the effect on performance.
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EXECUTIVE SUMMARY

Research on conventional radar systems gained tremendous attention after WWII and
advanced radar technology is still a high priority research activity especially in the
military sector. More recently a new type of radar has been introduced. Cognitive radar
(CR) is a closed-loop radar system with many similarities to human cognition. CR uses
waveforms on a continuous basis in order to gain a better sense of the surrounding
environment. Thus using the data collected by the received echoes, CR improves its

performance in real time.

This thesis examines the performance of a static CR system used for target
recognition under various constraints. Initially, the assumption is that both target and
radar are static, i.e. there is no relative motion. To yield classification performances, we
set up and perform Monte Carlo simulation in which a radar tries to classify a target from
a set of alternatives. Throughout this work, our simulation set assumes four known target
responses and in each Monte Carlo trial, the radar tries to identify the target present via
multiple hypotheses testing (MHT). We assume an initial probability of ¥.. Mainly two
types of waveforms are used: wideband and Probability Weighted Energy (PWE). One of
the performance metrics calculated after a Monte Carlo simulation is the probability of

correct decision (P,). For the PWE waveform, CR forms the initial waveform by

summing individual matched waveform of each target scaled by the initial probabilities.
Once measurements are received, initial probabilities are updated via Bayes’ theorem.
The updating of this probability by CR using the probability density functions (pdfs) of
the received vectors in a closed—loop operation is a critical procedure. The maximum a

posteriori (MAP) is used for detection and classification.

This thesis is divided into two research thrusts. First, we discuss two different
methods for using a static target recognition CR system. One technique is to use a
specific probability threshold (for instance, 0.95 probability) but without limiting the
number of transmissions. Thus, we let the CR system transmit until it achieves this
predefined threshold. The second method sets a limit on the number of pulsed

transmissions but without any specific probability threshold to satisfy. For the first
XVii



technique, the performance metrics are given by the Average Number of Transmissions
(ANTR) and the Mean Number of Transmission given Correct Decision (MNTCD). For
the second technique, the performance metrics are given by probability of correct

decision P, and Average Correct Terminal Probability (ACTP). In a Monte Carlo

simulation, ACTP is the average of all final probabilities that are produced only when
correct decisions or classifications are made in the experiments. From the result of our
Monte Carlo simulations, we observe that the ACTP is always slightly higher than the

P, . Thus, in order to achieve the desired P, value for the specific available energy and

number of transmissions, we have to achieve a slightly higher value of ACTP. From the

comparison of the P, for the two methods of utilizing the CR system, we conclude that it
is better in terms of P, to use a specific number of transmissions rather than to have a

preset probability threshold.

The second research thrust in this thesis is we allow for target’s extent to change
due to the motion of target in the target recognition application. Again we use a target
recognition scenario with four hypotheses in our Monte Carlo simulations. The
movement of the target can be either approaching the CR or moving away from the CR.
We assume CR is static. As the target moves, its temporal and amplitude responses
change. In the simulations, both the wideband and PWE waveforms must be adapted to
reflect the target’s movement. We observe that when radar does not compensate the

waveform, the CR’s performance in terms of P, suffers degradation for both wideband

and PWE waveforms. In this case, the radar does not take into account the target’s
movement and as such the waveform is not modified. These unmodified waveforms are
called ‘“non-compensated” waveforms. We label “original” waveforms in our
performance plots for the initial case where there is no relative motion between radar and
target. In other words, performance due to “original” waveforms is only used for
reference and not for performance comparison to “non-compensated” waveforms. TO
mitigate the performance degradation due to motion, we modify the wideband and PWE
waveforms into what we refer to as “compensated” waveforms. In the simulation, we

account for the change in target response to reflect the target’s movement.

Xviii



For the first motion model (in which the target approaches the radar) there is

improved radar performance, in terms of the P, when both the compensated wideband
waveform and PWE waveform are used. Moreover, the P, shows greater improvement

when the compensated PWE waveform is used compared to the compensated wideband

waveform. It is easily observed that the difference in P,, between the compensated PWE

and non-compensated PWE waveform is much greater than the difference between the
compensated and non-compensated wideband waveforms. This result proves how highly
effective the PWE waveform is compared to the wideband waveform.

For the second motion model (in which the target moves away from the radar) we
also observe that the PWE compensated waveform offers superior performance in

comparison to the wideband waveform. However, the improvement in terms of P, is less

significant compared to the case when target is approaching the radar. This is because as
the target moves away from the radar its impulse response becomes smaller. Moreover,
another general observation is that for low energy values (less than -20dB energy units)
the P, of the target is almost constant (about 0.25). The P, of 0.25 is the initial

probability of the four target hypotheses in our simulation and therefore this probability
observation is expected. For high values of energy the improvement of radar’s

performance in terms of P,is remarkable especially when the compensated PWE

waveform is used. Thus, using the compensated version of the wideband and PWE

waveforms we achieve better P, performance using less energy in both cases of target
motion.

For all the results presented in this research we used Matlab for simulation in
obtaining performance results. For each performance metric presented, a Monte Carlo

simulation of 10000 iterations was implemented with different values of energy for

different numbers of transmissions.
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l. INTRODUCTION

A. BACKGROUND

In recent years several attempts have been made to improve the performance of
radar systems used in surveillance, tracking and imaging operations not only in military
sector but in the civilian sector. One of the latest approaches for achieving this goal is the
introduction of a closed-loop radar system called cognitive radar (CR). The
characteristics of CR system are illustrated in the following chapter. Waveform design
optimization has become a tool for CR implementation. Bell in [1] introduced the use of
Signal-to-Noise-Ratio (SNR) criterion for detecting a known target in Gaussian noise.
Pillai introduced an algorithm in the case of signal-dependent clutter to form a finite-
duration illumination in [2]. In case of a known target in signal-dependent interference an
optimum matched waveform was illustrated in [3] and extended in [4] by Romero and
Goodman. Furthermore, Kay addressed in [5] a waveform design for the Gaussian clutter
and Gaussian distributed point target. An interesting way to improve the waveform to be
used for a specific CR platform for target recognition was introduced by Goodman in [6]
where SNR and mutual interference (Ml)-based waveforms were tested. In this CR
implementation multiple hypotheses testing (MHT) was used to determine the target from
a set of possible alternatives via probability—weighted spectral variance (PWSV). A
simpler and more effective waveform design technique called probability weighted
energy (PWE) was introduced by Romero [7]. PWE is the technique that is utilized in this
thesis to modify the transmit waveform for a moving target such that the performance
degradation due to motion is mitigated.

B. THESIS OBJECTIVE

This thesis has two research thrusts. First, it shows two different ways of using a
CR system introduced by Goodman in [6] for target recognition. The first technique is to
set a probability threshold that a CR system uses to terminate illumination as previously
used in [6]. This is called sequential hypothesis testing. In the second method the number

of pulsed transmissions is fixed. For this research we use 1, 2, 4, 10, and 40

1



transmissions. Several conclusions are made from the comparison of the two techniques

for low and high used energy levels.

Secondly, this thesis introduces an extension waveform design for static cognitive
radar and moving extended target based on the approach illustrated by Romero in [8] to

improve performance in terms of probability of correct decision (P,). In target

recognition, we assume a target is present from various alternatives but we do not know
which target is actually present. In other words, there is a number of hypotheses in which
the radar must choose from to decide which target is present. For the simulations
performed in this research work, we use only four different target models for the target
recognition procedure. In case of moving extended target, the design of the waveform
must take into account the increase or decrease of the target’s response in time and
amplitude [8]. When the target approaches the CR its effective response increases and
when the target moves away from the CR its effective response decreases. This thesis

shows that if the target response changes but the waveform design is not modified the P,

drastically decreases. On the other hand, when the waveform design is adjusted the

radar’s performance in terms of P,, is improved.

