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ABSTRACT This study introduces the novel communication topology, namely RadRCom, integrating
radar and relay-assisted communication systems for single antenna configuration as a proof of concept.
While simultaneous radar and communication operations within the same spectrum gain momentum, our
work advances this concept by incorporating relay assistance, particularly crucial in applications like
vehicle-to-anything (V2X) communication. The inclusion of relays significantly enhances communication
system performance, addressing challenges such as interference management between radar, relay, and
communication nodes. This topology attracts three design challenges such as optimal radar waveform,
relay parameters and communication system parameters. However, the key bottlenecks are the interference
from radar to the relay and communication receiver and similarly the one from communication transmitter
and relay node to the radar. Therefore, the work addresses these challenges simultaneously meeting the
quality of service. Our proposed RadRCom system optimizes radar waveform and relay parameters to
improve signal-to-interference noise ratio (SINR) at the radar and mean square error (MSE) of data
transmission. We introduce two frameworks for parameter design, i.e, radar-centric and relay-centric ones.
We take a sub-optimal iterative approach to address the computational complexity. Numerical simulations
are performed to evaluate the performances of the proposed RadRCom system with the proposed algorithms.

INDEX TERMS Radar, transceiver, RadRCom, coexistence, relay, optimization, BER, MSE, SINR, KPI,
RLLC, detection, PFA.

I. INTRODUCTION the onset of a new era in research, where the coexistence of

The remarkable growth in tele-traffic over the past decade
has propelled the advancement of next-generation cellular
systems, particularly the fifth generation (5G) and beyond [1],
[2], [3]. This surge in demand necessitates a larger spectrum
allocation for communication systems, with spectrum sharing
among multiple transceiver systems becoming commonplace.
With the emergence of 5G and the Internet of Things
(IoT), diverse applications such as automotive, imaging,
and vehicular data transmission have garnered significant
attention, given their requirement for both radar and
communication functionalities [4]. Consequently, due to
its scarcity, the sharing of spectrum between radar and
communication systems has become imperative. This marks
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radar and communication systems is being comprehensively
examined, often referred to as radar-communication systems
or RadCom. Furthermore, existing wireless standards are
accommodating the coexistence of radar and communication
systems [5]. On the other hand, relay technology has garnered
significant attention for its ability to extend the coverage
area of transmitted signals over considerable distances [6],
[7]. Beyond increasing range, relays also play a crucial
role in ensuring the reliability of communication links.
This significance is particularly pronounced in automotive
applications of radar-communication systems, where the
potential for link failures due to channel unavailability is a
pertinent concern. Recognizing the importance of addressing
such challenges, we have introduced relay functionality
within the RadCom system in this study. By integrating
relays, our aim is to not only enhance the communication
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radius but also ensure the reliability of communication links,
thus advancing the capabilities of RadCom systems.
Literature Survey: Extensive literature exists in the field of
RadCom, where the coexistence of two fields is becoming a
reality [5], [8]. Work in [9] proposes an excellent trade-off
between the radar and a communication network’s co-
existence with stochastic geometry. Pioneering work in [10]
proposes a RadCom system with new waveform based
on orthogonal frequency division multiplexing (OFDM).
It optimizes the system based on information theoretic aspect.
A multi-antenna-based beamforming is proposed in [11] in
a cellular network with radar coexistence. In a similar line,
work in [12] proposes a communication system aware wave-
form design in multi-antenna RadCom system with good
beam pattern design as well. Interfering channel estimation
is proposed in [13] with maximum likelihood (ML) method.
A dual function radar and communication system has been
proposed in [14], where the same waveform will be used for
radar in main lobe and information bearing communication
system in side-lobe. A comprehensive RadCom work is pro-
posed for future sixth generation (6G) in [3]. The work in [15]
proposes a massage passing algorithm for efficient detection
in communication system sharing radar spectrum. Authors
in [16] and [17] propose joint design of MIMO transceiver
and radar system, while work in [18] proposes a MIMO based
full-duplex transceiver design with radar spectrum sharing.
Authors in [19] proposes the co-existence of matrix comple-
tion MIMO RadCom with spectrum sharing. In surveillance
application, RadCom finds excellent work in [20], where time
synchronization is not assumed. Works in [21], [22], and
[23] propose a RadCom system, where various waveform
design aspects under various constraints are considered
with multiple targets. A mmWave-based joint radar and
communication system has also been proposed in [24] based
on the OFDM waveform. Reference [25] addresses an OFDM
based RadCom system where synchronization issues in
time and frequency are analyzed. Work in [26] proposes a
multi-user MIMO communication system design along with
the radar system. A recent work in RadCom [27] considers
a waveform design based on the detection probability. Addi-
tionally, unlike the coexistence scenario, in [28], authors have
introduced a Pareto optimization framework designed for a
multi-antenna dual-functional radar-communication (DFRC)
system that focuses on joint radar communication scenarios.
This system involves a single transmitter equipped with
multiple antennas, enabling communication with multiple
users and simultaneous detection of radar targets.
Furthermore, an extensive body of literature is dedicated to
communication utilizing relay technology. Most of the relay
design aspects include the optimal design of the precoder at
the transmitter or source node (SN), relay gain at the relay
node (RN) and equalizer at the receiver or destination node
(DN) based on various design criteria. The work in [29]
proposes a relay based on the mean square error (MSE)
criterion for a single antenna system, while works in [30],
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[31] propose relay design for multiple-input multiple-output
(MIMO) system. Authors in [6] propose relay design based
on the bit error ratio (BER) criterion for the MIMO system.
A recent work in [32] considers a secure mmWave relay
transmission, which can be used in vehicular-to-anything
(V2X) system.

