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ABSTRACT

Implementing a cognitive architecture into a RadCom system design is an innovative
paradigm for optimizing the system resources within the time-variant environment.
Involving a closed-loop design into the current Radcom systems structure would allow the
moving target to be tracked and simultaneously maintain the information transmission
towards the direction of the intended communication receivers during each illumination.
The proposed design provides the following benefits to the current RadCom system: 1) An
efficient utilization of available resources, 2) Improvement of the tracking task of the
system, 3) Enhancing the system throughput via an appropriate selection for information
embedding strategy that would maintain the communication link towards the intended
receiver regardless of its location, either in the main lobe or sidelobe (SL), within the
transmit beampattern (BP).

In this thesis, we have employed convex optimization and beampattern modulation
techniques and advanced array designs such as frequency diverse array (FDA) and/or
multiple-input multiple-output (MIMO) configurations. This had facilitated the provision
of the spatial and temporal structure required to implement radar and communication

functions simultaneously.

The main contributions of this thesis include: 1) Proposed an unambiguous joint
estimation algorithm for angle and range parameters of the radar target based on FDA-
MIMO configuration, 2) Our proposed design involved various motion modes of the
moving target during tracking scenario, namely, constant velocity (CV), constant

acceleration (CA), and coordinated turn motion (CTM) models, 3) We have developed an



algorithm for the appropriate selection of the information embedding strategy towards to
the intended communication direction 4) We have designed two signaling strategies,
namely a phase-shift keying (PSK) and a novel amplitude phase-shift keying (APSK), for
embedding the transmitted communication symbols. This proposed APSK information
embedding strategy outperforms the existing SL signaling strategies in terms of the number
of bits that can be embedded and bit error rate (BER) performance. It also allows different
communication symbols to be transmitted to different communication users located in the
SL directions, 5) The performance of the radar functionality is improved in terms of target
detection and tracking, Cramer-Rao lower bounds (CRLBs) for range and angle
estimations, and the signal-to-interference-plus-noise ratio (SINR). While for the
communication functionality, the performance is enhanced in terms of symbol error rate

(SER), secure information transmission, and overall throughput.
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CHAPTER-1

INTRODUCTION

In the past, radar and communication systems were developed as independent units.
However, a cost-efficient solution that integrates both the functions in a single platform
under the name of RadCom system was proposed to resolve the congestion problem within
the spectrum space. Application of cognitive principles into the RadCom system design
allows efficient utilization of the system resources and enhancement of its performance in
terms of target tracking and overall throughput. This is a novel idea that has not been

researched to the best of our knowledge.

In this chapter, we present the background of the joint radar and communication
systems, and then the contributions of this thesis to the field of RadCom system design. In

the end, we summarize the organization of the thesis.

1.1. Background

The Radio-frequency (RF) spectrum is a scarce resource used for several services
such as navigation, broadcasting, surveillance, and communication. With the rapid growth
of services and connected devices, especially in the wireless communication industry, the
frequency spectrum is being progressively congested. By 2025, the ubiquitous number of
connected devices is estimated to be 75 billion devices [1], which highlights an impending

necessity for additional spectral resources to meet the requirement for high-quality services
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provided to the users. As a result, the auction price for the available RF spectrum has risen
sharply during recent years [2-4]. For these reasons, network providers are looking for
opportunities to reuse the RF spectrum that is currently restricted to other services and
applications [5, 6].

Radar has been evolving for many years and modern radar systems are used around
the world offering a variety of applications including geophysical monitoring, air traffic
control (ATC), surveillance for defense and security, and weather observation. Due to the
large spectrum portions available, the radar frequencies are among the best options to be
shared with different communication systems [6]. In particular, below 10 GHz, a large
proportion of the spectral resources are utilized by the Radar, however currently it is shared
with the new wireless communication systems e.g., LTE, 5G NR, and Wi-Fi [6]. At higher
frequencies, the radar and communication platforms are anticipated to have smooth
coexistence or even useful cooperation in the upcoming 5G network and beyond. However,
sharing the available spectral resource would increase the interference with the radar
frequency bands. Thus, the military and government organizations have raised concerns
over the protection of critical radar tasks [7-9].

In recent years, intensive research has concentrated on the problem of RF spectrum
congestion between radar and communications [6, 10, 11]. Generally speaking, there are
two major research directions for joint radar and communication designs: (1) the
coexistence approach and (2) the RadCom system co-design approach [12]. The
coexistence approach aims to develop effective interference management procedures so
that the two systems can operate without unduly disturbing each other. It is based on the

exchange of information between radar and communication systems. On the other hand,
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the RadCom techniques concentrate on designing dual-function systems that can
concurrently perform remote sensing and wireless communication. It enables a single
hardware platform to perform both detection and communication operations without
compromising the performance of both functions [13, 14].

In many applications, the joint radar-communication platform design is useful [15,
16]. This has pushed comprehensive efforts to innovate methods that facilitate the
integration process of both the functions [17-24). It has been im plemented in various novel
applications, including covert communications, indoor positioning, and vehicular networks
[24-26]. We have summarized the existing and potential applications of RadCom systems
in Table 1.1. For instance, military applications sharing the aperture and spectral resources
for radar and communications permit command integration, platform control, and system

resources management more efficiently.

Table 1.1: Applications of the RadCom Systems Technology.

Radar-communications coexistence, Medical sensors, WiFi localization,
Civilian AppHeations  vehicle-to-everything (V2X) network, Radar relay. Radio frequency identification (RFID),
Unmanned aerial vehicle (VAV) commuaications and sensing, etc.

Military Applications ~ Multi-function RF system, UAV communications, and sensing, Radar assisted low-
probability-of- intercept (LPI) communications, Passive radar, efc,
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1.2. Objectives And Contributions of The Thesis

The main objective of this thesis is to develop a cognitive architecture for RadCom
systems design. Our primary focus is utilizing the feedback information provided from the
receiver side to enhance the performance of the RadCom systems. It will add the following

benefits to the current RadCom system [17-24]:

o Utilization of spectrum and system resources more efficiently,

o Improving the tracking task for radar target and permitting a cognitive selection for
an appropriate information embedding scheme that maintains the communication
link towards the intended communication direction during each scan,

e Enhancing the throughput of the system.

A cognitive approach for RadCom system design is an innovative paradigm for
optimizing the system resources within the time-variant environment. Fig. 1.1 represents
the proposed cognitive architecture for the RadCom system design under consideration.
The joint transmit platform (JTP) is illuminating the environment (targets and
communication receivers) and the reflected signals are processed at the receiver to extract
useful information about the target’s features. The knowledge of the environment from one
scan to the next is accumulating and the receiver makes decisions on the possible presence
of the target within the environment on a continuous-time basis. The estimated target
position P, at time n is forwarded to the predictor position block to estimate the next target
position P,.;at timen + 1. Next, the receiver feeds back this information to the

transmitter, which compares P,,; with the known location of the communication



receivers. Then the JTP illuminates the environment in light of resulted information and

the cycle is then repeated over and over again.
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Figure 1.1: Cognitive design architecture for the proposed RadCom system.

This allows the JTP to select the appropriate information embedding strategy and
accordingly design the optimum beamforming (BF) weight vectors for both functions. In
this thesis, a novel two-stage optimization strategy is implemented, which can be

summarized as follows:



e Stage 1: BF weight vectors design
This involves that each transmitting BF weight vector is designed to represent a single
communication symbol towards the communication direction without conipromising the

radar function performance.

o Stage 2: BF weight vectors selection
This involves selecting the BF weight vectors according to the information bits stream
provided to the system for communication symbols transmission.
In this thesis, we have employed convex optimization techniques and advanced array
designs e.g., frequency diverse array (FDA) and/or multiple-input multiple-output (MIMO)
configurations as illustrated in Figs 3.4 and 4.2.

The main contributions can be summarized as follows:

® We proposed a closed-loop design for the RadCom system that permits tracking of
the moving target while maintaining the information transmission in the direction
of the intended communication receiver during each illumination,

® We have proposed an unambiguous joint estimation algorithm for angle and range
parameters of the radar target based on FDA-MIMO configuration,

* In target tracking scenarios, we considered various motion modes of the moving
target, namely, constant velocity (CV), constant acceleration (CA), and coordinated
turn motion (CTM) models in our proposed designs.

® We have developed an algorithm for the appropriate selection of the information

embedding strategy according to the location of the communication receiver within



1.3.

the transmit beampattern, whether it is located within the main lobe or sidelobe
(SL),

We have designed two signaling strategies, namely PSK scheme and novel APSK
scheme for embedding the transmitted communication symbols,

The proposed APSK information embedding strategy outperforms the existing SL-
based strategies in terms of data rate transmission and it also allows different
communication symbols to be transmitted to different users,

The performance of the radar functionality is improved in terms of target detection,
parameters estimation, Cramer-Rao lower bounds (CRLBs) for range and angle
estimations, and the signal-to-interference-noise ratio (SINR). While for the
communication functionality, the performance is improved in terms of bit error rate

(BER), secure information transmission, and overall throughput of the system.

Thesis Outline

This thesis is organized as follows:

In Chapter 2, a literature review of the recent research progress in the RadCom
system design is discussed.

In Chapter 3, we developed an angle-range dependent RadCom system that utilizes
an FDA-MIMO configuration. We have used an unambiguous joint estimation
algorithm for the angle and range parameters of the target. In the target tracking
scenario, we considered two motion modes of the moving target, CV and CA
models, in our proposed design. For embedding the communication symbols, we

utilize either the magnitude ratio and/or the phase shifts between the transmitted
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waveform pairs. Performance metrics of the communication and the radar functions
are analyzed.

In Chapter 4, a collocated MIMO configuration is considered for the RadCom
model design. MIMO configuration empowered with a cognitive architecture can
facilitate efficient utilization of the system resources. In the target tracking scenario,
we considered two motion modes of the moving target, CV and CTM models, in
our proposed design. The proposed APSK signaling strategy provides a significant
improvement in communication performance compared to the existing SL-based
communication signaling in terms of data rate transmission and low BER.
Moreover, the APSK scheme allows different communication symbols to be
transmitted to different communication users within the SL region.

Finally, Chapter 5 provides the concluding remarks and associated future works

from this thesis.



CHAPTER-2

LITERATURE REVIEW

In this chapter, the recent advancement designs in the field of joint radar and
communication systems are explored. Initially, the coexistence approaches are discussed,

and then the co-design approaches for the RadCom system are investigated.

2.1. Introduction

In the past, radar and wireless communication have typically been independently
studied entities. The objectives of radar systems are to achieve befter estimation and
resolution for the target’s parameters in the presence of noise and surrounding clutter. On
the other hand, wireless communication attempts to obtain the maximum possible capacity
for information transmitted across a noisy wireless channel under complexity and power
constraints. However, there is a lot in common between radar and wireless communication:
Both systems send and receive electromagnetic (EM) waves and apply signal processing
algorithms to the received signal to extract useful information. Thus, it is not an implausible
idea to integrate these two functions/systems.

In recent years, the research in integrating radar and communication system designs
has gained significant momentum. Such systems would constitute a unique cost-efficient
solution especially when both functions are performed simultaneously via a common
platform. Generally, there are two major research directions for joint radar and
communication designs: 1) the coexistence approach, and 2) the RadCom system co-design
approach. In the following, we discussed each approach independently in more detail.
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2.2. Coexistence Approach

This approach has been focused on the access management of the shared spectrum and
using interference mitigation techniques between the radar and communication systems
under the assumption that they coexist as independent systems.

2.2.1. Spectrum access opportunity (SAO)

The radar bands are the best candidates to be shared with the communication system
because of the large availability of their spectrum portions [6]. SAO approach can be
treated as a part of cognitive radio technology, where the radar and communication system
are considered as the primary user (PU) and secondary user (SU) of the shared spectrum,
respectively. In such techniques, the SU senses the spectrum and then accesses it only if
the spectrum is not occupied by the PU. To avoid imposing interference on the PU’s
operation, the SU should control its transmit power to guarantee that the PU’s interference-
to-noise ratio (INR) doesn't become excessive [27]. A similar method has been used in [28]
where the main beam of the radar is rotating periodically to detect potential targets. Thus,
the cellular base station (BS), i.e., SU can transmit only when it is located within the
sidelobe (SL) region of the radar. The distance between the radar and BS is calculated given
the acceptable INR level, and also the performance of the communication link is analyzed
in terms of the downlink (DL) data rate.

Although they are easy to implement in practical scenarios, the aforementioned methods
do not share the spectrum in reality. This is due to the SU (communication system) only
being able to use the spectrum when the PU (radar system) is not occupying it. Also, the

above contributions do not simply extend to facilitating multiple-input multiple-output
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(MIMO) radar coexistence. Different from traditional radar systems, the MIMO radar emits
orthogonal waveforms in all spaces to detect unknown targets and produces directional
beams towards targets of interest [29, 30]. As a result, it is difficult for the BS to identify
the SLs of the radar because the beampattern (BP) of the MIMO radar may vary randomly
along with the target's movement. Thus, more powerful methods are required, such as the
transmit precoder design, to eliminate mutual interference.

2.2.2. Interference channel model

Before the designing stage of the transmit pre-coded (TPC) signals, the channel state
information must be first obtained about the interference channel state information (ICSI),
i.e., the channel through which mutual interfering signals are propagated. Typically, the
ICSI is obtained by utilizing pilot signals transmitted by the communication system to the
radar system, where channel estimation techniques such as minimum mean squared error
(MMSE) and least-squares (LS) [31] could be simply applied. However, these schemes can
consume additional signaling and computational resources [20]. As another choice, the
authors suggested in [32] to construct a dedicated coordination center linked to both
systems via backhaul or wireless links, which would perform the entire coordination
including transmitting precoder design and ICS] estimation. The coordination center would
be part of the system which has a priority, e.g., as part of the radar system as presented in
[20]. However, such a scheme would introduce significant overhead. In [33] the authors
proposed a novel approach for channel estimation by utilizing the radar signal as a pilot
waveform, in which the radar system is not aware of the communication operation. Since

the radar adjusts its operating mode randomly, the BS must first identify the operating
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modes of the system (searching or tracking) via hypothesis testing procedures and then

cstimate the channel.
2.2.3. Precoder designs

After the interference channel is estimated, i.e., ICSI is available, the transmit precoder
can be designed at either the communication or the radar’s side. In [34, 35], the concept of
null space (NS) projection is applied, which requires the ICSI to be available at the radar
system. The key concept is the transmitted precoded radar waveform is projected into the
NS of its channel to the communication receiver. After the ICSI matrix is estimated by
applying, e.g., the blind NS learning algorithm [36], the radar gets the right singular vectors
of the ICSI matrix by using the singular value decomposition (SVD). Then, the radar
constructs an NS projection precoder based on the vectors associated with the NS of the
1CSI channel. The transmitted precoded radar signals are then projected onto the NS of the
1CS1 channel so that the received interference power at the BS is rigorously zero. However,
such a scheme can seriously degrade the performance of the MIMO radar, e.g., causing the
spatial orthogonality breakdown for the searching waveform. To deal with this problem,
the authors of [37] designed an adaptive threshold for the singular values (SVs) of the ICSI
matrix. Then, an NS projection precoder is constructed by the vectors associated with SVs
that are less than the designed threshold. In this case, the performance of the radar can be
improved but the received power of the interference at the BS will be increased.

Despite the aforementioned advantages, there are many flaws in NS projection-based
methods. For example, the interference power is proportional to the SVs of the random
channel, thus it cannot be precisely controlled. Additionally, the radar may miss the target

when the target's response falls into the row space of the ICSI and then zero-forced via the
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NS projection precoder. Fortunately, these drawbacks could be solved by using convex
optimization approaches, where both systems' performance are optimized under

controllable conditions [32, 38, 39].

2.2.4. Optimization designs

In this approach, the shared spectrum problem is formulated as optimization-based
signaling with constraints. In [39], the authors employed a sub-sampling scheme to sample
the receiving signal matrix of the echoes from the target at the radar receiver and roughly
retrieves the target information by applying the matrix completion (MC) technique. The
sub-sampling scheme modulates ICSI and enlarges its NS. This allows the communication
system to formulate its transmitting precoder in such a way that the interference inflicted
to the radar is minimized. In [39], the MC-MIMO radar sub-sampling matrix and
communication signal covariance matrix are jointly optimized under the capacity and
power constraints. This optimization problem is solved using the Lagrangian
decomposition and alternate minimization techniques. By considering realistic constraints,
the authors in [32] introduced the cluttered environment into the coexistence scenario,
which must be reduced to maximize the radar effective SINR while ensuring
communication performance. According to the observation that the persistent interference
caused by the communication system upon the radar while the interference caused to the
communication link by the radar is intermittent [32], the authors in [21] considered the
coexistence issues of a pulsed radar and communication system, and the rate of the
communication was computed as the summation of the weighted rates without and with

the radar interference. Then, the optimization problem was formulated to maximize the
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communication rate subject to the radar SINR and power constraints. Such a problem can

be resolved in the closed-form if radar interference meets certain conditions.

The authors in [40] addressed the coexistence issue of the multi-user MIMO (MU-
MIMO) communication system and the MIMO radar, in which a robust beamforming
design is proposed at the BS, where the ICSI is assumed to be imperfectly known. They
formulated an optimization problem that maximizes the radar detection probability while
guaranteeing the SINR of the DL users and the BS power budget. In [41], the interference
alignment is proposed for transmitting precoder design with an emphasis on the degree of
freedom (DoF), considering the scenario of MU-radar coexisting with MU-
communication. To minimize the CRB for estimating radar target parameters with the
presence of MU-MIMO communication interference, a novel optimization approach has
been developed in [42] based on the Alternating Direction Method of Multipliers
(ADMM). As a further step, the authors in [43] proposed a beamforming design based on
constructive interference [44] for the coexistence issue, in which the known DL-MU
interference is exploited for enhancing the power of the useful signal. Accordingly, the
SINR of the DL users is considerably improved compared to [40] given the same budget

of the transmit power.

23. RadCom System Co-design Approach

In these approaches, both functions (radar and communications) coexist within the
same platform, i.e., the system performs both functions using the same hardware device.

As a result, the system resources would be shared among both functions. To enable their
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coexistence while ensuring the performance requirements for each function, various
resource-sharing methods have been proposed in the literature. In general, it can be
categorized into three main divisions: time/frequency sharing approaches, antenna sharing
approaches, and waveform sharing approaches.

2.3.1 Time/Frequency sharing approaches

These approaches are considered the simplest methods for facilitating the coexistence
of the radar and communication functions onto the same platform while alleviating the
cross-interference. Here, the transmitted waveform can be written as:

s(t) = sp(t) +s.(t) @1
where s.(t) ands.(t) are the radar probing signal and communications signal,
respectively. Typically, using orthogonality boosting by frequency and/or time division, the
ability to transmit these two dedicated signals jointly with limited cross-interference can
be achieved.

A straightforward mechanism is to allocate for each function a different time slot or a
different frequency band. As a result, a trade-off in performance between both the functions
is taking place. For instance, in [45], a RadCom system is implemented by using non-
overlapping fixed frequency bands. In this approach, each function is assumed to use its
predetermined band. In [46-52], the frame structure of the existing communication
protocols is utilized for radar functionality. Here, the radar operation is an incidental result
of the communication protocol and thus the communications function will not be disturbed
or compromised. In the work presented in [47-49], due to its large bandwidth, the authors

used the IEEE 802.11ad standard operating at 60 GHz, the millimeter wave (mmWave)
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communication, for the RadCom system to provide better range resolution for radar and
high data rates for communication. The IEEE 802.11ad standard frame consists of data and
preamble blocks. To avoid using the data-dependent signals, the RadCom system reserves
the data block for data transmission while the preamble block is utilized for radar probing.
Once the transmission link is established, targets located within the beam directions can be
detected reliably by the system. The simulation results in [47] showed that the detection
rate of the radar can be achieved up to 0.99 given low SNR, i.e., above -2 dB. However,
the estimation performance of the velocity is limited due to the short duration of the
preamble block [48]. To overcome this limitation, one solution is to lengthen the duration
of the preamble block but this would degrade the communication performance
significantly. To solve this conflict, an optimization formulation is required for trading-off
between the radar and communication functions. To do so, the authors in [5 3] introduced
the idea of the fraction of data symbols, which is defined as the ratio of the data symbols
in the frame to the data symbols in the IEEE 802.11ad standard frame. They formulated a
convex optimization problem that minimizes the MSE bounds for the data symbol,
velocity, and range estimations. The simulation results showed that the MMSE of the
estimated range is improved by an amount of 3.3 cm?compared to [47]. Another
optimization strategy is proposed in [54], which is based on sparse sensing methods to
optimize the trade-off between the performance of both the functions and appended virtual
preamble blocks during the coherent processing interval (CPI). As a further step, the
authors in [50] have designed the virtual preamble sequences by applying a sub-Nyquist
methodology. It minimizes the distortion in communication rate while maximizing the

estimation accuracy of the velocity. The simulation results showed that the communication
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rate distortion and the velocity error obtained by the virtual pulse methods are much lower

ti:an those achieved by the baseline method in [47].

