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ABSTRACT

Implonenting a cognitive architecture into a RadCom system design is an innovative

paradigm for optimizing the system resourtes within the time-variant environment.

Involving a closed-loop design into the current Radconr systems stntcture would allow the

moving taryet 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: l) An

efficient utilization of available resourpes, 2) Improvernent of the tracking usk of the

system, 3) Enhancing the system throughput via an appropriate selection for information

embedding stratery that would maintain the communication link towards the intended

receiver regardless of its location, either in the main lobe or sidelobe (SL), within ttre

transmit beampattern @P).

ln this thesis, we have anployed convex optimization and beampattern modulation

techniques and advanced array designs such as frequenry diverse array (FDA) and/or

multiple-input multiple-output OIMO) configurations. This had facilitated the provision

of the spatial and temporal structure required to implement radar and communication

functions simultaneously.

The main contibtrtions of this thesis include: l) Proposed an unarnbiguous 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 tum motion (CTM) models, 3) We have developed an



algorithm for the appropriate selection of the information embedding stategy 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 hansmitted communication symbols. This proposed APSK information

embedding strategl outperforms the existing SL signaling strategies in terms ofthe number

of bits that can be embedded and bit error ratc (BER) performance. It also allows different

communication symbols to be transmitted to different communication tsers located in the

SL directio,ns, 5) The performance of the radar functionality is improved in terms of target

detcction and tracking, Cramer-Rao lower bounds (CRLBs) for range and angle

estimations, ffid the signal-to-interference-plus-noise ratio (SINR). While for the

communication fuirctio,nality, the performance is enhanced in terms of symbol error rate

(SER), securc information tansmission, 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 bottr the functions in a single platform

underthe name ofRadCom system was proposed to rcsolve the congestion problem within

the spectrum space. Application of cognitive principles into the RadCom system design

allows efticient utilization of the slatem tEsources and enhancement of its performance in

terms of targ* tracking and overall throughput. This is a novel idea that has not been

rcsearched 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) spectnrm is a scarce nesource used for several senrices

such as navigation, brcadcasting, surveillance, and communication. With the rapid growth

of services and connected dwices, especially in the wireless communication industr5r, the

frequency spectrum is being progressively congested.By 2025,tfte ubiquitous number of

connected derrices is estimated to be 75 billion devices [l], which highlights an impending

necessity for additional spectral r€sounces to meet the rcquirement for high-quality services



provided to the use$. As a tesult, the auction price for the available RF spectrum has risen

sharply during recent years [2-4]. For these treasons, netvyork providers are looking for

opportunities to reuse the RF spectnrm that is currently restricted to other services and

applications [5,6].

Radar has been evolving for many years and modern radar systerns are used around

the world offering a variety of applications including geophysical monitoring, air haffic

control (AfC), zurveillance for defense and security, and weather observation. Due to the

large spectrum portions available, the radar frequencies are among the best optio,ns to be

shared with different communication systems t6]. In particular, below l0 GHa a large

proportion of the spectral rcsoun@s are utilized by the Radar, however currently it is strared

with the neu, wireless communication systems e.g., LTE, sG I{R, and IVi-Fi t6]. At higher

frequencies, the radar and communication platforms are anticipated to have smooth

coexistence or Even useful cooperation in the upcoming 5G netrvork and beyond. However,

sharing the available spectral resorrce would incrpase the interference with the radar

frequency bands. Thts, the military and government otganizations have raised concerns

over the protection of critical radar tasks [7-9].

In recent years, intensive rcseanch has concentrated on the problem of RF spectrum

congestion betrveen radar and communications [6, I0, I lJ. Generally speaking, there are

two major research directions for joint radar and communication designs: (l) the

coer(istence 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

orchange of information betrveen radar and communication systems. On the other hand,



the RadCom techniques concentrate on designing dual-function systems that can

conctrently perform rcmote sensing and wireless communication. It enables a single

hardware platform to perform bottr detection and communication operations without

compromising the performance of bottr functions [13, l4].

In many applications, the joint radar-communication platform design is useful [15,

16l. This has pushed comprchensive efforts to innovate methods that facilitate the

integration process of both the functionsllT-2al.lt has been implemented in various novel

applications, including covert communications, indoor positioning, and vehicular networks

t24'261- We have summarized the existing and potential applications of RadCom systems

in Table l.l. For instance, military applications sharing the aperture and spectral rEsourpes

for radar and communications permit command integration, platform control, and system

resoutes management more efficiently.

Table l.l: Appllcetionc of the RedCom Systems Technology.

Radar*ommunfoations cocristcrcc. Mcdical smon, StiFi localizatiou

Clvllhn App[cltlons vchicle-to{vcryehg {V2X}networt Rldar rclay. Radio fuErency identification (RFID),

Unmaud auialvehide (UAV) comnunicatioas and sensing. etc.

Mllitrry Appllmtions Multi.fruc{iol RF sysfq UIV connunicatiols, and scnsing, Radar asistd low.

gobability+f- intercefl (L.H) connunicrtions, pasirc ndu, etc.



1.2. Objectives And Contributions of The Thesis

The main objective of this thesis is to dwelop a cognitive architecture for RadCom

systems design. Our primary focus is utilizing the feedback information provided from the

receiver side to enhancc the performance of the RadCom systems. It will add ttre following

benefits to the cunent RadCom systcm ll7-241:

o Utilization of spectnrm and system resounces 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,

o Enhancing the throughput of the system.

A cognitive approach for RadCom system design is an innovative paradigm for

optimizing the system rcsourpes within the time-variant environment. Fig. l.l 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 ar€ processed at the receiver to ortract

useful information about the target's features. The knowledge ofthe environment from o,ne

scan to the next is accumulating and the receiver makes decisions on the possible presence

of the taryet within the environment on a continuous-time basis. The estimated target

positionfi at time n is forwarded to the predictor position block to estimate the nort target

position fi1at time n * 1. Next, the receiver feeds back this information to the

transmitter, which compar€s ffi with the known location of the communication



receivers. Then the JTP illuminates the e,nvironment in light of resulted information and

the cycle is then repeatcd over and over again.

Ilbrurdoo rubcddlq rtrrtcgr
rclcctloc

t

Flgure l.l: Cognltlve design anchitecture for the prcposed RadCom system.

This allows the JTP to select the appropriate information embedding sftategy and

accordingly design the optimum beamforming (BF) weight vectors for both functions. In

this thesis, a novel two-stage optimization stratery is impleme,nted, rvhich can be

summarized as follows:

JfttrurultIffill



. Stage l: 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 conrpromising the

radar fu nction performance.

o Stage 2:BF weight vectors selection

This involves selecting the BF weight vectors according to the information bits steam

provided to the system for communication symbols transmission.

In this thesis, we have employed convex optimization techniques and advanced agay

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:

o 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 iltumination,

o We have proposed an unambiguots joint estimation algorithm for angle and range

parameters of the radar target based on FDA-MIMO configuration,

o In target tracking scenarios, we considered various motion modes of the movlng

target' namely, constant velocity (CV), constant acceleration (CA), and coordinated

turn motion (CTM) models in our proposed designs.

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

embedding strategy according to the location of the communication receiver within



the transmit beampattern, whether it is locarcd within the main lobe or sidelobe

(SL),

We have designed two signaling stategies, namely PSK scheme and novel APSK

scheme for embedding the transmitted communication symbols,

The proposedAPSK information embedding stratery outperforms the existing SL-

based stategies in terms of data rate transmission and it also allows different

communication symbols to be transmitted to different usels,

The performance ofthe radar functionality is improved in terms oftarget detection,

parameterc estimation, Cramer-Rao lower bounds (CRLBs) for range and angle

estimations, ffid the signal-to-interference-noise ratio (SINR). while for the

communication functionality, the performance is improved in terms of bit error rate

(BER), secune information hansmission, and overall throughput of the system.

1.3. Thesis Outline

This thesis is organized as follows:

o In Chaptcr 2, a literature rerriew of the recent research progtpss in the RadCom

system design is discussed.

o 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 pfiailleters of the target. In the target hacking

scenario, we considered two motion modes of the moving target, CV and CA

models, in our proposd design. For ernbedding the communication symbols, we

utilize either the magnitude ratio and/or the phase shifts between the transmitted



waveforrr pairs. Performance metrics ofthe communication and the radar functions

are analyzed.

In Chapter 4, a collocated MIMO configuration is considered for the RadCom

model design. MIMO configuration anpowered with a cognitive architectgre can

facilitate efficient utilization ofthe system rcsources. In the target tracking scenario,

we considered nvo motion modes of the moving target, CV and CTM models, in

our proposed design. The proposedAPSK signaling sfiateryprovides a significant

improvernent in communication pcrformance compared to the existing SLbased

communication signaling in terms of data rate transmission and low BER.

Mueorrer, the APSK scheme allows different communication symbols to be

ffansmitted to different communication users within the sL region.

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

from this thesis.



CHAPTER.2

LITERATI,IRE REVIEW

In this chapter, the recent advancernent designs in the field of joint radar and

commtmication systems are orplored. 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 systans are to achieve better estimation and

resolution for the tatget's parameters in the presence of noise and sumounding clutter. On

the other hand, wireless communication attempts to obtain the maximum possible capacity

for information transmitted across a noisy wircless channel under complexity and power

constraints. Howwer, there is a lot in common between radar and wireless communication:

Both systems send and receive electromagnetic @M) waves and apply signal processing

algo'rithms to the rcceived signal to extact useful information. Thus, it is not an implausible

idea to integrate these two functions/systems.

In recent yearc, the research in integrating radar and communication system designs

has gained significant momentum. Such systems would constitute a unique cost-eflicient

solution especially when both functions are performed simultaneously via a common

platform. Ganerally, there are two major research directions for joint radar and

communication designs: I ) the coenistence approach, and 2) the RadCom system co-design

approach. In the following, we discusscd each approach independently in more detail.



2.2. CoexistenceApproach

This approach has been focused on the aocess management of the shared spectrum and

using interference mitigation techniques between the radar and commrmication 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 tlreir spectrum portions t6]. SAO approach can be

treated as a part of cognitive radio techrolory, where the radar and communication system

are considered as the primary user @U) and secondary user (SU) of the shared spectrum,

respectively. In such techniques, the SU senses the spectrum and then accesses it only if
the spectnrm is not occupied by the PU. To avoid imposing interference on the pU's

operation' the SU should control its hansmit power to guarantee that the pU,s interference-

to-noise ratio (INR) doesn't become er(cessive [27]. A similar method has been used in [2g]

where the main beam of the radar is rotating periodically to detect potortial targets. Thus,

tr\e cellular base station @S), i.e., SU can transmit only when it is located within the

sidelobe (SL) region ofthe 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 @L) data rate.

Although they are easy to implement in practical scenarios, the aforementioned methods

do not share the spectnrm in reality. This is due to the SU (communication system) only

being able to use the spec'trum when the PU (radar system) is not occupying it. Also, the

above contribrutions do not simply er(rcnd to facilitating multiple-input multiple-output
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(MMO) radarcooristence. Different from fraditional radarsystems, theMIMOradaremib

orthogonal waveforms in all spaces to detect rmknown targets and produces directional

beams towards targets of interest 129,301.As a result, it is difiicult for the BS to identify

the SLs ofthe radar because the beampattern @P) of the MIMO radar may vary randomly

along with the target's movement. Thus, more powe,rfirl methods are required, such as the

tansmit 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. Tlryically, the

ICSI is obtained by utilizing pilot signals transmitted by the communication system to the

radar system, whetr channel estimation techniques such as minimum mean squared error

(MMSE) and least-squares (LS) [31] could be simply applied. Howwer, these schemes can

consume additional signaling and computational resources [20]. As another choice, the

authots suggested in [32] to constnrct a dedicated coordination center linked to bottl

systems via backhaul or wireless linls, which would perform the entire coordination

including hansmitting precoder design and ICSI 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]. Howwer, 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 systern is not aware of the communication operation. Since

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

cstimatc the channel.

2.23. Precoder designs

After the interference channel is estimated, i.e., ICSI is available, the tra.nsmit 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 p,recoded 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 leaming 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 projectiom precoder based on the vectors associated with the NS of the

ICSI channel. The transmitted precoded radar signals are then projectd onto the NS of the

ICSI channel so that the received interference power at the BS is rigorously zero. Howwer,

such a scheme can seriously degrade the performance ofthe MIMO radar, e.g., carsing the

spatial orthogonality breakdown for the searching waveform. To deal with this problun,

the authors of [37] designed an adaptivethreshold forthe singularvalues (SVs) ofthe ICSI

matrix. Then, an NS projection p,recoder is constructed by the vectors associated with SVs

that are less than the designed threshold. In this case, the performance of tlre 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

mettrods. Fo,r example, the interference power is proportional to the SVs of the random

channel, thus it cannot be precisely conholled. Additio,nally, the radar may rniss the target

when the targefs rcsponse falls into the row space of the ICSI and then zero-forced via the



NS projection precoder. Fortunately, these drawbacls could be solved by usrng conver(

optimization approaches, where both systems' performance arE optimized under

controllable conditions 132, 38, 391.

2.2.4. Optimization designs

In this approach, the shared spectrum problem is formulated as optimization-based

signaling with constraints. In [39], ttre 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 zuch a way that the interference inflicted

to the radar is minimized. In [39], the MC-MIMO radar sub,sampling matrix and

communication signal covariance matix 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 SII{R nhile 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], ttre authors in [2t] 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 morimize 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 ifradar interference meets certain conditions.

The authors in [a0] addressed the cooristence issue of the multi-user MIMO (MU-

MIMO) communication systenr 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 cooristing with MU-

communication. To minimize the CRB for estimating radar target parameterc with the

presence of MU-MIMO communication interference, a novet optimization approach has

been derreloped in [a2] based on the Alternating Direction Method of Multipliers

(ADMM). As a further step, the authors in [a3] proposed a beamforming dcsign based on

constructive interference [44] for the coocistence 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 [a0] given the same budget

of the transmit power.

2.3. RadCom System Co-design Approach

ln these approaches, both fuirctions (radar and communications) coexist within the

same platform, i.e., the system performs both functions using the same hardware derrice.

As a result, the system resources would be shared among both functions. To enable their
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coer(istence while enzuring the performance requirements for each function, various

rcsource-sharing methods have been proposed in the lircrature. 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/tr'requencT sharing epproaches

These approaches are considered the simplest methods for facilitating the coexistence

of the radar and communication functions onto the same platform while allwiating the

cross-interference. Hete, the transmitted wavefonn can be written as:

s(t)= sr(t) +sc(r) Q.r)

where sr(t) and s"(t) aIe 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 signats jointly with limircd cross-interference can

be achieved.

A straightforurard mechanism is to allocate for each function a different time slot or a

different frequency band. As a rcsult, a trade-offin performance betrveen both the functions

is taking place. For instance, in [45], a RadCom system is implemented by using non-

overlapping fixed fre4uency bands. In this approach, each function is assumed to use its

predetermined band. In l4fi52l, the frame structure of the oristing communication

protocols is utilized for radar functionality. Here, the radar operation is an incidental result

ofthe communication protocol and thus the communications function will not be disturbed

or oompromised. In the work presented inl4749l,due to its large bandwidth, the authors

used the IEEE 802.llad standard operating at 60 GHz, the millimeter wave (mmWave)
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communication, for the RadCom system to provide better range resolutiorr for radar and

high data rates for communication. The IEEE 802.1lad standard frame consists of data and

preamble blocks. To avoid using the data-dependent signals, the RadCom system neserves

the data block for data transmission while the preamble block is utilized for radar probing.