C. THESIS OUTLINE

This research is organized as follows. The theoretical background of CR is
covered in Chapter I1. The formulation of PWE technique is also discussed in Chapter II.
A comparison of two approaches to using CR system for target recognition is discussed

in Chapter I11. Performance metrics such as the probability of correct decision (P, ), the

average correct terminal probability (ACTP) for wideband and PWE waveforms are
presented in Chapter I1l. The ratio of correct decisions to the number of experiments in a

Monte Carlo experiment is P, . In contrast, ACTP is the average of all final probabilities

that are produced only when correct decisions or classifications are considered in the
experiments. The case of a static target recognition CR and moving extended target using
wideband and PWE waveforms is discussed in Chapter IV. For a target whose extent
changes with motion, a CR system must compensate the waveforms in order to mitigate

the effect on performance. The results from using compensated waveforms for several
2



energy levels and for different number of transmissions are shown in Chapter 1V. Finally,
conclusions and some recommendations for future research in the area of CR are

presented in Chapter V.

D. APPROACH

For all the figures illustrated in this research, Monte Carlo simulations are used to
obtain the results. In our Monte Carlo experiments, we allow 10000 trials where target
present is randomly chosen and noise realization is allowed to vary. In the case of moving
extended target, waveforms are modified to take into account the change
(increase/decrease) of target’s temporal and amplitude response.
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Il.  COGNITIVE RADAR AND PROBABILITY WEIGHTED
ENERGY (PWE) WAVEFORM

The basic theory related to CR and PWE waveforms is provided in this chapter.

A. COGNITIVE RADAR CHARACTERISTICS

CR technology is relatively new for military and civilian applications. The CR
closed-loop radar system is an intelligent system that continually updates understanding
of its environment in order to accomplish its mission. Many CR characteristics differ
from those of conventional radar. We will illustrate two of the characteristics shortly in
the following paragraphs. Haykin in [9] illustrated the characteristics of CR system and
analyzed the experimental results from a case study of a small target in sea clutter in
detail.

1. Cognitive Signal Processing Cycle

Perception and decision—-making procedures in cognitive radar share many
similarities to human nature as described by Haykin in [9]. A human person uses his/her
five senses to observe the surrounding environment, then tries to understand it and finally
decides which of these five senses must be used in order to obtain a better picture of this
environment. The same procedure is used by a CR system which bases its investigation
of the environment on the data collected from the received signals via transmitted
waveforms. The main difference between CR and conventional radar is that CR uses
feedback in order to update its knowledge of the environment and improve its

performance.

2. Radar-Scene Analysis

The second basic CR characteristic is radar-scene analysis. Based on this analysis,
the radar will decide whether targets of interest exist in the area of operation or not. If
targets are detected CR may perform the identification of these targets. This analysis is

based on radar returns and other information about the environment, such as temperature,



humidity, pressure, sea state and wind [9]. Radar returns are environment responses to the

radar’s transmission.

B. PROBABILIY WEIGHTED ENERGY (PWE) WAVEFORM

In this thesis we use the probability weighted energy (PWE) SNR waveform to
detect the target in our target recognition application. The metrics used for performance

evaluation are probability of correct decision (P,) and Average Correct Terminal

Probability (ACTP).

The most important contribution of the PWE waveform is that it eliminates the
waveform search algorithm, which ensures the use of less computational resources
compared to the PWSV [7]. This factor is critical in real time radar operations because of

the limitations of radar resource.

C. PWE TECHNIQUE MATHEMATICAL BACKGROUND

Radar is used in target recognition applications. The system’s main performance

metric is the probability of correct decision (P,) or sometimes called probability of

correct classification. In target recognition, we assume a target is present from various
alternatives but we do not know which target is actually present. In other words, there are
a number of hypotheses in which the radar must choose from to decide which target is

present.

In order to produce P, we utilize Monte Carlo simulations in our target

recognition problem and we assume four target possibilities which correspond to four

hypotheses. In order to obtain numerical results for P, we use 10000 iterations in our

Monte Carlo experiments. Moreover, we use four different known target responses. We
assume that each target has an initial probability of 0.25. We form the initial waveform
from the individual matched waveform for each of the four hypotheses [7]. We scale the
individual matched waveform of each target by their corresponding probability and then
we sum these individual waveforms to create the transmit waveform [7]. We continue by
updating this probability using the pdfs of the received vectors in a closed—loop

operation.



To facilitate our simulations, we use discrete-time signal models. Let x be the

complex-valued transmit waveform, h ,n=1,2,3,4 be the target responses and w be the
white Gaussian noise from the receiver. In general the received signal is given by

y=h*x+w (2.1)
where (*) designates the convolution operation.

For convenience, we can specifically describe h:«/Ehﬁ such that E, is the

target response energy and h is a unit energy vector [8]. Although not necessary, we

assume thatg, =E,, =E,, =E,=E,,, i.e. all the four possible targets have the same

target response energy. Moreover, we can let x:a/Ex;( such that E, is the transmit

waveform energy and X is a unit energy vector. Thus, the received signal is

y = JE A+ JE X 22

For the alternative hypothesis H , the received signal is of the form:

H,:y=4E, h*JE, x +w
H,:y=E, h2*E, x +w
H,:y=\E, hs*{[E, x +w
H,:y=4E, ha*\JE, x +w.

(2.3)

Thus, the general form is Y, :\/Eihﬁn*ﬁx_+w for n=1,2,3,4. If we let H be the
target response  convolution matrix [8] and y=./E,\E Hx+w then

Y, :\jETJEX PTH;( +W. Notice that, the received energy due to the echo alone (i.e., no

_— _T_T_—
noise) is given by s =h*x.In general s, =h_*x and E, = E,E, (Hx)"(HX) = E,E,x H HX

where () represents the conjugate transpose or Hermitian operation. If we set R -H'H

to be the autocorrelation of the target convolution matrix then the received energy due to

the target echo for any target hypothesis is given by E; , = E E, XTRnX . From [8], let q,



be the individual waveform matched to the nth target. Thus, the initial transmit waveform

n=4
X= Q/EX an P° where P’is the initial probability of the nth target. In order to update
n=1

the initial probabilities under the 4 hypotheses we need pdfs of the measurement after the

Kth transmission. After every signal reception the probability update is given by

Pt =, (Y0 Yoo YR (2.4)

where p, designates the pdf due to the nth target, p,(Y,,Y, VY,)the pdf due to the nth

target after the Kth transmission, PnO designates the initial probability of the nth target

and an is the probability update after the Kth transmission [7].