Instead of using standard frames, the authors in [17] used time cycles for
communication and radar operations. For each time cycle, the time portions are allocated
to maximize the data communication rate and the radar estimation rate. Here, for each radar
scan, the information of the target is obtained, and based on mutual information (MI) that
is accomplished by the radar receiver the estimation rate can be determined. Depending on
the information gained by the radar the time allocated to each function can vary from cycle
to cycle. For example, if the information gained from the previous cycle time is little
through the radar operation, then the allocation time for the radar function should be
decreased. The simulation results for the methods proposed in [17, 47, 53] show the
advantages of utilizing the cycle time or time frames to enhance both the sensing accuracy

and data communication rate.

These design approaches implement radar function with minimum impact on the
communication transmission at the cost of slightly limiting its radar capabilities. Since they
utilize only the preamble portion as a radar signal, low power can be transmitted for radar
due to the low duty cycle which results in reducing range detection. Moreover, the
reflections due to data signal transmission may interrupt and submerge the echoes of the
radar probing signal, i.e., the preamble, especially in cluttered environments where strong

scatterers exist and it may cause the small targets to be missed by the radar.

17



2.3.2 Antenna sharing approaches
Typically, using orthogonality boosting by applying spatial beamforming, the ability to
transmit the signal in (2.1) with limited cross-interference can be achieved. In particular,
multiple antenna signal processing is utilized to alleviate mutual interference based on
spatial beamforming design. While this type of signal processing was used in coexistence
cases for separate radar and communication systems, it can also be employec for a RadCom
system as well [55]. The main idea is projecting the radar waveform into the null space of
its channel to the communication receivers [56] as a result, a zero-forcing (ZF) beamformer
is constructed. In this scheme, the radar waveform is designed to alleviate mutual
interference between both the functions, where certain performance constraints should be
satisfied, while the communication waveform is beamformed.
The received signals at the radar target and the communication receiver are,
respectively, given by:
¥ (6) = a,7(8) s, +a."(B) Ws, + z,(6) 22)
Ye=h's, +hWs, + z, (2.3)
where a,(8) and a (8) are the steering vectors of the radar and communication
transmitters, respectively, towards a direction 8, W is the beamforming matrix applied to
the communication signal, h,. and h, represent the channel coefficient vectors between the
radar and communication transmitters and the communication receiver, respectively, z,
and z represent noises of the radar and communication receivers modeled as white
Gaussian with zero mean and variance o2. Observing from (2.2) and (2.3) that, since the

radar signal s, is already designed according to the radar BP so there is no need to apply a
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beamformer with it. Also, the beamforming matrix W and radar transmit signal vectors
sy can be jointly designed to mitigate cross-interference while certain performance
requirements should be satisfied. For zero-forcing (ZF) beamforming, s,. can be designed
to be projected onto the null space of the radar communications interference channel, i.e.,
to be orthogonal to h,.. Since the communication and radar functions are implemented
within the common transmit platform, the beamforming matrix W can be designed to
satisfy specific requirements for radar BP and communications performance independently.
For example, in [57] different antenna elements are assigned for each function and h,.
might not be identical to h,. Note that, a priori knowledge about h, and h, in all cases is
required.

Addressing the antenna elements, the allocation issue for the RadCom systems is
presented in [58] in more detail. The authors proposed a random allocation mechanism for
antenna elements array to improve the angular resolution for radar function and at the same
time increase the communication data rate. The system is composed of a common uniform
linear array (ULA) platform that includes a radar receiver and a communication transmitter
and each antenna element can be connected with either of the two. The function of the radar
receiver is to process the echoes received at the RadCom system while the communication
transmitter is used to transmit information bits. At each time of information transmission,
antenna elements are allocated according to the bits stream and the remaining are allocated
for the radar receiver. In particular, the bits stream is partitioned into blocks each composed
of spatial and constellation bits. Here, the spatial bits are used to define the combination of
the ULA antenna elements while the constellation bits are mapped by using constellation

schemes [59, 60]. The channel capacity can be improved when the number of spatial bits
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is increased as compared to the MIMO system [61]. The radar performance is evaluated by
using the CRB of the radar resolution, and the simulation results showed that the CRB of
the proposed approach is much lower than that of the baseline method, i.e. when the
antenna elements are spatially divided into the two subsystems. This indicated that the
proposed approach is efficient.

A different spatial beamforming approach is presented in [62, 63] where the authors
implemented a RadCom system based on a sparse transmit array design. The radar and
communication functions are implemented within the common transmit platform, where
the position of the antenna elements is selected to optimize specific radar tasks, and the
rest is allocated for information transmission as a secondary function. Howcver, the major
disadvantage of this approach is that the communication data rate is very limited especially

when more antenna elements are allocated to the radar for tracking tasks.

A major benefit of the frequency/time division and antenna approaches is that they can
offer a wide selection of feasible performance combinations. For example, in
frequency/time division, the overall performance is evaluated through how the system
resources, including time slots and spectrum, are assigned for each function. The overall
performance trade-offs can be significantly improved with the use of spatial beamforming,
permitting radar and communication functions to operate concurrently at all time slots and
full bandwidth usage [64]. However, prior knowledge about the channel is required for the

spatial beamformer design, it may not be available for fast-moving target scenarios.
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2.3.3 Waveform sharing approach

This is a well-known approach utilized in the literature of RadCom systems, particularly
in autonomous systems because of its superb features, e.g., optimized utilization of the
spectrum and low cost. The key idea is to integrate both radar and communication functions
on the same transmitted signals. There are two approaches, communication waveform, and
radar waveform approaches. The first one is based on how to utilize the communications
signals to process and extract the target parameters from the return signals at the receiver,
while the second approach is based on how to embed the information bits into the radar

emissions.

2.3.3.1. Communication waveform-based approaches

These approaches utilize standard communication waveforms for radar probing and are
suitable for processing the target returns. Firstly, we briefly review the spread spectrum
waveform-based RadCom systems, and then a review of orthogonal frequency division

multiplexing (OFDM) waveform-based RadCom systems is presented in more detail.

2.33.1.1. Spread spectrum waveform-based approach

In spread-spectrum communications, the signals can be transmitted over a larger
bandwidth by applying spread coding techniques. It modulates the communication signals
with pseudorandom sequences that possess a high spreading factor. The resulting
waveforms inherit the spreading factor properties such as good autocorrelation that make
them appropriate for radar measurements. Implementation of the RadCom system based
on spread coding was discussed in [65-67]. The basic idea is as follows: first, use a digital

modulation scheme such as the PSK scheme to map the data bits into data symbols. Then,
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modulating each communication symbol with a code sequence. As a result, the transmitted
signal would have a quasi-optimum autocorrection property of the code sequence, e.g.,
pseudorandom m-sequence [68]. The prior knowledge of code sequences at the receivers
is assumed, for example, through the use of synchronization schemes. Therefore, the
communication and radar receivers can, respectively, detect communication symbols and
estimate target parameters by employing correlation processing and matched filtering. The
simulation results in [65] show that the code sequences with longer lengths, such as m-
sequences and Kasami codes [69], can estimate the targets of high ranges. However, from
a radar measurements perspective, the dynamic range is limited by the properties of the
transmitted code sequences, e.g., its imperfect autocorrelation. Besides, the integration
time is restricted because of the Doppler effect and the maximum target velocity can be
estimated is limited to 22.5 km/h (or 6.25 m/s) at 24 GHz carrier frequency and Doppler
shift of 1 KHz. Consequently, the spread-spectrum approach is limited in real-time
applications such as automotive applications which required a tremendous computational
effort for velocity estimation of the targets. For wideband spread-spectrum; signals, high-
speed ADCs are required which leads to increasing the complexity and cost of the system

implementation.

2.3.3.1.2. OFDM waveform-based approach

The OFDM signal is a popular wireless communications scheme that permits data
transmission in parallel over multiple overlapped orthogonal subcarriers, and as a result, it
improves significantly the spectral efficiency. Also, it has many advantages such as
robustness against fast fading, handling the inter-symbol interference (ISI), easy
equalization, and relatively low-cost hardware are required [70, 71]. In the context of
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frequency-agile signals, the OFDM signal attracts the radar community because of its
spectral flexibility, ability to withstand potential jammers, and its tolerance to doppler shifts
[72, 73]. These properties made the OFDM signals a suitable choice to be used for radar
measurements and indicate their potential to be utilized for RadCom systems [74-76]. The
transmitter of the RadCom system initially mapped the data bits into communication
symbols using digital communication schemes, e.g., BPSK, and then applied an inverse
fast Fourier transform (IFFT) algorithm to translate the communication symbols into
OFDM signals. Since the proposed system is monostatic, the transmitter can share the
transmitted OFDM signals with the co-located radar receiver. The RadCom system
transmits the OFDM signals to distant communication receivers and the reflected signals
from objects are received at the radar receiver. To create a range profile and estimate the
range of the target, the radar receiver correlates the reflected signal with the transmitted
signal. The simulation results in [74] show that the ranges of two close targets, where the
distance between them is 1.9 meters, can accurately be estimated by the proposed approach.
However, the correlation-based processing of the OFDM signal depends on the correlation
properties of the transmit data bits which may cause high sidelobes in the range profile. As
a result, the accuracy of target detection would be reduced drastically, especially in multiple
targets scenarios.

To remove data bits dependency, the radar processing eliminates the transmitted
information bits from the received echoes signals by using the element-wise division for
each subcarrier, and as a result, the received modulation symbol matrix D, is obtained
[65, 76]. The target range and velocity information can be extracted, respectively, by
applying a two-dimensional FFT processing. In particular, the discrete Fourier transform
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(DFT) is applied to every row of Dg;y and then inverse DFT (IDFT) is applied for every
column of the resulting matrix. As a result, the range and Doppler can be estimated
independently. The simulation results showed that the proposed approach offers a higher
peak-to-sidelobe ratio comparing with the correlation-based approach [74], which results
in a significant improvement in the accurate estimation of the target parameters. For
example, the velocity of the target that can be estimated by using the proposed approach is

up to 253 m/s [77].

To address the randomness issue of the data bits, the authors in [78] prcpose a method
that combined the OFDM scheme with the P4 code sequence [79], which is analogous to
phase values produced by the PSK modulation. The basic idea is that the P4 sequence is
first generated according to the rate of the data bits. A new sequence of the P4 codes is then
generated from the old sequence by cyclically shifting the locations of the P4 code. Then,
the random data bits are mapped into one of the codes in the complementary set and then
modulated by the OFDM scheme. This method reduces the SLs of the autocorrelation
functions produced by the reflected signal at the radar receiver. Thus, radar performance in
terms of target detection would be improved. The results in [78] show that the RadCom
system is capable of detecting a target with a velocity of 300 m/s.

Likewise, due to the ideal periodic autocorrelation features that m-sequence and its
cyclic shifted versions [80, 81] possessed, the authors in [82] propose to combine it with
the OFDM signal. Thus, employing m-sequence in RadCom signal design would enhance
the radar performance in terms of range resolution and velocity estimation. The basic idea
is that the m-sequence is first generated and then the random data bits are mapped into a
time shift value that is used to produce the corresponding m-sequence. Then the resulting
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sequence is modulated by the OFDM scheme. At the radar receiver, the DFT and cross-
correlation are applied to estimate the velocity and the range of the targets, respectively.
The results in [82] show that with an m-sequence of size 127, the system can detect two
close targets, the spacing between them is = 0.3 m, with a range of 12 km. Furthermore,

the maximum data throughput that the system can be achieved is up to 1.96 Mbps.

Recently, due to the error-correction ability that Golay codes [83] possess, the authors
in [84] propose to combine it with the OFDM modulation scheme not only to remove the
data dependency but also to enhance the error-correction ability of the RadCom system.
The rpodulation process of the data bits is similar to [82]. The simulation results in [84]
show that radar performance is improved due to the significant decrease in the SL levels of
the ambiguity functions. Moreover, the BER obtained is improved compared to BER

achieved by the OFDM approach alone [74].

Most of the approaches mentioned above assume that the received OFDM signals are
coherent, meaning that the subcarriers have the same phase shifts, which is not true for the
case of wideband OFDM signals [85]. In this case, the conventional target detection
algorithms, e.g., the correlation-based algorithm as used in [82], may not be reliable to
estimate the phase shifts of the received OFDM signals, and this results in significant
degradation of the RadCom system performance. To overcome this issue, the authors in
[86] used linear and cubic spline interpolation techniques [87] to convert the OFDM
wideband signals into nearly their corresponding narrowband. Thus, the target parameters
can be estimated at the radar receiver by using the conventional target detection algorithms,
e.g., the correlation-based. The results of the Monte Carlo simulation in [86] show that the
performance of the detection process with the interpolation techniques is outperformed by
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the counterpart without using the interpolation techniques in terms of a lower RMSE of the
estimated parameters. In [88, 89], the OFDM modulation scheme is utilized with the
stepped frequency approaches to provide a high-resolution range-Doppler profile in
narrowband transmissions. However, the wideband OFDM systems required a high rate of
the analog to digital converters (ADCs), which affects the power consumption and cost of

the systems.

Note that in the OFDM sharing signaling mentioned above, the IFFT algorithm is
usually utilized to convert data bits on subcarriers to samples in the time domain. According
to the central limit theorem, several samples would have large magnitudes. This leads to
the high peak-to-average power rate (PAPR) problem [90] which imposes the transmit
electronic circuit to operate in the saturation region that induces signal distortions. High
PAPR results in less power can be transmitted that reduces the range detection performance
for the radar and degrades the BER performance for the communication.

To address the PAPR issue, the authors in [91] used an active constellation extension
algorithm [92]. The basic idea of the proposed technique is setting a threshold for the target
amplitude so that any amplitude of the output sample is higher than this threshold is
clipped. This process would reduce the performance of the RadCom system. To address
this problem, the error vector magnitude and cross-correlation methods [93], due to their
independence upon the transmitted data, are employed at the communication and radar
receivers, respectively. The simulation results showed that the PAPR is significantly
reduced, however, the BER attained by the proposed technique is slightly increased
compared to the BER obtained in [82]. Moreover, amplitude threshold optimization is
difficult. As an alternative solution, the weighted OFDM schemes in [94, 95] are proposed
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to control the maximum PAPR. However, these schemes degrade the system performance

in terms of spectral efficiency by adding some subcarriers that don’t carry data [94, 95].

To improve the data rate and spectrum efficiency while minimizing the PAPR, the
authors in [96] propose orthogonal chirp division multiplexing (OCDM) [97] to be
combined with OFDM. The OCDM waveform is composed of multiple orthogonal chirp
signals, some of which are reserved to generate peak canceling signals and the rest are
utilized for information embedding. Thus, at the transmitter, the communication symbols
are modulated with the OCDM waveforms using the inverse discrete Fresnel transform
(IDFnT) [98], thereafter, the resulted symbols are modulated again by applying the OFDM
modulation scheme. At the radar and communication receivers, the FFT and DFnT
algorithms are utilized to detect the targets and communication symbols. The results in [96]
show that the radar performance is improved in terms of the sharp shape of the ambiguity
function AF and low SLs and the maximum achieved data rate is 2N2, where N is the
number of chirps. For power optimization, if prior knowledge of the channel is available,
the authors in [99, 100] optimized. the power allocated between various subcarriers

according to data rate and conditional information of the radar.

The aforementioned schemes addressed two important issues of utilizing the OFDM
signal for the RadCom system designs. The first issue was the randomization nature of the
data bits and the second was the high PAPR. However, since the OFDM signal is used to
fulfill the requirements for both the functions, i.e., radar sensing and communication
transmission, designing the OFDM signal parameters such as length of the cyclic prefix
(CP) and the subcarrier spacing (SCS) would have also a significant impact on the
performance of both the functions. For this case, the authors in [101] provided conditions
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for CP and SCS design that should be satisfied to ensure the performance of both the
functions which depends on the channel characteristics. In particular, the length of the CP
is designed to be larger than the maximum excess delay to prevent IS1, and SCS should be
smaller than the coherence bandwidth according to the maximum velocity and
unambiguous range.

A different approach is combining OFDM with multiple-input multiple-output (MIMO)
radar to increase the data rate and improve the target resolution. This scheme can be
implemented by allocating different subcarriers for different distinct transmit elements
[29]. Various methods have been proposed for subcarriers division among the transmit
elements. These methods include random assignments, equidistant, and non-equidistant
dynamic subcarrier interleaving [102-104].

To conclude this subsection, the shared communication waveform-based RadCom
approaches are extensively studied, particularly using OFDM signaling, and make it an
attractive RadCom approach design. However, some limitations and shortcomings should
be accounted for: Firstly, the communication receivers must be located wi.hin the radar
main beam so that they can observe high SNRs, secondly, enormously cost hardware circuit
elements are required to produce wideband OFDM signal and also to sample their
reflections, and finally, from an automotive applications perspective, in the scenario of
moving vehicles, the reflected OFDM signals exhibit misalignment among their

subcarriers which may extremely degrade the performance of radar [73, 105].
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233.2. Shared radar waveform approach

Traditionally, radar systems employed two types of waveforms, i.e., sweep or chirp
and frequency hopping waveforms. Both waveforms have been proposed to be used for the
RadCom system designs. In these approaches, the embedding of the communication

symbols into the radar emissions is achieved without compromising the radar functionality.

2.3.3.2.1. Chirp waveform-based approach
The chirp is a waveform in which the frequency decreases (down chirp) or increases
(up chirp) with time, i.e., the chirp rate [106]. The transmitter of the radar performs chirp
modulation, either frequency modulated continuous wave (FMCW) or linear frequency
modulation (LFM), before chirps transmission. The radar receiver extracts the direction,
range, and velocity of the target by applying the matched filtering algorithm. In particular,
it estimates the differences in frequency and phase between the received and transmitted
waveforms. The LFM waveforms improve the radar performance in terms of range
resolution, in which it can detect closed targets located at long distances without increasing
the pulse width. Furthermore, it is robust against eavesdropping and jamming, and due to
its feature of constant modulus (CM), the hardware components of the radar system are
simnplified [106]. In recent years, chirp signals have been utilized to transmit data bits [107].
In particular, utilizing the chirp rate to transmit a bit of information 0 or 1. This indicates
that the chirp signal can be employed for the RadCom systems.
However, the generation of the chirp waveforms typically requires a huge range of
frequencies which leads to a low spectrum efficiency. To address the spectrum efficiency

problem, the authors in [108, 109] combined the chirp modulation with the OFDM scheme.
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Here, the OFDM first modulates the data symbols to produce OFDM signals and then
multiplied the resulting signal with the chirp waveform. The signal processing at the radar
receiver applied the de-chirping process, i.e., multiplying the echo signal with the
conjugated chirp waveform. Then, post-de-chirping, the baseband signal is processed with
the 2D-FFT algorithm to estimate the velocity and the range of the target. At the OFDM
receiver, the baseband signal is processed with the baseband processing to demodulate the
communication symbols. The simulation results showed that the proposed method can
detect a target located at a distance of 60 meters and with a velocity of 3m/s. However,
parameters used to generate the chirp signal at the transmitter must be known at the
receiver, which demands some synchronization arrangements. Furthermorc, the OFDM is
a modulation scheme with a non-constant envelope and a high PAPR which causes severe

distortion of the transmitted waveforms.