Once the transmission link is established, targas located within the beam directions can be

detected reliably by the system. The simulation results in P7l showed that the detection

rate of the radar can be achieved up to 0.99 given low SNR, i.e., above -2 dB. Howwer,

the estimation performance of the veloci[r is limited due to the short duration of the

preamble block [48]. To overcome ttris limitation, one solution is to lenEhen the duratio,n

of the preamble block but this would degrade the communication perfomrance

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 [53] introduced

the idea of the fraction of data symbols, which is defined as the ratio of thc data symbols

in the franre to the data symbols in the IEEE 802.1lad standard frame. They formulatcd a

conver( 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 anrount of 3.3 cmzcompared to [a7]. Another

optimization strategy is proposed in [54], which is based on sparse sensing methods to

optimize the trade-offbetween the performance of both the funcions and appended virtual

preamble blocks during the coherent processing interval (CPD. As a further step, the

authors in [50] have designed the virtual preamble sequences by applying a sub-Nyquist

methodolory. It rninimizes the distortion in communication rate while maximizing the

estimation accuracy ofthe velocity. The simulatio,n 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 mettrod in [a7].

Instead of using standard frames, the authors in [7] used time cycles for

communication and radar operations. For each time cycle, the time portions are allocated

to modmize 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 prwiors rycle time is little

through the radar operation, then the allocation time for the radar fuirction should be

decrcased. The simulation results for the mettrods proposed in [17, 47,531show the

advantages of utilizing the cycle time or time frames to enhance both the sensing accuracy

and data communication rate.

These design approaches implerrent 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 mdar signal, low power can be transmitted for radar

due to the low duty cycle which results in reducing range detection. Morcover, the

reflections due to data signal transmission may intemrpt and submqge the echoes of the

radar probing signal, i.e., the preamblg especially in cluttercd environments where sfrong

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

t7



2.3.2 Antenna sharing approaches

Typically, using orthogonalrty boosting by applying spatial beamforming, the ability to

transmit the signal in (2.1) wittr limited cross-interfercnce can be achieved. kr partiorlar,

rnultiple antenna signal processing is utilized to alleviate mutual interference based on

spatial beamforming design. Wrile this type of signal processing was used in coexistence

cases for separate radar and communication systems, it can also be employeri 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 resulg a zero-forci ng(ZE)beamformer

is constructed. In this schetne, the radar waveform is designed to alleviate mutual

interference between both the functions, where certain performance corstraints should be

satisfied, while the communication waveform is beamformed.

The received signals at the radar target and the communication receiver ane,

rcspectively, given by:

lr(0) = arr(0) s, + a"r(0) Ws" + zr(0)

!"=hrTsr *h"7Ws"+2"

(2.2)

(2.3)

where ar(0) and a"(g) are the steering vectrors of the radar and communication

tansmitters, respectively, towards a direction g, YY is the beamforming matrix applied to

the communication signal, hr and h" represent the channel coefficient vectors between the

radar and commtmication transmitters and the communication receiver, respectively, z,

and z"r€pr€sent noises of the radar and communication receivers modeled as white

Gaussian with zero mean and variance o2. Obsening from (2.2) and(2.3) that, since the

radar signal sr 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

sr can be jointly designed to mitigate cross-interference while certain performance

requirements should be satisfied. For zero-forcing(ZF) beamforming, sr can be designed

to be projected o,nto the null space of the radar communications interference channel, i.e.,

to be orthogonal to hr. Sincc the communication and radar fuirctions are impleme,nted

within the common transmit platform, the beamforming matrix W can be designed to

satisfy specific requirctnents for radar BP and communications performance independently.

Iror orample, in [57] different ante,nna elernents are assigned for each function and h"

might not be identical b h". Note that, a priori knowledge about l+ and h" in all cases is

required.

Addressing the antenna elemants, the allocation issue for the RadCom systans 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 elemert can be connected with either of the two. The function ofthe 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. Herc, the spatial bits arc 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 inrproved 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 in162,63l where the authors

implemented a RadCom system based on a sparse transmit array design. The radar and

communicatio,n 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 ofthis approach is that the communication data rate is very limited especially

wlren more antenna elements are allocatcd to the radar for tracking tasks.

A major benefit of the frequenry/time division and antenna approaches is that they can

offer a wide selection of feasible performance combinations. For orample, in

frequency/time division, the overall performance is evaluated through how the sptem

tesounces, including time slots and spectrum, ane assigned for each function. The overall

performance trade-offs can be significantly improved with the use of spatial beamforming,

permitting radar and communication fuirctions to operate concurrently at all time slots and

full bandwidth usage [64]. Howwer, 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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2.33 Waveform sharing approach

This is a well-knovm approach utilized in the literature ofRadCom systems, particularly

in autonomous systems because of its zuperb features, e.g., optimiredluf;ilizartion of the

spectrum and low cost. The key idea is to integrate both radar and communication functions

on the same transmitrcd signals. There are two approaches, communication rvaveform, and

radar waveform approaches. The first one is based on how to utilize the communications

signals to process and erCract the target parameters from the return signals at the receiver,

rvhile the second approach is based on how to embed the information bits into the radar

emissions.

2.3.3.1. Communicationwayeform-basedapproaches

These approaches utilize standard communication waveforms for radar probing and are

suitable for processing the taryet returns. Firstly, we briefly review the spread spectrum

n'aveform-based RadCom systems, and then a review of orthogonal frequenry division

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

2.3.3.1.1. Spread spectrum wayeform-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

rvith psandorandom sequences that possess a high sprcading factor. The resulting

rvaveforms inhedt 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 tansmitted

signal would have a quasi-optimum autocorrection property of the code sequence, e.8.,

pseudorandom m-sequence [68]. The prior knowledge of code sequences at the receivers

is assumed, fon example, through the use of synchronization schemes. Therefore, the

communication and radar receivers can, respectively, detect communication symbols and

estimate target parameters by employing conelation 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, fr:om

a radar measurements perspective, the dynamic range is limited by the properties of the

transmitrcd code sequenoes, e.9., 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) at24 GHz carrier frequency and Doppler

shift of I KHz. Consequently, the spread-spectnrm approach is limited in real-fime

applications such as automotive applications which required a tremendous computational

effort for velocity estimation of the targets. For wideband spread-spectrun signals, high-

speed ADCs are required which leads to increasing the complexity and cost of the system

implemantation.

2.33.1.2. OFDMwaveform-based approach

The OFDM signal is a popular wireless communications scheme tlrat permits data

tansmission in parallel over multiple overlapped orthogonal subcaniers, and as a resul! it

improves significantly the spectral effrcienry. Also, it has many advantages such as

robustness against fast fading, handling the inter-symbol interference (lSI), easy

equalization, and relatively low-cost hardware are required l70,7ll.In the context of



frequency-agile signals, tlre OFDM signal attracts ttre radar community because of its

spechal floribility, ability to withstand potential jammers, and its tolerance to doppler shifts

U2,731. These properties made the OFDM signals a suitable choice to be used for radar

rneasurements and indicate their potential to be utilized for RadCom systems pa-76l.The

lransmitter of the RadCom system initially mapped the data bits into communication

symbols using digital communication schemes, e.9., 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 sharc 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 conelates the reflected signal with the transmitted

signal. The simulation results inl74l show that the ranges of two close targets, wherc the

distance betrveen them is 1.9 meters, can accurately be estimated by the proposed approach.

Howwer, the correlation-based processing ofthe OFDM signal depends on the correlation

properties ofthe transmit data bits which may cause high sidelobes in the range profile. As

a result, the accuracy oftarg* detection would be reduced drastically, especially in multiple

targets scenarios.

To rernove data bits dependency, the radar processing eliminates the transmitted

information bits from the received echoes signals by using the elernent-wise division for

each subcarrier, and as a rrsult, the received modulation symbol matrix D61, is obtained

[65, 76]. The target range and velocity information can be extracted, rcspectively, by

applying a two-dimensional FFT processing. In particular, the discrete Fourier transform



(DFT) is applied to wery row of D6p and then inverse DFT flDFT) is applied for wery

cohunn of the resulting matix. As a result, the range and Doppler can be estimated

iudependently. The simulation results showed that the proposed approach offerc 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

enample, the velocity of the target that can be estimated by using tlre proposed approach is

up to 253 mlsl77l.

To address the randomness issue of the data bits, the authors in [78] prcpose a mettrod

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 ofthe 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 sigrul at the radar rpceiver. Thus, radar petformance in

terms of target detection would be improved. The results in [78] show ttrat 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

ryclic shifted versions [80, 8l] possessed, the authors in [82] propose to combine it wittl

the OFDM signal. Thus, employing m-sequence in RadCom signal de.sign 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



sequence is modulated by ttre OFDM scheme. At thc 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 krn. Furthermorc,

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

Receirtly, 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 enror-conection ability of the RadCom system.

The modulation proce.ss of the data bits is similar to [82]. The simulation results in [8a]

show that radarperformance 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 ttnt 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 conelation-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 convcrt 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 ddection process with the interpolation techniques is outperformed by



the counterpart without using the interpolation techniques in terms of a lower RMSE ofthe

estimated parameterc. In [88, 89], the OFDM modulation scherne 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 subcaniers 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 pou,er 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 transmitrcd that reduces the range detection performance

for the radar and degrades the BER pcrformance for the communication.

To address the PAPR issue, the authors in [91] used an active constellation extension

algorithm [92]. The basic idea of the p,roposed rcchnique 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 mettrods [93], due to their

independence upon the transmitted data, are employed at the communication and radar

rcceivers, 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

diffrcult. As an altcrnative solution, the weighted OFDM schemes in [94, 95] are proposed



to contol the maximum PAPR. Howwer, these schemes degrade the systeur performance

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

To improve the data rate and spectrum effrcienry while minimizing the PAPR, the

authors in [96] propose orthogonal chirp division multiplexing (OCDtvD [97] to be

combined with OFDM. The OCDM wavefonn is composed of multiple orthogonal chirp

signals, some of which ane reseffed to generate peak canceling sicnals 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 hansform

(IDFnT) [98], thereafter, the resulted symbols are modulated again by applying the OFDM

modulation scherre. At the radar and communication receivers, the FFT and DFnT

algo,rithms 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, whete lV 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 inforrration of the radar.

The aforementioned schemes addressed two important issues of utilizing the OFDM

signal for the RadCom systern designs. The first issue was the randomization nature of the

data bits and the second was the high PAPR. Howwer, since the OFDM signal is used to

fulfill thc 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 [01] provided conditions



for CP and SCS design that should be satisfied to ensure the performance of bottr 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 ISI, and SCS should be

smaller than the coherence bandwidth according to the maximum velocity and

unambiguous range.

Adifferent approach is combiningOFDM with multiple-inputmultiple-output (MIMO)

radar to increase the data rate and improve the target resolution. This scheme can be

implemented by allocating different subcaniers for different distinct fansmit elements

[29]. Various methods have been proposed for subcarriers division among the transmit

elemenB. These methods include random assignments, equidistanL and non-equidistant

dynamic subcarrier interleaving U 02-IM].

To conclude this subsection, the shared communication wavefonn-based RadCom

approaches are extensively studied, partiorlarly 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 thatthey can observe high SNRs, secondly, enormously cost hardware cincuit

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

suhcarriers which may extremely degrade the performance of radar [73, 105].
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2.3.3.2. Shared radar wayeform appnDach

Traditionally, radar systerns employed two types of waveforms, i.e., sweep or chirp

and frequency hopping waveforms. Both waveforms have been proposed to be used for the

IkdCom system designs. In these approaches, the embedding of the communication

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

2.33.2.1. Chirp wayeform-based approach

The chirp is a waveform in which the frequancy decreases (down chirp) or increases

(up chirp) with time, i.e., the chirp rate U06]. The transmitter of the radar performs chirp

rnodulation, either frequency modulated continuous wave (FMCW) or liuear frequency

modulation (LFM), before chirps transmission. The radar rpceiver er(racts the direction,

range, and velocity of the target by applyng 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

lhe 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

silnplified U06].Inrecentyears, chrp signals have beenutilizedtotransmit data bits [07].

In particular, utilizing the chirp rate to transmit a bit of information 0 or l. This indicates

that the chirp signal can be employed forthe RadCom systems.

However, the generation of the chirp waveforms tlpically requires a huge range of

frequencies which leads to a low spectrum efficiency. To address the spectrum effrciency

problem, the authors in [08, 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

dctect 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 fiansmitter must be known at the

receiver, which demands some synchronization arrangernents. 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

thc 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 [08]. The constant envelope feature of the

MSK signal made the LFM-MSK waveform more robust against the distortion caused by

the radar amplifier nonlinearities. Howwer, as discussed in [ll], the spectrun 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 daection performances.



To confine the spectnrm within the operating bandwidth of the systern and prwent

enerEy led<age, a simple approach is placing the data bits wittrin 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 betrveen successive LFM pulses, and therefore an expansion of

the large spectrum may occur. To avoid these shortcomings, an integrated waveform design

is proposed in tll2] which is based on a three-phase modification of the LFM-MSK

signals. The key idea is to append a sequenoe 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 spectnrm of the LFM

waveform. Howwer, 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 [13] and continuous phase modulation (CPM) partial response [l14]

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 U 13I

show tha! 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 systerns presented in [10, ll2,ll3] are considered scenarios of a single

communication rcceiver, where the transmitter can only convey the information bits to a

single communication user. It should be noted that the frequencies, i.e., subcarierc,

contained in the LFM signals are orthogonal to each other, and thus, the above approaches,

such as U l0], can be implemented in multi-user transmissions where each user is allocated

to a single zubcarrier in the LFM signal. Such an implementation can be found in [115],

3r



where the authors considered a scenario ttrat 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 trtl subcarriers

in the LFM signal, then M communication bits can be transmitted during each radar pulse.

ln 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 [ 16] 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

wittr/embedded into the subcarriers of the tansmitted LFM signal. Each communication

receiver can detect the transmitted communication symbols by applying CPM

demodulation folloured by decoding. The proposed method significantly improves

spectnrm effrciency and data transmission. In particular, the data transmission rate achierred

by the proposed approach is almost Klog2K times greater than that obtained by the

baseline approach I l5], where K is the number of symbols transmitted on each subcarrier

during one pulse. It also achieved BER nearly identical to that obtained by I 15] 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 [17] propose to combine the BER

rvith the low-density parity-check (LDPC) code I l8]. In particular, before embedding the

symbols sequenoe into the LFM waveform, the LDPC codes are placed in the sequence. At

the communication receiver, both the CPM dernodulation and the BCJR algorithm [19]

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].

I{owwer, introducing the BCJR algorithm and LPDC coding may cause a high latency to

occur for the proposed scherne.