1. One Transmission Using the PWE Waveform

We assume noise to be additive white Gaussian given by the distribution
w ~ CN(0,5°1) and thus the pdf expression of the received signal with an arbitrary target

is given by

P(Y[H) = exp(—— (y—s ) (y—3 ). (2.5)
T O O

For example, for hypothesis one the pdf expression is given by

PYIH) =5 o L exp(——(y $) (y-3). (2.6)

The term (y—s )" (y—s ) in equation (2.5), can be simplified to
(y=s)(y-s)=y'y-y's—s'y+s's. 2.7)

Taking into account the factor _—3 in equation (2.5), we have
O

[(—)«y ) (y-s M=L Lysets y+—1ss+ = 2.8)
G O'

and accounting for the exponential part of (2.5) concludes to



eXID[(_—%)(()/ -s)'(y-s))l= exp[i2 y's+ iz sty + __1 sTs+ —_} yiyl=
explCH(y -5 ) (y—s N=expl 2 Refs'y}- = s's—Lyyl=  (29)
O o o o

exp[((;—b«y—s Y (y=s )] =exp[§ Re{s*y}—§|s|2 —%MZ].

Thus, equation (2.5) modifies to

p(y|H) = exp(— (2Re{s "y} - |5’ ~|y['). (2.10)
T O O

Finally we have for each of the four target hypotheses:

1 [2Refs'vi s P
H)—=— T [eo e g0 211
p(y| l) 7Z'NO'2N[ ] ( )
1 [ZRe{s,'yH —Slsof Sy
H))=—"_TJec° go T go 2.12
p(y| 2) ENGZN[ ] ( )
1 [2Re(sy' v} —Slss® —SyP
P(y|Hy) = le” e e ] (2.13)
T O
1 [SRefs,' v}~ —|yf
p(y|H,) =——<[e” e’ e ] (2.14)
T O

The sum of all hypotheses probabilities is equal to 1. Thus, the constants can be dropped

from the pdfs. Later on the pdfs can be rescaled such that the sum of the probabilities
e
=Aand e A b are constant and

equal 1. In (2.5) to (2.14) we assume that

N __2N
/e

(2.5) simplifies to



1 [aRes'yl sf —Lpyf

p(y|H) = N —~ &7 e’ e o
(o2
Re{s' y}] i
pWW)A[ b] =
Re{s'y} —2|sf

mWﬂzmm? e’ bl

2 -1, 2
[— Re{s'y}] *2‘5‘
p(y|H) = Abfe° e’ 1.

(2.15)

From equation (2.15), the factor Ab is constant and can be eliminated. Thus, we have the

scaled pdf expression to be
2 Re(s'y)] —z\s\
B(y|H) =€~ e .
Taking the natural log version of equation (2.16) yields

InBCy[H) = e e |

In[p(y|H)] =?Re{s*‘y}—§|s|2.

(2.16)

(2.17)

. A 1
Knowing that all probabilities sum up to 1, we can remove the —; factor and thus the

o

rescaled pdf expression is given by

p(y|H) =2Re{s'y}-[Is|'].

Finally for each hypothesis, we have

p(y|H,) =[2Re{s," vy} -[Is.|’]
p(y[H,) =[2Re{s, y} -Is,|']
p(y|H,) =[2Re{s, vy} —[s,|']

p(y|H,) =[2Re{s, y}I-[s,[']

10

(2.18)

(2.19)
(2.20)
(2.21)

(2.22)



2. K Number of Transmissions Using the PWE Waveform

Now we consider the pdf expression of the received signal for K transmissions.

From the general equation for pdf with one transmission we have

p(y[H) = exp(——= (y— ) (y—5)). (2.23)
T O O

We assume that successive received measurements are independent so for K
transmissions we multiply the pdfs. Thus, the pdf in (2.4) becomes

B (Ve VoY) = DY H) e = [ [l XP(= s (v = 5T (Y, —s )} (2:24)
i=1 T O O

From (2.27) we let

1
¥ =— (2.25)
From (2.10), we recall
K 1 (5Refs'yl P P
p(y|H)« :H m[e" e e’ ] (2.26)

i=1

Replacing (2.25) into (2.10), (2.26) simplifies to

za’ \y,\ ZZ—Re(s Yi) i% 2
p(y|H) =We 57 e =7 e =7 . (2.27)

The first two factors of equation (2.27) are again constant, thus we conclude that

ZZ—Re(s vi) —i% 2
p(y|H), =De =7 e =7 . (2.28)

where

7K lz‘ ‘
®=we T (2.29)

so for each hypothesis, the final pdf expressions become

11



K K
ZZ§R9(Si,JYi) *Z;,%‘Si;‘z
p

p(y|Hy), =De = e =’ (2.30)
p(Y|H,), = o 0 B (2.31)
p(y[H,), = d)ezﬁ"lzRe(Si'JYi)eé"lmz 2.32)
p(y|H,)y = @ezg"lzRe(s“”i)eg"lzs”‘z. (2.33)

Where si’nzcorresponds to the received energy under the nth hypothesis. Recall,
n=12,3,4. Taking the natural log of (2.28), we have

In(p(y]H)) = (n@)( )2 Re(s'v) - s 3 230

Dropping the constant In CIDL2 in (2.34) yields the re-scaled pdf expression given by
(o2

DY) =23 Res/v) - Y s 235

Thus, for each hypothesis we have:

B(Y[H.)« =22 Re(s,)'y) 2 fsii (2.36)
P(Y[H2) =22 Re(s.'v) 2 s (2.37)
B(Y[Ha)k =22 Re(si')) = 2| (2.39)
FA)(y|H4)K = ZZ Re(si,4Tyi) _Z‘SM‘ . (2.39)

From [7], the (K+1)th updated probability of the first hypothesis is
R = BRP(Y|H,)« (2.40)

12



where P is the initial probability of the first hypothesis and F’lI<+1 is the (K+1)th updated

probability of the first hypothesis and S ensures summation to unity. Thus, the updated
probability for the nth hypothesis is given by

P = BP’P(y|H, ). (2.41)

As for the PWE transmit waveform, the CR updates the transmission waveform to

x=JE 2 aR" (242)
n=1

where P is the probability update prior to (K+1)th transmission.

D. CHAPTER SUMMARY

In this chapter a short description of the CR characteristics was given and the
similarity between human and CR dynamic closed-loop feedback system was illustrated.
Furthermore, a discussion on the PWE waveform was provided along with the
mathematical background. In the next chapter, a case study of two different ways to use a
static target recognition CR will be illustrated. The first technique allows for a fixed
energy to be transmitted. For a given energy, CR must approach a given threshold
probability without limiting the number of transmissions. In contrast, the second
technique CR utilizes a specific number of transmissions but without any particular
probability threshold to satisfy. A comparison between the CR performance for these two

techniques in terms of probability of correct decision (P,) and the average correct
terminal probability (ACTP) for wideband and PWE waveforms will be presented. P, is

the ratio of correct decisions to number of experiments in a Monte Carlo experiment and
ACTP is the average of all final probabilities only when correct decisions or

classifications are considered in the experiments.
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I11. CLOSED-LOOP RADAR SYSTEM: A CASE STUDY OF TWO
TECHNIQUES

A INTRODUCTION

In this chapter we discuss two different ways to use a closed-loop radar system for
target recognition first introduced in [6]. Just like in [6], we assume that both radar
system and target do not move, i.e., are static. The first one is for a given energy, we let
the CR approach a given probability threshold without limiting the number of
transmissions the CR can use to satisfy this threshold. For simulation purposes of our
target recognition problem, we again assume that the target present comes from four
hypotheses of known target responses. We assume an initial probability of 0.25 for each
hypothesis and we update this probability until the threshold we require is satisfied.

The second technique uses a fixed number of transmissions for a given fixed
amount of energy per transmission. For the purposes of simulation we use 1, 2, 4, 10, 20
and 40 transmissions. In this case we do not have to satisfy a specific probability
threshold. For each number of transmissions the radar decides which target is present by

choosing the hypothesis with the largest final updated probability.