To overcome these drawbacks, the authors in [110] proposed a scheme that combines
the minimum shift keying (MSK) with LFM modulation. The MSK scheme, also known
as continuous phase modulation (CPM), modulates the data symbols with signals that
possess continuous phases. The procedure that integrates the LFM waveform with the MSK
signal is similar to the procedure presented in [108]. The constant envelope feature of the
MSK signal made the LFM-MSK waveform more robust against the distortion caused by
the radar amplifier nonlinearities. However, as discussed in [111], the spectrum of the
LFM-MSK waveform is a function of information bits. Accordingly, it may exceed the
opcrating bandwidth of the LFM radar system, in cases where all the information bits
involved in the LFM pulse are “1” or “0”. This causes an increase in energy leakage and a

deterioration in both communication and detection performances.
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To confine the spectrum within the operating bandwidth of the system and prevent
energy leakage, a simple approach is placing the data bits within the middle of the chirp
pulse and no data bits should be placed on the edge of the signal. However, this results in
discontinuing in the phases between successive LFM pulses, and therefore an expansion of
the large spectrum may occur. To avoid these shortcomings, an integrated waveform design
is proposed in [112] which is based on a three-phase modification of the LFM-MSK
signals. The key idea is to append a sequence of “1” bits and a sequence of “0” bits at the
beginning and the end of the chirp signal, respectively. The results show that the spectrum
obtained via the proposed scheme is always confined within the spectrum of the LFM
waveform. However, due to the redundant bits used in the proposed approach, the achieved
data throughput is very limited. For redundant bits reduction, the methods based on the
rate-shift algorithm [113] and continuous phase modulation (CPM) partial response [114]
can be utilized. For example, the rate shift is applied to the upper bound on the time-varying
transmission of the LFM-MSK signal. Thus, the data transmission rate is adapted so that it
is always close to the available maximum transmission rate. The simulation results in [113]
show that, given the same BER, the proposed rate-shift method can enhance the throughput

of the system up to 60% compared to the constant-rate LFM-MSK waveform.

The RadCom systems presented in [110, 112, 113] are considered scenarios of a single
communication receiver, where the transmitter can only convey the information bits to a
single communication user. It should be noted that the frequencies, i.e., subcarriers,
contained in the LFM signals are orthogonal to each other, and thus, the above approaches,
such as [110], can be implemented in multi-user transmissions where each user is allocated

to a single subcarrier in the LFM signal. Such an implementation can be found in [115],
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where the authors considered a scenario that includes a single RadCom transmitter and
multi-user communication. First, each information bit that will be transmitted to a user is
modulated with BPSK. Then, the communication symbol is multiplied with/embedded into
a single subcarrier of the transmitted LFM signal. This indicates that one symbol is
conveyed on a single subcarrier during each radar pulse. Thus, if there are M subcarriers
in the LFM signal, then M communication bits can be transmitted during each radar pulse.
In practical applications, the proposed method would have a low capacity which may not
meet the high-speed communication requirements.

To realize high-speed communication requirements, the authors in [116] proposed that
the information bits are modulated by CPM schemes before transmitting them to the users.
To do this, the information bits sequence is firstly transformed into a bipolar sequence by
applying the amplitude modulation (AM). Then, CPM is used to modulate the bipolar AM
levels into phase symbols. Thereafter, the communication symbols are multiplied
with/embedded into the subcarriers of the transmitted LFM signal. Each communication
receiver can detect the transmitted communication symbols by applying CPM
demodulation followed by decoding. The proposed method significantly improves
spectrum efficiency and data transmission. In particular, the data transmission rate achieved
by the proposed approach is almost K log, K times greater than that obtained by the
baseline approach [115], where K is the number of symbols transmitted on each subcarrier
during one pulse. It also achieved BER nearly identical to that obtained by [115] without
interference from adjacent channels. Moreover, the range and velocity AFs are almost
identical to the LFM waveform, which means that the proposed approach can successfully
perform the detection operation.
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To improve the BER performance, the authors in [117] propose to combine the BER
with the low-density parity-check (LDPC) code [118]. In particular, before embedding the
symbols sequence into the LFM waveform, the LDPC codes are placed in the sequence. At
the communication receiver, both the CPM demodulation and the BCJR algorithm [119]
are used together to detect and decode the communication symbols. The simulation results
showed that the BER is improved by 1.8 dB compared to the BER obtained in [116].
However, introducing the BCJR algorithm and LPDC coding may cause a high latency to

occur for the proposed scheme.

A different approach was proposed by the authors in [120], where the fractional Fourier
transform (FrFT) is used to process the echoes received at the RadCom system. Besides, it
permits the chirp signals to be used as subcarriers instead of sinusoids. Therefore, to embed
information bits through the radar transmissions, they utilized the quasi-orthogonality of
different LFM rates while preserving the performance of an LFM pulse radar. Hence, the
performance of the FrFT signal is equivalent to that of the chirp pulse in terms of false
alarm and detection probabilities while preserving a comparable performance to that of the
communication OFDM signal. However, this approach comes at the cost of a slight
degradation of the performance in terms of the Doppler and range resolutions.

As another alternative, by utilizing the structure of the chirp signal for allowing a
communication feature, the authors in [121] proposed a RadCom waveform comprised of
multiple chirps that vary in their time alignments and start frequency points. In particular,
each chirp is divided into two allocated segments and is corresponding to one
communications symbol. The signal processing at the radar receiver applied several

correction factors and the 2D-FFT algorithm within one channel to estimate the velocity
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and the distance of the targets. At the communication receiver, the baseband signal is
processed with the baseband processing to demodulate the communication symbols
Moreover, to demodulate the communication symbols precisely the synchronization
between the receiver and transmitter should be guaranteed. The simulation results show
that the proposed method can detect a target located at a distance of 9 meters with a velocity
of 15m/s and the achievable SER is = 28.57 kBd/s. The proposed communications method
has almost no effect on radar functionality and may attain good data throughput with low
power schemes. However, along with the structure of the proposed RadCom waveform,
one drawback might arise related to the phase-locked loop features used in the proposed
scheme. The shift between the two fragments of one communications symbol may not be
accurate, which could result in some distortion exhibited as disparate breaks between
consecutive chirps. Another disadvantage is that the unambiguous range of the radar is
decreased, which is related to the length of the chirp, compared to its counterpart regarding
the traditional chirp sequence.
2.33.2.2. Frequency hopping waveform-based approach
Frequency hopping (FH) is the procedure of transmitting waveforms by changing

their operating frequency rapidly among different frequencies. The FH waveforms are
simply generated, possess a constant-modulus property, and are imperviable to
eavesdropping and interference. Therefore, they are traditionally employed in military
applications.

In [122], the authors used the FH signals to embed communication symbols in the
RadCom systems. The system is equipped with a joint transmit MIMO platform and
generates M FH orthogonal signals via code optimization method [123] that cnsures perfect
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ambiguity function AF for radar detection. Next, employing PSK constellation to modulate
the information bits and then embed them into the transmitted FH signals. During each
radar pulse, the P codes are used for modulating the phase of the transmitted FH signals.
Thus, MP communication symbols can be embedded, where each P represents a distinct
communication symbol. The matched filtering is applied at the communication receiver to
estimate the phases of the received signals and then detect the information bits. The
simulation results in [122] showed that when the BPSK scheme is employed to modulate
the information bits the SER of 1075 can be achieved. However, it didn't show how the
proposed method affects radar performance. Also, the proposed method requires an
accurate estimate of the CSI which is difficult to achieve in practice.

To address these limitations, the authors in [124] divided the received signal into K sub-
pulses and then applied the FFT algorithms with the K sub-pulses to define their spectral
components. Accordingly, the FH codes are estimated to detect the communication
symbols. The results show that the radar performance is improved in terms of the sharp
shape of the AF with low SLLs and the obtained BER, where SNR is set to be -9 dB, is
nearly 1076, The greatest advantage of the proposed method is that the CSI estimation is
not required for the communication symbols detection as compared with [122] and thus
the complexity of the communication receiver design is significantly reduced.

By utilizing both the space-division multiple access (SDMA) and waveform diversity
of the MIMO communication and MIMO radar, respectively, a RadCom system is
proposed to detect the target within the main lobe directions of the radar while transmitting
communication symbols within the sidelobe directions [125-127]. The authors in [125]
used amplitude shift keying (ASK) to modulate the SLL where each power level represents
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a distinct communication symbol. Likewise, the authors in [126] used PSK to embed the
information bits as the phases of the signals transmitted towards the intended
communication receiver at the sidelobe. Remarkably, the embedded information via the
PSK strategy can be reliably decoded by the communication receiver located within the
main beam directions. Therefore, multi-user communication can be achieved by changing
the SLLs at different angles.

To avoid any degradation in the radar performance, the BP invariance approach has been
adopted in [128, 129] where the embedding of the information bits is achieved via shuffling
the transmitted signals across the antenna elements. Thus, the permutation matrices would
contain embedded communication symbols. However, in the aforementioned approaches,
a communication symbol is typically embedded into one or many radar pulses, which leads
to a low data throughput that depends upon the pulse repetition frequency (PRF) of the
radar. Besides, the SL embedding strategies can only operate if the communications
receiver is benefiting from a line-of-sight (LoS) channel. The received symbol in the multi-
path channel will be significantly distorted due to the dispersed signals coming from Non-
LoS (NLoS) paths, to which the main lobe and SL powers can contribute.

The frequency diverse array (FDA) radar uses a small frequency offset across the array
elements and an angle-range-time-dependent BP is obtained [130]. Thus, the FDA provides
extra degrees of freedom (DoF) in the range dimension that would enable the system to
resolve the targets with different ranges even if they are at the same angle. Also, it transmits
the embedded coded FH waveforms and each waveform is orthogonal to each other with a

frequency offset. The simulation results showed that the radar performance is improved in
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terms of the better range-Doppler resolution and the achieved data rate transmission is

limited by the number of employed waveforms and PRF of the system.

In recent years, Costas hopping (CH) signals [131] are proposed for the RadCom
system design. The CH signals offer a thumbtack-shaped AF, unsusceptible to interference,
and are easy to generate. The authors in [132] employed CH signals as a RadCom
waveform. The system used the construction algorithm [131] to generate the CH
waveforms, and then the information bits are embedded in each waveform using the phase
modulation. The FDA transmits the embedded CH waveforms and they are orthogonal to
each other with a frequency increment. The results show that the CH waveform-based
scheme improves the system performance compared to [122] in terms of SINR for the radar
and SER for the communication receiver. This means that it has better robustness towards
noise and interference. However, phase synchronization is required for the proposed
approach which can be a challenge to implement.

To overcome the phase synchronization issue, the authors in [133] utilized the phase-
rotational invariance method to embed the information bits into the radar radiations. This
approach is based on designing the transmit BF vectors such that each beamforming vector
exhibits the same radiation pattern but provides a different phase profile. The key idea can
be demonstrated as follows: Suppose that, during each radar pulse, there are N bits to be
embedded into the radar radiation towards the communication receiver. The joint transmit
platform generates 2N pairs of BF vectors where each pair represents a different value of
the phase rotations. Then, each sequence of N bits is mapped into a distinct value of the
phase rotations. At the communication receiver, after the matched filtering process, the bits
sequence can be estimated by taking the phase difference between two received BF vectors.
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The simulation results show that the proposed method outperforms the communication
signaling strategies based on SLL control [125, 126, 134] in terms of BER performance.
Most importantly, phase synchronization arrangement is not required for the proposed

method.

To enhance the data rate obtained by the approach in [133], more orthogonal waveform
pairs are employed as proposed in [135]. In this case, multiple sequences of information
bits can therefore be transmitted on different waveform pairs during each radar pulse. The
simulation results showed that up to 15 bits can be embedded per radar pulse, while in
[133] only 8 bits can be embedded given the same SNR and BER. This indicates that the
proposed method enhances the data rate significantly. As another approach, the authors in
[136] have developed a method for throughput enhancement by exploiting the silent period
(when the primary radar function is inactive) for information transmission.

To conclude, we have reviewed and discussed various shared-based approaches for the
RadCom system designs. They vary significantly regarding their features such as
communication throughput, radar performance, hardware requirements, and computational
complexity. For example, employing OFDM transmissions for the RadCom system can
enhance the spectrum efficiency and system throughput. The major limitation of this
approach is that the communication receiver should be located within the radar main beam
directions of the system radiations. Moreover, OFDM transmission experiences high PAPR
and requires costly hardware, and its radar functionalities are compromised when
implemented by a moving target.

Although few works have been made to characterize the allowable compromise between

radar and communication functions in RadCom systems designs [12], so far no unified
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joint standard exists that permits rigorous evaluation between various approaches.
Therefore, it is necessary to understand the benefits and drawbacks of each approach so

that the RadCom systems can be designed accordingly in a proper manner.
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CHAPTER-3

THROUGHPUT ENHANCEMENT FOR THE RadCom
SYSTEMS BASED ON COGNITIVE CLOSED-LOOP
DESIGN

In this chapter, we proposed a closed-loop design for an angle-range dependent
RadCom system that permits tracking of the moving target while maintaining the
communication link towards the intended communication receiver during each
illumination. The transmit platform of the frequency diverse array (FDA) is composed of M
antenna elements and partitioned into K equally overlapped subarrays (SAs) transmitting
orthogonal waveforms. We utilized the system configuration array design to permit joint
estimation for the angle and range parameters of the target and also to construct (K —
1) waveform pairs that enhanced the performance of the communication function in terms
of throughput without compromising the performance of the radar function. We have
designed two signaling strategies, APSK and PSK schemes, for embedding the transmitted
communication symbols within transmitting BPs that utilize either the magnitude ratios
and/or phase shifts between the radar waveform pairs towards the communication direction
during each illumination

The simulation results verify that the communication performance is enhanced in
terms of low symbol error rate (SER), secure information transmission, and increased
throughput, while for radar applications the performance is improved in terms of target
detection, parameter estimation, and tracking performance. It also showed that the

proposed symbol mapping APSK scheme provides a high data rate transmission compared

40



to the existing SL-based information embedding schemes. Besides, the CRLB for range

and angle estimation and the SINR for the proposed RadCom system are analyzed.

3.1. Introduction

The majority of the current RadCom systems are producing only an angle-dependent
transmit BP and imposing a constraint for the communication receiver to be present within
the SL directions to decode the transmitted information. In [134] the authors proposed a
time-modulated array technique exploiting the radar SL for the communication operation
as a secondary function and the radar emission performed in the main lobe as a primary
function via controlling the instantaneous BPs during the same radar pulse. Likewise, a
multi-waveform SL-based dual-function system used convex optimization to produce
multiple transmit BPs with multiple SL power levels, and each level represents a distinct
information symbol towards the communication direction in the SL region [125]. There are
two constraints for the amplitude modulation SL-based RadCom systems. Firstly, the
communication throughput of the system is relatively very low and secondly, the
communication stations should be in the SL regions of the radar transmit BPs, which is not
always possible in practical scenarios. Different modulation schemes have been developed
in the existing literature of the RadCom system design for embedding communication
symbols within the radar emissions [107, 126, 127, 137, 138].

All these embedding information schemes were proposed for the traditional phased
array (PA) radar where the waveform diversity cannot be utilized. To overcome this

limitation, a MIMO configuration is employed in RadCom system designs [128, 139, 140].
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To realize the dual function operation, the transmitted orthogonal waveforms are linearly
combined in the far-field region to perform a radar emission in a specific direction and the
information transmission in another spatial direction [141]. Communication symbols
embedded into the MIMO emissions have been developed employing waveform
permutations [129] and PSK modulation scheme [142], where the achievable
communication throughput is limited by the number of employed orthogonal waveforms
and the PRF. In [122] the authors introduced FH codes to increase the transmission symbol
rate of the system. Another approach is presented in [137, 138], where the authors
developed a two-stage design for emission radiation at the far-field to obtain a much higher
transmission data rate. However, the issues with this approach are: (i) the radar detection
performance is affected due to the loss of transmit power that is dedicated for
communication operation, (ii) the communication stations should be located within the
radar SL region. Despite the advantages of MIMO and PA radars, they can only generate
angle-dependent BP [143].

To overcome this constraint, the FDA was first proposed by Antonik [130]. It uses a
small frequency offset across the array elements and an angle-range-time dependent BP is
obtained [144]. It is exploited to resolve the range ambiguity and improve the detection
and estimation performance of the moving target in a cluttered environment [145]. The
authors in [146] utilized the degrees of freedom (DoF) and developed radar waveforms that
serve various functions simultaneously. Thus, the FDA provides extra DoF in the range
dimension that would enable the system to resolve the targets with different ranges even if
they are at the same angle. Also, it transmits the embedded coded FH waveforms and each

waveform is orthogonal to each other with a frequency offset. In [136] the FDA with the
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OFDM modulation is used to implement a RadCom system that exploited only the SL
control during active time and silent period (when the primary radar function is inactive)
for information transmission. The simulation results showed that the communication

performance is enhanced in terms of the achieved data rate transmission.

In this chapter, during each illumination, the detection and tracking of the moving
target by the proposed RadCom system are assumed to be the primary function of the
system while maintaining the information bits transmission towards the intended
communication direction is considered as the secondary function. Here, we proposed a
closed-loop design for a range-angle-dependent RadCom system, where the radar receiver
provides updated information about the target position to the transmitter. Then, the
transmitter compares the updated position of the target with the known location of the
communication receiver. This feedback information enables the transmitter to select a
suitable signaling strategy and optimum BF weight vectors for both functions during each
scanning cycle.

3.2. Proposed System Design

The cognitive system establishes a closed-loop that embodies the transmitter,
receiver, and operational environment. The system is reconfigured (updating the
transmission parameters) according to the feedback information injected from the receiver
to the transmitter. Fig. 3.1. depicts the functional blocks of the proposed system design.
The receiver side includes the radar receiver, memory, and an interacting multiple model
(IMM) estimator block, while the transmitter includes five sub-blocks that contain a

signaling strategy selector, memory, transmit BF design, BF weight vectors selector and
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joint transmit platform. We divided the joint transmit platform into K overlapped SAs, each

is composed of (M — K + 1) antenna elements and transmits an orthogonal waveform.

Moreover, during each radar pulse, the BF weight vector w; is adopted as the primary

weight vector and 11 (t) selected as a reference waveform associated with w, and, as a

result, the (K — 1) waveform pairs are constructed.
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Figure 3.1: The proposed closed-loop design diagram for the RadCom system.
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Once the proposed system is linked to the radar operational environment, the joint
transmit platform illuminates the environment which contains a potentially moving target
located at (6,,7;), where 6, and r, are angle and range of the radar target of interest,
respectively, and intended communication receiver located at (6, 7.), where 6, and ;. are
angle and range of the communication receiver, respectively. Here, we assume that the
position of the communication receiver is known and fixed while the location of the radar
target is changing with time. Accordingly, the system performs a tracking task for the
moving target as the primary function while the information is transmitted towards the
intended communication receiver as a secondary function during each illumination.
Thereafter, the radar receiver estimates the target parameters such as the direction of arrival
(DOA), range, and velocity utilizing the reflected signals from the environment. It is worth
mentioning that the memory is built from the initial scans and stores the previous and
updated estimations of the target parameters. The estimated target position I, = (6}, %)
at time n is forwarded to the predictor position block to estimate the next target position

n+1 attime n + 1, for the mathematical definitions for the §; and #; please see (3.50) and
(3.56), respectively. Next, the receiver feeds back the predicted position of the target to the
transmitter, which compares L,,; with the known location of the communication
receiver (0, ;).

Here, there are two cases related to the location of the communication receiver within
the radar transmit BP directions according to the target motion within the radar

environment as illustrated in Fig. 3.2.

45



YYY Y

YYY Y

®)

Figure 3.2: The location of the communication station within the operating
environment of the proposed RadCom system, (a) the communication station is
located within the sidelobe directions of the radar transmit BP, and (b) both the radar

target and the communication station are located within the main lobe directions of
the transmit BP.




In the first case, when the communication receiver is located outside the main lobe
directions (Fig. 3.2 (a)), the transmitter selects the proposed APSK strategy to embed the
information bits by utilizing the phase shifts and the magnitude ratios between the (K — 1)
waveform pairs. While in the second case, when the communication receiver is located
within the main beam directions (Fig. 3.2 (b)), the transmitter selects the PSK-based
communication strategy, where the information bits are embedded only in the phase shifts
between the (K — 1) waveform pairs. Hence, the optimum performance for target detection
is maintained. Thus, regardless of the communication station location within the radar
operation environment, the proposed cognitive selection of the information embedding
strategy maintains the communication link towards the communication receiver during
each radar scan. As a result, the overall throughput of the system is enhanced.