A different approach was proposed by the authors in [20], where the fractional Fourier

transform (FrFT) is used to process the echoes received at the RadCom systcm. Besides, it

permits the chirp signals to beused as subcarriers instead of sinusoids. Therefore, to embed

information bis through the radar transmissions, they utilized the quasi-orthogonality of

different I-FM 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 presenring a comparable performance to that ofthe

communication OFDM signal. Howwer, 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 featurc, the authors in [21] proposed a RadCom waveform comprised of

multiple chirps that vary in their time alignments and start frequency points. In partiorlar,

each chirp is divided into two allocated segments and is corresponding to one

communications symbol. The signal processing at the radar receiver applied sweral

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 synbols

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 l5m/sandtheachievableSERis *28.57 kBd/s. Theproposedcommunicationsmethod

has almost no effect on radar functionality and may attain good data throughput with low

power schemes. However, along with the stnrcture of the proposed RadCom waveform,

one drawback might arise rclated 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 rezult in some distortion qrhibited as disparate breaks between

consecutive chrps. 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 wayeform-based approach

Frequency hopping (FH) is the procedure of transmitting waveforms by changing

their operating frequency rapidly among different frequencies. The FII waveforms are

simply generated, possess a constant-modulus property', and are imperviable to

eavesdropping and interference. Therefore, they are traditionally employed in military

applications.

ln ll22l, the authors used the FH signals to ernbed 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 [23] that cnsures perfect



ambiguity function AF for radar detection. Nort, employing PSK constellation to modulate

the information bits and then embed them into the tansmitted FII 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 inll22l showed that when the BPSK scheme is employed to modulate

the information bits ttre SER of 10-6 can be achieved. However, it didn't show how the

proposed method affects radar performance. Alsq the proposed mettrod requires an

acctuate estimate of the CSI which is diffrcult to achieve in practice.

To address these limitations, the authors nll24ldivided the rcceived signal into K sub-

pulses and then applied the FFT algorithms with the K subpulses 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 10-6. The greatest advantage of the proposed method is that the CSI estimation is

not required for the communication symbols detection as compar€d with [22] and thus

the complority of the communication receiver design is significantly reduced.

By utilizing both the space-division multiple acoess (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 U25-1271. The authors in [25]

used amplitudc shift keying (ASK) to modulate the SLL where each power level represents
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a distinct commrmication symbol. Likewise, the authors in [26] 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 strategl 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 perfornance, the BP invariance approach has been

adopted in [ 28, 129] where the ernbedding ofthe information bits is achieved via shuffling

the transmiffed signals across the antenna elements. Thus, the permutation matrices would

contain embedded communication symbols. However, in the aforementioned approaches,

a communication ryrrrbol is typically errbedded into one ormany radarpulses, which leads

to a low data throughput that depends upon the pulse repetition frequency (PRF) of the

radar. Besides, the SL embedding shategies can only operate if the communications

receiver is benefiting finom 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 frequenry offset across the array

elements and an angle-range-time-de,pendent BP is obtained [ 30]. Thus, the FDA providas

ottra degrees of freedom (DoF) in the range dimension that would enable flre system to

resolve the targets with different ranges even ifthey 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 bett€r range-Doppler rcsolution and the achieved daa rarc transmission is

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

In recent yeats, Costas hopping (CH) signals [31] are proposed for the RadCom

system design. The CH signals offer a thumbtack-shaped AF, unsusceptible to interference,

and are easy to generate. The authots in [32] enrployed CH signals as a RadCom

waveform. The system used the construction algorithm [31] 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 ottrer with a frequency increme,nt. The results show that ttre CH waveform-based

scheme improves the system performance comparcd tolt22lin 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 s5mchronization is required for the proposed

approach which can be a challenge to implement.

To overcome the phase synchronization issue, the authors in [33] utilized the phase-

rotational invariance method to embed the information bis 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 IV bits to be

embedded into the radar radiation towards the communication receiver. The joint tansmit

platform generatcs 2IV 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 flre communication receiver, aftrer the matchd filtering process, the bits

sequence can be estimated by taking the phase difference between two receivcd BF vectors.



The simulation results show that the proposed mettrod outperforms the communication

signaling strategies based on SLL control U25, 126,1341 in terms of BER performance.

Most importantly, phase synchronization arrangement is not required for the proposed

nrethod.

To enhance the data rate obtained by the approach in [33], more orthogonal waveform

pairs are employed as proposed in [35]. 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

[l33] only 8 bits can be embedded given the same SNR and BER. This indicates that ttre

proposed method enhances the data rate significantly. As another approach, the auttrors in

I I 36] have developed a method for throughput enhancement by orploiting the silent period

(when the primary radar function is inactive) for information transmission.

To conclude, we have relriewed and discussed various shared-based approaches for the

RadCom system designs. They vary significantly regarding their features such as

communication throughput, radarperformance, hardware requircments, and computational

complexity. For oemple, employing OFDM transmissions for the RadCom system can

enhance the spectnrm efficiency and system throughput. The major limitation of this

approach is ttrat the communication receiver should be located within the radar main beam

directions ofthe systern radiations. Moreover, OFDM transmission oryeriences 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.

Tlterefore, 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 COGNITI\IE CLOSED-LOOP
DESIGN

In this chapter, we proposed a closed-loop design for an angle-range dependent

RadCom system ttrat permits tracking of the moving target while nraintaining the

communication link towards the intended communication receiver during each

illumination. The transmitplatform ofthe frequency diverse array (FDA) is composedof M

antenna elements and partitioned into K equally overlapped subarrays (SAs) transmitting

orthogonal waveforms. We utilized the system configuration aray 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 ernbedding the transmitted

communication symbols within nansmitting BPs that utilize either the magnitude ratios

and/or phase shifu 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 ttrat the

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



to the oristing SLbased information embedding schernes. 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-depetrdent

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 oploiting the radar SL for the communication operation

as a secondary functio,n 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 touards the communication direction in the Slregion [125]. There are

two constraints for the amplitude modulation Sl-based RadCom systems. Firstly, the

communication throughput of the systenr is relatively very low and secondly, the

communication stations should be in the SL regions ofthe radar transmit Bps, which is not

always possible in practical scenarios. Different modulation schemes have been derreloped

in the existing literature of the RadCom system design for embedding communication

symbols within the radar emissions UO7, 126, lZ7, 137, l3gl.

All these embedding information schemes were prcposed for the traditional phased

array (PA) radar where the waveform diversity cannot be utilized. To overcome this

limitation, a MIMO configuration is ernployed in RadCom systenr 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 aradar emission in a specific direction and the

information transmission in another spatial direction U4U. Communication symbots

embedded into the MIMO enrissions have been developed employing waveform

permutations [129] and PSK modulation scheme ll42l, where the achievable

communication throughput is limited by the number of employed orthogonal rvaveforms

and the PRF. In llz2lthe authors introduced FH codes to increase the transmission symbol

rate of the system. Another approach is presented in [37, 138], where the authors

dweloped 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 ransmit power that is dedicated for

communication operation, (ii) the communication stations should be located within the

radar SL rcgion. De'spite the advantages of MIMO and PA radars, they can only generate

angledepe,ndent BP [ 143].

To overcome this constraint, the FDA was first proposed by Antonik tl30]. It uses a

small frequency offset across the array elements and an angle-range-time dependent Bp is

obtained U44l.It is exploited to resolve the range ambiguity and improve the detection

and estimation perfonnance of the moving target in a cluttered environment [145]. The

authors in [a6] 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 ernbedded coded FH waveforms and each

waveform is orthogonal to each other with a frequency offset. In [136] the FDA with the



OFDM modulation is used to implenrent 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 achierred data rate transmission.

In this chapter, during each illumination, the detection and racking of the movlng

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. Hee, 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 strateg5r and optimum BF weight vectors for both functions during each

scanning cycle.

3.2. Proposed System Design

The cognitive system establishes a ctosedloop 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

(tMM) estimator block, white the transmitter includes five sub-blocks that contain a

signaling stratery selector, melnory transmit BF design, BF weight vectors selector and
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joint transmit platfo,nn. We divided the joint tansmit platform into K overlapped SAs, each

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

Moreover, duing each radar pulse, the BF weight vector w1 is adopted as the primary

weight vector and r/1(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 desrgn diagram for the Radcom system.



Once the proposed system is linked to the radar operational environment, the joint

transmit platform illuminates the environment which co,ntains a potentially moving taryet

located at (0..4), where 0, and rs Nte angle and range of the radar target of interes!

respectively, and intended communication receiver located * (0",4), where 0" andr" are

angle and range of the communication receiver, rcspectively. Here, we assume that the

position ofthe communication receiver is known and fixed while the location ofthe radar

target is changing with time. Accordingly, the system performs a tracking task for the

moving taryet as the primary fuirction 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 pararneters. The estimated targa position G = (€r,i)

at time n is forwarded to the predictor position block to estimate the next target position

Ifr at time n * L,for the mathematical definitions for the @ and fi please see (3.50) and

(3.56), respectively. Nott, the receiver feeds back the predicted position ofthe target to the

transmitter, whictr oompar€s ffiwith the known location of the communication

receiver (0",r").

Here, there are two cases rclated 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.
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Figure 3.2: The location of the communication station within the operating
environment of the proposed RedCom systenrn (e) the communication siation is
located withln the sidelobe directlonr of the rader transmit BP, and (b) both the reder
taryet and the communicrtion station erc loceted within the main lobe dilrctlons of
the transmit BP.
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In the first case, when the communication receiver is located outside the main lobe

directions (Fig. 3.2 (a)), the tansmitter selects the proposed APSK stratery to embed the

information bits by utilizing the phase shifts and the magnitude ratios between the (I{ - 1)

waveform pairs. While in the second casg when the communication receiver is located

within the main beam directions (Fig. 3.2 (b)), the hansmitter selects the PSK-based

communication stratery, where the information bits are ernbedded only in the phase shifts

betrveen ttre (I{ - 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 resulg the overall throughput of the system is enhanced.

Many applications would possibly benefit from the availability of our proposed

RadCom system, in particular, traffrc control and military applications. For example, the

scenarios where a stationary command/control post with the coordination capability is

linked with a networt that contains multiple spatially diverse RadCom systans. In this

case, the system can not only detect enemies but also performs sfrategic communications

functions. On the battlefield, the command/conhol post can utilize this information to

incrcase the detection probability, ptecision, and improve electronic warfare. It is worthy

to mention ttrag 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 depe'nde'nt RadCom platform equipped with a joint transmit

antenna aray consisting of M radiating elements placed as a uniform linear array (ULA)

configuration with an inter-element spacing of d7. The frequency radiated from the mtr

element is:

f^= f"*mAf, m= 0,L,2,.-,M -L (3.1)

where f" nd A.,f denote the carrier frequency and the incremental frequency across each

element in the array, rcspectively, with Af << /!. Furthermone, vye divided ttre joint

transmit platform into K overlapped SAs, and each is composed of M - K + L antenna

elements. In this case, the steering vector of the ,.th SA towards the direction (9, r) is

defined as:

ap(0,r) = u*@ a(0,r) (3.2)

where O represents the elenrent-wise product, tL1 and a(0,r) are the Ll x L vectols

expressed, respectively, as:

m=k,k+L,.,.,M-K+k
(3.3)

othetttise."-(-) = 
[10

where c r€Prcsents the speed of light, r represents the slant range between the first eleme,nt

and the observed point located at the far-field, and [.]rstands for the transpose operator.

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

(3.5)a(O,r)=a(0)Oa(r)



Let[t/ft(t)l,k=t,,.,,K, be the possible unit-ffersr orthogonal radar waveforms

transmitted from each SA, such that:

rvhere

a(r) = lt, ri(Y), ..., ;(=P)l'

Irlvrtt)l'dt = |

!rv*G)ti,(t) dt= 6(k - k')

s(tt)=f I[, wi{r,G)

s(rt) = f w'u(r)

where IlY4 [wr,w2,...,wr] is the M x K transmit weight BF matrix

l{r$),.-,{*(t)l r is thc K x L orthogonal waveforms vector.

(3.6)

(3.7)

(3.8)

(3.e)

where I and t represent the time betrreen radar pulses and the time duration within each

pulse, respectively, (. )' denotes the complex conjugate operator, and 6 (.) is the Kronecker

delta function.

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

given by:

(3.10)

where z denoting the pulse number, E is the total transmit energ5r and w1 is the BF weight

vector associated with the ktr SA. Note that ttre total energy E is distributed equally arnong

K waveforms so that during one radar pulse the tansmitted enerry equals to E. The signal

in (3.10) can be rcwritten as:

(3.r r)

and t[(t) r
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Herc, the l/ll and $(t) are assumed to be optimized to fulfill the requirements ofthe primary

radar function while the information transmission being a secondary function can be

achieved by modulating the tansmit BPs. To utilize the waveform diversity at the radar

receiver, the transmit signals should be orthogonal at all Doppler shifts and timedelays

within the velocity and range specifications of the FDA-MIMO radar. Achiwing

ortlrogonal signals with common spectrum contents is impractical and, therefore, in [47]

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

3.2.2. Thansmit beamspace design and information embedding schemes

Helt, we demonsEate the design ofthe transmit beamspace matix ltr and the signaling

schernes for the proposed RadCom system. Let e = lflmn,O^orl and R = lr^1n,r^*,lbe

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 (6, R) below a certain predetermined

ttueshold. Since the radar receiver feeds back the target's next positio,n ffi to ttre

transmitter, this information is utilized to design a I/Y to fulfilling the requirements of both

the fundions and improve their performance.

According to U33], there is zM-L - 1 BF weight vectorrs that could be produced from

the primary BF weight vector, so that all have the same transmit BP. Thus, w1 is selected

as a primary tansmit BF weight vector fromlV= [wr, -.,w2u-tl and r/1(t) as a

refercnce waveform during each radar pulse.

The w1 can be calculated by solving the convor optimization problem as follows:
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+T tf l*I a{o,r)1,

Subjec't to w[a1(93 ,rt) = l,

wlal(0",r") = errrn ,

0 eg., r € R,

0ree,rreR,

e"e6,t E R.

(3.12)

Here, (02,rr) is the expected radar target position, (. )fl stands for the Hermitian operator,

and the e,no, is a positive number that indicates the highest allowable SL lerrel at the

location (0",r").Ifthere are multiple targets located in different directions then for a given

joint transmit subarrays configuration each w1 is designed separately to concenfiate the

transmit power towards the direction ofthe targets 0j while maintaining the power radiation

in the SL regio,n 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 (0",r")rcmains outside the main beam

direction, tlre proposed RadCom system can serve the communication receiver with

information bits by selecting the proposed APSK communication scheme. According to the

authors in [48], 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 morc suitable option for information

embedding since the SL levels have to be limited.
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According to [49], 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, ll),

and (5, ll, 16) structures, respectively. Therefore, we need only two distinct amplitude

levels fo,r 8-APSK and !6-APSK schemes to embed three and four information bits,

rcspectively, and three distinct amplitude levels are required for 32-APSK to embed five

information bits. During each radar pulse, the M-ary APSK schernes 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 (0",rr) in the

SL region. Thus, after w, is determined from (3.12), the lctr BF vector wp is selected

fromW = {Tya-}, (b = L,...,2I ), and each information symbol comprises B bits. The

BF weight vectors, W; (b = L, -. ,2 F 1, for the APSK signaling strategy, are derived from

wr by solving the following convex problun:

Sonl*'-El

Subject toT6Hap(O",t") = Ape-lox i b = L, -.,2 F ;k = 2,.-,K. (3.13)

where Ap is the amplitude ratio and gp is the phase shift and are given, respectively, as:

e*=onlt"Wr)
where h 2wI a1(0",r"), is the transmit gain associated with the primary BF vectorwl

towards the communication receiver located at (0",r").

Here, the bttr BF vector w[' is designed to achieve a magnitude ratio Al as well as

phase 11116 giot towards the communication receiver location (0",r"). Note that, each

(3.14)

(3.rs)
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magnitude ratio term l|p and the phase shift ternr sie* sal 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 information i.e. F = 4,the I6-APSK with (5,

ll) structure is applied, itfollowsthat L =2(h and12) and R = 5and ll for \andl2,

respectively. Thus, during each radar pulse, by solving (3.13), all possible BF weight

vectors W @ = L, -.,2 F )will be generated, for further illustration please see Fig. 3.18

in section 3.4 @xample 3.5).