B. PROBABILITY THRESHOLD AND AVERAGE NUMBER OF
TRANSMISSIONS (ANTR)

For the first method of using a target recognition CR system there is not a limit
for the number of transmissions. In contrast, a specific probability threshold is set. Thus,
we let the radar keep transmitting until it achieves this predefined threshold. For the
simulation we set two values of probability threshold for two experiments. For the first
simulation experiment the probability threshold is 0.90 and for the second simulation
experiment the threshold is equal to 0.95. Two types of waveforms, wideband and PWE
are used. After the Monte Carlo simulation, CR calculates the probability of correct
decision. Initial target probabilities are assumed to be ¥4. For the PWE waveform, CR
forms the initial waveform from (2.47). The individual matched waveform is scaled by

their corresponding update probability and the summation of these individual waveforms

15



IS used to create the next transmit waveform. The updating of this probability by CR
using the pdfs of the received vectors in a closed—loop operation is critical. The radar
stops transmitting until one of the hypotheses reaches the threshold. The radar decides
that the target corresponding to that hypothesis is the target present. The average number
of transmissions (ANTR) is a performance metric shown in figures 1 to 5 for wideband
and PWE waveforms. This metric is used to compare the CR’s performance for the two
different predefined probability thresholds of 0.90 and 0.95. ANTR is the average
number of transmissions used to achieve the probability threshold. To present
performance curves for the two waveforms, a Monte Carlo simulation of 10000 iterations
was implemented for different energy values. The ANTR for wideband and PWE
waveforms for energy values from -20dB to 0dB energy units and for probability
threshold of 0.90 is shown in Figure 1. The green curve is for PWE and the blue curve is
for the wideband waveform. We note that for both waveforms a high ANTR is needed to
satisfy the requirement of 0.9 probability for low energy values. For instance, for a given
energy of -20dB units we need 328 transmissions with the wideband waveform. On the
other hand, for the PWE waveform we need only 203 transmissions, which indicate 40%
savings compared to the ANTR of the wideband waveform. This reduction in
transmissions proves the value of the PWE waveform. With both waveforms the ANTR
necessary to satisfy the prerequisite requirement of 0.9 probability threshold is reduced
when we increase the energy used. Thus, for high values of energy (more than -4dB
energy units) the average number of transmissions for both cases is lower. Moreover, we
notice the inferior performance of the wideband waveform compared to PWE. Notice the
decrease in the ANTR necessary to satisfy the threshold condition between the two types
of waveforms for every energy value. For instance, for -18dB energy units the difference
in the number of transmissions is almost 66 transmissions (from 202 to almost 136)
between the wideband and the PWE, but for a -12 dB energy units the difference is only
17 (51 - 34). The ANTR for a probability threshold of 0.90 for PWE and wideband
waveform is shown in figures 2 and 3, respectively, and for the probability threshold of
0.95 the ANTR is shown in figures 4 and 5.
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Figure 1.  ANTR values for probability weighted energy (PWE) and wideband (WI)
waveforms for a probability threshold of 0.9.

C. MEAN AND APPROXIMATE NUMBER OF TRANSMISSION GIVEN
CORRECT DECISION

Here, we describe two performance metrics for radars performing target
recognition: the approximate and the mean number of transmissions given correct
decisions. Let us suppose that for a specific value of energy the probability of correct
decisions is 0.75. Let us assume that the probability threshold is 0.9, and the resulting
ANTR is 48 transmissions. Thus we might calculate the mean number of transmissions
given correct decisions (MNTCD) by multiplying the probability of correct decisions
times the ANTR. In this case 0.75 x 48 equals 36. However, this is a mistake because this
number is merely an approximate number of transmissions (ApNTR) not the (MNTCD).

We illustrate the difference by the following example.
Consider a radar system performing a total of six experiments as illustrated in
Table 1. From the table, we can see that the probability of correct decision (P, ) is 0.5.

The average number of transmissions the radar system used for the six experiments is the
summation of the transmissions for any experiment divided by the total number of

experiments.

17



35+30+50239+82+140 :326 =61 and the ApNTR given correct

decisions is the P, multiplied by ANTR. In other words, P, * Average =0.5*61=30.5.

Thus, Average =

However, this is not the real mean value of transmissions given correct decisions. In
order to find this number we have to add the number of transmissions of correct decisions
and divide the sum by the number of experiments. Finally, we have

30+39+140 209

Mean 3 =69.667, which is different from 30.5 previously

calculated. Thus, to find the mean number of transmissions given correct decisions
(MNTCD), we select experiments with correct decisions, find the number of
transmissions corresponding to these experiments, sum these transmissions and divide it

by the number of experiments with correct decisions.

Table 1. Experiment data (NC: non correct decision, C: correct decision)

Experiment Expl Exp2 Exp3 Exp4 Exp5 Exp6

Number of 25 30 50 39 82 140
Transmissions

Correct NC C NC C NC C
(C)/Not
Correct
Decision
(NC)

The ANTR, the P, and the average correct terminal probability (ACTP) for

different values of energy for PWE and for wideband waveforms are shown in figures 2
and 3, respectively. ACTP is the average of all final probabilities that are produced only

when correct decisions or classifications are made in the experiments.

The energy starts from very low values (-15dB energy units) to relatively high
values (5dB energy units). We assume that the requirement is 0.9 probability threshold,;

the probability that one hypothesis reaches prior to making a decision. The first subplot in

18



Figure 2 (solid red curve) shows the ANTR needed to satisfy the 0.9 threshold, the
second subplot (solid green curve) is the P, the third subplot (solid pink curve) is the
ApNTR given correct decisions and the last subplot (solid blue curve) is the MNTCD.
From these subplots we observe that when the available energy is low the number of
transmissions needed to satisfy our criterion (threshold 0.90) is high. Moreover, in this
case CR achieves low values of P, . On the other hand, when the available energy is high
the needed number of transmission is low and the values of P, are high. The same
conclusion can be made for the wideband waveform. However, it is clear that the PWE
waveform outperforms the wideband waveform. For instance, from low to high energy,
the ANTR for PWE decreases from 72 to 2 while the ANTR for the wideband waveforms
decreases from 108 to 2. Furthermore, the P, for PWE in Figure 2 starts at 0.38 and
reaches almost 1 (100%). In contrast, for the wideband waveform in Figure 3 the P,
starts at 0.38, but the highest value is 0.984. With both waveforms, if the number of
transmissions is not limited, the ANTR given a specific probability threshold and the
MNTCD are approximately the same as seen in first and fourth subplots of figures 2, 3, 4
and 5.
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The ANTR with different values of energy for the two types of waveform is
shown in Figure 6. Again we notice the inferior performance of the wideband waveform
especially at low energy levels compared to the PWE waveform. This type of waveform
needs a higher number of transmissions to satisfy the probability threshold of 0.9. For
higher values of energy, the difference between the two ANTRSs is gradually decreasing

and for particularly high energy levels (above 0dB units) this difference is negligible.

120
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60 ANTR PWE for threshold 0.90
=== ANTR W1 for threshold 0.90
40 AN
) \\
\\

I 1
0 5

Number of transmissions

Energy in db Units (EsdB)

Figure 6. ANTR values obtained for the wideband and PWE waveforms for a probability
threshold equal to 0.90.