Many applications would possibly benefit from the availability of our proposed
RadCom system, in particular, traffic control and military applications. For example, the
scenarios where a stationary command/control post with the coordination capability is
linked with a network that contains multiple spatially diverse RadCom systems. In this
case, the system can not only detect enemies but also performs strategic communications
functions. On the battlefield, the command/control post can utilize this information to
increase the detection probability, precision, and improve electronic warfare. It is worthy
to mention that, the memory is initially built from the initial scans and stores the actions
that have been taken by the transmitter. Since the system is a monostatic platform, we
assume that the feedback is always stable and the system operates iteratively. In the

following, we elaborate on each part of the design paradigm independently.
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3.2.1. Signal model

Consider an angle-range dependent RadCom platform equipped with a joint transmit
antenna array consisting of M radiating elements placed as a uniform linear array (ULA)
configuration with an inter-element spacing of dr. The frequency radiated from the mt®
element is:

fm = fc + mAf, m=012,..,M-1 3.1
where f. and Af denote the carrier frequency and the incremental frequency across each
element in the array, respectively, with Af <« f.. Furthermore, we divided the joint
transmit platform into K overlapped SAs, and each is composed of M — K + 1 antenna
elements. In this case, the steering vector of the k*™® SA towards the direction (8,7) is
defined as:

a,(6,r) = w,©a(6,r) (3.2)
where © represents the element-wise product, u; and a(@,r) are the M X 1 vectors
expressed, respectively, as:

1 m=kk+1,...M—-K+k

u,(m) = { (3.3)

0 otherwise.

[4 c

a(0,r) = [1,e (RS ), sy e |

where ¢ represents the speed of light, r represents the slant range between the first element
and the observed point located at the far-field, and [.]"stands for the transpose operator.

Equation (3.4) can be rewritten into a compact form as:

a(,r)=a@ @a() (3.5
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where

a(9) = [1, e IELTEE), it )]T (3.6)
a(r) = [1, ej(z—"::ﬂ), el ﬂM—:lml)]-r (3.7

Let{Y(t) } k = 1,..,K, be the possible unit-energy orthogonal radar waveforms

transmitted from each SA, such that:
Flpe®I® de = 1 (3.8)
(O Wy () de = 8k - k') (3.9)
where T and t represent the time between radar pulses and the time duration within each
pulse, respectively, (.)* denotes the complex conjugate operator, and § (.) is the Kronecker
delta function.

At the input of the joint transmit platform, the baseband form of the emitted signals is

given by:

S0 = TN, wih( (3.10)
where 7 denoting the pulse number, E is the total transmit energy and w, is the BF weight
vector associated with the k** SA. Note that the total energy E is distributed equally among
K waveforms so that during one radar pulse the transmitted energy equals to E. The signal

in (3.10) can be rewritten as:

s = [£ Wy @3.11)

where W £ [wy,w;, ..., w;] is the M X K transmit weight BF matrix and {(t) &

[Y1(t), ..., Pr(t)] T isthe K X 1 orthogonal waveforms vector.
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Here, the W and {y(t) are assumed to be optimized to fulfill the requirements of the primary
radar function while the information transmission being a secondary function can be
achieved by modulating the transmit BPs. To utilize the waveform diversity at the radar
receiver, the transmit signals should be orthogonal at all Doppler shifts and time-delays
within the velocity and range specifications of the FDA-MIMO radar. Achieving
orthogonal signals with common spectrum contents is impractical and, therefore, in [147]

several methods have been studied for designing waveforms with low cross-correlations.

3.2.2. Transmit beamspace design and information embedding schemes

Here, we demonstrate the design of the transmit beamspace matrix W and the signaling
schemes for the proposed RadCom system. Let ® = [0y, Omax] and R = [Fin, Timax] b€
the set of angles and ranges, respectively, that form a spatial sector where the main beam
operates, while keeping the power in the SL region (8, R) below a certain predetermined
threshold. Since the radar receiver feeds back the target's next position L,.;to the
transmitter, this information is utilized to design a W to fulfilling the requirements of both
the functions and improve their performance.

According to [133], there is 2M~1 — 1 BF weight vectors that could be produced from
the primary BF weight vector, so that all have the same transmit BP. Thus, w; is selected
as a primary transmit BF weight vector from W = [wy, ..., Wou-1] and ¥;(t) as a
reference waveform during each radar pulse.

The w, can be calculated by solving the convex optimization problem as follows:
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: H
min nggxlwl a;(6,7)|, 6€O, TER,

Subject to wila (6., 7) =1, 6, €0,r,€R, (3.12)
wia; (0.,7) = Emax » 6.€®,n.€eR.
Here, (6,, 1) is the expected radar target position, (.)" stands for the Hermitian operator,
and the €,,,, is a positive number that indicates the highest allowable SL level at the
location (8., ;). If there are multiple targets located in different directions then for a given
joint transmit subarrays configuration each wy, is designed separately to concentrate the
transmit power towards the direction of the targets 8, while maintaining the power radiation
in the SL region under a specific level.
In the following, we introduced two signaling strategies used for the information

embedding scheme.

3.2.2.1. APSK-based information embedding scheme

Consider the following scenario, when the radar target is moving and the
communication receiver is located within the sidelobe directions of the radar transmit BPs.
In this case, as the communication receiver (6,,1.) remains outside the main beam
direction, the proposed RadCom system can serve the communication receiver with
information bits by selecting the proposed APSK communication scheme. According to the
authors in [148], the M-ary APSK has a better performance compared with the traditional
M-ary QAM. Since the M-ary APSK needs a smaller number of amplitude levels to
represent binary bits. The M-ary APSK is a more suitable option for information

embedding since the SL levels have to be limited.
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According to [149], the optimal ring configurations for 8-APSK, 16-APSK and 32-
APSK schemes based on the highest inter-ring and intra-ring distances are (1, 7), (5, 11),
and (5, 11, 16) structures, respectively. Therefore, we need only two distinct amplitude
levels for 8-APSK and 16-APSK schemes to embed three and four information bits,
respectively, and three distinct amplitude levels are required for 32-APSK to embed five
information bits. During each radar pulse, the M-ary APSK schemes can embed the
information bits by controlling the phase shifts and the magnitude ratio levels between K —
1 waveform pairs radiated towards the communication receiver located at (6,,7.) in the
SL region. Thus, after w, is determined from (3.12), the k* BF vector wy is selected
fromW = {Wp}, (b =1, ...,2 ), and each information symbol comprises B bits. The
BF weight vectors, Wy (b = 1, ...,2 #), for the APSK signaling strategy, are derived from
w; by solving the following convex problem:

min|w; — W,
w—,,l 1 bl

Subject to Wy 'a,(0,,7.) = Aye /®x; b=1,..,28;k=2,...K. (3.13)

where A, is the amplitude ratio and ¢; is the phase shift and are given, respectively, as:

H
Ay = [, (3.14)
@y = angle (W) (3.15)

where g, 2 wil a,(6,,1.), is the transmit gain associated with the primary BF vector wy
towards the communication receiver located at (6, 7).
Here, the b** BF vector W, is designed to achieve a magnitude ratio A as well as

phase shift e/®* towards the communication receiver location (6,,7.). Note that, each
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magnitude ratio term A, and the phase shift term e/®* can assign any of the permissible
magnitude ratios L and phase shifts R, respectively, that are required by the M-ary APSK
scheme. For example, to embed four bits of informationi.e. § = 4, the 16-APSK with (5,
11) structure is applied, it follows that L = 2 (I; and I;) and R = 5and 11 for [, and [,
respectively. Thus, during each radar pulse, by solving (3.13), all possible BF weight
vectors W, (b = 1, ...,2 #) will be generated, for further illustration please see Fig. 3.18
in section 3.4 (Example 3.5).

The APSK constellation for f = 4, applying grey mapping, is plotted in Fig. 3.3 (a),
where Rp and R, denote the radius of the inner and outer rings, respectively, and @
represents the angle formed between the first communication symbol of the inner and outer

rings.
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Figure 3.3: Constellation schemes with gray coding, (a) 16-APSK for p = 4 bits and
(b) 16-PSK for 02 =4 bits.

3.2.2.2. PSK-based information embedding scheme

Consider the following scenario when the radar target and the communication receiver
are both located within the main beam direction of the radar transmit BPs as shown in Fig.
3.2(b). Thus, to maintain the target detection performance and communication

transmission a PSK-based communication will be selected by the transmitter for
information embedding. Therefore, after w; is determined from (3.12), the k" BF vector
wy, is selected from W = { W;,}, (p = 1, ..., 2%), where each symbol consists of 2 bits. The
BF weight vectors Wy, (p = 1, ..., 2), for the PSK signaling strategy, are derived from w;

by solving the following convex problem [135]:
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r%nlwl - W]

Subjectto W,"ax(6,,7.) = g1e % ;p=1,..,2% k=2,..,K. (3.16)

Here ¢, is the phase shift and can be written as:

Wi"ak(atvrt) ) (3 17)

O = angle(

let’s assume that four bits of information are available for transmission to the
communication receiver located at (6,,7.). The constellation diagram for 2 = 4 bits is
plotted in Fig. 3.3(b), where the D is representing the decision region for the symbol A,.

The transmitted signal (3.11) can be rewritten as:

s(t,1) = Jg W*B (1) ¥(t) (3.18)
Here, Wis the M x 2M~! beamspace matrix and B (1) 4 [b,(z),b,(7), ..., bk (7)]
is 2M~1 x K selection matrix that selects the desired BF weight vector from W for each
Yr(V), k = 1,..., K. The k™" selection vector b, (1) is 2M~1 x 1 vector such that only one
element in b, (7) is equal to 1 and the remaining elements are zeros. Notice that, the
transmit beamspace matrix W acts as the dictionary of the optimized BF weight vectors.
Hence, our proposed design for an angle-range dependent RadCom system is different
from the current literature of the radar-communication framework. It facilitates the tracking
of the moving targets and simultaneously maintains the communication link towards the
intended communication receiver during each illumination. As a result, the overall
performance and the throughput of the system are enhanced.
Algorithm 3.1. illustrates the selection mechanism of the information embedding

strategy during each radar illumination.
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ALGORITHM 3.1: Algorithm for information embedding scheme selection during
each radar illumination.

At the radar receiver (one cognitive cycle): L,_3 = [0;,—1,7:n-1] (previous estimated
target’s parameters).

1:  Estimate the parameters for the moving target at a time ¢t,, , i.e. currently estimated
parameters L,,.

2: Update the information library with new estimated values.

3: Forward the new estimated values to the predictor position algorithm (IMM algorithm)
to estimate the next position of the moving target L, ;.

4: Feedback L,,; to the transmitter.

5: At the transmitter: Compare L,,; with the known location of the communication
receiver (6, 1;).

6: wy is selected as a primary transmit BF weight vector from W and 1, (t) is selected as
a reference waveform.

7: i ((6c,7c) € (O, R))

8:  Select M-ary PSK modulation scheme for information embedding towards (8., 7.),
then (3.12) and (3.13) are applied.

9: else

10: ((f..7) € (B,R))

11:  Select M-ary APSK modulation scheme for information embedding, then (3.12) and
(3.16) are used.

12: end if

13: Go to step 1
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In Algorithm 3.1., the radar receiver estimates the target parameters such as the direction
of arrival (DOA), range, and velocity utilizing the reflected signals from the environment.
The estimated target positionL,, at time n is forwarded to the predictor position block to
cstimate the next target position L, at timen + 1. Next, the receiver feeds back the
predicted position of the target to the transmitter, which compares L,,; with the prior
knowledge of the communication receiver location (6,,7.). Then, whenever the location
of the communication receiver is within the main beam directions, the transmitter selects
the PSK-based communication strategy for information transmission. On the other hand,
whenever the location of the communication receiver is outside the main beam directions,
the transmitter selects the proposed APSK strategy for information transmission. "Thus,
during each radar scan, the proposed cognitive selection of the information embedding
strategies maintains the communication symbols transmission to the intended
communication receiver.

Note that, such a transmit beamspace design requires careful design to make sure that
the radar operation is not disturbed. This demands that the autocorrelation for different
waveform designs remains constant regardless of the alteration in transmitting information
symbols. In the context of the communications operation, the cross-correlation between
different pairs of transmitting information symbols and associated waveforms should be as
small as possible.

The transmission framework of the proposed system configuration is illustrated in Fig. 3.4.
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Figure 3.4: Signal Transmission diagram for the proposed system.

3.2.3. Communication symbol detection at the communication receiver
For communication symbol detection, the communication receiver located at (6,,7.),
within the system illumination regions, is assumed to have a perfect knowledge of

the Y, (), k = 1,2,..., K. Therefore, the received signal at the output of the single element

communication receiver located at (6., 7.) can be written as:

xc (t; T) = acp(7) [ar(am r) s(t 1)] + z.(t;7) (3.19)
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where ac, (1) represents a complex channel response during the T** radar pulse and
z,. (t; 7) is the white Gaussian noise with zero mean and variance o2.

Equation (3.19) can be rewritten as:

% (t 1) = ‘E aan® [T poy O Ye®] + 2. (67, 1<k<K.  (320)

where g, & wji a,(8,,7.) is the received gain associated with the kt* BF weight vector
towards the communication receiver located at (6,,7.). Then, by matched-filtering the

xc (& ©) to P (t), 1 < k < K, during each radar pulse yields:

1 T
yea® =7 [ % (6 D

0
= Jg a (1) (W)’: ak(ec:rc))"' Zk(7)

E

= X ach('r) gx + 'i;',(t), 1< k<K (3.21)

Here Z(7) represents the output noise obtained after matched filtering and is modeled as
zero-mean white Gaussian noise with variance o2. The output of matched-filtering of the
xc (t; T) to Py(t), the reference waveform associated with the primary BF weight

vector wy , yields:

Yes@ = [£ @@ g1 + 7 3.22)

Now, let’s define the k" received communication symbol as:

C(Gom) 2252, 2< k<K (3.23)
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where the k" received communication symbol Cj (6,,7.) has a magnitude ratio
component |Cy (6, 7.)| and a phase shift component angle(C, (6,,;)) in the direction of
communication receiver (8,,7.).
Thus, during the tracking operation, the intended communication receiver located at the SL
region decodes the transmitted symbol as:
A = G (8e7) (329

and

@ = angle(Cy (6.,7,)) (3.25)
On the other hand, if the communication receiver would be located at main beam directions,
during the tracking task, then A, in (3.24) is set as constant and the embedded phase
information ¢, can be estimated using (3.25) and mapped to the £ bits.
3.2.4. Echo processing at the radar receiver

The reflected signal from the far-field point located at (8, 7) can be modeled as:

r(t6,7) = J%_ a(1) Z:ﬂ wi a,(8,r)e I er@) y (1), 1<k <K (3.26)

where a(7) is the reflection coefficient of the desired point in the far-field located at @,n),
and &,y (6, r) denotes the transmit time delay of the wave propagation from the k* SA

to the far-field point located at (8, r) and is given by:

Ser(87) =2-T(k-1)sin6, 1<ks<K (3.27)

c

where 7y, is the slant range from the k** SA to the far-field point located at (8, 7).

Equation (3.26) can be rewritten as:
E T
(6.1 = £ () aT(6.r) W(® (3.28)
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where q(6,7) is the K x 1 vector and can be given by:
q(8,7) = [wi a,(8,r)e~7 670N, wl a,(6,r)e~) k@7 (329)
Let’s assume that, the co-located radar receiver consists of N receive antennas array with
a ULA shape with an inter-element spacing of dg. It is further assumed that the target in
the far-field would be seen by the transmit and the receive arrays from the same direction.
Therefore, the N X 1 vector of the received array observations from a far-field target
located at (6;, 7, ) can be expressed as:

Xr(t; ©) =7(t,6,,7) b(6,) + ny (£;7) + 0. (t; D)

= \E @ (D) q7 @ 1) Y(OIbE) + na(t;7) + n. (1) (3.30)

where a,(7) is the reflection coefficient of the t** target during the 7" radar pulse, assume
that it obeys the Swerling-II model [106], n4 (t; ) is zero mean independent circularly
Gaussian stochastic process representing the interference signals received from SL regions
with variance 02; ,i = 1,...,D, and n, (t;7) is the Nx1 zero mean independent white
Gaussian noise vector with variance g2 during the t** radar pulse. The radar steering

vector of the receive arrays b(8) can be expressed as:
b(6) = [1,e/kodasind o ik°(~-1)a,.sma]T (3.31)
where ko = 27/ 1 is the wavenumber.

After the down-converting process followed by matched filtering to the measured
signals X, (t; 7), the output of the matched filtered to the kth waveform can be expressed

as.
Vrx (T) = \E @ (D) Wi ax(6,, r)e/ BrC@Ib(g,) |+ iz () + B (1) (3.32)
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Here iy (r) and fi; () are zero mean independent circularly Gaussian stochastic
processes representing the interference signals and additive Gaussian noise, respectively,
after matched-filtering.

Thus, the KN X 1 virtual received data vector after matched filtering can be written as:

Yr = [Yr’-:1(f)» Ly YIT‘:K(T)]T

= \/% a:[q(6;, ;) ®b(6,)]+ D (3.33)

where ® denotes the Kronecker product and ¥(7) is the KN x 1 stacked vector denoting
the interference received signals plus white noise vector components.

For the Doppler application, if the target has a radial velocity v,., then the received signals

are shifted in frequency by Doppler shift, f; = 217'/ - Since Af < [, the f; due to Af
can be neglected. Let
a,(6:, 7 ) = q(6, ) ® b(6,) (3.34)
Then, we further extend (3.33) to include the moving target scenario as:
Yr(mov) = \E a; [aq(fa) @a, (6,17 )]+7V (3.35)
where a;4( f;) is the Doppler vector which can be expressed as:

ay( fa) = [1,e/2faT, ., ef2nt-DfaT |" (3.36)

where L is the sampling number. Then, (3.33) can be rewritten as:

Yr(mov) = J-é @t Kmoy (O, 7e, fa) + T (3.37)

where Koy (0, 7¢, f4) represents a joint range-angle-Doppler steering vector and is given

by:

62



Kmov(On 7o fa) = aa( fa) ® a,(6,,7:) (3.38)

The Doppler frequency can be expressed, for the constant velocity and acceierated moving

target, respectively, as:

fa=2%/, (3.39)
and

fi= 2(v, + ast) /A (3.40)
where v,, as, and t; denote the constant velocity, acceleration, and slow time dimension,
respectively.

It may be visible from (3.37) that, the joint estimation of range-angle-Doppler
parameters for the moving targets can be achieved by utilizing FDA-MIMO radar and when
it is combined with the MIMO coherent-time integration, the Doppler resolution can be
significantly improved. Hence, the FDA-MIMO radar has three-dimensional angle-range-
Doppler (ARD) processing capabilities, this leads to further improvement of the SNR and
attains the attributes of a low-observable moving target.

3.2.5. Joint angle and range estimation

As shown from (3.4) and (3.31), respectively, the transmit steering vector is angle and

range dependent while the receive steering vector is only angle-dependent. Thus, we can

define the transmit and receive spatial frequency, respectively, as:

for = Lm0 AT (3.41)
fop = L2asin8 (.42)

c
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Therefore, on the received data, this range dependence in f;r can be compensated by
employing a compensating vector, which can be given as:

o R C.Cli) ]T (3.43)

g) = [L.e
where 1, is the a priori estimate of the range of the target, which can be calculated as (r, =
bin size X range bin number). Let us define the fundamental range difference as:

Ar=r—-n, (3.44)
where 77 is the fundamental target’s range. The Ar can be modeled as a uniform random

variable distributed on the interval [— %, %], where B is the bandwidth of the transmitted
signal.
The range of the target in the presence of range ambiguity can be given as:

=1+ (- Dnamg (3.45)
where i is the range ambiguity index of the target, and Tuamyg is the maximum unambiguous

range which can be calculated as:

Tuamg = 3po= (3.46)

As shown in (3.42), the f; ; depends only on an angle. Thus, the g(r,) can be expressed
in the joint transmit-receive spatial frequency domain as:

h=1y ® g() (3.47)
where 1y isan N X 1 vector, for which all elements of the vector are equal to 1.

The received data after the compensation process is applied can be expressed as:

Yrcomp = (J’E a; [q(at- n) ® b(6,) ]+ g + ﬁ;) ®h
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= Jg a, WH [ (a(e,) 0] a(Ar + (i — 1)ruamy)) ® b(6,) ] +10; + i (3.48)

The derivation of (3.48) is provided in Appendix A.
Due to the coupling of the angle and range parameters in the transmit domain, they
can’t be estimated from (3.48) directly. Thus, to circumvent this problem, we reconstruct

¥r.comp Using the reconstruction operator, mat (.). The snapshot of the compensated data is

reconstructed intoan N X K data matrix Yy comp as:
T
Yy comp™ [mat(Yr,comp)]

= ‘]g a,(r) W*[a(6,) @ a(Ar + (i — Drigmy)] b(8:) + N; (1) + N; (1) (3.49)
The maximum likelihood estimator (MLE) for the target’s angle is given by:
é;: =arg me?x|25=1 W,’{ (6:) Yr,comp(k)l (3.50)

where wg(6:) = Qz' b(8,) is the MVDR beamformer with Qg representing the

covariance matrix of the received noise-plus- interference, and Yr.comp(k) is the kth

column of Yy .omp that includes the received data related to the k" transmit SA.