TheAPSK constellation for p = 4, applying grey mapping, is plotted in Fig. 3.3 (a),

where Rs and R1 denote the radius of the inner and outer rings, respectively, and e

rcpEsents the angle fornred bet$reen the first communication symbol ofthe inner and outer

rings.
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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 ofthe radartransmit 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 enrbedding. Thereforc, afterw1 is determined from (3.12),the kth BF vector

w1 is selected from W = { tro],, fp = L, -.,2n;, where each symbol consists of O bits. The

BF weight vectots trp,(p = l, ...,2n), for the PSK signaling strategy, are derived from w1

by solving the following conver( problern [135]:
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Hrl*r - strl

Subjectto SrrHap(0",rr) = gre-l'h* i?=1,.-,Zai k=2,...,K. (3.16)

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

e*=anst"(ry) (3.r7)

let's assume that fou bits of information are available for transmission to the

communication receiver located *(0",r"). The constellation diagram for O = 4 bits is

plotted in Fig. 3.3(b), where the D is representing the decision region for the symbol /1.

The transmitt€d signal (3.11) can be reuritten as:

s(t,r) = f w'B (z) U(t) (3.18)

Here, I/Yis the M x Zt-L beamspace matrix and B(z) r [br(r),bz(r),...,br(z)]

is 2M-1 x K selection matrix that selects the desired BF weight vector from I/Y for each

{*(t), k -- 1,..., K. The ktr selection vestor br(r) is 2M-1 x 1 vector such that only one

element inbp(z) is equal to I and the remaining elements arc zenos. Notice tha! 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 c'trtent lircrature ofthe radar-communication framework. It facilitates the facking

of the moving targets and simultaneously maintains the communication link towards the

lntended 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.



ALGORITHM 3.1: Algorithm for information embedding scheme selection during
eech radar illumlnetion.
At the rader neceiver (one cognitive rycle): Ln-r = l9tnt,4,,.-i (previous estimated

target's parameters).

l: Estimate the parameters for the moving target at a time tn , i.e. currently estimated

parametersfi,.

2: Update the information librarywith 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 fi.
4: Feedback lfr to the transmitter.

5: At the transmitter: Compare Fr with the known location of the communication

receiver (0",r").

6: w1 is selected as a primary transmit BF weight vector from I/Y and r/1(t) is selected as

a reference waveform.

1:it((0",r") € (e,R))

8: Select M'ary PSK modulation scherne for information embedding towards (0",r"),

then (3.12) and (3.13) are applied.

9: else

l0: ((0",r") € (6,R)-)

t I : Select tl'ary APSK modulation scheme for information embedding, then (3.12) and

(3.16) are used.

l2: end if

13: Go to step I
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In Algorithm 3. L, the radar receiver estimates the target parameterc such as the direction

of arrival (DOA), range, and velocity utilizing the reflected signals from the environment.

The estimated target positionf at time n is forwarded to the predictor position block to

cstimate the next target position Qlat timea * 1. Next, the receiver feeds back the

predicted position of the target to the tansmittet which compares ffirvith the prior

knowledge of the communication rcceiver location (0",r"). Then, whenwer the location

of the communication receiver is within the main beam directions, the transmitter selects

the PSK-based communication strategl for information transmission. On the other hand,

whenerrer the location of the communication receiver is outside the main beam directions,

the transmitter selects the proposed APSK shatery for information transmission. Thus,

during each radar scan, the proposed cognitive selection of the inforrration embedding

strategies maintains the communication symbols transmission to the intended

com munication 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 transmifting information

symbols. In the conterC of the communications operation, the cross-coffelation between

different pairs of fansmitting information symbols and associated waveforms should be as

small as possible.

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

3.2.3. Communication symbol detection at the communication receiver

For communication symbol detection, the communication receiver located at (0",r"),

within the systenr illumination regions, is assumed to have a perfect knowledge of

thepx(t), k = L,2,...,K.Therefore,thereceivedsignalattheoutputofthesingleelement

communication teceiver located at (0",r") can be written as:

x"(t; t) = d"nft) lar(O",r") s(t; r)l t z"(t;t)
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where a"n(t) rcpresorts a complex channel response during the rt[ radar pulse and

z"(t;t) is the white Gaussian noise with zeK) mean and variance o2.

F,quation (3.19) can be rewritten as:

(3.20)

whete g* *wf a1r(0",r") is the received gain associated with the ktr BF weight vector

towards the communication receiver located at(O",r"). Then, by matched-filtering tlre

x" (t; t) to !tp(t), L < k S K, dwing each radar pulse yields:

x"(t; t)= f d"nk) [f [, sx {*G)f * z"(t;t), L < k < K.

tc*(t) = + f x" (t; c) I'kG) dt

= f o"oa) (*tr

= f a"nk) 9t, t Tt G),

a1,(0",r)) + Ty(t)

I < k<K. (3.21)

Hcre ?[(z) represents the output noise obtained after matched filtering and is modeled as

zEKFrnGin white Gaussian noise with variance 02. 
,llrcoutput 

of matched-filtering of the

x"(t; t) to {r(t), the reference waveform asiociated with the primary BF weight

vector w1, yields:

!r,r(t) = q"nk) h +Zk) (3.22)

Now, let's define the lcth received communication symbol as:

cp(oor") +ffi,23k=K. (3.23)
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r{lrerp the kttr received communication symbol C1r(0",r") has a magnitude ratio

component lc1 (0",r")l and a phase shift compone nt angle(Cp (0",r")) in ilre direction of

communication receiver (0", r").

Thus, during the tracking operation, the intended communication receiver located at the SL

region decodes the transmitted symbol as:

fi = lC*(lor")l (3.24)

and

QDt = angle(C1, (0", r")) (3.2s)

On the other hand, ifthe communication receiver would be located at main beam directions,

during the tracking taslq then Aklur. (3.24) is set as constant and the ernbedded phase

information Qp canbe estimated using (3.25) and mapped to the O bits.

3.2.4. Echo processing at the rader receiyer

The reflected signal from the far-field point locatedat (0,r) can be modeled as:

r(t,o,r) = fi "rrrIl, wf a1,(o,r)e-t 6*,r@,r) {*(t), L < k < K (3.26)

where a(z) is the reflecion coefficient of the desircd point in the far-field located at (0,r),

and dr,7 (0, r) denotes the transmit time delay of the wave propagation from the kth SA

to the far-field point located*(0,r) and is given by:

o*,(0l)=*-*to-1)sing, L<k=K (3.27)

where 4 is the slant range from the kt[ sA to the far-field point tocated,at(0,r).

Equation (3.26) can be reuritten as:

r(t,e,r) = f a(c) qr(0,r) u(r)
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wherc q(O,r) is the K x 1 vector and can be given by:

q(0,r) = [wf, a1(0,r)e-i 61a(0,r),...,wf, ay(o,r)e-i 6v,7@,r)1t e.2g)

Let's assume that, the coJocated radar receiver consists of /V receive antennas array with

a ULA shape with an inter-element spacing of d.x.It is further assumed that the target in

the far-field would be seen by the transmit and the receive arrays from the same dirpction.

Therefore, the IV x 1 vector of the received array observations from a far-field target

located at(9t, rs ) can be expressed as:

xr(t; t) - r(t,9t,rt) b(At) + na (r; r) + n, (t; r)

t;
= # atk)lqr(1c, rt) U(t)] b(At) * na(t;r) + n, (t;r) (3.30)

where cg(r) is the reflection coefficient ofthe ttr target during the rttr radar pulse, assume

that it obeys the Swerling-Il model U06], na (t; r) is zero mean independent circllarly

Gaussian stochastic process representing the interference signals received from SL regions

with variance o2 t , i = !, ...,D, and n, (t; r) is the lv x I zero mean independent white

Gaussian noise vector with variance oz during the rttr radar pulse. The radar steering

vcctor of the receive arrays b(0) can be o<pressed as:

b(e) = U,slkoansho, ...,siko(N -t)ttastnllT (3.31)

where ko =2tt/l is the wavenumber.

After the down-converting pnocess followed by matched fittering to the measured

signals xr(t; z), the output ofthe matched filtered to the kth wavefonn can be expressed

as:

V,,*(t)= f at(r)[ w[, a1,(0s, rs)e-t 647(fi,r)b(at) 
] + n; (r) + fii (r) (3.32)
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Here ffi (z) and fi-, (z) are zeno mean independent cirorlarly Gausian stochastic

processes representing the interference signals and additive Gaussian noise, respectively,

after matched-fi ltering.

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

Y' = [ yll(t), *, yl,*k)l'

G
= J; atlat(ot, rr) I b(at) I + D (3.33)

rvhere @ denotes the trkonecker product and 7(r) is the KIV x 1 stacked vcrctor denoting

the interference received signals plus white noise vector components.

For the Doppler application, ifthe target has a radial velocity ur, then the received signals

are shifted in frequency by Doppler shift, fa =2ur/l.Since Af 1( f" ,fre fadue toAf

can be neglected. Let

ar(0srs) = q(Ot, rt) I b(Ar) (3.34)

Then, we further extend (3.33) to include the moving target scenario as:

G
Yr(moo)=J; atlaa(fa) 84(0u4)l+a (3.35)

where aa( fi is the Doppler vector which can be expressed as:

aa( fi = lL,eizof ar , ...,si2t(r"-tyar 1r (3.36)

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

(3.37)

where K^oo(9t,rt, fa) represents a joint range-angle-Doppler steering vector and is given

by:

Yr(mao)= f dtfrnoo(0r,rr,f4) +l
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r^oy(9g,rs, fa) = aa( fi @ ar(?t,rt) (3.3E)

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

target, respectively, as:

, -Zvo Il.r - l1 (3.3e)

and

, _Z(vo * artr) 1,t - l1 (3.40)

where 72se os, and t" denote the constant velocity, acceleration, and slow tinre dimension,

respectively.

It may be visible from (3.37) that, the joint estimation of range-angle-Doppler

parameters forthe moving targets can be achieved by utilizing FDA-MIMO radar and when

it is combined with the MMO coherent-time integratiorl the Doppler resolution can be

significantly improved. Hence, the FDA-MMO 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 estlmation

As shown from (3.a) and (3.31), respectively, the transmit steering vector is angle and

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

define the transmit and receive spatial frequencS respectively, as:

. _ l6d7sin0 Llrts,r---- 
"

f",n = 
T

(3.41)

(3.42)
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Tlrerefore, on the received data, this range dependence in fs,r can be compensated by

employing a compensating vector, which can be given as:

(3.43)

rvherc 4 is the a priori estimate of the range of the targeq which can be calculated as (rc :

bin size x range bin number). Let us define the fundamental range difference as:

Ar = rf -7,.a (3.44)

where ry is the fundamental target's range. The Ar can be modeled as a uniform random

variable distributed on the interval l- .+r,fl, where B is the bandwidth of the transmitted

signal.

The range of the target in the pr€sence of range ambiguity can be given as:

rt = tt + (r - L)ruams (3.45)

where i is the range ambiguity index ofthe target, andrr- n is the maximum unambiguous

range which can be calculated as:

ruamg = L (3.46)

As shown in(3.42),the/!,n depends only on an angle. Thus, the g(4) can be expressed

in the joint transmit-receive spatial frequenry domain as:

h = 1r I g(r") (3.47)

where 1p is an IV x 1 vector, for which all elements of the vector are equal to l.

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

Yr,comp= (f atlct(Lt,rt) I b(ar)l + 6; * q) O n
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=f ,,tw.[(.ta,l@a(ar+(,- L)r', s))ob(ar)]*n;* E (3.4s)

The derivation of (3.48) is provided inAppendixA.

Due to the coupling of the angle and range parameters in the transmit Comain, they

can't be estimated from (3.a8) directly. Thus, to circumvent this problem, we reconstnrct

lr,compusing the reconstruction operator, mat (.). The snapshot of the compensated data is

reconstnrcted into an lV x K data mahix Yr,"o p asi

Yr,"o p= [mat(y""o-r1]r

= f a{r)w'[a(gs) o a(ar + (, - L)ru,*)l'b(ar) + [(z) + ft-" (r) (3.4s)

The maximum likelihood estimator (MLE) for the target's angle is given by:

0, =uerb?*lE[=, wf, @)Yr,ro p(k)l (3.50)

wlrere wn(ot) = Qil b(et) is the IVI-R beamformer with Qp representing the

covariance matrix of the received noise-plus- interference, andYr,"o p(k) is the kth

column ofYr,"o^o that includes the tpceived data related to the lcttr transmit sA.

Thus, the adaptive weight can be constnrcted in the transmit-rcceive dimensions as:

w (t,0,4 ) = Qiln u(,,0,4 ) (3.51)

whcre u(i,0,4 ) it the steering vector in the transmit-receive domains and is given by:

u(i,o, er) = b(4) s ["(4) o a(1i - L)ruo s)] tl.szl

Next, we estimate the range ambiguity index as:

0 = arg,_,TilI l*'(r,O,flr)yr,ro ol.- Lr..rtra''lg
(3.53)

where No* represents the number of ambiguous ranges. And the adaptive weight will be



w (eAr, 0r) = q;1" u(0, t ,0r) (3.54)

Thus, the Ar is estimated as:

G = arE Tolt ' (i,Ar,0r)yr,* rl (3.ss)

Hence, the tue range can be estimated as:

fi=ro+6i+ (i-L)ruo-n (3.56)

Hence, we can interpretthis unambiguous angle and range estimation scheme as estimating

the angle of the targets in the f"e domain, and thereafter rcsolving the ambiguity in the

range extent, and finally the range is estimated in the fs,r_n domains.

3.2.6. Ihacking algorithm

In tracking scenarios, a maneuvering target (MT) is considered as a nonlinear

dynamical system characterized by several possible operation regimes, u,hich can be

described as a sudden change in the dynamic motion equation ofthe systan. Consequently,

a maneuvering target represents a challenge to attain filter consistency (FC). This sort of

problem is often referrcd to as a hybrid-state or jump Markov estimation problem tl50].

One approach to heat this type of problem is the adaptive Kalman filter (KF). For tracking

the MT, the adaptive KF is observing the rcsiduals of innovations with their covariance

enorE in real-time, detecting a failure in FC, and adapting its parameters to retrierre FC.

Unfortunately, using this approach will not provide reliable tracking perfonnance, and this

is due to the performing data association and adjusting the filter parameters at the same

time will lead to unreliable decision making Usl, 152]. Another alternative approach for

tracking the MT scenario is modeling the situation as the state estimation problem with

66



Markovian switching coeffrcients [53]. The IMM estimator is a typical approach for such

an estimation problem I I 54].

The dynamic and measurement equations for the MT can be expressed as:

xz+1 = Frr(0r*r) xn * Gr(fln) u"(0") (3.57)

4=H(en) xr, + w,. (3.58)

where x, is the target's state vector at discrete time t., Fr, is the transition matrix of the

system, 0r, is a finirc-state Markov chain with transitional probability p"i of switching from

s mode to I mode, G, denotes the erro,rs related to the state of the target. Likewise, zo is

the measurement vector at discrete time t r, H is the measurement matrix. The random

sequenoes u, and wa afre mutually independent, zero-mean white Gaussian, with

covariances Rr, and Qrr, 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 xf.-r1,.-rand the mode probability pi-, for each of
r modes:

Predicted model probability:

Mixing p,robabil ities:

Mixing estimate:

Mixing Covariance: Pf11\n-1 =
EI=rd[rrrr-, [Pi-rtr-r + (xi-r\a-l-xli-rt,n-, Xxi-rrr.-, -*9'-rtr-, )'] Q.62)

Mode Conditioned Estimetes stege: Starting wittr xflt-11o-rild Pllrt,.-, for each of r
modes:

Flr-r1r.-, = XI=rIi-r Psi

Pi[rt,.-, =#LPri' Fr-1\[-1

*llrtr-, = EI=rPi[r1z-r xi-r1z-r

(3.se)

(3.60)

(3.61)
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Predicted state:

Predicted covariance:

Measurement residual:

Residual covariance:

Filter gain:

Update state:

Update covariance:

Mode Likelihood Computations stage:

Model likelihood:

wherp l. Idenotes the matrix determinant.