The MNTR given correct decisions with different values of energy for the two
types of waveforms is shown by Figure 7. The performance of the wideband waveform is

worse than that of the PWE waveform.
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Figure 7. MNTR values obtained for the wideband and PWE waveforms for a probability
threshold equal to 0.9

D. FIXED NUMBER OF TRANSMISSIONS

In any scenario that concerns detection or classification of a target, on sea, air or
land, P, is a basic performance metric for a radar system (in this case a CR). However,
P, depends on the number of transmissions and the energy of the transmitted signal. For

the second method we do not use a specific probability threshold. In contrast, we use a
specific number of transmissions; 1, 2, 4, 10, 20 and 40 transmissions. In our simulation,

CR uses wideband and PWE waveforms and energy E equal to 1. The resulting P, for
PWE and wideband pulsed waveforms is shown in Figure 8. As energy increases, the P,

also increases, given a fixed number of transmissions. Notice that the PWE is clearly
superior to the wideband waveform. For instance, in Figure 8 for the wideband waveform

with an energy value of -10dB energy units and ten transmissions, the P, is equal to 0.68

(dashed dark blue curve). But for the PWE waveform with the same number of

transmissions, the P, is equal to 0.82 (solid dark blue curve), which is a difference of
almost 0.14. For a higher energy value of -5 dB energy units the P, is 0.9 for the

wideband waveform and 0.98 for the PWE waveform, which is a difference of 0.18. In
23



contrast, for much lower values of energy, such as -25 dB energy units, the difference in

P, for wideband and PWE is much smaller. Thus, we can conclude that for low energy
levels the P, difference is small but as energy increases the P, increases. This is true

for all six different values of transmissions: 1, 2, 4, 10, 20 and 40.
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Figure 8. P, obtained for wideband and PWE waveforms for 1, 2, 4, 10, 20 and 40
transmissions.

In Figure 9, we plot the P, for energy values E equal to 0.001, 0.01, 0.1 and 1 for

the number of transmissions from 0 to 40 for both waveforms. For all different values of

energy the P, for the PWE waveform is higher than that for the wideband waveform. For
the lowest energy level (E=0.001) the difference in the P, is almost negligible even for

the highest transmission number. On the other hand, for the next energy level (E=0.01),

as the number of transmissions is increased the difference between the P, for the PWE
waveform and the P, for the wideband waveform is increased. For energy level equal to

0.1 (the pink and yellow curves for PWE and wideband waveforms respectively in Figure
9), the P, for the PWE is again higher than it is for the wideband waveform. We note

that the difference between these probabilities is constantly increasing from 5
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transmissions to 20 transmissions and is decreasing from 20 to 40 transmissions. For a
high value of energy (E=1), the PWE still outperforms the wideband waveform. But after

10 transmissions both P, approach probability 1 and no performance gain is achieved by

increasing the number of transmissions.

1
/ ~ — | |
| |
ool ‘/ i
Pcd for E=1,PWE
0.8 7~ s Pcd for E=0.1,PWE
== Pcd for E=0.01,PWE
=== Pcd for E=0.001,PWE
074 = Pcd for E=1,WI
/ Ped for E=0.1,WI

2 Pcd for E=0.01,WI
= == Pcd for E=0.001,WI P
s 0.6 /J
<}
& /

0.5

0.4 ///-/

0.3/

——
0.2
0 5 10 15 20 25 30 35 40

Number of transmissions

Figure 9. P, values obtained for PWE and wideband waveforms for different energy
levels.

E. AVERAGE CORRECT TERMINAL PROBABILITY (ACTP)
1. Introduction

ACTP is a new performance metric introduced in this research. ACTP is slightly

different from P,

which is the ratio of correct decisions to number of experiments in a
Monte Carlo experiment. On the other hand, ACTP is the average of all final probabilities
that are produced only when correct decisions or classifications are made in the
experiments. For the illustrated plots in Figure 10 to Figure 28 a Monte Carlo simulation
with 10000 trials with randomly chosen targets from our four hypotheses is performed. In

our experiments, we let energy level be E=0.001, E=0.01, E=0.1 to E=1 and the number
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of transmissions be from 0 to 40. From these figures we will show that P, is connected

with the ACTP through a specific manner.

2. ACTP for WI Waveform

The resulting ACTP with energy values E equal to 1 (pink curve), 0.1 (red
curve), 0.01 (blue curve) and 0.001 (cyan curve) for the number of transmission from 0 to
40 with the wideband waveform is shown in Figure 10. From this figure we can easily
conclude that the higher the energy value, the higher the ACTP becomes given a fixed
number of transmissions. We also see that as we increase the number of transmissions,
ACTP increases for every energy level. Specifically, for the lowest value of energy
(E=0.001) the ACTP ranges between 0.27 and slightly more than 0.33 (cyan curve).
However, although we drastically increase the number of transmissions from 0 to 40, the
ACTP does not significantly change. Therefore we conclude that for low energy levels,
increase in transmission numbers does not increase the ACTP significantly. On the other
hand, for the other three values of energy, increasing the number of transmissions results
in the increase of ACTP. The most pronounced gain is obtained when the energy value E
is equal to 0.1 where the ACTP increases from 0.38 to 0.95. In contrast, for the highest
energy (E=1), we find that after 10 transmissions the ACTP does not change significantly
with increasing number of transmissions since probability 1 is already reached. In other
words, when the available energy E is equal to 1 and the required threshold for ACTP is
greater than 0.95, we can stop after the tenth transmission. Thus we can save time and

computational memory, which is something critical in real life operations.
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Figure 10. P, and ACTP values obtained for the wideband waveform at different energy
levels.

3. ACTP for PWE Waveform

The resulting ACTP for PWE for values of energy E equal to 1 (blue curve), E
equal to 0.1 (black curve), E equal to 0.01 (pink curve) and E equal to 0.001 (yellow
curve) with the number of transmissions from 0 to 40 is shown in Figure 11. From this
figure we can easily conclude that the higher the energy level is, the higher the ACTP is
given a fixed number of transmissions. As the number of transmissions is increased, the
ACTP increases for every energy level. Specifically, for the lowest value of energy
(E=0.001), the ACTP ranges between 0.27 and 0.33 (solid yellow curve) which is a
slightly better range compared to that of the wideband waveform. We conclude that for
low energy levels the increase in transmission numbers does not affect the ACTP
significantly. In contrast, for the other three values of energy, increasing the number of
transmissions results in the increase of the ACTP. Again the most pronounced gain is for
E equal to 0.1 (solid black curve) where the ACTP increases from 0.43 to 1. For the
highest energy (E=1), we find that after five transmissions the ACTP almost reaches
probability value of 1. In other words when the available energy E is equal to 1 and the

required threshold for the ACTP is 0.95, we can stop at the fifth transmission.
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Figure 11. P, and ACTP values obtained for the PWE waveform at different energy levels.

A performance comparison between the PWE waveform and the wideband
waveform using four different values of energy (E=1, E=0.1, E=0.01, E=0.001) for a
number of transmissions ranging from 0 to 40 is shown in Figure 12. As we can see from
this figure, the ACTP is higher for the PWE at all levels of energy with any number of
transmissions, which simply indicates that the PWE technique highly improves the ACTP
in comparison to the wideband waveform. However, a more detailed examination
uncovers some interesting results. For the PWE waveform, the ACTP is higher for every
number of transmissions when the energy level E is equal to 1 (see Figure 12, cyan
curve) compared to other energy levels. From Figure 12 we conclude that for increased
number of transmissions, not only the ACTP is increased but the difference in the ACTP

between the PWE and wideband waveform is increased also.