Thus, the adaptive weight can be constructed in the transmit-receive dimensions as:
w(i,0,6,) = Q7 u(i, 0,4, ) (3.51)

where u(i, 0,8, ) is the steering vector in the transmit-receive domains and is given by:
u(i, 0,8, ) =b(8;) ® [a(8:) ® a((i — Vruam,)] (3.52)

Next, we estimate the range ambiguity index as:

i=arg t-il?aNx IW" (i: 0, E:) Yr,compl (3.53)
=1,2,.Namg

where Ny, represents the number of ambiguous ranges. And the adaptive weight will be
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w(1,Ar,8; ) = Qziz u(i,Ar,G,) (3.54)
Thus, the Ar is estimated as:

Ar =arg n}gx|w" (5,47, 8; )yr.comp| (3.55)

Hence, the true range can be estimated as:
fi=rg+8r+ (- Druamg (3.56)

Hence, we can interpret this unambiguous angle and range estimation scheme as estimating
the angle of the targets in the f;z domain, and thereafter resolving the ambiguity in the
range extent, and finally the range is estimated in the f;7_; domains.
3.2.6. Tracking algorithm

In tracking scenarios, a maneuvering target (MT) is considered as a nonlinear
dynamical system characterized by several possible operation regimes, which can be
described as a sudden change in the dynamic motion equation of the system. Consequently,
a maneuvering target represents a challenge to attain filter consistency (FC). This sort of
problem is often referred to as a hybrid-state or jump Markov estimation problem [150].
One approach to treat this type of problem is the adaptive Kalman filter (KF). For tracking
the MT, the adaptive KF is observing the residuals of innovations with their covariance
errors in real-time, detecting a failure in FC, and adapting its parameters to retrieve FC.
Unfortunately, using this approach will not provide reliable tracking performance, and this
is due to the performing data association and adjusting the filter parameters at the same
time will lead to unreliable decision making [151, 152]. Another alternative approach for

tracking the MT scenario is modeling the situation as the state estimation problem with
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Markovian switching coefficients [153]. The IMM estimator is a typical approach for such
an estimation problem [154].
The dynamic and measurement equations for the MT can be expressed as:
Xn41 = Fn(On+1) Xn + Gn(65) v (6y) (3.57)
z, = H(8,) x,, + w,, (3.58)

where X, is the target’s state vector at discrete time t,,, F,, is the transition matrix of the
system, 6, is a finite-state Markov chain with transitional probability ps; of switching from
s mode to i mode, G, denotes the errors related to the state of the target. Likewise, z,, is
the measurement vector at discrete time t,,, H is the measurement matrix. The random
sequences v, and w, are mutually independent, zero-mean white Gaussian, with
covariances R,, and Q,, respectively.
Stages and parameters involved for IMM estimator implementation are provided in Table
3.1.

Table 3.1: Stages involved for IMM algorithm implementation.

Mixing stage: Starting with the state xﬂ_i\n_land the mode probability u’_, for each of
r modes:

Predicted model probability: Pn-t\n-1 = Zi=1 M1 Psi (3.59)
Mixing probabilities: i ey = 2y (3.60)
Bp-1\n-1
Mixing estimate: xgi_i\,,_l = Yie1 u,"'_il\n_l Xn—1\n-1 (3.61)
Mixing Covariance: Polin-1 =
r SI!

s=1Hn—1\n-1 [P:—1\n—1 + (xrsl-l\n—1 - x9:'.—1\11-1 )( xrsl-i\n-l = x:i—1\n-1 )T] (3.62)

Mode Conditioned Estimates stage: Starting with xgi_l\,,_land P°‘_1\n_1 for each of
modes:
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Predicted state: Xmn-1 = Fi1 X3 3\nt (3.63)

Predicted covariance:  Phy,_y = Fi, P\, o (Fiy )" + Gy QLy (6L, )" (3.64)

Measurement residual: zZh =12z, — Hhxb\, (3.65)
Residual covariance: St = H} Ph,—, (HE )T +Q, (3.66)
Filter gain: KL =Py, _, (HL)'(L)™ (3.67)
Update state: Xp\n = Xoyn—y + Kb Zh (3.68)
Update covariance: Pon = (1=K HL Py (3.69)

Mode Likelihood Computations stage:

1Ty et Y2 ox]
Model likelihood: i = J;__Ie['i CINC IS (3.70)
|2 s7
where |. |denotes the matrix determinant.

Mode Probability Update stage:

t
Model probability: uh LY

TSt M- 1\n-1

Mn-1\n-1 3.71)

Combination of State Estimates stage:

Filtered state estimate: Xn\n £ E[Xx,]2,]

= Tl1kh Xn\n (3.72)
where E[.] denotes the expectation operator.

Filtered covariance: Ppy\n 2 E[(Xn — Xn\n) (Xn — Xn\n)7 |21)

= 1=1#$l [Pvi:\n"' (x:l\n —Xn\n) (xil\n = Xn\n )T] (3.73)

Fig. 3.5 shows a schematic representation of IMM processing steps with r = 2 modes.
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Figure 3.5: Processing steps of IMM estimator with r = 2 modes.

For many tracking systems, X, is projected in the Cartesian system and retained
stabilized in a frame of reference relative to the position of the platform. The state vector
can be expressed in Cartesian coordinate’s space as:

Xn=[Xn Xn X0 Yn Yo Vo Zn Zn Zl" (3.74)
where (Xn, Yn, 2n), (Xn, Yn, Zn) and (%, ¥y, Z,) denote the position, the velocity, and

the acceleration components of the target at discrete time t,,, respectively. We consider two
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motion modes for the MT, namely, constant velocity (CV) and constant acceleration (CA)
models in our proposed design [155].
The dynamical constraint for CV and CA motion models can be expressed in Cartesian
coordinate’s space as:
An  Omxm Omxm
Fr=|0mxm An Omxm (3.75)

omxm omxm Aﬂ.

where 0,,,.ndenotes m by m matrix of zeros and A,, is expressed for CV and CA motions

respectively, as:
Ay = [(1, by (3.76)
1 1, =
Aca=10 1 1, (3.77)
0 0 1

where 1, = t, — t,_,denotes the sampling time,t, represents the period of
mcasurement n.

The covariance matrix of the input noise for CV and CA motion models are characterized

by G,Q,G," that is given by:
qn* BanT Omxm Opuxm
GnQnGnT = Omxm qn” BanT Omxm (3.78)
Omxm Omxm qn* BanT

where B,,B,,” is expressed for CV and CA motions, respectively, as:

BB ey =| . 2 (3.79)
= ™
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4 2 2
3
(BnBnea = |2 7,2 1, (3.80)

However, the performance of the IMM algorithm and its effectiveness has been

documented in the literature [152, 154, 156].

3.3. Performance Analysis

In this section, we analyze the performance of the proposed RadCom system design for
both functions, i.e. target detection performance and communication symbol transmission
in terms of SER.

3.3.1. SINR analysis for radar

The target detection performance depends upon the output SINR of the adaptive MVDR
beamformer. Therefore, from (3.33) the observation vector y, includes the target signal
part which is assumed to be an unknown deterministic signal and interference plus noise
part which is assumed to be zero mean independent circularly Gaussian with variances
0?4 and 02, respectively. Assume that there are D jammers present in the radar

environment, the covariance matrix Q of the interference plus noise can be written as:

Q= 3, 0% V(8s 1) V¥ (84, 1a) + o7 (3.81)

where v(8,7) = q(6,7) @ b(8), and 1 is the identity matrix.

The output SINR can be written as:

ozslwé' v(0, r)lz

SINR =
Wﬂ'Q Wp
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_ a2V (Br) ve[
— vH(61e) Q V(8ere)

(3.82)

where 0%, is the variance of the average target signal.
3.3.2. Detection analysis for radar target

To analyze the detection performance of the radar target, a statistical hypothesis

testing model for received data is constructed as:

Hy:y, =V  (targetis absent)
(3.83)

Hy:y, = \l% a.[q(6,, 1) ®b(6,)] +V (target is present)

Based on Neyman-Pearson’s approach for statistical inference, the likelihood ratio test can
be used to analyze the detection probability for a radar target and is given as [157]:

_ Pr(y,; H,)
[T = log Pr(yr: Ho)

2

2
Ib@)I?+| 20  (3.84)

Eawate.

where ¢ is the threshold used to partition the decision region for the detection process.

The probability of detection P, can be given by [158]:

PD = QM(VZ SNR, J—Z In PFA) (3.85)
where Pr, is the probability of false alarm and Qp (.) is known as Marcum’s Q function

[106] which can be given by:
Qu(e,£) = [Tt exp[—0.5 (t? +2)] Io(x t) dt (3.86)

where Iy() is the modified Bessel function of the first kind.
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3.3.3. CRLB analysis for radar

In this subsection, we evaluate the lower-bound performance of the FDA-MIMO radar
in terms of the CRLBs for the angle and range parameters. The deterministic angle and
range of the target are represented in vector form as ® = [6,, r,)]”. From (3.33), the
observation data y, follows a circularly Gaussian distribution with mean y and covariance

matrix Q, where:

s = J‘E‘ a,(7)[ q(6,, 1) ® b(6,) ] (3.87)

Thus, if the a, is known, the corresponding CRBs expression for the target parameters of

interest is [159]:

Dto = 28 Ref(220))" s (20m2)) g

where N is the number of snapshots and

u(6,, ) = b(6,) ® [W* (a(r, — 1) @ a(6,))] (3.89)
In this case, the Fisher information matrix (FIM) can be given as:
2
W, Refw, H w
Re{wft wat} |w9t "
where the two auxiliary vectors w,, Wyp, can be defined, respectively, as
w, & Q2 u,, (0,72 ) (3.91)
wg, 2 Q2 ug,(6,,1:) (3.92)

where Q~1/2 s the square root matrix of the positive definite matrix Q~*, u,,(6,, 1) =

d u(e, 1) du(By,re)

and “at (Bt, Tt ) -_ F) 9:
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Thus, the corresponding closed-form CRLBs for angle and range parameters are

equivalent to the inverse of FIM and can be expressed, respectively, as

b K ||w,-,_.|| 3.93
O = ZNElarl? wrfl 2 liwe, I —(Re{‘”rg ‘”ﬂt}) o

K “wat“
. 3.94
L2 ZNEI al? flw: ]l 2 ||""9c|| - (Re[wr," Wo,]) ( )

3.3.4. SER analysis for communication function

Firstly, let us consider the scenario when the communication receiver is located outside
the main lobe directions, i.e., in the SL region, and then the transmitter selected M-ary
APSK for embedding the information towards the communication direction during the
current scan. Assume that each symbol (signal point) to be transmitted is mapped into 4
bits, i.e., B = 4 bits, (see Fig. 3.3(a)), and these symbols are equally probable. Calculating
the distances between the symbols in the 16-APSK constellation are presented in Appendix
B. Each symbol on the outer and inner circles has a probability of 11/16 and 5/16,
respectively, to be selected for transmission towards the communication direction.

Thus, the SER for the proposed 16-APSK signaling with (5, 11) structure is written as:

pesma ) esmma ) 7 222 3 [ 2
(3.95)

Here Q (.) is the Gaussian error function. Similarly, for the 8-APSK with (1, 7) structure,
the 32-APSK with (5, 11, 16) structure, and the 64-APSK with (4, 10, 15, 17, 18) structure,
the SER is calculated in a similar procedure.

Now, let us consider the scenario when the target and the communication receiver are
both located in the radar main beam directions, and then the transmitter selected the M-ary
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PSK for the information embedding scheme. Assume that each symbol (signal point) to be
transmitted is mapped into 4 bits, i.e., 2 =4 bits, (see Fig. 3.3(b)), and are equiprobable.
The probability density function (PDF) of the 16-PSK is derived in Appendix C. The
decision region can be described as D = {¢: _"/ M<®= "/M]; therefore, the SER of
the 16-PSK is given by:

pui- [ (ie-f/'fs""" g ve e dv) dp  (396)

Similarly, for the 8-PSK, the 32-PSK, and the 64-PSK, the SER can be evaluated in a

similar procedure.

3.4. Simulation Results

In this thesis, MATLAB has been used as the main computing and programming
environment. Also, other useful solvers and toolboxes have been integrated with MATLAB
for performing the simulations. In particular, we have used the MATLAB convex (CVX)
toolbox to solve all the optimization problems. Moreover, we modeled the communication
svstem protocol in MATLAB.

Here, we present simulation examples to demonstrate the performance features of the

proposed system design. In all examples, we assume a ULA FDA with Af =300 KHz and
consisting of M = N = 14 antenna elements spaced 1/2 apart. Moreover, the surveillance

region where the RadCom system operates is -90"°<6<90° and0m< 7 <
20 X 105m. Besides radar functions within the main beam, we assumed that the
information bits are delivered to the communication receiver located at (6., 7). It is also

assumed that the power level in the SL region is at least 20 dB lower than the main beam

75



thus the maximum allowable value of &,,4, = 0.1 is selected. The simulation parameters

are summarized in Table 3.2.

Table 3.2: Parameter’s design of the proposed system.

Parameter | Description Value
fe. & '|Carier frequency < : '10GHz
PRF Pulse repetltlon ﬂ'equency 5 KHz

——. -—-—d—-—-—-uld-—-_--- -

Waveform bandwndth

A, S

15 MHz

"M

B t . = v >
r,,,,,,,, Maxlmum unamblguous range 30 Km
dr=ds |Elementspacing 4 . | l “&n
M=N Element number

‘U-N“"L’ : | A TR ;_g“ v 4,!"?3_ ey
Number of pulses T -

Example 3.1 (Spectral distribution of the targets in the presence of the interference
and range ambiguity):

In this example, we consider a situation where there are two targets located in the
same angle and range bin but they are from different ambiguous range zones. Assuming
there are 1000 range bins and the estimate of a priori range r,can be calculated as 10 m X
1000 = 10 km. The fundamental range difference Ar on the two targets is uniformly

distributed on [-5m, 5m], and the SNRs of the targets are assumed to be 0 dB and 5 dB,

respectively.
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Figure 3.6: Spectral distribution of the interference and the two targets using, (a)

Conventional MIMO radar and (b) FDA-SA radar.
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In the case of conventional MIMO radar, as shown in Fig. 3.6(a), since the two targets
are located within the same angle, this results in the targets being overlapped and can’t be
resolved in the spatial frequency dimension. On the other hand, in the casc of FDA-SA
radar, the two targets can be resolved based on the spatial spectrum spreading in the
transmit dimension as seen from Fig. 3.6(b). This is due to the spatial frequency dimension
of the FDA-SA radar that can be divided into two straps and each target from a different
ambiguous zone belongs to the one strap corresponding to the range ambiguity index i =
1,2 and the width of each strz{p determines by the Ar.

By utilizing the range dependency of the transmit steering vector, the accuracy of the
range estimation can be improved which leads to further enhancement in the range
resolution. Fig. 3.7 illustrates the resolvability improvement in the range offered by the

proposed system.
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Figure 3.7: The range resolution of two targets can be offered by the proposed
system.

78



It shows the spectrum of two targets in the same ambiguous-range region where the
distance between them is 5 meters. It is shown from Fig. 3.7 that the two targets can be
distinguished from each other. Thus, the proposed FDA-MIMO system offered a higher
resolution in range compared to the traditional radar.

Example 3.2 (joint angle and range estimation):

In this example, we assess the performance of the joint estimation for the angle and
range parameters of the target. Therefore, we carried out 200 Monte Carlo simulations and
during each trial, the sample number is 200 with assumptions that the target is located at
2°, and the SNR is 0 dB. The range ambiguity index i and the fundamental range difference
Ar parameters are selected to be the same as in example 3.1 except that they are fixed for
each experiment. Figures 3.8(a), (b), and (c) plot the estimated results of the fundamental
range difference Ar, angle, and range ambiguity index i, respectively. Fig. 3.8 shows that

the results are very close to their true values.

ab a7 ]

Estimated value (m)
o
1]

3r 21
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Figure 3.8: Estimation results of the target parameters present in an interference
environment. Estimation of (a) Fundamental range difference, (b) Angle, and (c)
range ambiguity index.
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Here, the root mean square errors (RMSESs) is used as a performance criterion, which can

be calculated as follows:
2
RMSE (0)= o Tes B, (6, = 62) (3.97)
Py 2
RMSE (r) = Jﬁ. T3 (5 ) (3.98)

where d;, and 7;; denote the estimates of the angle and range for the tth target in the j*
Monte Carlo run, respectively, T and M, denote the total number of targets and Monte
Carlo runs, respectively.

Figs. 3.9 and 3.10 show the RMSEs of the angle and range estimates, respectively,
attained from 200 Monte Carlo simulations versus the input SNR under interference-free

and interference environments. For comparison purposes, the corresponding CRBs are

plotted as well.
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Figure 3.9: RMSE versus SNR for the Angle estimation in (a) interference-free
environment and (b) interference environment.

The observations extracted from Fig. 3.9 are the following: (i) in the interference-free
environment, the RMSEs estimates are close to the CRB as compared to the counterpart of
the interference case. The CRB of the conventional MIMO radar is smaller than that of
FDA-SA radar, this is because of the large aperture of the MIMO array created by the
virtual radiated elements, (ii) in the interference environment, there is a bias in the angle
estimation at high SNRs, and (iii) the accuracy of the estimation of the FDA-SA radar is

close to that of the phased array (PA) radar.
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Figure 3.10: RMSE versus SNR for the Range estimation in (a) interference-free
environment and (b) interference environment.
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From Fig. 3.10 we can extract the following observations: (i) in the interference
environment case, the estimates are also biased at high SNRs, (ii) Since the transmit spatial
frequency f;r of PA and MIMO radars are only angle-dependent and the range resolution
is depending on the waveform bandwidth which is fixed, therefore the accuracy of the
range estimation can’t be further improved, and (iii) in the FDA-SA radar, the accuracy of
the range estimation can be considerably improved at high SNR, since the fsr is angle-
range dependent.

Figs. 3.11 and 3.12 plot the RMSEs of the angle and range estimates, respectively, with

respect to the number of snapshots at SNR, fixed to 0 dB.
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Figure 3.11: RMSE versus the number of snapshots for the Angle estimation in (a)
interference-free environment and (b) interference environment.
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Figure 3.12: RMSE versus the number of snapshots for the Range estimation in (a)
interference-free environment and (b) interference environment.

It is shown from Figs 3.11(a) 3.12(a) that, in the interference-free environment the
RMSEs of angle and range estimates of the FDA-SA radar are close to their corresponding
CRBs. Fig 3.11(a) shows less than 3dB loss in angle estimation performance for FDA-SA
radar compared with the conventional MIMO radar performance. In the interference
environment as shown in Figs. 3.11(b) and 3.12(b), the angle and range estimation
accuracies of the FDA-SA radar, respectively, are higher than those of the conventional
MIMO and PA radars. Since the FDA-SA radar can provide a degree of freedom in the

range domain, the accuracy of the range estimation is enhanced evidently.

86



Therefore, despite the performance loss in angle estimation for the FDA-SA radar, it can

provide high range resolution and handle efficiently with range ambiguity.

Example 3.3 (CRLB for target parameters):

In this example, we assess the CRLBs performance for the target located at 0° and
assuming that the INR is fixed to 30 dB and there are three interferences located at 5°,15°,
and 30°, respectively. Fig. 3.13 plots the CRLBs versus the SNR for angle and range with

the presence of interferences and interference-free cases.
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Figure 3.13: CRLB versus SNR (a) Angle parameter and (b) Range parameter.

We can observe the following: (1) the CRLB in the interference-free environment is
smaller than of those in the interference environments, (2) the CRLBs are large when the
interference is approaching the angle of the target, and (3) in the interference-free

environment, the CRLB of the range is smaller than the 67 = 10 meters.

Example 3.4 (Tracking of the maneuvering target (MT)):
This example illustrates the performance of tracking MT using various estimators

including the proposed tracking scheme. The initial simulation parameters are provided in

Table 3.3.
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Table 3.3: Simulation parameters used for target tracking scenario in example 3.4.