Mode Pnobability Update stege:

Model probability:

xLtr-, = Frl-r *$irtrn-, (3.63)

pltr-, = Frl-r p,lirt,,-, (erl-, )' + cl,-, eL-, (ci-, )' (r.o+)

4 = u- HlxLrr-,

si = HL PIr,,-, (Hi.)'+ e,

KL = Plr,,-, (Hl, )'(sl )-'

xL\r, = xlrtr-, +KL[
pjr,, = [t - xl Hl,]pir"_,

n[ =+r[4ret"rtt)-'4]
Jlzr* I

(3.65)

(3.66)

(3.67)

(3.68)

(3.6e)

(3.70)

(3.71)

Combinatlon of State Estimates stage:

Filtered state estimate: xn\n 4 Elxnlznl

(3.72)
*'here E[.] denotes the orpectation operator.

Filtered covariancc: Prr\, 4 E[(*" - xr\rr) (xr, - xn\n)rlzrl

= DI=rtA [pjr"+ Glrr" - xa\a ) (*lrr,, - x,.r, )r] (3.73)

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

For many tracking systerns, 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 opressed in Cartesian coordinate's space as:

xn = lxn in *n ln ln !,i, zn in i;y (3.74)

wherc (xn, !n, zn),(in, 1", z") and (xrr, !;, i;) denote the position, the velocity, and

the acceleration components of the target at discrete time tn, respectively. We consider two

$t &to



motion modes for the MT, namely, constant velocity (CV) and constant acceleration (CA)

models in our proposed design U55].

The dynamical constraint for CV and CA motion models can be expressed in Cartesian

comdinate's space as:

I A, 0-r- 0-r-]

" 
= [3:x oll 'H-l

(3.75)

where O-*-denotes m by m matrix of zeros and A,n is orpressed for CV and CA motions

respectively, as:

Q.76)

(3.77)

o-=[l ?]

[r rn d)
Acr=lo L ql

[o o rl
wherp ra = tn- ta-tdenotes the sampling time, tn repr€sents the period of

mcasurementn.

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

by GrQrrGrr that is given by:

lQn*BnBr' o^r^ o*r I
GTerGrrr = ! o^r^ ent BnBrr o-"- I (l.zs)

I o-r- o^*^ qn'inin'l

where BrBrr' is orpressed for CV and CA motions, respectively, as:

I1".- rosl

(B,.B,r)cv = 
[+ ;,] e.ls)
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(3.80)

However, the performance of the IMM algorithm and its effective,ness has been

documented in the literaturc [52, 154, 156].

3.3. PerformanceAnalysis

In this section, we anallze the performance of the proposed RadCom system de,sign for

both functions, i.e. target detection performance and communication symbol hansmission

in terms of SER.

3.3.1. SINR analysis for radar

The target detection performance depends upon the output SINR ofthe adaptive MVDR

beamformer. Therefore, from (3.33) the observation vector y, includes the target signal

part which is assumed to be an unknovm daerministic signal and interference plus noise

part which is assumed to be zero mean independent circularly Gaussian with variances

oz a andoz, respectively. Assume that there are D jammers present in the radar

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

Q= Il=, o2av(La, ro)v[(Lo, rd)+ o2l (3.s1)

where v(0,r) - q(0,r) I b(A), and I is the identity matrix.

The output SII{R can be written as:

tt++1
(BrrB,rr)cr =l+ ;' :"1

l+ rn 1l

sIIvR -o2rlwlv(o,r)12wf,Q wn

7l



- 
o2rlv[le.r)v(o,r)12=;ffi1ffi (3'82)

where o2" 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 hyryothesis

testing model for received data is constructed as:

( Ho=Vr = i (target is absent)
{ - r; z^ \r . - ,. .\ (3.g3)

trr' r, = # aslq(1g,rs) I b(gt)] +, (target is present)

Based onNeynran-Pea$on's approach for statistical inference, the likelihood ratio test can

be used to anallze the detection probability for a radar target and is given as [57]:

. Pr(yr; Hr)
ll = rosF'6.;;6t

I rc a.(r) q('1,',lll' rrura,)!!z + u 
l' =f,: 

e (3.8a)

wherc e is the threshold used to partition the decision region for the detection process.

The probability of detection Pp can be given by [58]:

Po = q*(WR,J--21v1PrS (3.8s)

rvhere Pp,,1 is the probability of false alarm md Qu (.) is known as Marcum's Q function

[06] which can be given by:

Qu(q,fl = t!-t exp[-0.5 (t2 +x2;] Io(q t) dt (3.86)

where Is(') is the modified Bessel function ofthe first kind.
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33.3. 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 Q = l9u 4)]r. From (3.33), the

observation Mtayrfollows a circularly Garssian distribution with mean y" and covariance

matrix Q, where:

(3.87)

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

interest is [59]:

," = .E a{t)14(0t,rt)B b(or) I

D-lo = ff t a,t" -.[(+ft-))' Q-, (+P)]
where lV is the number of snapshots and

t(9urs) = b(Or) I [wn ( a( rr - rJ @ a(ar))]

In this case, the Fisher information matix (FIM) can be given as:

(3.e0)

wlrere the two auxiliary vectors wr- wo, can be defined, respectively, as:

*r, . Q-tlz urr(ils,rs)

*r, * Q-rtz ts.(ils,rs)

where Q-tlz is the square root matrix of the positive definite matrix Q-1, u",(Ot,tt) =

ryandue.(06,4)=W

, =,#, ",,, [*rY,,l,rr,, 
-"1T;,[,rl

(3.88)

(3.8e)

(3.e1)

Q.e2)
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Thus, the corresponding closed-form CRLBs for angle and range parameters

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

Dec ffi ll*,rll'@
D - L ll*rrll'urr:ffiffi

(3.e3)

(3.e4)

3.3.4. SER analysis for communication function

Firstly, let us consider the scenario whe,n 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., F = 4 blts, (see Fig. 3.3(a), and these symbols are equally probable. Calculating

the distances betryeen the symbols in the I6-APSK constellation are presented in Ap,pendix

B. Each synbol on the outer and inner circles has a probability of ll/16 and 5/16,

respectively, to be selected for transmission towards the communication direction.

Thus, the SER for the proposed I6-APSK signaling with (5, I l) structure is written as:

p = +El-rra(tr") + :Er-i. (@ * iEi-,.(f,-@ * Txi=,. (@
(3.e5)

Here Q (.) is the Gaussian error function. Similarly, for the 8-APSK with (1, 7) structure,

the32-APSKwith(5, ll, 16)structure,andthe64-APSKwith(4, 10, 15, 17, 18)stnrcfiirE,

thc 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



PSK for the information embedding scheme. Assume that each symbol (signal point) to be

transmitted is mapped into 4 bils, i.e., n =4 bits, (see Filg. 3.3(b)), and are equiprobable.

The probability density function (PDF) of the I6-PSK is derived in Appendix C. The

decision region can be described as D = {O= -"lu < O ="/U};thercfore, 
the SER of

the I6-PSK is given by:

p*L- t:tir*(*r-t,*",n'o Io u"-@ ot)or (3.e6)

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

similar procedtre.

3.4. Simulation Results

In this thesis, MAILAB has been used as the main computing and programming

e,lrvironment. Also, otheruseful solverc and toolboxes have been integratedwith MAILAB

for performing the simulations. In particular, we have tsed the MATI-AB conver( (CVr()

toolbox to solve all the optimization problems. Morrover, we modeled the communication

systern protocol in MAILAB.

Helr, we present simulation oramples to dernonstate the performance features of the

proposed system design. In all oemples, we assume a IJLA FDA with A/ =300 KlIz and

consisting of M =N = 14 antenna elements spaced 1/2^p*.Motpover, the surveillance

region where the RadCom system operates is -90'< O<90" and0mS rS

20 x 10sm. Besides radar functions within the main beam, we assumed that the

information bits are delivered to the communicatio,n receiver located at (0",r").It is also

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



thns the morimum allourable value of e -cr = 0.1 is selected. The simulation parameters

are summarized in Table3.Z.

Example 3.1 (Spectral distribution of the targets in the presence of the interference

and range embiguity):

In this orample, 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 r4can be calculated as l0 m x

1000: l0 km. The fundamental range differenceAron 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.

Table 3.2: Parameter's design of the prcposed system.

Waveform bandwidth I 15 MHz

i*i---+E:!d[ lj:3.iiL.:-triL--EL:.r.,
Maximum unambiguors range

Elementnumber

Number of pulses



::l

{t.5

il"
El.,

Transmit spatial ftequency (1/m)

(b)
Figure 3.6: Spectral distribution of the interference and the two targets using (a)
Conventional MIMO radar and @) 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 case of FDA-SA

radar, the two targpts can be rpsolved 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 cotresponding to the range ambiguity index [ =

!,2 andthe width of each strap 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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Figurc 3.7: The renge rcsolution of two targets can be offered by the proposed
s5stem.

T
/\

ott
o!oL

-o3 42 -01 0 01 02 03 050t[



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 tl:mrtthe 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):

kr this orample, we assess the performance of the joint estimation fo,r 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 taryet is located at

2', andthe SNR is 0 dB. Therange ambiguity index i and the fundamental range difference

Ar parametes are selected to be the same as in example 3.1 except that they are fixed for

ear:h 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 tnre values.

4-3-2-101234
Fundamental range difietence of target (m)

(a)
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Figure 3.8: Estlmetion results of the target parameters present in au interference
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Here, the root mean square erors (RMSB) is used as a performance criterion, which can

be calculated as follows:

RMSE(q:@

RMSE'',=@

(3.e7)

(3.e8)

rvhere G *dfi denote the estimates of the angle and range for the tttr target in theitr

Monte Carlo rur1 rcspectively, T md M" denote ttre 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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Flgure 3.9: RMSE versus SI\R for the Angle estimation in (e) lnter{erence-fite

envinonment and (b) inter{errcnce environment

The observations o(tracted from Fig. 3.9 are the following: (i) in the interference-free

environmen! the RMSEs estimates are close to the CRB as compalEd 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 aperhre of the MIMO array created by the

virhral 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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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

Iicqgency fi,7 of PA and MIMO radars are only angle-dependent and the range resolution

is depending on the waveform bandwidth which is fxed, 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 /!,7 is angle-

range dependent.

Figs. 3.ll 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.ll: RMSE versus the number of snapshots for the Angle estimation in (e)

inferferencefice envlronment and (b) interference environment.
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Figure 3.12: RMSE versur the number of snepshots for the Renge estimation in (e)

inlerference-fite enylnonment and (b) tnterference enyinonment'

It is shown from Figs 3.lt(a) 3.12(a) that, in the interference-free environment the

RMSES of angle and range estimates ofthe FDA-SA radar are close to their correspo'nding

CRBs. Fig 3.l l(a) shows less than 3dB loss in angle estimation performance for FDA-SA

radar comparcd with the conventional MIMO radar performance. In the interference

environment as shown in Figs.3.ll(b) and 3.12(b), the angle and range estimation

accgracies 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



Thmefore, despik flre performance loss in angle estimation for the FDA-SA radar, it can

provide high range resolution and handle effrciently with range ambiguity.

Erample 33 (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 interfercnces located at 5o, 15',

and 30', respectively. Fig. 3.13 plots the CRLBs vercus the SNR fo,r angle and range with

the presence of interfertnces and interference-free cases.
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Figure 3.13: CRLB yersus 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 ttre targeq and (3) in the inti.Yference-free

environmenl the CRLB of the range is smaller than the dr = l0 meters.

Example 3.4 (fracking of the maneuvering target (MT)):

This enample illustrates the performance of tracking MT using various estimators

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

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

Paremeters Settins Velues
The initial state ofthe target x6 [o, o, o, 1,0,0 ]r
The state covariance diag([0.1, 0.1, 0.1, 0.1, 0.5, 0.5]')
The measurementmatix H u00000;

0r0000I
The prior probabilities model [0.9,0.1]r
The mode switching probabilities matrix II 10.98 0.02r

[o.oz o.e8l

The measurment z, is made on the targetposition with Gausian noise wr,

where r[wiw;r]= [of Jr]0,r,
(3.ee)

where diy is the Kronecker delta function. which equals to o,ne if i :i and to zero otherwise.

The simulation is perforrred urith 100 Monte Carlo runs, each has a randomly

generated fiajectory originating from the same starting point, and a corresponding

observation series are generated independartly. The motion of the target switche's between

CV with low process noise (such as PSD {.1) and CA with lrigh process noise (such as

PSD =l). Four maneuvers operation are performed with rerrisit intervals for the sensor 7z =

0.1s. In particular, the target motion is set to the CV model during l-50 s and 7l-120 s'

while drning 5l-70 s and l2l-150 s, the motion is set to the CA model. The actual

trajectory measureine,lrts, 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 give,n by KF

and the proposed scheme are shown in Fig. 3.15 (a) and O).
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The RMSEs of the angle and range parameters can be calculated, respectivr"ly, as:

RMSE (a) =J;;

RMSEtI=W

(3.100)

(3.101)

where Mc =100 is Monte Carlo runs, 04-tndrs,2 stilrd for the tue position of the target,

and G, 1g1dfi, represent the estimates of the angle and range for the target in the mtr

Monte Carlo trial, respectivelY.

The average RMSE of the angle and range parameters and computing time per ntrt

performed in MAII-AB softrvare are provided in Tables 3.4 and 3.5, rcspectively.

Table 3.4: Averege RMSE per{ormence for angle perameters of dilfelcnt estimators.

Estimators Averege RMSE of Angle @egree) Computing Time (s)

I(F (usingCV) 0.2097 0.0043

KF (using CA) 0.ll5l 0.0047

IMM-KF 0.0996 0.0727

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

Estlmators Average RMSE of Range (Km) Computing Time (s)

KF (using CV) 0.4439 0.0011

KF (using CA) 0.2536 0.00r3

IMM.KF 0.2r 15 0.0209

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

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

EY,(G -0,,*)'
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Fig. 3.16 shows the calculated probabilities of the two modes used in this orample. It

shows that target acceleration makes the CA model more likely, while the CV mode is

considered more likely if the targa is not accelerating [55].

100 120

Time (s)

Figurc 3.16: Mode prcbabllities of two-mode IMM algorithm for tracking a
maneuvering target

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

scheme outperforrrs the MIMO and FDA designs.
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Figure 3.17: The detection per{ormance of the proposed scheme design compared
with MIMO and FDA reder cystemr.

Exemple 3.5 (Ilensmit BP synthesis end slgnal reprcsentation at the radar rrccelver):

The proposed RadCom platform aims to track the distant moving targets and

simultaneously embed/deliver information symbols towards the intended communication

receiverlocatedat(0or") in the radaroperation regions. Let's assumethat, atthe 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 0t =

[-10' 10'] and 3 x 10s m S 13 < 3.5 x 10s m,andforacommunication receiveris

30" < 0" < 40" and2 x 10s m 3 r" 325 x10s m.