For an energy value E equal to 0.1 we have a sharper improvement in the ACTP
as we increase the transmission number (solid green and black curves in Figure 12).
Furthermore, the PWE waveform shows a better performance compared with the
wideband for all the transmission numbers. From Figure 12, if the available energy is
lower than E equal to 1 we can achieve the previously defined ACTP threshold

(ACTP=0.95) only with the PWE waveform and with an increased number of
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transmissions (NTR>32). In addition, the following curves in Figure 12 indicate that in
the case of a high energy value (E=1) we can reach the highest ACTP threshold
(ACTP=1) with a limited transmission number. In case of the PWE waveform ACTP
equal to 1 can be achieved after the fifth transmission and ACTP equal to 1 can be
achieved after the eighth transmission for the wideband waveform. The low demand on
energy resource is highly desirable in real operations. Thus, for very low and for very
high energy levels we do not have much ACTP gain. In contrast, for medium energy

level the gain in terms of ACTP is remarkable.
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Figure 12. ACTP values for PWE and wideband waveforms and for different energy levels.

P, and ACTP levels obtained with different energy levels for number of

transmissions from 0 to 40 for both waveforms are shown in Figure 13. Results show that

for every energy level the ACTP is higher than the P, . However, the difference between
the P, and the ACTP is negligible when the energy level is very low or very high. This

is true for both the wideband and PWE waveform.
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energy levels.

F. Pca AND ACTP FOR WIDEBAND WAVEFORM

P, and ACTP values obtained for the wideband waveform are shown in Figure

14 to Figure 19. The energy varies from -40dB to 10dB units. We find that for low

energy values (less than -10dB units) the P, and ACTP are almost the same. However,
the increase in energy levels results in an increase in the P, and ACTP. Of course for a
higher number of transmissions, a higher P, and higher ACTP, given the same energy

value, are observed. For instance, for one transmission and for energy E equal to -10dB

energy units, P, equal to 0.38, ACTP equal to 0.40 (Figure 14); but for 2 transmissions
P, equal to 0.44 and ACTP equal to 0.46 (Figure 15). From figures 14 and 15, the ACTP
is higher than the P, for the same value of signal energy. At very low energy levels the
difference between the P, and the ACTP is negligible. However, as we increase the
energy the difference increases even for a single transmission (Figure 14).

The ACTP is a metric that is different from the P, in the following way. Suppose

we want to achieve a specific threshold of probability of correct decision of 0.80 with
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twenty transmissions. As shown in Figure 17 we must use more than -10dB energy
(dashed pink curve). However, from the yellow “diamond dashed” curve we can
extrapolate that the ACTP is higher than 0.8; it is 0.85. Thus if we want to achieve a 0.8
P, we must achieve a 0.85 ACTP.
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G. Pc«a AND ACTP FOR PWE WAVEFORM

In the following set of figures (Figure 20 to Figure 25) we plot the resulting P,
and the ACTP obtained for the PWE and wideband waveform and 1, 2, 4, 10, 20 and 40

transmissions. Comparison between the P and the ACTP for all six different values of

transmission is shown in Figure 26. In these simulations, there is a fixed number of
pulsed transmissions (1, 2, 4, 10, 20 and 40) but there is no specific probability threshold
to satisfy. For all experiments, we use an energy constraint between -40dB to 10dB units
and a Monte Carlo simulation of 10000 iterations. From figures 20 to 26 we can observe

that the P, value obtained for the wideband waveform is lower than the P, level obtained

for the PWE waveform, given a fixed number of transmissions for all energy values.
Furthermore, the ACTP level for the wideband waveform is lower than the ACTP for the

PWE technique. As energy increases for a given constant number of transmissions, P,

and ACTP values increase for both PWE and wideband waveforms. Considering the
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wideband waveform in Figure 22, we see that for four transmissions and signal energy of

-15dB units, the P, level is equal to 0.4 and the ACTP value is equal to 0.42 (represented

by the solid and dashed red curves, respectively). When the energy is increased to -5dB

units, the P, level is equal to 0.72 and the ACTP value is equal to 0.8. Considering the
same energy values with the PWE waveform, we see that the P, value improves from
0.43 to 0.88, and the ACTP improves from 0.48 to almost 0.9 (represented by the solid
green and dashed black curves in Figure 22, respectively).

For completeness, we compile all P, and ACTP performances for both

waveforms in Figure 26 for 1 to 40 number of transmissions. Both probabilities begin at

0.25. Moreover, results show for the same energy level P, and ACTP values also

increase when the CR increases the number of transmissions. In the case of a high

transmission number (that is, more than 15) P, and ACTP values are relatively high

even when we use low energy levels.
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H. CHAPTER SUMMARY

This chapter discussed two approaches to use cognitive radar for target
recognition. The first one sets a specific probability threshold without any limit on the
number of transmissions the radar can use while the second one restricts the number of

available transmissions to a predefined number.

Performance metrics for ACTP, ANTP, ApNTCD and MTNCD values were
introduced. From the Monte Carlo experiments conducted, the ACTP is always higher
than the P, for both the wideband and the PWE waveform. We also observed the
performance superiority of the PWE waveform compared to that obtained with the

wideband waveform using P, and ACTP as performance metrics. We concluded that to
achieve a specificP,as a function of transmit energy given a fixed number of

transmissions, we need a slightly higher value of the ACTP. In this way we can ensure to

meet specific P, the system requires.

It is noteworthy to compare the two techniques for using CR. Consider figures 27

and 28. The P, in the case of a fixed number of transmissions (10 transmissions) is shown
in Figure 27 where we can observe that even for low energy levels P, is relatively high.
For instance for -15dB energy units P, is equal to 0.58. P, values obtained in the case of
an unlimited number of transmissions but with a specific probability threshold to achieve
(in this case 0.9) are presented in Figure 28. From this figure we observe that for low

energy levels (although we have the ability to use unlimited number of transmissions) the

system can not achieve a P, of 0.9 (the threshold we defined). The P, is low, which is
less than 0.4 (solid green curve). For instance for -15dB units, P,, is equal to 0.37 and the

radar uses 73 transmissions (solid red curve). On the other hand, for a fixed number of

transmissions (Figure 28), the P, for the same energy value (-15dB units) is equal to 0.58,

which is a difference of almost 0.2 in probability. Moreover, the number of transmissions
is extremely low, only 10 transmissions as compared to 73. Thus we conclude that it is
better to use a specific number of transmissions with low energy signal levels. In both

cases the increase in signal energy results in an increase in P, levels.
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We should note that for higher energy levels we have different results.

Specifically, with 0dB energy level when CR uses 10 transmissions, the P, is equal to 1

(the solid blue curve in Figure 28). In contrast, for the same energy level when the CR
has to satisfy the 0.9 probability threshold without limiting the number of transmissions

the value of P, is different. In this case from the solid green curve in Figure 28 we
extract that P, is equal to 0.84. From the red solid curve in the same figure we observe
that for P, equal to 0.84 CR used only 4 transmissions. Another observation from Figure
28 is that for energy level higher than 0dB units, the values of P, are between 0.8 and 1.
And the number of transmissions to achieve these values of P, are much lower than 10.
For high energy levels and probability threshold is set, CR achieves P, values close to 1

only by not limiting the number of transmissions. As stated before, for the same energy

of 0dB units P, is equal to 1 using fixed number of transmissions (Figure 27), but with
unlimited number of transmissions P, is equal to 0.84 (ANTR=4 transmissions). Thus,

CR effectively saved 6 transmissions (10-4) for the same energy.
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Figure 27. P, values obtained for the PWE waveform and 10 transmissions.
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IV. PROBABILITY OF CORRECT DECISION (P.5) FOR MOVING
EXTENDED TARGETS

A INTRODUCTION

Recall that the scenarios described in the previous chapters consider the case
when the radar and the target are static. Now we consider the case when the radar or
target may be in motion. Waveform design compensation due to changes in target
response due to motion between radar and extended target in terms of detection is
initially discussed in [8]. In this thesis, we consider the two cases of a target moving
either away from and moving directly toward the static radar in our target recognition

problem.