Parameters Setting Values
The initial state of the target X, [0,0,0,1,0,0]
The state covariance diag([0.1,0.1,0.1,0.1, 0.5,0.5]")
The measurement matrix H [100000;
010000]
The prior probabilities model [0.9,0.1]7
The mode switching probabilities matrix 1 | [0.98 0.02
0.02 098

The measurement z,, is made on the target position with Gaussian noise wy,
where E[wow,T1=[%0 |8, (3.99)
where §;; is the Kronecker delta function. which equals to one if i =j and to zero otherwise.
The simulation is performed with 100 Monte Carlo runs, each has a randomly
generated trajectory originating from the same starting point, and a corresponding
observation series are generated independently. The motion of the target switches between
CV with low process noise (such as PSD =0.1) and CA with high process noise (such as
PSD =1). Four maneuvers operation are performed with revisit intervals for the sensor 7, =
0.1s. In particular, the target motion is set to the CV model during 1-50 s and 71-120 s,
while during 51-70 s and 121-150 s, the motion is set to the CA model. The actual
trajectory, measurements, and estimates given by the proposed method in one run are
shown in Fig. 3.14 (a) and (b), respectively.
For more insights, the RMSEs on the angle and range estimations over time given by KF

and the proposed scheme are shown in Fig. 3.15 (a) and (b).
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Figure 3.14: (a) Real trajectory and measurements and (b) estimates of the different
estimators.
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The RMSEs of the angle and range parameters can be calculated, respectively, as:

RMSE (6) = JET: =¥ (Fom — Ot )’ (3.100)
RMSE ()= [o- S (1 = 7em ) (3.101)

where M, =100 is Monte Carlo runs, ;. , and 7, stand for the true position of the target,

and 6, and 7, represent the estimates of the angle and range for the target in the m*"
Monte Carlo trial, respectively.
The average RMSE of the angle and range parameters and computing time per run

performed in MATLAB software are provided in Tables 3.4 and 3.5, respectively.

Table 3.4: Average RMSE performance for angle parameters of different estimators.

Estimators Average RMSE of Angle (Degree) | Computing Time (s)
KF (using CV) | 0.2097 0.0043
KF (using CA) | 0.1151 0.0047
IMM-KF 0.0996 0.0727

Table 3.5: Average RMSE performance for range parameters of differcnt estimators.

Estimators Average RMSE of Range (Km) | Computing Time (s)

KF (using CV) | 0.4439 0.0011
KF (using CA) | 0.2536 0.0013
IMM-KF 0.2115 0.0209

The proposed scheme outperforms the KF using the CV and CA models in terms of

estimation accuracy but it is slower than the KF filter in terms of computing speed.

92



Fig. 3.16 shows the calculated probabilities of the two modes used in this example. It
shows that target acceleration makes the CA model more likely, while the CV mode is

considered more likely if the target is not accelerating [155].
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Figure 3.16: Mode probabilities of two-mode IMM algorithm for tracking a
maneunvering target.

Fig. 3.17 illustrates the probability detection performance and it indicates that the proposed

scheme outperforms the MIMO and FDA designs.
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Figure 3.17: The detection performance of the proposed scheme design compared
with MIMO and FDA radar systems.

Example 3.5 (Transmit BP synthesis and signal representation at the radar receiver):

The proposed RadCom platform aims to track the distant moving targets and
simultaneously embed/deliver information symbols towards the intended communication
receiver located at (6, 7;) in the radar operation regions. Let’s assume that, at the beginning
of the tracking task, the target is moving away from the location of the communication
station, and the operating region of the main beam is within the 2-D spatial sector §, =
[-10° 10°]and 3 X 10° m < 1, < 3.5 X 105 m, and for a communication receiver is
30°< 9, <40"and2 X 10°m < 7, <25 x 105 m.

During the current scan, the M-ary APSK strategy is selected by the transmitter for

information transmission. In this case, during each radar pulse, the APSK strategy allows
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the transmission of different gains towards the communication receiver direction by
solving (3.12) and (3.13). Let us assume that, the K = 3 (there are 12 radiating elements
in each subarray) is selected, and there are two information symbols (assums each contains
four bits i.e.,, § = 4) that can be embedded during each radar pulse. Therefore, the 16-
APSK with (5, 11) constellation in Fig. 3.3(a) is applied, where A;(i = 1,2, ...,11) are
associated with Wy, ..., W7 and B;(j = 1, 2, ..., 5) are associated withWy, ..., Wig.

In such a case, the primary BF weight vector w; is calculated by (3.12) while w, and
w; are selected from W = {Wy, ..., Wig} according to the information available for
transmission. Suppose that the information bits to be transmitted are 1010 0110, i.e. AgB,,

the equation in (3.30) can be rewritten as:

Xr (t;T)la,B, = \E 2: ()] q7(8,7) a5, B@®]B(O) + Ny (5;7) + 0, (1)  (3.102)
where q(6,7)|a,5, can be expressed as:

w,"a,(0,r)e”/ 81,7(6.7)
q(el r) IAng = Wg"az (e' r)e_j 62'1'(0,7') (3. 1 03)
w_13"3:«1 (6,r)e~] 8ar(6r)

According to (3.12) and (3.13), we get:

w;"ay(6, ) =1
w1"a1(8,, ) = Emax
W;"az(oc- %) =A; e~lo:
Wi3"a3(0,, 1) = Az eI

(3.104)

It is clear from (3.104) that there are two different levels of magnitude ratios (£,= 1 and
£2 =0.146) between each waveform pair. This leads to two gains in the transmit BPs
towards the communication direction as shown in Fig. 3.18(a), while the detection

performance of the radar target is not influenced by the information transmission process.
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Figure 3.18: Transmit BPs for RadCom signaling strategies vs. angle when K=3 and
apply: (a)16- APSK strategy and (b) 32-APSK strategy.
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The transmit BP of the joint transmit RadCom platform when K = 3 is plotted in Fig.
3.18(a). For the sake of clarification, a 32-APSK with (5, 11, 16) constellation is also
plotted in Fig. 3.18(b) with three magnitude ratios (£ 4=1, £,=0.323, and £; = 0.119). The
direction of the communication receiver is represented by the red dashed line.

During the tracking operation, when the target is moving towards the communication
receiver and both would be located within the main beam directions, then the M-ary PSK
strategy is selected by the transmitter for information transmission. Let us assume that, the
K = 3 is selected, and there are two information symbols (assume each contains one bit)
that can be embedded during each radar pulse. The binary PSK (BPSK) is applied where
A;(i = 1, 2) are associated with W;, W5.

The primary BF weight vector w; is calculated by (3.12) while w, and wy are selected
from W = {@], W;}. To embed one bit of information, a phase constellation of the two

symbols to be transmitted is assumed to be:

H
1 angle (—Wi .;(9,,1-,)) € [—g,g
Qi = o (3.105)
0 angle (—-—“rz ‘;“""") € 2,2
1

Suppose that the information bits to be transmitted are “10” bits, then (3.30) can be

rewritten as:

Xy (£ 7)o = ‘E a:(D[q"(6, Nl w®Ib@) + ng (1) + n, (1) (3.106)

where q(6,7)|19 can be expressed as:

wi¥ ay(8,r) e~ Bur @)
(3.107)

q(8,M)l10 = | W;" a(6,7) =7 %2r(61)
W;" ay(8,r) e~/ 8ar(6)
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According to (3.12) and (3.16), we get:

{ w2, (0, 1) = W;"az(6,,7) = W;" a3(6,m) = 1 (3.108)

wya,(6,, 1) = W;.H a;(0., 1) = Wzﬂas(ac'n:) = Emax

Hence, we can conclude that the detection performance of the radar target is not influenced
by the information transmission process towards the communication direction located at
(6e, 7).

The SER of the proposed RadCom system when K = 3 is plotted in Fig. 3.19 for

different information streams using APSK and PSK signaling strategies, respectively.
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Figure 3.19: SER versus E”/ N, when K=3 and: (a) the intended communication

receiver is located in the SL directions (b) the intended communication receiver is
located within the main beam.

In Fig. 3.19(a), when B =5, means that the ten bits of information are transmitted per
radar pulse, and the data throughput of 300 Kbits/s can be achieved if the radar PRF is
equal to 30 KHz. While in Fig. 3.19(b), when £2 = 4, means that the 8 bits of information
stream are transmitted per radar pulse, and the data throughput of 240 K bits/s can be
achieved if the radar PRF is assumed to be 30 KHz.

Thus, the maximum achievable data throughput of the proposed system is:

R=(K—1)*(B+102)+PRF bits/s (3.109)
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Note that, we can increase the data throughput of the system by increasing the number of
subarrays K while lowering the order of the signaling strategy to limit the SER.

In the SL-based signaling strategies, e.g., [125, 127, 134, 136, 160, 161], the
communication receiver should be located in the SL directions so that it can decode the
transmitted information symbols otherwise the performance will be significantly degraded.
Our proposed design for the RadCom system maintains the communication link towards

the intended communication direction during tracking operation.

Example 3.6 (BER performance in angle and range dimensions):

In this example, we evaluate the BER performance of the proposed RadCom system in
angle and range dimensions. Let us assume that the communication receiver is located
at (35,240 Km) and the SNR = 10 dB. Fig. 3.20(a) shows the angular BER for the

proposed RadCom system.
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Figure 3.20: BER performance in the direction of the intended communication
receiver in (a) angle dimension and (b) range dimension.

It is clear that the only direction that can decode the transmitted information is the
direction where the communication station is located i.e., at 35°. The narrow BP towards
the communication direction indicates that BP produced by the proposed method is
focusing the energy towards the intended direction only. Hence, an inherent secure
transmission against information interception is established. Fig. 3.20(b) shows the BER
performance versus the range dimension. The only range that can decode the transmitted
information is the range where the communication receiver is located i.e. at 240 Km.

In the current radar-communication framework, e.g., [125, 127, 134, 141, 160], the

RadCom system is an angle-dependent BP and fixed for all ranges, whereas our proposed
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RadCom system is an angle-range-dependent BP and provides a more secure transmission

to a specific location.

In summary, the proposed design allows the angle-range dependent RadCom system to

maintain the information transmission towards the communication receiver regardless of

its location within radar regions. Hence, the overall communication throughput of the

system is enhanced. Table 3.6 summarizes the contributions of the proposed design in

comparison to the recent existing designs, where L and R denote the allowable SL levels

and phases, respectively.

Table 3.6: Comparison between the proposed scheme design with recent existing

designs.
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3.5. Summary

In this chapter, we have embedded a closed-loop into the system’s design to enable
the RadCom system to utilize the resources more efficiently. We introduced two signaling
strategies that will be selected by the transmitter according to the relative motion of the
target. The system performs detection and tracking of the moving target and simultaneously
maintains the information transmission towards the communication receiver during each
scan. The simulation results verify that the communication performance is enhanced in
terms of low SER, secure information transmission, and increased throughput. While for
radar applications the performance is improved in terms of target detection and parameter

estimation.
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CHAPTER-4

MULTI-USER TRANSMISSION FOR RadCom SYSTEMS
BASED ON APSK SIGNALING STRATEGY AND
WAVEFORM DIVERSITY

In this chapter, an efficient MIMO RadCom system is proposed to improve the system’s
resource utilization. An alternative approach design is used for beamspace matrix W and
waveform designs. We utilized either the amplitudes and/or phases of the transmitted radar
waveforms, instead of utilizing the magnitude ratios and phase shifts between waveforms
as used in Chapter 3 of this thesis, for information embedding towards the communication
direction. Accordingly, the proposed APSK signaling strategy allows multi-user access via
permitting distinct information bits to be transmitted simultaneously towards the intended
communication users located in different directions at the SL region. The information
embedding designs have been considered for both modes of communication (coherent and
non-coherent). For the tracking applications, we considered two modes for the
maneuvering target (MT), namely, constant velocity (CV) and coordinated turn motion
(CTM) models in our proposed design. The CTM model characterizes the motion of MT
under high acceleration maneuvers with control surfaces where the speed remains nearly
constant during maneuvers.

Hence, during each radar illumination, the system carries out target tracking tasks
while maintaining the communication symbols transmission towards the intended
communication receiver. The simulation results verify the effective performance of the

proposed design in terms of target tracking and angular BER. Furthermore, the proposed
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APSK signaling strategy provides a significant improvement in terms of enhancing the
overall throughput of the system and low BER performance in comparison with the existing

SL-based communication signaling strategies.

4.1. Introduction

The RadCom co-design approach has received much attention in recent years [14, 17,
21-23, 125]. Since the system’s operating resources are shared for both operations, it is
assumed that the primary function of the RadCom system is to fulfill a radar emission and
simultaneously allow a secondary information transmission function during the same radar
pulse. For example, a multi-waveform SL-based communication used a convex
optimization to produce multiple transmit BP having multiple SL power levels, where each
level represents a distinct information symbol towards the communication direction in the
SL region [125]. Different modulation schemes designs have been developed in the existing
literature to embed information into the radar pulse emissions for the RadCom systems [23,
65, 126, 127, 135]. However, there are two constraints for the amplitude modulation SL-
based approach: (1) the communication stations should be located in the SL of radar
regions, which does not always occur in practical scenarios; (2) the communication
throughput of the system is relatively very low. Moreover, the majority of these modulation
schemes were proposed for broadcasting mode transmission, where the communication
receivers are receiving the same information bits stream.

By employing MIMO configuration into RadCom system designs, multiple orthogonal

waveforms are transmitted simultaneously, and thereby waveform diversity could be
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exploited [20, 22, 29, 128]. To realize the dual function operation, the transmitted
orthogonal waveforms are linearly combined in the far-field region to fulfill a radar
emission in one direction and communication operation in another spatial direction [137,
138]. Communication symbols embedding into the emission of MIMO radars have been
developed in [122, 142], where the achievable throughput is limited by the number of
employed orthogonal waveforms and the PRF of the system.

In this chapter, we proposed a closed-loop design for the MIMO RadCom system where
the information embedding strategy is cognitively selected for each illumination according
to the location of the communication user in the operational environment. Hence, during
each radar illumination, the system carries out target tracking tasks while maintaining the
communication symbols transmission towards the intended communication receiver.
Moreover, the proposed APSK signaling strategy allows multi-user access via permitting
distinct information bits to be transmitted simultaneously towards the communication users
located at the SL region in different directions. The performance of the proposed system is

analyzed along with simulation results.

4.2. Proposed System Design

The cognitive cycle establishes a closed loop that embodies the transmitter, receiver,
and operational environment. The system is reconfigured (updating the transmission
parameters) according to the feedback information injected from the receiver to the
transmitter. Fig. 4.1 depicts the functional blocks of the proposed system design. The
receiver side includes the radar’s receiver, memory, and position predictor blocks, while

the transmitter includes five sub-blocks that contain signaling strategy selector, memory,
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transmit BF weight vectors design, selector of the optimum weight vectors for transmission

and lastly the joint transmit platform (JTP).
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Figure 4.1: The proposed closed-loop design diagram for the RadCom system.
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Once the proposed system is linked to the operational environment, the JTP illuminates
the radar environment which contains potential moving target and intended communication
receiver located at 8, and 8; respectively. The radar receiver estimates the target parameters
such as DOA and velocity exploiting the reflected signals from the environment. It is
worthy to mention that, from the initial scans a library is built which contains the previous
and updated estimates of target parameters and then stored in the memory. The estimated
target position P, at time n is forwarded to the prediction algorithm (extended Kalman
filter- interacting multiple models (EKF-IMM) estimator) block to estimate the next target
position P,,, at time n + 1. Next, the receiver feeds back the predicted position of the
target to the transmitter, where it compares Pn,q with the known location of the
communication receiver.

In this case, when the target and communication receiver are both located in the radar
main beam directions, the information symbols transmitted towards the communication
direction are embedded exclusively in the phases of transmitted waveforms by applying a
PSK-based communication strategy. Therefore, the optimum performance for the target
detection is maintained. On the other hand, when the communication station is located
outside the main beam directions of the transmit BP, a proposed APSK strategy is applied
to embed the information symbols by utilizing the amplitude and phase of the transmitted
waveforms in the direction of the communication receiver.

Accordingly, the system carries out tracking the moving target as the primary function
while maintaining the communication symbols transmission towards the intended
communication direction as a secondary function during each illumination. As a result, the
overall communication throughput of the proposed system is enhanced.
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Note that, the system is operated iteratively and since the transmitter and the receiver are
assumed to be co-located, i.e., monostatic system, the feedback is assumed to be always
stable.

In the following, we elaborate on each part of the design paradigm independently.

4.2.1. Signal model

Consider a RadCom system with a common transmit antenna array consists of M radiating
elements displaced as a uniform linear array (ULA) configuration with an inter-element
spacing of dy. Let {{p(t) }, k = 1,...,K, be the possible unity-energy transmit radar
waveforms and they are orthogonal to each other, such that:
L@ de =1 @4.1)
L e@® e (©) de =0, for k # k' 4.2)
where T and t denote the time duration of the radar pulse and the fast time, respectively,
and (.)* denotes the complex conjugate operator. It is assumed that the co-located radar
receiver consists of N receive antennas array with a ULA shape and an inter-clement
spacing of dp. It is further assumed that a target in the far-field is seen via transmit and
receive arrays from the same angle.

At the input of the JTP, the baseband representation of the transmitted signals can be

expressed as:

s(t,T) = \E Z:ﬂ Wi Y (t)- (4.3)

where 7 denoting the pulse number, E is the total transmitted energy, and wy is the kth

transmit BF weight vector associated with the k" waveform. Note that, the total energy E
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is distributed equally among K waveforms so that during one radar pulse the transmitted

energy equals to E.

The signals in (4.3) can be rewritten as:

s(t,T) = \Ig W*§(t) 44
where W £ [w;, Wy, ...,w;] is the M X K transmit weight BF matrix and {(t) =
[PY1 (), .., P (t)] is the K X 1 orthogonal waveforms vector. Here, the W and () are
assumed to be optimized to fulfill the requirements of the primary radar function while the
information transmission being a secondary function can be achieved by modulating the
transmit BPs. To utilize the waveform diversity at the radar receiver, the transmit signals
should be orthogonal at all Doppler shifts and time-delays within the velocity and range
specifications of the MIMO RadCom system. Achieving orthogonal signals with common
spectrum contents is impractical and, therefore, in [147] several methods have been studied
for designing waveforms with low cross-correlations.

The N X 1 vector of the received array observations from far-field at an angle 6,,

assuming that the target of interest is located at 8y, can be expressed as:

r(t; 1) = a,(r)[a"(6,)s(t, D] b(6,) + n(t; 7)

= £ am@[(Wa@) wo]b@) +aen @)

where a,(7) is the reflection coefficient of the t** the target which assumed to obey the
Swerling-II model [106], (.)7 stands for the transpose operator, and n(t; 7) is the Nx1

zero-mean white Gaussian noise vector over the 7" radar pulse.
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Generally, a(6) and b(@) denote, respectively, the radar steering vectors of the

transmit and the receive arrays towards angle 8 and can be defined, respectively, as:

a(9) = [1,e/kodrsind, o jko(M-i)drsinG]T (4.6)

b(e) = [1' e jkodnsina' -, ]ko(N—l)dRslnG]T (4.7)

where kg = 2%/, is the wavenumber.

4.2.2. Transmit beamspace design and information embedding schemes
In this section, we present the design of transmitting BF weight vectors and proposed
communication signaling schemes into radar radiation. Let ® = [0,in, Imax] be the set of
angles that form a spatial sector in which the radar main beam operates, i.e. where the
transmitted power must be concentrated while keeping the power of the transmit emission

pattern in the SL region below a certain predetermined threshold.

In the following, we introduce the signaling strategies applied for the information
embedding process and their corresponding optimized transmit BF weight vectors designs
that would be selected by the transmitter according to the location of the communication

receiver in the transmit BP radiations during each illumination.

4.2.2.1. APSK-based information embedding scheme

During the tracking operation, when the radar target is moving within the radar operation
region and the location of the communication receiver is outside the main lobe directions,
i.e., within the radar SL region. In this case, as the communication receiver 6; remains
outside the main beam, a RadCom system can serve the communication receiver with

information bits by selecting a proposed APSK communication scheme. Here, during each
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radar pulse, the information embedded by controlling the amplitude levels as well as phase
shifts of multiple radar waveforms radiated towards the communication receiver located in
the SL region.

Thus, by solving the following convex optimization problem, the BF weight vectors for

the proposed APSK signaling strategy can be calculated as:

min max|e/*©) — wHa(8,)], 6, €0

Wp Gt

Subject to |wha(8s)| < €max» 6,€® (4.8)
wha(6) = 4,(8) /@), p=12,...,P. 6,€8 (4.9)

where p1(6) is the phase profile selected by the user, ® is representing the SL region, and
€ max IS @ positive number that indicates the highest allowable SL level. Here, w, is the pth
BF vector which achieves the desired SL level A, (6;) as well as phase profile e/®r@) jp
the direction of 6;. Note that, each SL level term A, (6;) can assign any of the L
permissible SL levels and also this applied for the phase term e/#7(%) which can take any
of the R permissible phases.