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

information transmission. In this case, during each radar pulse, the APSK stratery allows
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the transmission of different gains towards the communication receiver direction by

solving (3.12) and (3.13). Irt us assume that, the K = 3 (there arc 12 radiating elements

in each subanay) is selected, and there are two information symbols (assume each contains

four bits i.e- F = 4) that can be embedded during each radar pulse. Therefore, the 16-

APSK with (5, ll) constellation in Fig. 3.3(a) is applied, where A;(i = L,2, -.,11) are

associated with Fn ... , qi and B; U = L,2,... , 5) are associated withr12, ... , iE

In such a case, the primary BF weight vector w, is calculated by (3.12) while w2 and

w3 Ere selected fromW={Fr,...,W;} according to the information available for

transmission. Suppose that the information bits to be transmitted are l0l0 0l10, i.e. AsBz,

the equation in (3.30) can be rcwritten as:

x, (t;r)l&s, = f ar!)lqt(e,il^"s,r[(t)]u(a) + na G;i + n, (t;r) (3.102)

where q(O,r)la"n, can be expressed as:

lw1Ea1(0,r)e'16rr@il 1

q(0, r) Iara, = I w.-r'a z(O,r)e-i 62fle fl 
|

[q;Har(a ,r)e't 6tt(oi f

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

( -r*^1(oj,r2) = L

| *r'"r(0r,r") = Eman

I ir-rfla2(O",t") = A2e-loz

[rrrfl a, 1a", t") = A3 e' i ot

(3.104)

It is clear from (3.104) that there are two different levels of magninrde ratios (e 1= I and

ez=0.146) betrreen 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.

(3.103)
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Figure 3.18: Tiansmit BPs for RadCom signaling strategies ys. angle rvhen K:3 and
epply: (a)16- APSK strrtesr end (b) 32-APSK strrtesr.
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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, ll, 16) constellation is also

plotted in Fig. 3. I 8(b) with three magnitude ratios (e r= l, e 24.323, and e 3 = 0. I l9). The

direction of the communication rcceiver is represented by ttre 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

sEategy is selected by the transmitter for information ftansmission. 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

A1(I = L,2) are associated with *-1, flz.

The primary BF weight vector wl is calculated by (3.12) while w2 and w3 are selected

from W = {fr1, flz}. fo embed one bit of information, a phase constellation of the two

symbols to be transmitted is assumed to be:

"={:

angte(ry)r.o,,=)
onste(ry)et1,,Y,l

(3.105)

Suppose that the information bits to be transmitted ar€ "10" bits, then (3.30) can be

rewritten as:

x, (t; z)[o = .E "rnrt 
qr(g,r)[o U(r)]b(a) * Da (t; r) + n" (t;z) (3.106)

where q(0, r)!ro can be orpressed as:

[w1H a1(0 ,r) e-l6rr(o't)
q(g,r)lro = lfirr' a2(0,r) s-i6z:r@,r)

L iF,r* as(O,r) s-l 6$(o'r)
(3.107)



According to (3.12) and (3.16), we get:

( .r* a1(Ls,rs) = fitrHaz(0t,rt) - ff' as(l1,rs) = L

I w1Ha1(g" ,r") = fFrH a2(e",r") = iF,zH at(O",r") = E raan
(3.r08)

Hence, we can conclude that the detection performance ofthe radar target is not influenced

by the information transmission proce.ss towards the communication direction located at

(0",r").

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

different information streams usingAPSK and PSK signaling strategies, respectively.
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tr'igure 3.19: SER versus 'o/ n-when K=3 and: (a) the intended communication,No
neceiver ic loceted in the SL dircctions (b) the intended communication receiver is
Iocated within the maln beem.

In Fig. 3.19(a), when p = 5, means that the ten bits of information are transmitted per

radar pulse, and the data throughput of 300 KbitVs can be achiwed if the radar PRF is

equal to 30 KHz. While in Fig. 3.19(b), when O = 4, means that the 8 bits of information

sfream are tansmitted per radar pulse, and the data throughput of 24O K bitVs can be

achieved if the radar PRF is assumed to be 30 KHz

Thns, the maximum achievable data throughput of the proposed systern is:

R = (K- 1) * (p + O) * PRF bitVs

99
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Notc that, we can increase the data throughput of the system by increasing the number of

subarrays K while lowering the ordcr of the signaling strategr to limit the SER.

In the SLbased signaling strategies, e.g., [25, l2l, 134, 136, 160, 16l], 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 ofthe proposed RadCom system in

angle and range dimensions. Let us assume that the communication receiver is located

at (35',240 Km) and the SNR = l0 dB. Fig. 3.20(a) shows the angular BER for the

proposed RadCom system.
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Figurc 3.20: BER performence in the direction of the intended communlcation
receiver in (a) engle dimension and @) range dimension.

It is clear that the only direction that can decode the transmitted information is the

direction where the communication station is locarcd i.e., at 35'. The narrow BP towards

the communication direction indicates that BP produced by the proposed method is

focrrsing the enerry towards ttre intended direction only. Hence, an inherent secure

transmission against information interception is established. Fig. 3.20(b) shows the BER

performance vercus 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 curr€nt radar-commrmication framework, e.g., [25, 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 morc 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

systern is enhanced. Table 3.6 summarizes the contibutions 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: Comperison betrveen the prcposed scheme design with recent existing
designs.
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3.5. Summary

In this chapter, we have embedded a closedJoop into the system's design to enable

the RadCom systern to utilize the resources morE efficiently. We introduced two signaling

sfrategies that will be selected by the transmitter according to the rclative motion of the

target. The systcm performs detection and tracking ofthe moving target and simultaneously

maintains the information transmission towards the communication receiver during each

scan. The simulation results verifr that the communication performance is enhanced in

terms of low SER, secure information transmission, and increased throughput. While for

radar applications ttre performance is improved in tenns of target detection and parameter

estimation.
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CHAPTER4

MIILTI-USER TRANSMSSION FOR RadCom SYSTEMS
BASED ON APSK SIGNALING STRATEGY AND
WAYEFORM DIVERSITY

In this chapter, an effrcient MIMO RadCom system is proposed to impove the system's

nesource utilization. An alternative approach design is used for beamspace matrix W and

waveform designs. We utilized either the amplitudes and/or phases ofthe ffansmitted radar

waveforms, instead of utilizing the magnitude ratios and phase shifts betrneen waveforms

as used in Chapter 3 of this thesis, for information embedding towards the communication

direction. Accordingly, the proposedAPSK signaling strategy allows multi-user access via

permitting distinct information bits to be transmitted simultaneously towards the intended

communication users located in differcnt directions at the SL region. The information

embedding dasigns 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 tum motion

(CTM) models in our proposed design. The CTM model characterizes the motion of MT

under high acceleration maneuvers with confiol 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 rcceiver. The simulation results veriry the effective performance of the

proposed design in terms of target tracking and angular BER. Furthermorc, the proposed
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APSK sig;naling stratery provides a significant improvement in terms of enhancing ttre

overallthroughputofthe system andlowBERperformance in comparisonwiththe oristing

Sl-based communication signal ing strategies.

4.1. Introduction

The RadCom co-design approach has rcceived much attention in recent years [4, 17,

2l-23,125]. Since the system's operating rcsources are shared for both operations, it is

assumed that the primary function of thc RadCom system is to fulfill a radar emission and

simultaneously allow a secondary information transmission fuirction duing 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 llzll.Different modulation schemes designs have been dweloped in the existing

literafire tro embed information into the radar pulse emissions for the RadCom systems [23,

65, 126, 127, 1351. Howwer, there are two constraints for the amplitude modulation SL-

based approach: (l) the communication stations should be located in the SL of radar

regions, which does not always occur in p,ractical scenarios; (2) the communication

throughput ofthe systern is relatively very low. Moreover, the majority ofthese modulation

schemes were proposed for broadcasting mode transmission, wherr the communication

receivers arc receiving the same information bits stream.

By employing MIMO configuration into RadCom system designs, multiple orthogonal

waveforms are transmitted simultaneously, and thereby waveform diversity cotrld be
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oploited l2O, 22, 29, 1281. 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 [37,

138]. Communication symbols anbedding into the emission of MIMO radars have been

dweloped in 1122,1421, where the achiwable throughput is limited by the number of

employed orthogonal uraveforms and the PRF of the system.

In this chapter, we proposed a closedJoop design forthe MIMO RadCom system where

the information embedding shategl is cognitively selected fo,r each illumination acco,rding

to the location of the communication user in the operational environment. Hence, during

each radar illuminatiorU the system carries out target tracking tasks while maintaining the

commrurication 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 SLregion 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 envircnment. 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

thc transmitter includes five sub-blocks that contain signaling shategl selector, memory
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transmit BF weight vectors desigg selector ofthe optimum weight vectors for transmission

and lastly the joint transmit platform (XfP).

-r'''
',' RduEatiromot

t* (lilnrgtilget+hhded

i"'- tmunicetiounceiwr)

_/ 

-{'*"'* 
' ''

--"'*""'t
I lofrdFffiitflafrnr(IlP) 

|

-::--f ::
Choming t[c desircdBF ndghwctm for mch 

i
Earmitted nuttfum rfe(t) 

- J-T---' -*-rI --J
---*-,'- i rrr-itBthunsprcrdsrrs:\i
Ir,hnm' )t )ir;- | FuAptiltW+[w1,wr,.-,wp]''*r-" r f

l.

I

I

I

I
I
I

,-**.--, I FUAPSK:IVI [tr1pwtr,.-,wp,

I t FuP$tffie[*],...,fii:rl

_l :[:- 
4

+-€FrE

Figure 4.1: The pnoposed closed-loop decign diagram for the RadCom system.
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Once the proposed system is linked to the operational environment, the JTP illuminates

the radar environmentwhich contains potential movingtarget and intended communication

receiver located at fu and01 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 tha! from the initial scans a library is built which contains the prwious

and updated estimates of targ* parameters and then stored in the memory. The estimated

target positionf; at time n is forwarded to the prediction algoritlrm (extended Kalman

filter- interacting multiple models (EKF-IMM) estimator) block to estimate the next target

position Erxtimen * 1. Nort, the receiver feeds back the predicted position of the

target to the tansmitter, where it comparcs ffi 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 directio,ns, the information symbols transmitted towards the communication

direction are embedded orclusively in the phases of transmitted waveforms by applyrng a

PSK-based communication sfiategy. Therefore, the optimum performance for the taryet

detection is maintained. On the other hand, when the communication station is locatcd

outside the main beam directions of the transmit BP, a proposed APSK stratery is applied

to ernbed the information symbols by utilizing the amplitude and phase of the transmitt€d

waveforms in the direction of the communication receiver.

. Accordingly, the system carries out tracking the moving target as the primary funcion

while maintaining the communication symbols transmission towards the intended

communication direction as a secondary function during each illumination. As aresult, the

overall communication throughput of the proposed system is enhanced.
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Note that, the system is operated iteratively and since the fiansmitter and the receiver are

assumed to be co-located, i.e., monostatic system, ttre feedback is aszumed 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 oommon transmit antenna array consists of M radiating

elernents displaced as a uniform linear array (ULA) configuration with an inter-element

spacing of d7. Let [{r(t) l, k = l, -.,K, be the possible unity-energy transmit radar

waveforms and they are orthogonal to each other, such that:

!rl{*G)l'dt = L

[r{*(t)r0l,G) dt=o, for k + k'

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 lV receive antennas array with a ULA shape and an inter-eleme'lrt

spacing of de. It is firttrer 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

OrP're.SSed aS:

s(t,t):f X[=, wi{*G). (4.3)

where r denoting the pulse number, E is the total transmitted energy, and wr is the kth

transmit BF weight vector associated with the lcttr waveform. Note tha! the total energy E

(4.1)

(4.2)
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is distibuted equally among K waveforms so that during one radar pulse the transmitted

energy eqrals to E.

The signals in (4.3) can be rewritten as:

(4.4)

where w4 [w1,w2,...,wr] is the M x K transmit weight BF matrix and t[(t) e

l{r(t),...,{r(t)] is the K x 1 orthogonal waveforms vector. Here, the W and U(t) ar€

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 strifts and time-delays within the velocity and range

specifications of the MIMO RadCom systerr. Achieving orthogond signals with common

spectrurn contents is impractical and, thercfore, in [47] several mettrods have been studied

for designing waveforms with low cross-correlations.

The N x 1 vector of the receivcd array observations from far-field at an anglefl2,

assuming that the target of interest is located at 0pcan be expressed as:

r(t; z) = ct(r)[ ar(ar)s(t, z)] b(Or) + n(t; z)

= f o,(') [ 
(wna(o,))' UtO]b(at) + n(t; r) (4.5)

where at(z) is the reflection coefficient of the tth the target which assumed to obey the

Swoting-tr model [06], (.)r stands for the transpose operator, and n(t;r) is the IVxl

zero-mean white Gaussian noise vector over the {h radat pulse.

s(t,t)=fw.U(t)
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Generally, a(0) and b(0) denote, respectively, the radar steering vectors of the

transmit and the receive arays towards angle 0 and can be define4 respectively, as:

a(0) = lL, eftoarsirrl, -., eiko(u-1)drsinalr (4.6)

(4.7)b(A) = fL,sikoansino, ...,s lko(N-1)dnsln0lr

where ko = 2a/^ is the wavenumber.

4.2.2. Tlansmit beamspace design and information embedding schemes

In this section, we present the design oftransmitting BF weight vectors and proposed

communication signaling schones into radar radiation. Let e = lflmn,O^*lbe 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 introducr the signaling strategies applied for the information

embedding prooess and tlreir coresponding optimized fiansmit BF weight vectors designs

that would be selected by the Eansmitter 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 rcceiver is outside the main lobe directions,

i.e., within the radar SL region. In this case, as the communication receiver 0l remains

outside the main beam, a RadCom system can serve the communication receiver with

information bits by selecting a proposed APSK communication scherne. Here, during each
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radar pulse, the information embedded by contolling the amplitude lwels as well as phase

shifts of multiple radar wavefornrs radiated towards the communication receiver located in

the SL region.

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

the proposed APSK signaling strategy can be calculated as:

min m-axf e I P(ei - w{ a(0 r)1,wp ot'

Subject to lwf;a(O")l 3 r,,,o,,

wfa@) = Ap(o)rloe(0i, p = L,2,.....,P. Oie6

eteo

ose6 (4.8)

(4.e)

where p(0) is the phase profile selected by ttre user, 0 is representing the SL rcgion, and

e,,o, is a positive number that indicates the highest allourable SL level. Here, w, is the ptr

BF vector which achierres the desired SL level Ar(0) as well as phase profile siop(oD i^

the direction of 0y Note that, eactr SL lwel term Ao@) can assign any of the L

permissible SL levels and also this applied for the phase lgrm sioe@t) which can talce any

of the R permissible phases.

Thus, each wp, ? = !,..., P, is repnesenting a distinct APSK symbol in the direction of

the communication rcceiver during each radar pulse. Accordingly, by solving (4.9) for P

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

comesponds to ttre desired APSK symbol is selected for transmission towards the

communicatio,n receiver.