B. CONCEPT APPROACH

In case of a moving target, its return changes compared with a stationary one. As
discussed in [8] the range between static radar and moving target changes, i.e., the
target’s effective impulse response in time and amplitude changes. When the target
approaches the static radar its impulse response increases in time and amplitude. In
contrast, when the target moves away its impulse response decreases. Thus, when there is
relative motion between radar and target the waveform design should be adjusted to
compensate for these changes.

C. EXTENSION TO TARGET RECOGNITION WITH CR

In this thesis, we consider the case where the target is in motion and the radar is
static. If the target moves away from the radar its amplitude and time extent become
smaller but when the target approaches the radar its amplitude and time extent become
greater. In our simulation, we have to account for these changes. For instance when target
moves away from CR its impulse response h in equation (2.1) becomes smaller. In
contrast, when the target approaches the static CR h becomes greater. Thus, equations
(2.1) to (2.5) are modified. Since the probability of each hypothesis should be updated
using the pdfs of the received vectors, equations (2.36) to (2.41) are modified and the

waveforms are compensated.
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D. PWE AND W1 WAVEFORM COMPENSATION

To modify the PWE and wideband waveforms to adjust to the target’s movement
we have to account for our target’s response in our simulation. Thus, if the waveform is
not compensated, then CR’s performance suffers [8]. However, because of target’s
motion the pdfs should be adjusted in every transmission. For each plot in figures 29
through 53, 10000 Monte Carlo trials are used. The curve labeled “original” refers to the
case when the target and radar are static from the previous chapters. The performance
curve is shown only for the purposes of comparison to the performance of the
uncompensated waveforms labeled ‘“non-compensated.” The performance of the
compensated waveforms is labeled “compensated”. In the following paragraph we

illustrate the losses in P, when CR uses the non-compensated waveforms.

1. Decreasing Range between the CR and Target

The performance of the non-compensated waveforms compared with the
“original” performance, for 2, 4, 10 and 20 transmissions is shown in figures 29, 30, 31
and 32 respectively. In this series of simulation experiments, the target approaches the
CR system. The performance labeled “original” actually refers to the case of both static
target and radar. Here, we only use it as reference curve in order to illustrate the
performance degradation due non-compensated waveforms. Recall that the non-

compensated waveforms are used for the case of static radar and moving target.
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Figure 29. P, values obtained for “original” wideband, compensated wideband, “original”
and compensated PWE waveforms with 2 transmissions and approaching target.

1
0.9
0.8
0.7
z
806
8
o
05
7 == W |:ORIGINAL
0.4 ' PWE:ORIGINAL B
= = = PWE:NON COMPENSATED
0.3 —_ WI:NON COMPENSATED
T
| | |
0 r r r
0 -35 -30 -25 20 -15 -10 5 0 5 10

Energy in dB units
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“original” and non-compensated PWE waveforms with 4 transmissions and
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Figure 32. P, values obtained for “original” wideband, non-compensated wideband,

“original” and non-compensated PWE waveforms with 20 transmissions and
approaching target.
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2. Increasing Range between the CR and Target

Here the CR system is static and the target is moving away. Because of target’s
motion its extent in time and amplitude is smaller. Again, we investigate the performance
gain of compensated waveform and the performance loss of non-compensated
waveforms. The loss is shown in figures 33, 34, 35 and 36 (for 2, 4, 10, and 20

transmissions, respectively).
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Figure 33. P, values obtained for “original” wideband, non-compensated wideband,

“original” and non-compensated PWE waveforms with 2 transmissions and target
moving away from radar.
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“original” and non-compensated PWE waveforms with 4 transmissions and target
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E. MOTION COMPENSATED WAVEFORMS

1. Introduction

As mentioned in previous section we have two different types of motion. The

probability of correct decision (P,,) with different numbers of transmissions for different

values of energy is shown in Figure 37 to Figure 53.

2. Decreasing Range between the CR and Target — Wideband Waveform

In this series of Monte Carlo simulations, we use the compensated wideband
waveform. Monte Carlo simulations are performed and performance curves are generated

for energy values from -40dB to 0dB units.

The performance of the compensated wideband waveform for 10, 20 and 30
transmissions is presented in Figure 37 (illustrated by dashed lines: blue for 10
transmissions, red for 20 transmissions and green for 30 transmissions). As shown in

Figure 37, there is a remarkable improvement in P, as we increase the number of
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transmissions. For instance, for -10dB energy units for 10 transmissions P,, is equal to

0.7 (blue dashed curve); for 20 transmissions is equal to 0.87 (red dashed curve) and for

30 transmissions is equal to 0.93 (green dashed line). To achieve a P, of 0.9 by using a

compensated wideband waveform, we need: -5.1dB units for 10 transmissions, -8dB units
for 20 transmissions; and only -12dB units for 30 transmissions.
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Figure 37. P, values obtained for compensated wideband waveform with 10, 20 and 30
transmissions and approaching target.

3. Decreasing Range between the CR and Target — Comparison between
Compensated and Non-compensated Waveforms

The comparison between the compensated and non-compensated waveforms
(wideband and PWE) when the target approaches the static radar (the range is decreasing)
is shown in figures 38, 39, 40, and 41. The same energy values are used (-40dB to 10dB
units). The performance comparisons using 2, 4, 10 and 20 transmissions are shown in
figures 38, 39, 40, and 41 respectively. Looking at these four figures we note several
observations. First, in all four cases, PWE compensated waveform (dashed blue line) has
superior performance compared to the wideband compensated waveform (dashed red
line). The P, performance improvement given fixed number of transmissions is evident.
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For instance, from Figure 38 we observe that in case of -5dB energy level P, is equal to

0.5 for non-compensated PWE waveform (dashed green line) but for PWE compensated

waveform (dashed blue line) P, is equal to 0.7. The improvement in P by using the

PWE compensated waveform is slightly different if we increase the number of
transmissions. For example, from figures 39, 40 and 41 the performance difference given
-5dB units of transmit energy between compensated and non-compensated PWE
waveforms is: 0.21 for 4 transmissions, 0.2 for 10 transmissions, and 0.22 for 20
transmissions. Another observation can be made if we use a specific probability

threshold. For instance, suppose we set a P,of 0.9 and suppose we use only 10

transmissions (Figure 40). The energy required according to the plot is: -8dB units for the
PWE compensated waveform, -6dB units for the wideband compensated waveform, -3dB
units for the non-compensated wideband waveform and, -2dB units for the non-
compensated PWE waveform. Thus, we save 6dB units of energy if we use the PWE
compensated waveform instead of the non-compensated one if we want to achieve the

same P, . In contrast, the improvement in the case of wideband waveforms is only 3dB

energy units. We observe similar results for the other numbers of transmissions. The

difference in terms of P, between the waveforms for 20 transmissions is shown in

Figure 41. For the same probability of 0.9 the difference between compensated and non-
compensated PWE waveforms is almost 11dB energy units. Between the compensated
and non-compensated wideband waveforms the difference is almost 7dB energy units.
Finally, for higher number of transmissions with the compensated waveforms, the

improvement we achieve in terms of P and energy is greater, especially by using the

compensated PWE waveform.
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4. Increasing Range between the CR and Target — Comparison between
Compensated and Non-compensated Waveforms