Thus, each Wy, p = 1, ..., P, is representing a distinct APSK symbol in the direction of
the communication receiver during each radar pulse. Accordingly, by solving (4.9) for P

times all possible transmit BF weight vectors are produced, and the w,, ,p = 1, ..., P, that

corresponds to the desired APSK symbol is selected for transmission towards the
communication receiver.

Therefore, the transmitted signal (4.4) can be rewritten as:
s(t, 1) = \I% W* B (1) Y(t) (4.10)
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Here, W 2 [wy, W5, ..., wp] is the M X P transmit weight BF matrix that includes P
transmit BF weight vectors and B (7) £ [b;(7),b;(7), ...,bg(7)] is P X K selection
matrix that selects the desired transmit BF weight vectors from W for each transmitted
waveform  YPp(t), k=1,..,K.  The k™®  selection  vector  b,(r) &
[B14(2), b2 (D), ., ek (@] T .k =1,...,K, is the P x 1 vector such that only one
element in b, (7) is equal to 1 and the remaining elements are zeros.

Notice that, the transmit beamspace matrix W acts as the dictionary for the optimized
transmit BF weight vectors.

For coherent transmission mode, where the phase synchronization is required to
achieve accurate detection, the embedded APSK communication symbol is transmitted
towards the communication direction 8, is given by:

Iparsiy (61) 2 wha(8;) = A, (8,) e/¥r(®, 1< p<P<K (411)

Any synchronization mismatch results in performance degradation. To avoid this

limitation, a non-coherent communication mode is applied in which ,(t) is selected as

reference waveform along with w,; as reference transmit BF weight vector by

setting by (t) = [1, 0p_,]7. In this case, the transmitted embedded message in the
communication direction 6, is given by:

wi a(g)
Ipwapsk) (6) 2 ——w'i,;(e—:), 2<p<P<K 4.12)

Note that from (4.11) and (4.12), the transmitted APSK symbol has a magnitude

component |gpcapsk) (6)| and phase component angle (gp(APSK) (9,)) in the
communication direction of 6;.
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4.2.2.2. PSK-based information embedding scheme

Here, during the tracking task scenario, when the target is moving within the
operational radar environment and the communication receiver and the target are both
located within the radar main lobe region © as shown in Fig. 3.2(b) in chapter 3. Thus, to
maintain the target detection performance, PSK-based communication is sclected by the
transmitter for information embedding that would be transmitted towards the
communication receiver.

According to [162], there exists (2¥~! — 1) BF weight vectors that can be produced
from the principle BF weight vector such that all vectors would exhibit the same transmit
BP radiation but each vector has a distinct phase profile. Therefore, if the Wj is selected as
the principle transmit BF weight vector from W = [@j,...,Wzu=1], which can be
determined by solving the optimization problem in (4.9) and (4.10) as follows:

i Ju®) _ g H
min m9ax|e w;"a(e)|

Subjectto Ww;"a(8,) =1, 6, €0 (4.13)
w;%a(8,) =A el 6,€0 4.14)
Here, A is a constant value and can be set to one, and ¢, represents the phase information
associated with the principal BF weight vector. i.e, Wj.
The remaining transmit BF weight vectors in W can be determined using the technique
developed in [133], where the information bits are embedded by controlling only the phases
of the transmitted waveforms.

In this case, the signal transmitted from the JTP is given as:

s(t,T) = \E W* B (v) ¢(t) 4.15)
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Here, Wis ‘the M x 2M-1 transmit beamspace matrix while the dimension of the selection

matrix B (7) is 2471 x K . The k" selection vector by (7) is with the dimension of
2M-1 % 1,

For coherent transmission mode, the phase-embedded communication symbol is

transmitted towards the communication direction 6; is given by:

sk (8) & angle (Wi"a(8)) =Ael%, 1<k<2Mi<K (4.16)
For non-coherent communication, ¥, (t) is selected as the reference waveform along with
W; as the reference transmit BF weight vector via setting by (t) = [1, 0,m-1_,]". In this
case, the transmitted phase-embedded message towards the communication direction 6;
can be expressed as:

L/ ‘“’"), 2< k<2M1<K (417

Gxesky (8) £ angle (Wi" a(6)

Notice that the transmit beamspace matrix W acts as the dictionary of the optimized BF
weight vectors.

Hence, our proposed design for the MIMO RadCom system is different from the current
litcrature of the radar-communication framework. It maintains the communication link
towards the intended communication receiver during each illumination. As a result, the
overall performance and the throughput of the system are enhanced.

Algorithm 4.1. illustrates the selection mechanism of the information embedding

strategy during each radar scan.
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ALGORITHM 4.1: Algorithm for information embedding scheme selection during
each radar scan.

At the RadCom receiver (one cognitive cycle): Py_g = [Bgn-1,Ven—1]  (previous
estimated target’s parameters).

1: Estimate the parameters for the moving target at a time ¢, , i.e. currently estimated
parameters P,.

2: Update the information library with new estimated values.

3: Forward the new estimated values to the predictor position algorithbm (EKF-IMM
algorithm) to estimate the next position of the moving target )

4: Feedback P,,; to the transmitter.

S: At the transmitter: Compare P,,; with the known location of the communication
receiver 6;.

6:if (6, €0)

7:  Select PSK modulation scheme for information embedding towards 6;, then (4.14)
and (4.16) are used.

8: else

9: 6,€®

10: Select APSK modulation scheme for information embedding, then (4.9) and (4.11) are
applied.

11: end if

12: Go to step 1
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In Algorithm 4.1, the radar receiver estimates the target parameters such as the
direction of arrival (DOA), range, and velocity utilizing the reflected signals from the
environment. The estimated target positionP, at time n is forwarded to the predictor
position block to estimate the next target position P,.1 at time n + 1. Next, the receiver
feeds back the predicted position of the target to the transmitter, which compares Py with
the prior knowledge of the communication receiver location 6;. Then, whenever the
location of the communication receiver is within the main beam directions, the transmitter
selects the PSK-based communication strategy for information transmission. On the other
hand, whenever the location of the communication receiver is outside the main beam
directions, the transmitter selects the proposed APSK strategy for information
transmission. Thus, during each radar scan, the proposed cognitive selection of the
information embedding strategies maintains the communication symbols transmission to
the intended communication receiver.

Note that, such a transmit beamspace design requires careful design to make sure that
the radar operation is not disturbed. This demands that the autocorrelation for different
waveform designs remains constant regardless of the alteration in transmitting information
symbols. In the context of the communications operation, the cross-correlation between
different pairs of transmitting information symbols and associated waveforms should be as
small as possible.

The transmission framework of the proposed system configuration is illustrated in Fig. 4.2.
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Figure 4.2: Signal Transmission diagram for the proposed MIMO RadCom system.

4.2.3. Communication symbol detection at the communication receiver
For communication symbol detection, the communication receiver located at 6;,
within the system illumination regions, is assumed to have a perfect knowledge of
the i (t), k=1,2,...,K. Therefore, the received signal at the output of the
communication receiver can be written as:
x; (t; ©) = acp(7) [a7(8) s(t,1)] + z (t;7) (4.18)
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where a.,(T) represents a complex channel response during the tt* radar pulse and
z; (t; 7) is the white Gaussian noise with zero mean and variance a?;.

Equation (4.18) can be rewritten as:

5 0= [Faa@[Th, o we@]+ a0, 1sksk  @19)

where g, & wi a(g;) is the received gain associated with the kth BF weight vector
towards the communication receiver located at 6;.
Then, by matched-filtering the x; (t; 7) to ¥, (t), 1 < k < K, during each radar pulse

yields:

T
Yix(t) = % L x; (£ ) Pp(t) dt
E " —
= ) (wha0) + 5

= faa@a+m@ 1<ksk @

Here % (t) represents the output noise obtained after matched filtering and modeled as
zero-mean white Gaussian noise with variance 2.
For coherent and non-coherent communication modes, let’s define the k" received

communication symbol at the communication receiver located at 8;, respectively, as:

Ske (8)) 2 Y1 (7). 1< k<K  (421)
Skn (6) £ ﬁ:—;— 1S k<K (422)

The received communication symbol would have a magnitude component and a phase

component. Thus, during the tracking operation, if the intended communication receiver is
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located at the SL region, then it can decode the transmitted APSK communication symbols

by determining the SL levels and phases during each radar pulse as:
A= 15 (6) (4.23)
and
@p = angle( s, (8)) (4.24)
On the other hand, if the communication receiver is located within the main beam directions
during the tracking operation, then A, in (4.23) is set as 1, and the kt® embedded phase
symbol ¢, can be estimated using (4.24) and mapped to the embedded phase-bits.
4.2.4. Echo processing at the radar receiver
The N X 1 vector of the received array observations from the far-field point located
at 6,, assuming that the target of interest is located at 6;, is modeled in (4.5). Then, by
matched-filtering the received signal r(t; T) to the Y (t), k = 1, ..., K, yields the KN x 1

vector of virtual received data, that is:

¥(@ = Vec(f, r(t:1) (@) dt),

=\l§ a:(7) [ (WHa(6,)) @ b(6,) | + 1i(z) (4.25)

where Vec(.) is the operator that stacks the columns of a matrix into one column vector,
® denotes the Kronecker product, and fi(z) is the KN X 1 noise term after matched-
filtering and modeled as additive Gaussian with zero mean and variance 0? Iy, where Iy

is the identity matrix of dimension KN X KN, and can be defined as:

fi(r) = Vec (fr n(t; 7) PA(t) dt) (4.26)
Thus, the KN X 1 virtual received data vector after matched filtering can be rewritten as:
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Vr = [¥Z2@) s Yk @]

= Eain@r@b@n]+8 @2
where h(8,) £ W¥a(8,). For Doppler application, if the target has a radial velocity v,
then the received signals are shifted in frequency by Doppler shift, f; = 217"/ 2> Where Ais
the wavelength. Let
a-(6;) = h(6;) ®b(6;) (4.28)
Then, we further extend the (4.27) to include the moving target scenario as:
Yr(mov) = J% a; [a4(fa) ®ar(6)] + 0 (4.29)
where a;( f;) is the Doppler vector which can be expressed as:

ag( fy) = [1,e/2faT, . efznt-fa |7 (4.30)

where L is the sampling number. Then (4.27) can be rewritten as:

E ~
Yr(mov) = J; @ Umoy (0, fo) + 1 (4.31)
where u,,,,(0;, f1) represents a joint angle-Doppler steering vector and is given by:

Umov(O:, fa) = a4 (fa) ®a,(6y) (4.32)
The Doppler frequency can be expressed, for the constant velocity and accelerated moving

target, respectively, as:

fa=2%/, 433)

and

fi= 2(v, + asts) /'1 4.34)
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where v,, ag, and t; denote the constant velocity, acceleration, and slow timne dimension,
respectively.

It may be visible from the (4.31) that, the joint estimation of angle-Doppler parameters
for the moving targets can be achieved by utilizing the MIMO RadCom array arrangement
and when it is combined with the MIMO coherent-time integration, the Doppler resolution
can be significantly improved.

4.2.5. Tracking algorithm

In tracking scenarios, a maneuvering target (MT) is considered as a nonlinear
dynamical system characterized by several possible operation regimes, which can be
described as a sudden change in the dynamic motion equation of the system. An efficient
and robust approach for tracking the MT scenario is modeling the situation as the state
estimation problem with Markovian switching coefficients [153].

In this chapter, we consider two modes for the MT, namely, constant velocity (CV) and
coordinated turn motion (CTM) models in our proposed design. The CTM model
characterizes the motion of MT under high acceleration maneuvers with control surfaces
where the speed remains nearly constant during maneuvers. The EKF-IMM estimator is a
typical approach for such an estimation problem [154, 163, 164].

The dynamical constraint for CV and CTM motion models can be expressed in Cartesian
coordinate’s space as:

An Omxm Omym
F,=|0mxm An Omxm (4.35)
Omxm Omxm  An
where 0,,xmdenotes m by m matrix of zeros and A,, is expressed for CA and CTM

motions respectively, as:
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1
Ay=[, (4.36)

in(a —cos(@nT
1 5 n(n :"n) 1 co;ngnn n)
ACI'M = o COS(nnTn) sin(n,,t,.) (4.37)

fin
0 -0,sin(,1,) cos(2,1,)

where T, = t, — t,_denotes the sampling time,t, represents the period of

measurement n and £2,, represents the turn rate at the time t,,, which can be expressed as:

En?+ Y+ 22
0, = (4.38)

Xn+ Yn+ Zp?

i

where (X,, Yn, Z,) and (¥, Yn, Zn) denote the velocity and the acceleration components
of the target at discrete time t,,, respectively.
The covariance matrix of the input process noise for CV and CTM motion models are

characterized by G,,Q, G, that is given by:

qn* BanT Omxm | -
GnQuGn” =| Omxm  @?BiBn’  Omxm (4.39)
Omxm Omxm qn” BanT

where B,B,,” is expressed for CV and CTM motions, respectively, as:

Wl o
(BB )y =| .0 ° (440)
2
nt 1'11:‘l Ini
& 2z 2
3
B,B,” = % 1,2 T, (4.41)
T2
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4.3. Performance Evaluation

In this part of the chapter, we present simulation examples to demonstrate the performance

of the proposed system design. In all examples, we assume a ULA consisting of M =N =
10 antenna elements spaced }'/2 apart. Noise is assumed to be zero-mean, Gaussian, and

white both spatially and temporally. The targets in each example are assumed to lie within
a given spatial sector. Moreover, the surveillance region where the RadCom system
operates is —90° < 8 < 90°. Besides radar functions within the main beam, we assumed
that the information bits are delivered to the communication receiver located at ;. It is also
assumed that the power level in the SL region is at least 20 dB lower than the main beam

thus the maximum allowable value of € 4, = 0.1 is selected.

Example 4.1 (Performance of the proposed beamspace design in terms of a target
resolution and the RMSE):

In this example, the performance of the proposed optimum transmit beamspace W
design approach is compared to that of the traditional MIMO radar with uniform power
density transmission, and the approach presented in [165], maps the transmit steering
vector to the appropriate corresponding of a ULA based on convex optimization
formulation. The main beam of the BPs is assumed to be within the spatial sector © =

[-15° 15°], and the number of pulses applied is 50. The probability of the target
resolution and the RMSE are calculated using 500 Monte-Carlo trials.
Fig. 4.3 illustrates the transmit BPs of the conventional MIMO radar with uniform

transmit power distribution, the approach presented in [165], and the proposed design for
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the optimum transmit W. For designing the optimal W we used four beams while for the
approach of [165] only two beams are used as proposed therein (see example 3 in [165]).

It can be seen from the figure that the proposed design concentrates more power in the

desired sector with relatively low SL levels compared with the method used in [165].

25
Traditional MIMO
—O— Proposed design for optimal Tx Beamspace
20+ — ¥ — Approach of [165]
15

Transmit Power (dB)

-80 -60 -40 -20 0
6 (Degree)

Figure 4.3: Transmit BPs of the Traditional MIMO, Approach of |165], and the
proposed optimal beamspace design.
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To investigate the RMSE performance of the approaches under test, assume that there are

two targets located at 6,4 = —9° and 6;, = —8. Here, RMSE is used as a performance

criterion, which can be calculated as follows:

RMSE () = [rh Z1s T (B ) (“42)

where B, denotes the estimates of the angle for the £** target in the m** Monte Carlo
run, and T and M, denote the total number of targets and Monte Carlo runs, respectively.
Fig. 4.4 shows the RMSEs versus SNR for the approaches under test. As we can be seen
from the figure, the RMSE of the proposed optimal beamspace design and the method used

in [165] have lower RMSEs as compared to the RMSE of the traditional MIMO radar.
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Figure 4.4: RMSE performance comparison between the approaches under test,
Traditional MIMO, Approach of [165], and the proposed optimal beamspace design.
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1t is also observed from the figure that, the performance of the method [165] is very close
to the performance of the proposed optimal beamspace design. Moreover, the proposed
method outperformed the other methods as SNR is more than -10 dB.

To examine the resolution capability of each approach, it can be observed from Fig. 4.5

that the proposed design outperforms the other approaches under the test.
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Figure 4.5: Resolution performance comparison between the approaches under test,
Traditional MIMO, Approach of [165], and the proposed optimal beamspace design.
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Example 4.2 (Tracking of the maneuvering target (MT)):

This example illustrates the performance of tracking MT using varicus estimators
including the proposed tracking scheme. The motion of the target modeled as two Markov
models with 7, = 0.1s and insignificant noises are used. The first model of the target
motion is a linear CV with noise modeled as zero-mean with power spectrai density (PSD)
equal to 0.01. The second model of the motion is a combination of CV with a non-linear
CTM model with noise modeled as zero-mean turn rate with covariance equal to 0.15. In
the non-linear estimation problems with the multi-model design, the EKF-IMM approach
is required for filtering and smoothing. The initial simulation parameters are provided in
Table 4.1.

The measurement z,, is made on the target position with real Gaussian noise w, modeled

as w,~N(0, X)) where Z,= 0.01 is used.

Table 4.1: Simulation parameters used for target tracking scenario in example 4.2.

Parameters Setting Values
The initial state of the target X, [0,0,1,0,0]7
The state covariance diag([10.1,10.1,1.1,1.1,1]7)
The measurement matrix H [10000;
01000]
The prior probabilities model [0.9,0.1]7
The model transition probability matrix N [0-9 0.1
0.1 09

The simulation is performed with 100 Monte Carlo runs, each containing 200
sampling steps and using the same generated trajectory originating from the same starting

point, but the corresponding observation series are generated randomly. The actual
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trajectory and estimates generated by EK and EK-IMM filters and smoothers in one run
are shown in Fig. 4.6 (a), (b), and (c) respectively. As shown from Fig. 4.6 (a) that, the
target starts to move from starting point (the origin) with a velocity of 1 Km/s along the x-
axis then at point x= 4 it starts to maneuver along the y-axis. At point (x= 2, y= -1) the
target moves in a straight line along the x-axis till the ending point. We can observe from
Figs. 4.6 (b) and (c) that, the EK and EK-IMM smoothers appropriately capture the trend

of the trajectory better than their corresponding filters.
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Figure 4.6: (a) Real trajectory, (b) estimates of the EKF and the proposed EKF-IMM
filters, and (c) estimates of the EKF and the proposed EKF-IMM smoothers.
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For more insights, the average performance of the RMSE angle estimation over 100
Monte Carlo runs for the proposed and other estimation approaches are shown in Fig. 4.7.

The RMSE:s of the angle parameter can be calculated as:

S 2
RMSE (6, ) = Jizﬁ;(em —6im) (4.43)

where M, is the total number of the Monte Carlo runs, 8 ,, and 0? m represent the true and

the estimated angle of the target in the m*® run, respectively.

0.7 L ) | ] | T - wen o EKF
= = =EKF-IMM
06 EKF Smoothing
) EKF-IMM Smoothing
[
4 , ‘
— 0 5 [~ l’ ‘ \ 1 FAY , .4
Q ] L Y 1Y e
E J r P
& I iy v Ry VT
S04 ,' e noun \ -
2 | I
) P \ ] 111 1
P {
£ 0.3 J
A
2 /"
0.2
0.1

0 20 40 60 80 100 120 140 160 180 200
Sampling step

Figure 4.7: RMSE in angle estimates of different non-linear filters and smoothers over
sampling steps in the scenario of tracking a maneuvering target.

The RMSE of the angle parameter and average computing time per Monte Carlo run is

provided in Table 4.2.
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Table 4.2: Average RMSE performance for angle parameters of different non-linear

estimators.
Estimators Average RMSE of Angle | Computing Time (s)
(Degree)
EKEF (using CV) 0.3234 0.0122
EK smoother (using CA) | 0.1607 0.0152
EKF-IMM 0.2860 0.0311
EKF-IMM smoother 0.1333 0.0970

The proposed scheme outperforms the EKF and EK smoother using the CV model in terms

of estimation accuracy but at the cost of computing speed, in which the proposed method

is slower in time computation which is performed in MATLAB software.