Therefore, the nansmitted signal (4.4) can be rewritrcn as:

s(t,t) = f w'B (r) U(t)

tt2

(4.10)



He,re, W4 [w1,w2,...,wp] is the M X P transmit weight BF matrix that includes P

transmit BF weight vectors and B (r) + [br(r),bz(z),...,bx(r)] is P x K selection

matrix that selects the desired transmit BF weight vectors from W for each transmitted

waveform {r(t), k = !,...,K. The ktr selection vector bp(r) e

lbr,*k),bur(t),.-,br*(c)1' ,k=L,--,K, is the P x L vector such that only one

elernent in b2(z) is equal to I and the remaining elements are zeros.

Notice that, the transmit beamspace matrix Iil 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 embeddd APSK communication symbol is tansmitted

towards the communication direc'tion 01is given by:

gpepsq(0D s w{a@) = Ap(g) etev(eil, 13p<P<K (4.11)

Any synchronization mismatch rpsults in performance degradation. To avoid this

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

reference waveform along with w1 as reference transmit BF weight vector by

settingbr(r) - [1, 0p-r]r. In this case, the transmitted embedded message in the

communication direction 01 is given by:

ep@Psx) (or) +#rrO, 23p<P<K (4.12)

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

component lgptn"s*l (0r)l and phase component ongle(art rr*y (er)) in the

communication direction of 01.
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4.2.2.2. PSK-based information embedding scheme

Here, during the fracking task scenario, whor the target is moving within the

operatio,nal radar environment and the communication receiver and the target are both

located within the radar main lobe region e 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 [62], there e:rists (zn-t - 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. Thereforc, if the fr-1 is selected as

the principle transmit BF weight vector from 3[ = [fli, -.,viifii+rl, which can be

determined by solving the optimization problem in (a.9) and (4.10) as follows:

ruln maxle I r@) - trr'a(A) IT:.0'

Subject to tr1Ha(fu) = 1,

tr'a(0)- lsiQr

qee

fueQ

(4.13)

(4.14)

Herc, A is a constant value and can be set to one, and f1 represents the phase information

associated with the principal BF weight vector. i.e, flr.

The remaining transmit BF weight vectors in![ can be determined using the technique

developed in [ 133], where the information bits are embedded by controlling only the phases

of the transm itted waveforms.

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

!['B (r) U(t)

lt4

s(t,t; = (4.15)



Here, ![istheM x ZM-r transmitbeamspaoematrixwhilethedimensionoftheselection

matrix B (z) is 2t-7 x K . The lcttr selection vector br(r) is with the dimension of

2N-1 x L.

For coherent tansmission mode, the phase-embedded commrudcation symbol is

transmitted towards the communication direction 01 is given by:

9*1esxy@)!angle (fi-t"a(Ai)) =' eiot, L < k<zM-L <K (4'16)

For non-coherent communication, pr(t) is selected as the reference waveform along with

ff1 as the reference transmit BF weight vector via setting br(r) = lL, O2x-t-r]r. In this

case, the transmitted phase-ernbedded message towards the communication direction 01

can be orpessed as:

ltc,,sx)(0r) + angle(#r), 2< k<2M-7 <K (4.17)

Notice that the transmit beamspace matrix ![ acts as the dicionary 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 franrework. It maintains the communication link

towards the intended communication receiver during each illumination. As a result, the

overall performance and the throughput of the systern arc enhanced.

Algorithm 4.1. illustrates the selection mechanism of the information embedding

stratery during each radar scan.
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ru,COrutHM 4.1: Algorithm for information embedding scheme selection during
each radar scan.

At the RadCom receiver (one cognitive cycle): Pn-r : l0i,.-r,ttin-tl (previous

estimated target's parameterc).

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

parametersf,.

2: Update the information library with new estimated values.

3: Forward the new estimated values to the predictor position algonithm (EKF-IMM

algorithm) to estimate the next position of the moving targ* ffi.

4: Feedback ffi to the transmitter.

5: At the transmitter: Compare ffi with the known location of the communication

receiver 01.

6: if (0r e e)

7: Select PSK modulation scheme for information ernbedding towards 01, then (4.14)

and (a.16) are used.

8: else

9: et eo

l0: SelectAPSK modulation scheme for information embedding, then (4.9) and (4.11) are

applied.

[1: end if

12: Go to rtep I
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In Algorittrm 4.1, the radar receiver estimates the target parameters such as the

direction of arrival (DOA), range, and velocity utilizing the reflected signds from the

environment. The estimated target positionf; at time a is forwarded to the predictor

position block to estimate the next target position ffi at time n * 1. Nort, the receiver

feeds back the predicted position ofthe target to the transmitter, which compares ffi with

the prior knowledge of the communication receiver location 01. Then, whenever the

location ofthe communication receiver is within the main bearn directions, the transmitter

selects the PSK-based communication strategy for information transmission. On the other

hand, whenwer the location of the communication receiver is outside the main beam

directions, the transmitter selects the proposed APSK sEatcry for infomration

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 desigts remains constant regardless of the alteration in nansmitting information

symbols. In the context of the communications operation, the cross-oorrelation between

different pairs of transmitting information symbols and associated waveforms should be as

small as possible.

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

4.2.3. Communication symbol detection at the communication receiver

For commgnication symbol detection, the communication receiver located at 01,

within the system illumination regions, is assumed to have a perfect knowledge of

thery'1(t), k=1,2,...,K. Therefore, the received signal at the ouQut of the

communication rtceiver can be writtsn as:

4(t; i = a"nk) [at(oJ s(tt)] * zi(t;r)
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u,lrere a"n?) represents a complor channel response during the rttr radar pulse and

zi(t;r) is the white Gaussian noise with zem) mean and varianca 62 i.

Equation (4.18) can be rewritten as:

xt(t; t) = f;o"o1r) [IX=, s,, {*G)l* zi(tic), L < k < K (4.1e)

where Arc Lwtr a@)is the rpceived gain associated with the ktr BF weight vector

towards the communication receiver locatcd at 0i.

Then, by matched-filtering the 4 G; t) to {*(t),L < k ( K, during each radar pulse

yields:

t < k<K (4.20)

Ifierc 4G) represents the output noise obtained after matched filtering and modeled as

zero-mean white Gaussian noise with variance ozp.

For coherent and non-cohelent communication modes, let's define the kth received

communication symbol at the communication receiver located at 01, respectively, as:

ti,t G) =+ f xi(t; t) $kG) dt

= f d"nk) (wf, a(a;)) + fi,(t)

= f acn(t) g* * Tt k),

skc (Ar) ! yi*(t),

skn (4,) ,"ffi,
L< k<K (4.21)

L= k=R (4.22)

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

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

by determining the SL levels and phases during each radar pulse as:

,dfi lse (41)l (4.23)

and

OE = anste(sr (oD) (4.24)

On the other hand, ifthe communication receiver is located within the main beam directions

during the tracking operation, then C, in @.23) is set as l, and the ktr embedded phase

symbol 0r, cmbe 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

* 0r, assuming that the target of interest is located at 02, is modeled in (a.5). Then, by

matched-filtering the received signal r(t; t) to the ilr(t), k = 1, ..., K, yields the KIV x 1

vector of virtual received data, that is:

r(t; r) rpH(t) dt),

t;=Ji "'t ) [(w,a(a)) I b(ar) ] + n1z1 $.2s)

where Vec(.) is the operator that stacks the columns of a maftix into one column vector,

I denotes the Kronecker product, and fr(r) is the KIV x 1 noise term after matched-

filtering and modeled as additive Gaussian with zero mean and variance 02 lxn,where Ialy

is the identity matrix of dimension KIV x KAI, and can be defined as:

fr(r) = v"r(!, n(t;z) rPH(t) at) (4.26)

Thus, the KN x 1 virtual received data vector after matched filtering can be rewritten as:
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where h(0t) g l/yna(Or). For Doppler application, if the target has a radial velocity u",

then the received signals arc shifted in frequenry by Doppler shift, /a - 2u'/ 
l,where I is

the wavelength. Let

Y' = [ Vl,t(t), ..., Yl,*G)l'

=fatlh(gt)Bb(ar)l+fi

e,(0) = h(Ot) 8b(At)

Then, we further ortend the(.27)to include the moving target scenario as:

,=
Yr(moo) = Ji atlaa(fi @ a"(os)l + fr

where aa( fi is the Doppler vector which can be orpressed as:

aa( f) = l!,etznf dr , ...,"lztt(r'-Df ar lr

where f, is the sampting number. "I\a@.27) can be rewritten as:

Vr(moo)= f dttmov (et, fd) +fr

(4.27)

(4.28)

(4.2e)

(4.30)

(4.31)

where u^ou(0p fa) represents a joint angle-Doppler steering vector and is give'lr by:

u^oo(|s, fa) = aa(fi I a'(0t) 9.32)

The Doppler freque,ncy can be orprcssed, for the constant velocity and accelerated moving

target, respectively, as:

" -2oo Itd' t^ (4.33)

and

" _Z(uo * artr) 1td- tl

tzl

(4.34)



nherc tzs (rst and ts denok the constant velocity, acceleration, and slow tirne 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 arangement

and when it is combined with the MIMO coherent-time integration, the Doppler resolution

can be significantly improved.

4.2.5. Ihacking 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 [53].

In this chapter, we consider two modes for the MT, namely, constant velocity (CV) and

coordinated tum motion (CTIvI) models in our proposed design. The CTM model

characterizes the motion of MT under high acceleration maneuvers with control surfaces

where the speed rernains nearly constant during maneuvers. The EKF-IMM estimator is a

tlpical approach for such an estimation problem [54, 163, 164].

Thedynamical constraintforCVand CTM motionmodels can beexpressed in Cartesian

coordinate's space as:

I A" O^r 0-r-I
o = [8;il oll 'H-J

(4.3s)

where O-r-denotes m by m matrix of zeros and A, is orprcssed for CA and CTM

motions respectively, as:
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+,=[l ?]

[rry#l
ncrr = lo cos(o,nr,) **" 

I[0 -O,n sin(O,.2,.) cos(Orrr,.)J

(4.36)

(4.37)

(4.40)

(4.41)

where rn = ta - tn-tdenotes the sampling time, t n rcpresents the period of

measureinent n and O, represents the turn rate at the time tr, which can be expressed as:

(4.38)

where (i, i* i") and (*;, i;, zr) denote the velocity and the acceleration components

of the target at discrete time tn, respectively.

The covariance matrix of the input process noise for CV and CTM motion models are

characterized by G,rQrrG,rr that is given by:

lQr*BnBn' o^r o^*^ I
GrQ2Grrr = I o^r ent BnBnr o^r* I (4.39)

I o-r- o^r^ qn'BnBnrl

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

td "".|
(BrrBrrr)cv = 

[+ ;rl
tn3

2

Tn2

Tn

BrBrr = H
E I

123



4.3. Performance Evaluation

In this part ofthe chapter, we present simulation examples to demonstrate flre performance

of the proposed system design. In all examples, we assume a ULA consisting of M = /V =

l0 antenna elements spaced U2rp^n.Noise is assumed to be zero-mean, Gaussian, and

rvhite both spatially and temporally. The targets in each example are assumed to lie within

a given spatial sector. Morcover, the surveillance rcgion where the RadCom systern

operates is -90' < e < 90'. Besides radar functions within the main beam, we assumed

that the information bits are delivered to the communication receiver located at 0sltis also

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

thus the morimum allowable value of e-rr = 0.1 is selected.

Example 4.1 @erformanoe of the proposed beamspacc design in terms of a talget

nesolution end the RMSE):

In this orample, the performance of the proposed optimum transmit beamspace IllI

design approach is conrparrd to that of the raditional MIMO radar with uniform powef,

density transmission, and the approach presented in [65], maps the transmit steering

vector to the appropriate corresponding of a ULA based on conver( optimization

formulation. The main beam of the BPs is assumed to be udthin the spatial secbr e =

[-15' 15'], and the number of pulses applied is 50. The probability of the target

resolution and the RMSE are calculated using 5fi) Monte-Carlo trials.

Fig. 4.3 illustrates the transmit BPs of the conventional MIMO radar with uniform

transmit power distribution, the approach presented in [65], and the proposed design for



the optimum transmit W. For designing the optimal W we used for beams while for the

approach of [165] only two beams are used as proposed therein (see orample 3 in U65l).

It can be seen from the figurc that the proposed design concenfrates more power in the

desired sector with rclatively low SL levels compared with the method used in [65].

-Traditional 

MIMO
.# Prcposed design for optimal Tx Beamspace

- lF -Aoorcach of

-20 0 20

0 (Degree)

Figurr 4.3: Tiansmit BPs of the Tiaditional MIMO, Approech of 1165l, end the
proposed opdmel beemspece design.
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To investigate the RMSE performance of the approaches under test, assume that there are

two targets located at 01= -9o md 02 = -8o. Here' RMSE is ued as a performance

criterion, which can be calculated as follows:

RMSE Ot: J*|4ET=, *=,(G - e,)' (4.42)

where 6fi denotes the estimates of the angle for the tt[ target in the mt[ Monte Carlo

run, and T and Il[" denote the total number of targeB and Monte Catlo runs, respectively.

Fig. 4.4 shows the RMSEs vercus SNR for the approaches under test. As we can be seen

from the figu*, the RMSE of the proposed optimal beamspace design and the method used

in [165] have lower RMSEs as compar€d to the RMSE of the traditional MIMO radar.

'- -30 -20 -10 0 10 20 30

sNR (dB)

tr'igure 4.4: RMSE performrnce comperlson between the epproaches under test,

Traditional MIMO, Approach of [1651, and the proposed optimal beamspace design.
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It 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.

{FTraditional MIMO

- tF -Apprcach of [165]
+ Propoeed optimal Tx Beamspace design

-10 0

sNR (dB)

Figure 4.5: Resolution performence comparison betrueen the approaches under test,
Tfaditional MIIuo, Approach of [65], and the prcposed optimal beamspace design.
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Example 4.2 (Tlacking of the maneuvering target MI)):

This orample ilhstrates the performance of tracking MT using varicus estimators

including the proposed tracking scheme. The motion of the target modeled as two Markov

models with r, = 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 no,n-linear

CTM model with noise modeled as zero-mean tum rate with covariance eqtral to 0.15. In

the nonJinear 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 zr. is made on the target position with real Gaussian noise w, modeled

as wrr-Jtf(0, Er) where E*= 0.01 is used.

Table 4.1: Simulation parameterc used for teryet tracklng scenerlo in example 4.2.

Parameters Setting Values

The initial state ofthe target xo [0,0, 1,0,0 ],
The state covariance diag([l0.1, L0.L,l.!,1.1, 1]t )
The measurement matrix H ll 0000;

0r000I
The prior probabilities model [0.9,0.1 ]r
The model transition probability mafrix Il r0.9

[o.r
0.11

0.el

The simulation is performed with 100 Monte Carlo runs, each containing 200

sarnpling steps and using the same generated trajectory originating from the same starting

point, but the con'esponding observation series are generated randomly. The achral

l2E



trqiectory and estimates generated by EK and EK-IMM fikers and smoothers in one nrn

are shown in Fig. 4.6 (a), (b), and (c) respectively. As shown from Fig. a.6 (a) that, the

target starts to move from starting point (the origin) with a velocity of I Km/s along the x-

aris then at point x= 4 it starts to maneuver along the y-a:tis. At point (x= 2, y= -l) the

target moves in a sraight line along the x-axis till the ending point. We can observe from

Figs. 4.6 (b) and (c) thaL the EK and EK-IMM smoottrcrs appropriately capture the trend

of the trqjectory better than their conesponding filters.