The use of compensated waveforms (wideband and PWE) is shown to be an
effective mitigation for target motion (target moving away from the CR). The comparison

in terms of P, between the compensated and non-compensated wideband and PWE

waveforms is shown by figures 42, 43, 44 and 45. As depicted in these figures, the
waveform with the superior performance in all cases of number of transmissions (2, 4, 10
and 20 transmissions) is the compensated PWE waveform (dashed blue line). Moreover,

for low energy values the improvement in terms of P, for PWE and wideband waveform

IS moderate. In contrast, for higher energy levels the improvement is clearly remarkable.
For instance, in Figure 44 when 10 transmissions are used with an energy level of -10dB

units, the improvement in the P, is equal to 0.18 for the PWE waveform and only 0.01

for the wideband waveform. Furthermore, the use of compensated waveforms results in
obvious energy savings both in the case of wideband and PWE waveforms regardless the
number of pulsed transmissions. For instance, when we use only two transmissions
(Figure 42) and for a probability of 0.9, we need -2dB energy units for the compensated
PWE waveform and for the non-compensated PWE waveform 8dB energy units are
needed. Thus, this is a difference of 10dB energy units. In the case of wideband
waveforms, the difference between the compensated and non-compensated wideband
waveform is only 4dB energy units. Another conclusion deduced from figures 42 to 45 is
that as we increase the number of transmissions the difference in energy used to achieve a

specific P,, is slightly decreased. For instance, for P, equal to 0.9 the difference between

compensated and non-compensated PWE waveforms starts at: 8dB energy units for 2
transmissions, 5dB energy units for 4 transmissions, 4dB energy units for 10

transmissions and 10dB energy units for 20 transmissions.
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5. P« for Decreasing Range — Comparison between Original and
Compensated Waveforms

The P, obtained for a specific number of transmissions (in this case, 2, 4, 10, and

20) when the range between radar and the target is decreasing is shown in Figure 46 to

Figure 49. In these figures we plot the P, performance of the “original” wideband

waveform, the compensated wideband waveform, the “original” PWE waveform and the
compensated PWE waveform for five specific numbers of transmissions. Solid lines
correspond to the performance of “original” wideband and PWE waveforms (red and blue
color, respectively), and dashed lines correspond to the performance of compensated
wideband and PWE waveforms. Recall that the performance labeled “original” actually
refers to the case of both static target and radar. Here, we only use it as reference curve.
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Figure 46. P, values obtained for “original” wideband, compensated wideband, “original”

PWE and compensated PWE waveforms for 2 transmissions and approaching
target.
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PWE and compensated PWE waveforms for 20 transmissions and approaching
target.

6. P« for Increasing Range — Comparison between Original and
Compensated Waveform

The P, levels obtained for a specific number of transmissions (2, 4, 10, and 20)

when the range between radar and the target is increasing is shown in Figure 50 to Figure
53. Recall again that the performance called “original” actually refers to the case of both

static target and radar. We only use it as reference curve.
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Figure 51. P, values obtained for “original” wideband, “original” PWE, compensated

wideband and compensated PWE waveforms with 4 transmissions and target
moving away from radar.
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Figure 52. P, values obtained for “original” wideband, “original” PWE, compensated

wideband and compensated PWE waveforms with 10 transmissions and target
moving away from radar.
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F. CHAPTER SUMMARY

This chapter presented modification to the wideband and PWE waveforms in the
case of a static CR system and moving target. We used Monte Carlo simulations to yield
the performance plots in order to compare wideband and PWE waveform for different
number of transmissions. We drew several conclusions both in the cases of decreasing

and increasing distance between the CR and target.

The superior performance of the compensated PWE waveform compared to all
the other used waveforms is evident when a target approaches the radar. Even for a small
number of transmissions (two and four transmissions) the PWE compensated waveform

provides significant improvement in P,, values over the non-compensated waveform. In
general, an increase in the number of transmissions improves the P,, regardless of which

waveform is used. In our experiments performance improvement is much more apparent
for a high number of transmissions such as 10 and 20 transmissions. It is noted that the

difference in P, between the compensated PWE waveform and the non-compensated

PWE waveform is much greater than the improvement between the compensated
wideband and the non-compensated wideband waveform. This result proves the
effectiveness of the PWE waveform over the wideband waveform. We also explored the
case when target moves away from the radar. Again, the compensated PWE waveform
and the compensated wideband waveform performed better than the uncompensated

waveforms. In general, when the number of transmissions is increased the P, level is
increased for all waveforms used. However, in all cases the best performance is seen with
the PWE compensated waveform.

It should be noted that regardless of the number of transmissions, low energy
values (less than -20dB units) result in P, of about 0.25 as expected. Thus, the

waveform design does not improve the radar performance when low energy levels are

used. In contrast, for higher values of energy the improvement of the radar’s P,
performance is remarkable. The increase in the number of transmissions results in P,

improvement, especially when the compensated PWE waveform is used. Although CR
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also improves the P in the case of the wideband waveform, the PWE waveform is more

effective. Practically speaking, this means that by using PWE waveform we improve
radar’s performance. This is critical in real life radar operations. Using the compensated

version of wideband and PWE waveforms we achieve better P, performance using less

energy in both cases of target movement (approaching or moving away from the radar).
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V. CONCLUSIONS AND RECOMMENDATIONS

The basic characteristics of cognitive radar (CR) were briefly discussed in this
thesis [9]. We used the specific form of CR introduced in [6] for target recognition.
Moreover, the probability weighted energy (PWE) waveform (in [7]) is used in our

experiment.

Two different methods of using a CR system were discussed. The performance
metrics ACTP, ANTR, ApNTCD and MTNCD were investigated. The first method used
a probability threshold (for instance, 0.95 or higher) without limiting the number of
pulsed transmissions and the second one used a fixed number of transmissions. From the
results produced via Monte Carlo simulations, we deduced that relatively high energy a
specific probability threshold without restraining the pulsed transmissions must be used

in order to keep radar’s performance in satisfactory level in terms of P, (first method of

using a target recognition CR). In contrast, if the available energy is low, it is better to
use for a specific number of transmissions (second method of using a target recognition
CR).

In the latter part of the thesis, the case of a static target recognition CR and
moving extended target was introduced. Furthermore, the changes in time and amplitude
for a target moving away or approaching the CR system was discussed. In our simulation
we had to account for these changes. The performance of wideband and PWE waveforms
with different values of energy for different numbers of transmissions was compared.
Furthermore, a general conclusion is made that if the target response changes but the

waveform design is not modified the P, drastically decreases. In order to compensate

radar’s performance two modified types of waveforms were used: the compensated
wideband waveform and the compensated PWE waveform. From the comparison

between the compensated and uncompensated waveforms, P, improvement was shown

when different values of energy for different numbers of pulsed transmissions were used.
With target motion, the PWE compensated waveform had the best performance as

compared to other waveforms even when small energy values were used. Different
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configurations of moving CR systems and targets should be included in a future

investigation.
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