Fig. 4.8 shows the calculated probabilities for the modes used in this example.
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Figure 4.8: Model probabilities for two-mode (CV and CTM models) of maneuvering
target during tracking operation.
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Example 4.3 (Transmit BPs synthesis towards the communication receiver located
within the RadCom transmission directions):

The proposed MIMO RadCom system aims to track the distant moving targets and
simultaneously embed/deliver information symbols towards the intended communication
receiver located at 6; within the RadCom operation regions. Let’s assume that, at the
beginning of the tracking scenario, the operating region of the main beam is within the
spatial region ® = [—~10° 10°] and a single communication receiver is located outside the
main lobe © directions, assume that it is located at 8; = 45".Thus, during the current scans,
as long as the communication receiver is located outside the main lobe directions, the
APSK strategy is selected by the transmitter for information symbols transmission towards
the communication directions.

In this case, during each radar pulse, the communication symbols are embedded by
utilizing the magnitudes as well as the phases of the transmitted waveforms. Thus, by
solving (4.9) and (4.11), the APSK strategy enables the system to transmit L different SL
levels with R unique phases towards the communication user. Therefore, each transmitted
waveform carries (log; LR) bits of information to the communication user. Let’s assume
that there are two bits of information are embedded in each transmitted communication
symbol, the possible number of different SL levels or phases transmitted towards the
communication direction is four possibilities. Thus, in the APSK strategy, each BP
radiation corresponds to the BF weight vector, W = [w;, w;, ..., Wp], that projects one SL
level associated with one phase response towards the communication receiver during each
radar pulse. For the non-coherent transmission case, W contains four pairs of BF vectors

associated with suitable four of APSK constellation points. The transmit BPs radiations of
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the proposed MIMO RadCom system when the communication receiver is located within
the SL region and two bits are embedded towards the communication direction is plotted

in Fig. 4.9.
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Figure 4.9: Transmit BPs radiations for RadCom APSK-based signaling strategy vs.
angle when two bits are embedded towards the communication direction located in
the SL at §; = 45",

Fig. 4.9 shows that each BP radiation corresponds to one SL level associated with one
phase response during each radar pulse, and it represents a single communication symbol
containing two bits of transmitted information towards the communication receiver.

On the other hand, During the tracking operation, when the target is moving towards
the communication receiver and both would be located within the main beam directions.

To maintain the information transmission towards the intended communication receiver
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and also detection performance for the RadCom system, the PSK strategy is selected by
the transmitter. In this case, the information symbols are embedded only by controlling the
phases of transmitted signals during each radar pulse. For two bits of information that can
be embedded during each radar pulse, four constellation points of phases are formed each
representing one communication symbol. Thus, the principle transmit BF vector Wjcan be
determined by solving (4.8) and the remaining BF weight vectors are selected from W=
{@W3, ..., wan-1_, } associated with each constellation point applying the method presented
in [133].

For a coherent PSK based method, four BF vectors are selected from W and using
(4.14) while for the non-coherent case, W is used to build four pairs of BF weight vectors
associated with four suitable points of phase rotations using (4.16). The transmit BP
radiation of the proposed joint transmit platform when communication direction 6; € ©
during one radar pulse is plotted in Fig. 4.10. It shows that the BP radiation corresponds to
one SL level associated with one phase response during each radar pulse, and it represents
a single communication symbol that contains two bits of transmitted information towards
the communication receiver.

Hence, we can conclude that the detection performance of the radar target is not influenced
by the information transmission process towards the communication direction located at 6;
and the proposed design for the RadCom system maintains the communication link towards

the intended communication direction during tracking operation.
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Figure 4.10: Single transmit BP radiation for RadCom PSK-based signaling strategy
vs. angle represents a single embedded communication symbol towards the
communication direction located at 8, € @ = [-10° 10].

Example 4.4 (Transmission of distinct communication streams towards different
communication stations located within the SL region):

In this example, we examined the capability of the proposed MIMO RadCom system
to transmit distinct communication symbols towards different communication receivers
located within the SL region. Also, we compared the proposed APSK-based
communication strategy with the existing SL-based communication strategies in terms of
the overall throughput of the system and BER performance. Here, the same simulation
parameters in example 4.3 are used with the assumption that there are two communication

receivers located in the radar SL directions at angles 35'and 45°. Assume that the
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secondary objective of the proposed RadCom system is to project two SL levels and at the
same time transmit the waveforms with two distinct phases towards different
communication users located at angles 35 and 45, respectively, to embed two distinct bits
of information to each user.

PSK and ASK SL-based communication strategies will have the capability to utilize
only the phase or magnitude variations of the transmitted waveform, respectively. In
contrast, the proposed APSK-based communication strategy can exploit the difference in
beth the amplitude and the phase parameters of the transmitted waveform.

Fig. 4.11(a) shows the transmit BP radiations corresponding to two BF weight vectors for
the ASK-based communication schemes [125, 134, 136, 161]. These BF vectors are
designed to broadcast the SL level of either —40 dB or —30 dB, which are selected from
0 < Ly < €maxr (k =1,2), towards the communication receivers. During each radar
pulse, the SL level remains identical at both communication units for the existing ASK-
based communication schemes [125, 134, 136, 161]. For the PSK-based communication
schemes [126, 133, 135, 142], two BF weight vectors are designed to have the same
amplitude response but exhibit unique phase responses, uniformly distributed from 0
to 360°, at the communication receivers. Fig. 4.11(b) shows that the BP radiations of these
BF weight vectors have an SL level of -32.64 dB at both communication users. During
each radar pulse, each of the BF vectors broadcast a unique response of phase in the
direction of all communication stations. Similar to the ASK-based communication
schemes, the transmitted communication symbol is broadcast to all communication unit's

directions.
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Different from the ASK-based communication schemes, the proposcd APSK-based
communication scheme allows to project different SL levels at the two communication
receivers. Furthermore, unlike the PSK-based communication schemes, the proposed
APSK-based communication scheme, at the same time, can transmit distinct phases to
different communication receivers. Thus, the APSK-based communication scheme can
independently assign two different amplitudes levels and two unique phases at the two
different communication directions to transmit distinct symbols to each communication
user. Using (4.9) to generate 16 BF weight vectors for L = R = C = 2, where C denotes
the number of communication receivers. Fig. 4.11(c) demonstrates the four possible BPs
power radiation for the proposed APSK-based communication scheme generated by using
(4.9). Since there are two possibilities for phase responses transmitted towards each
communication receiver, each BP power radiation for the proposed APSK-based
communication scheme corresponds to four distinct BF weight vectors that project the
identical magnitude but exhibit different response of phases towards each communication
receiver. The direction of the communication receivers is represented by the red dashed

lines.
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Figure 4.11: Transmit BPs power radiations vs. angle for various RadCom signaling
strategies: (a) ASK-based communication scheme when (L = C = 2), (b) PSK-based
communication scheme when (R=C=2), and (c) propesed APSK-based
communication scheme when (L =R =C = 2).

Example 4.5 (Data rates analysis and BER performance):

In this example, we analyze the throughput that can be achieved by each existing SL-
based communication scheme and also evaluates the BER performance for each of them.
Using the same simulation parameters used in example 4.4 with the assumption that there
are two orthogonal waveforms used for transmission.

During each radar pulse, the ASK-based communication scheme exploits two SL levels

and will be capable to transmit (K log, L) = 2 bits. In the case of the PSK-based method
140



utilizes two phases and will be able to deliver (K log, R) = 2 bits. On the other hand, for
coherent APSK-based signaling strategy can transmit (K log, LR) = 4 bits. In the case of
non-coherent communication schemes, we will have 32 BF weight vectors to be generated
to achieve the same throughput. To reduce the error, grey coded is employed for all symbols
in all modulation schemes before transmission.

Thus, the overall achievable throughput of the proposed MIMO RadCom scheme design is
given as:

K = (log, LR+1og, Q) * PRF  bits/s (4.44)
where Q represents the number of bits transmitted by the system when the communication
receiver is located within the main lobe directions of the BP radiations of the RadCom
system transmission.

In the case of non-coherent communication mode, the overall achievable throughput of the
proposed scheme design will be:
(K —1) * (logz LR+1og; Q) * PRF bits/s (4.45)
For multi-user applications, the overall achievable throughput of the proposed APSK-based
communication scheme will be:
C+K *log, LR + PRF bits/s (4.46)
Fig. 4.12 illustrates the comparison of BER performance for the proposed APSK signaling
strategy with the existing SL control-based strategies. It is evident from Fig. 4.12 that the
proposed signaling strategy outperforms the existing SL control-based strategies in terms
of BER performance. This is due to the proposed strategy is designed to increase the sum
data rate with the same resources which result in a further increase of the effective distance
between the transmitted symbol in the space constellation along with the ability to transmit
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distinct communication symbols to different receivers results in BER reduction for the

proposed APSK-based signaling strategy.
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Figure 4.12: BER versus SNR for various SL-based signaling strategies; ASK, PSK,
and the proposed APSK.

Also, the figure shows that the coherent APSK-based communication mode achieves better
BER performance in comparison to the counterpart of the non-coherent mode. This is
because for non-coherent communication the number of transmitted symbols in the
constellation space is increased and since the transmitted power is divided between the

waveforms causing the error rate becomes higher.
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Example 4.6 (Angular BER performance):

In this example, we evaluate the performance of the proposed MIMO RadCom system

in terms of angular BER. The same parameters are used except that the intended
communication receiver is located at 8; = 30" at the initial time of the tracking scenario.
Thus, the information embedding/delivering towards the communication direction by
applying the APSK-based communication signaling as the communication receiver
remains outside the main beam spatial sector @ = [-10° 10]. Fig. 4.13(a) shows the BER
versus the angle 8; = 30°, where the communication station is located.
During tracking operation, when the target and communication receiver are both located
within the main beam directions ©, assuming that the communication station is located at
6; = 6, then the PSK is selected for information embedding/delivering towards the
communication receiver. Therefore, the target detection performance and communication
link are maintained. Fig. 4.13(b) shows the BER versus the spatial angle §; = 6.

It is clear from Fig. 4.13 that the only direction that can decode/decipher the
transmitted information is the intended communication direction where the communication
station is located. The narrow BP towards the communication direction indicates that BP
produced by the proposed design schemes is focusing the energy towards the intended
communication direction only. Hence, an inherent secure transmission against information
interception is established.

In summary, unlike the existing RadCom scheme designs, the proposed design maintains
the communication link towards the communication direction regardless of its location

within the RadCom operation regions.
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4.4. Summary

In this chapter, we proposed a closed-loop into the RadCom system design that allows
the system to perform detection and tracking the moving target while simultaneously
maintaining the information delivery to the intended communication receivers present in
the operation region duting each scan. The joint transmit platform (JTP) of the system is
composed of M antenna elements where the transmitted waveforms are orthogonal to each
other. Also, we introduced two signaling strategies, APSK and PSK, used for information
embedding into the system emissions towards the communication direction located either
in SL or main lobe directions, respectively, during the tracking operation. The information
embedding designs have been formulated for both modes of communication (coherent and
non-coherent). The simulation results verify that the communication performance is
improved in terms of low BER, secure information transmission, and throughput is
enhanced. While for radar applications the performance is improved in terms of resolution
and parameter estimation. Moreover, the proposed APSK-based communication scheme is
capable to transmit distinct streams of information towards different communication
receivers located within the SL region. In contrast to ASK and PSK SL-based
communication schemes, the proposed APSK scheme is capable to project different SL
levels and at the same time transmitting the waveforms with different phases to different

communication stations located within the SL region.
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CHAPTER-5

SUMMARY AND FUTURE RESEARCH

At the end of this work, the most important contributions are summarized. A brief

discussion of future research trends and open problems will wrap up this thesis.

5.1. Summary

To remedy the problem of congestion within the spectrum space and utilize most of
this limited resource, technologies have been developed that allow a single system to
simultaneously perform radar and communications operations. RadCom systems are an
evolving field of research, in which both functions radar and communications, share the
same platform hardware and spectrum resources, establishing a specific category of RF
technology. RadCom systems can support applications that require communication data,
which can be target parameter information or radar-independent information, to be
efficiently transmitted using the same frequency bandwidth and radar aperture. This is

attained by embedding communication symbols into radar emissions.

In this thesis, we reviewed the principles of RadCom systems and described the
progress made in the development of various design approaches for the RadCom system
and different forms of communication symbols embedding schemes into radar emissions.
While the major current design schemes for the RadCom system are open-loop designs,
this thesis develops a closed-loop design into the RadCom system architecture. The

feedback information provided from the receiver side is utilized by the transmitter to select
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the appropriately optimized transmit BF weight vectors from the beamspace library
suitable for both target detection and information transmission towards the communication

receiver located either in the SL or main lobe directions of the RadCom BPs radiations.

In Chapter 3, we developed an angle-range dependent RadCom system that utilizes an
FDA-MIMO configuration, We have used an unambiguous joint estimation algorithm for
the angle and range parameters of the radar target. For embedding the communication
symbols into RadCom emissions, we utilize either the magnitude ratio and/or the phase
shifts between the (K — 1) transmitted waveform pairs. We have designed two signaling
strategies, the proposed APSK and PSK schemes for embedding the transmitted
communication symbols towards the communication receiver located either in SL or main
lobe directions, respectively. In the tracking scenario, we considered two motion modes for
the moving target, CV and CA models in our proposed design. The simulation results
verified the effectiveness of the proposed designs. The performance of the radar
functionality is improved in terms of target detection, parameters estimation, CRLB for
range and angle estimations, and the SINR. While for the communication functionality, the
performance is improved in terms of SER, secure information transmission, and overall

throughput of the system.

Chapter 4 extends the beamspace design of the APSK information embedding strategy to
allow different communication symbols to be transmitted to different users located in the
SL region. As a result, the overall throughput of the RadCom system is enhanced as distinct
information bits are transmitted to different users. In this chapter, we developed a MIMO

RadCom system that utilizes the property of waveform diversity. For embedding the
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communication symbols into RadCom emissions, we utilized the amplitudes and phases of
the transmitted waveforms in the direction of the communication receivers. We have
designed two signaling strategies, the proposed APSK and PSK schemes for embedding
the transmitted communication symbols towards the communication receiver located either
in SL or main lobe directions, respectively. Also, in the tracking scenario, we considered
different motion modes, CTM and CV models, for the moving target in our proposed
design. The simulation results verified the effectiveness of the proposed designs. The
performance of the radar functionality is improved in terms of resolution, estimation, and
tracking performance. While for the communication functionality, the performance is
improved in terms of BER, secure information transmission, and the overall throughput of

the system is enhanced.

5.2. Future trends and challenges

While many efforts have been contributed towards RadCom systems, the field remains
to be further investigated within a wide-ranging of scenarios and constraints. To this end,

the future trends to be researched are listed as follows

Further research is required to explore the ability of the proposed RadCom system to
deliver information to the moving communication receivers during the tracking operation.
The cognitive control and machine learning (ML) algorithms in the system design are
essential to enable the system to distinguish between communication and target locations.
Ideally, the receiver of the RadCom system should be a dual function receiver, i.e, used for

processing the target returns and demodulating the communication symbols. Thus, the key
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challenge for the receiver of the RadCom system is to separate the target returns/echoes
from the received communication signals in presence of interference and noise. This signal
classification processing is vital for both channel estimation and signal demodulation. As
an example, in [166] the authors proposed to employ the compressed sensing method for
symbol demodulation and joint parameter estimation. For signal classification purposes,
given the independent statistical properties of the two types of signals, advanced ML-
based methods such as the independent component analysis (ICA) algorithms can be used
to well-address the design of the dual-function receiver.

Interference produced by clutter scattering would affect the detection performance of the
communication symbols, thus, further studies are required for clutter cancelation in the
RadCom system [22].

In this thesis, we considered a monostatic configuration for the RadCom system and we
assumed that the receiver side knows the transmitted communication symbols. Thus,
matched filtering (MF) processing can be applied in the monostatic receiver case. Bistatic
configuration for the RadCom system would introduce additional challenges. In a bistatic
configuration case, the receiver lacks knowledge of the transmitted communication
symbols, thus, it neither can perform the matched filtering properly nor separate or remove
the communication signal from the original transmitted waveform.

RadCom systems research has recently raised privacy and security concerns. Since the
spectrum is shared, the system may accidentally reveal vital information to the opponent
eavesdroppers or commercial users. Thus, in the spectrum sharing scenarios, physical layer
security has to be taken into consideration. One possible approach is transmitting an
artificial noise (AN) by the system to the opponent target to contaminate and disturb the
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eavesdropping activity while the desired transmit BPs are formulated. In the meantime, the
performance of the communication function also must be guaranteed. Accordingly,
numerous performance trade-offs including target detection and parameters estimation
performance, and the communication and secrecy rates are still to be investigated. Some
preliminary efforts on this issue can be found in [167-169].

As a potential application of the RadCom systems, vehicular networks have drawn a lot of
attention from both academia and industry. RadCom design schemes might be extended to
vehicle-to-everything (V2X) applications with specific consideration of channel models
for vehicle-to-infrastructure (V2I) and vehicle-to-vehicle (V2V) scenarios. Such schemes
require novel signaling/beamforming design approaches [48, 170].

An intelligent reflecting surface (IRS) [171, 172] is a promising beamforming technique
used for improving the performance of wireless communication systems. IRS technology
employed a large number of passive low-cost-complexity reflecting elements. Each
element can reflect the incident signals on it with adaptable phase shifts and hence a passive
BF can be established with the green energy-efficient property. RadCom systems can
benefit from the deployment of IRS technology in the environment via a joint optimization
of their design parameters with the IRS phase shift. Advanced approximation algorithms
are required to solve such complex optimization problems to meet the time requirements

for both functions.
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APPENDIX A

Representation of the Received Data after Compensation Process at the Radar
Receiver:

As shown in (3.42), the f; depends only on an angle, and thus, the compensating
vector g(r,), which is defined in (3.43), can be expressed in the joint transmit-receive
spatial frequency domain as:

h=1y® g(r) (A1)
where 1y is N X 1 vector, all elements of the vector are equal to 1.

The received data after the compensation process is applied can be expressed as:

Yr.comp = (Jg a;[q6, ) @®b(6,) ]+ + n~,-) ®h

= Eal@E.momebE)]+Goh+ Hoh (2

Since the received interference signals and received noise are circularly Gaussian
distribution with zero mean, the compensation process does not affect the joint transmit-
receive spectrum distribution of the noise and interferences signals.

Therefore, ¥r,comp can be written as:
_ JE H .
Yrcomp = [ Gt WH[ (a(6,) @ a(r:) © g(x)) @ b(6,) ] + i, + By
= Jg a W"[ (a(ot) Oa(r - Ta)) ® b(6,) ] + g + 1,

= ‘E a; W[ (a(8,) @ a(ry + (i — Drygmg + Ar — 1)) @ b(8,) | + 67 + B7(A3)

Note that, for the sake of simplicity, the term e~/ Skr(®r) k= 1, .., K, is absorbed into
the a;.
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APPENDIX B

Distance Calculation between the Symbols of the 16-APSK Constellation:

Assume that each symbol (signal point) to be transmitted towards the communication
receiver located in the SL region is mapped into 4 bits, i.e. # = 4 bits, (see Fig. 3.3(a)),
and these symbols are equally probable. For the 16-APSK modulation scheme, (5, 11)

structure is used, the distances between the symbols in the inner and outer circles can be

calculated as:
d3,4, = 4R} [sin? (©2))] (B.1)
d3. 4, = R} [1 + (l;f)z ~2 (:—:) cos (0 + %’5)] (B.2)
d3,5, = 4R} [sin? (""51”')] (B.3)

%5, = R3 [1 + (:—: -2 (R") cos( + 20 1)")] (B.4)

where Rp and R, denote the radius of the inner and outer rings, respectively, and ©
represents the angle formed between the first communication symbol of the inner and outer

rings.
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APPENDIX C

Probability Density Function (PDF) Derivation for the 16-PSK Constellation:

Assume that A, (see Fig. 3.3(b)) is transmitted, the received vector at the communication

receiver can be written as:

r=(r,n) = (Ry +ny,ny)

(C.1)

Where rjand r, are independent Gaussian random variables with mean R, and zero,

respectively, and variance % Hence, the joint PDF of (ry, 73) is given by:

We introduce polar coordinates transformations of (13, ;) as:
V= T
= L}

© = arctan (n)

The joint PDF of V and © can be derived as:

v - v2+Rs-2/R4 v cos b
fV,O (v.¢)= Ee No

We derive the marginal PDF of ©, Integrating over v, as [173]:
fo @)= [ fro 9 av
0

2
=ﬁe'55i“z¢ foeove_!v Jﬁzc ¢) dv

2
where § = RNL is the SNR per symbol.
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