- 

True Trajectory
A Triajectory Starting Point
! Trajecbry Ending Point

34
X Position(km)

(e)
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Figure 4.6: (a) Real trajectory, O) estimates of the EKF and the proposed EKF-IMM
filterc, and (c) estimates of the EKF end the proposd EKF-IMM smoothers.
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For more insights, the average perforrrance of the RMSE angle estimation over 100

Monte Carlo runs for the proposed and other estimation approaches are shown in Fig. 4.7.

The RMSEs of the angle parameter can be calculated as:

RMSE(er):J"" (4.43)

where M" is the total number ofthe Monte Carlo runs, gs,- and G, represent the true and

the estimated angle of the target in the mtr run, respectively.

80 100 120 140 160
Sampling step

Figure 4.7: RIISE in angle estimates of different non-lineer filters and smootherc over
sampling steps in the scenario of tracking e mancuvering 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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Estimators Averege RMSE of Angle

@egree)

Computing fime (s)

EKF (using CV) o.3234 0.0122

EK smoother (using CA) 0.1607 0.0152

EKF-IMM 0.2860 0.03 t r

EKF-IMM smoother 0.1333 0.0970

Table 4.2: Average RMSE performrnce for engle perameters of dllferent non-lineer
estimators.

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 softruare.

Fig. 4.8 shows the calculated probabilities for the modes used in this orample.
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Figure 4.8: Model pnobabilities for two-mode (CV and CTM models) of maneuvering
target during trecking operation.
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Exomple 4.3 (Ttansmit BPs synthesls towards the communication rcceiver located
withln the RadCom trensmission dircctions):

The proposed MIMO RadCom system aims to track the distant moving targets and

simultaneously ernbed/deliver information symbols towards the intended communication

receiver located at 0l 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 e - [-10' 10'] and a single communication receiver is locaied outside the

rnain lobe e directions, assume that it is located at01 - 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 tansmission tourards

the communication directions.

In this case, during each radar pulse, the communication symbols are ernbedded by

utilizing the magnitudes as well as the phases of the transmitted waveforms. Thus, by

solving (a.9) and (4.11), theAPSK strategy enables the system to transmitt different SL

levels with R unique phases towards the communication user. Therefore, each transmitted

waveform carries (log2 [R) bits of information to the communication user. Let's aszume

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 stratery, each BP

radiation corresponds to the BF weight vector, W = [w1,w2, ...,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 ofAPSK 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 nro bits are enrbedded towards the communication direction is plotted

in Fig. 4.9.

-80 -60 40 -20 0 20 40 60 80
Angle (degrees)

Figure 4.9: Ihansmit BPs radiations for RadCom APSK-based signaling strategr vs.
angle when two bits are embedded towards the communication direction located in
the SL tt01= 45".

Fig. 4.9 shows that each BP radiation conesponds 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 dctection performance for the RadCom systan, the PSK stratery is selected by

the transmitter. In this case, the infomration 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 oommunication symbol. Thus, the principle transmit BF vector fl1can be

determined by solving (a.S) and the rernaining BF weight vectors are selected from t[ =

{t{2,...,wfi.r} associated with each constcllation point applying the method presented

in [33].

For a coherent PSK based method, four BF vectors are selected from t[ and using

(4.14)while for the non-coherent case, t[ is used to build four pairc 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 e, e g

during one radar pulse is plotted in Fig. 4.10. ft shorvs that the BP radiation corresponds to

one SL level associated with one phase rEsponse during each radar pulse, and it reprcsents

a single communication symbol that contains two bits of transmitted infornration towards

the communication receiver.

Hence, we can conclude that the detection performance of the radar target is not influenced

by the information Eansmission process towards the communication direction located at 01

andtheproposed design forthe RadCom systenr maintainsthe communication linktowards

the intended communication direction during tracking operation.
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figune 4.10: Single transmit BP radtation for RadCom PSK-besed signaling strategr
ys. rngle rcprerents e single embedded communicetion symbol towerds the
communlcation dinectlon located et01E g = [-10'10].

Example 4.4 (Iransmission of distinct communication streams torvards difTerrcnt
communicatlon strtions locrted within the SLrcgion):

In this orample, we examined the capability of the proposed MIMO RcdCom system

to transmit distinct communication symbols towards different communication receiverc

located within the SL region. Also, we compared the proposed APSK-based

commrmication stratcry with the oristing SLbased communication strategies in terms of

the overall throughput of the system and BER performance. Herc, 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 dilferent

communication users located at angles 35'and 45', respectively, to embeil t*o distinct bits

of information to each user.

PSK and ASK Sl-based communication strategies will have the capability to utilize

only the phase or magnihrde variations of the transmitted waveform, respectively. In

conftast, the proposedAPSK-based communication stratery can orploit the differe,nce in

beth the amplitude and the phase parameters ofthe transmitted waveform.

Fig. 4.1l(a) shows the transmit BP radiations corresponding to two BF weight vectors for

the ASK-based communication schernes U25, 134, 136, 16ll. These BF vectors are

designed to broadcast the SL level of either -40 dB or -30 dB, which are selected flom

0 <L* 3 Eaaa,(k = 1,2), towards the communication receivers. During each radar

pulse, the SL lwel remains identical at both communication units for the existing ASK-

based communication schemes U25,134,136, l6U. For the PSK-based communication

schemes U26, 133, 135, 1421, 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 usets. 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

schernes, the transmitted communication symbol is broadcast to all communication unifs

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 scherne, at the same time, can transmit distinct phases to

different communication rcceivers. Thus, tlre APSK-based communication scherne can

indepardently 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, whelt C denotes

the number of communication receivers. Fig. 4.1l(c) demonstrates the four possible BPs

power radiation for the proposed APSK-based communication scheme generated by using

(4.9). Since therp arc two possibilities for phase rcsponses transmitted towards each

communication receiver, each BP power radiation for the proposed APSK-based

communication scheme corresponds to four distinct BF weight vectots that project the

identical magnitude but orhibit different response of phases towards each communication

receiver. The direction of the communication receivers is rep'resorted by the red dashed

lines.
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Example 4.5 @ata rates enelysis and BERperformance):

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 otample 4.4 with the assumption that therc

are two orthogonal waveforms used for Eansmission.

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

and will be capable to transmit (Klog2l) = Z bits. In the case of the PSK-based method
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utilizes two phases and will be able to deliver (K log2 R) = 2 bits. On the other hand, for

cohenent APSK-based signaling stratery can transmit (K log2 ,R) = 4 bits. In the case of

non-coherent communication schemes, we will have 32 BF weight vectors to be gorerated

to achiwe the same throughput. To reduce the eror, 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:

16 * (log2 LR+logzQ) * PRp bits/s (4.44)

wherc 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) * (log2 [R+ log2 0) * PRf bits/s (4.45)

For multi-user applications, the overall achievable throughput of the proposed APSK-based

communication scheme will be:

C * K * logz LR * PRF bits/s (4.46)

Eig.4.l2 illustrates the comparison of BER performance for the proposed APSK signaling

strategy with the existing SL co,ntol-based strategies. It is evident from Fig. 4.12 that the

proposed signaling strategy outperforms the existing SL control-based sfrategies in terms

of BER performance. This is due to the proposed stratery is designed to increase the sum

data rate with the same resources which result in a furthet increase ofthe 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 shatery.
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Figure 4.12: BER yerrsus SIIIR for verious Sl,-bascd signaling strategies; ASK PSK
end the proposed APSK.

Also, the figure shonrs that the coherentAPSK-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 ttrc

constellation space is increased and since the hansmitted 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 parameterc aIE used except that the intended

comm,nication receiver is located at01= 30' at the initial time of the tracking scenario.

Thus, the information embedding/delivering towards the eommunication direction by

applying the ApSK-based communication signaling as the communication receiver

rcmains outside the main beam spatial sector Q = [- 10' 10]. Fig. a. t 3(a) shows the BER

veNus the angle 0t = 30",where the communication station is located.

During tracking operation, when the target and communication receiver are both located

within the main beam directions e, assuming that the communication station is located at

0i = 6", then the pSK is selected for information embedding/delivering towards the

commrmication rpceiver. Therefore, the target detection performance and communication

link are maintained. Fig. a.13(b) strows the BER versus the spatial angle 0; = 5"

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 focrrsing the energy towards the inte'nded

commgnication direction only. Horce, an inherclrt secure transmission against information

interception is establ ished.

In summary, unlike the existing RadCom scherne 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 closedJoop 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 during 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 rcsults 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 tansmit distinct streams of information towards different communication

receivers located within the SL rcgion. In contrast to ASK and PSK Sl--based

communication schemes, the proposed APSK scheme is capable to project differert SL

levels and at the same time transmitting the waveforms with different phases to different

communication stations located within the SLregion.
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CHAPTER.5

SUMIT,IARY AI\D FUTURE RESEARCH

At the end of this worh the most important contributions att summariznd. A brief

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

5.1. Summary

To remedy the problem of congestion within the spectrum spaoe and utilize most of

this limited rEsource, technologies have been derreloped that allow a single system to

simultaneously perform radar and commtmications operations. RadCom systems ar€ an

evolving field of research, in which both futtctions radar and communications, share the

same platform hardware and spectrum tresounces, establishing a specific category of RF

technolory. RadCom systems can support applications that requir€ communication data,

which can be target paraureter information or radar-independent information, to be

effrciently transmitted using the same frequency bandwidth and radar aperture. This is

attained by embedding communication symbols into radar emissions.

ln this thesis, we rerriewed the principles of RadCom systems and described the

progr€ss made in the development of various design approaches for the RadCom systein

and different forms of communication symbols embedding schemes into radar emissions.

Wtrile the major curr€nt 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 rcceiver side is utilized by the hansmitter 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 dweloped an angle-range dependent RadCom system that utilizes an

FDA-MMO 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 (I( - 1) transmitted waveform pairs. We have designed two signaling

strategies, the p,roposed APSK and PSK schemes for ernbedding the transmitted

commrmication symbols towards the commrmicationreceiver located either in SLormain

lobe directions, respectively. Inthe tacking scenario, we considered two motionmodes fm

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 ternrs of target detection, parameters estimation, CRLB for

range and angle estimations, and the SINR. While forthe communication functionality, the

performance is improved in terms of SER, sesure information transmission, and overall

throughput of the system.

Chapter 4 e,il€nds the beamspace design of the APSK information enrbedding stratery to

allow different communication symbols to be transmitted to different users located in the

Slregion. As a resulg the overall throughput ofthe RadCom system is enhanced as distinct

info,nnation bits are transmitted to different users. In this chapter, we developed a MIMO

RadCom system that utilizes the property of waveform diversity. For ernbedding the
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commmication symbols into RadCom ernissions, 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 taryet 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 perforrrance. While for the communication functionality, the performance is

irnproved in terms of BER, secune information tansmissio& 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 rcrnains

to be firther investigated within a wide-ranging of scenarios and constraints. To this end'

the future trends to be rcsearched arc listed as follows

Further research is required to explorrc the abiliry of the proposed RadCom syste'rn to

deliver information to the moving communication receivers during the tracking operation.

The cognitive contol and machine learning (ML) algorithms in the system design are

essential to enable the system to distinguish betrneen communication and target locations.

Ideally, the receiver ofthe RadCom system should be a dual fuirction receive, i.e, used for

processing the target returns and demodulating the communication symbols. Thus, the key

148



challenge for the receiver of the RadCom systan is to separate the target returns/echoes

from the tpceived communication signals in presence of interference and noise. This signal

classification processing is vital for both channel estimation and signal demodulation. As

an orample, in [166] the authors proposed to enrploy the compressed sensing method for

symbol demodulation and joint parameter estimation. For signal classification pwposes,

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 perfonnance 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

asstrmed that the rpcciver side knows the transmitted communication symbols. Thtts,

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

configgration 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 syst€ms ncsearch has recently raised privacy and security concenN. Since the

spectnrm is shared, the system may accidentally rweal vital information to the opponent

eavesdroppe6 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 nansmit BPs are formulated. In the meantime, the

performance of the communication functio,n 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 effofis on this issue can be found in [67-169].

As a potential application of the RadCom systems, vehicular networks have drawn a lot of

attention from botll academia and indwtry. RadCom design schemes might be extended to

vehicle-to-werything (V2X) applications with specific considemtion 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 (lRS) U71, l72l is a promising beamforming technique

used for improving the performance of wireless communication systems. IRS technolory

employed a large number of passive low-cost-complqdty reflecting elernents. Each

element can reflect the incident signals on it with adaptable phase striffs and hence a passive

BF can be established with the green enerry-efficient property. RadCom systerns can

benefit from the deployment of IRS technologl in the environment via a joint optimization

of their design parameters with the IRS phase shift. Advanced approximation algorithms

are required to solve such complor optimization problems to meet the time requirenrents

for both functions.
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APPENDIXA

Representetlon of the Received Data after Compensation Process et the Redar
Receiver:

As shovm n (3.42), the /!," depends only on an angle, and thus, the compursating

vector ge,), which is defined in (3.43), can be expressed in the joint transmit-receive

spatial frequency domain as:

h = 1rv @ g(d (A.l)

wherc 1ry is lV x 1 vector, all elements ofthe vector are equd to [.

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

Vrpomp= (f " 
lq(Lr,rt) 8b(ot)l+fi + n'') O rt

= f,O 
orr(Q(0t,rt)@ h) I b(at) I + fii O h + fi-' O tr (A'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, Vr,comp can be written as:

yr,comp= f atwill(a(gr) O a(rr) O g(r,)) I b(or) I + fi; + ff;

= f arwrl(a(or) @a(r, -r,))gb(ot) I + n; + U

=f qrw*l(a(at) @a(ry+(t- L)ru,-s*Ar-rr))O b(or)l+n; + E(A.3)

Note that, for the sake of simplicity, the term s-i 6*t(0c'tt), k -- L, .-,K, is absorbed into

the a6.
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APPENDD( B

Distance Celculation between the Symbols of the 1GAPSK Constellation:

Assume that each slmrbol (signal poir$ to be transmitted towards the communication

receiver located in the sL region is mapped into 4 bits, i'e' F = 4 bits' (see Fig' 3'3(a)'

and these slmbols are equally probable. For the 16-APSK modulation sche,rte, (5, ll)

structure is use{ the distances betrveen the symbols in the inner and outer circles can be

calculated as:

dl,nr=aRf [sinz ((gJ] (B.l)

d?r,n, =n3 [r 
+ (tJ' - 2 (EJ .o, (o . #)l (8.2)

dze,et =+n! [sinz (@J] (8.3)

dl,et =nB [r 
+ ("J' - 2 (H),o, (o . *#)] G.4)

where Rp and Ra denote the radius of the inner and outer rings, respectively, and e

represents the angle formed betrnreen the first communication symbol ofthe inner and outer

rings.
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APPENDIX C

Probability Density Function (PDF) Derivation for the 1GPSK Constellation:

Assume that A1 (see Fig. 3.3(b)) is transmitted, the received vector at the communication

receiver can be written as:

r = (r1,r2) = (Ra * n1,n2) (C.l)

Where [and t2 arta independent Gausian random variables with mean Ra and zero,

respectively, and varianc. f;. H*"", the joint PDF of (rr,rr) is given by:

, -(rrnt)z+rz2
fn = fie IU6

We introduce polar coordinates transformations of (4,12) as:

v=Jffi
o = arcan (f)

The joint PDF of t/ and O can be derived as:

fv,e(v,il=freW (c.s)

We derive the marginal PDF of e, Integrating over rr, as [173]:

7
fe@)= I fv.e(u,Q) du

I

*"-rsinzo f u;@ au (c.6)

where I =#is the SNRpersymbol.

(c.2)

(c.3)

(c.4)
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