Key gap in RadCom: However, the above works in
RadCom do not consider relay at communication system.
Though, relay has played an active role in radar waveform
design [33] or in communication system individually, it is
still not used in the context of joint radar and communication
system design to the best of authors’ knowledge. Therefore,
to increase the reach of the radar communication system,
arelay is proposed in this new topology.

Contributions: Given this background, the contributions of
this work are as follows

1) We propose a new communication topology, where
radar and relay assisted communication system would
co-exist in the same spectrum in a cooperative manner
such that quality of service (QoS) can be maintained
at radar and communication system. This system
model is the first proposal to the best of authors’
knowledge. We propose to jointly design a waveform
for the radar and the relay gain for the amplify-forward
relay. We have assumed single antenna for radar and
communication nodes as this is the first basic paper as
proof of concept. We term this configuration as radar-
relay-communication (RadRCom) system.

2) We consider signal-to-interference plus noise (SINR)
and MSE as the QoS parameters at the radar and
communication receiver, respectively in line with
several RadCom works [27] to design radar waveform
and other communication design parameters. A sub-
optimal optimization framework is contemplated in
both the cases. At first, a radar centric design is
proposed, where SINR at the radar is maximized
with along with other standard radar and relay
parameters constraints. As the problem is non-convex
and complexity computation is high, we propose a
sub-optimal iterative solution with lesser complexity.
This is extended to the relay centric scenario as well,
where MSE of relay is minimized with various radar
and relay parameters constraints.

3) We have done a performance analysis with respect to
the detection probability at the radar considering all
the interference statistics. We have also analyzed the
symbol-error-rate (SER) at the communication receiver
considering all the radar interference and fading.

Organization of the paper: The rest of this paper is
organized as follows. Section II describes the system models
for radar system and relay-assisted communication system.
Section III designs the cost function and constraints for opti-
mization statements. Section IV proposes the optimization
framework and algorithm design to solve the optimization.
Next, an analysis of the radar performance and SER
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FIGURE 1. Coexistence of radar and relay assisted communication system
having a target and SN, RN, DN with single antenna.

performance are derived in Section V. Finally, numerical
results and conclusions are provided in Sections VI and VII,
respectively.

Mathematical Notations: Some mathematical notations
and symbols used in this article are described below.

C, C*, C™*": Set of complex number, vector, and matrices.

[|Allp: p-norm of matrix A.

o (A): Eigenvalue spectrum of the operator A.

Tr(A): Trace of matrix A.

diag(v): Diagonal matrix with vector v in diagonal.

dim(S): Dimension of the matrix S.

X, X, X: Scalar, vector and matrix quantity.

R, C, Z: Set of real, complex and integer numbers.

Af, af: Complex conjugate transpose of the matrix “A”,
and vector “a”, respectively.

[E: Expectation operator.

[N] : Set of natural numbers 1,2, ..., N.

Il. SYSTEM MODEL

The system model of the proposed RadRCom is presented
in FIGURE 1, which shows the co-existence of radar and
relay assisted communication system. The system is assumed
to consist of one target, a radar system, one communication
source node or SN, a relay node or RN and a destination
node or DN. The data flow diagram is shown in the diagram,
which is downlink for the communication receiver. The SN
will send data to DN only via RN. We assume that there is
no direct link between SN and DN. In this work, we assume
single antenna system for all the nodes along with the radar.
The RN is part of the communication system to enhance the
reach of the signal. We assume that the radar is a pulsed-coded
radar, where T), denotes the pulse repetition time and T is the
duration of each code within a pulse. Let us assume that K is
the total number of codes in a pulse. Hence, the pulse duration
is T, £ KT.. Let us assume that ¢, = [cj ¢z ...cx]T
denotes the code sent serially during the KT, time. We assume
a half-duplex relay as mentioned before. The sampling time
of baseband data is assumed to be 7, at the communication
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FIGURE 2. A complete frame timing is shown with pulse duration and
relay transmission scheme.

1
system, so that it occupies a total bandwidth (BW) of T

which is the same for the radar. Let us assume that radar
and communication systems are time-synchronized. We will
consider data stream of K samples from both radar and
communication system. The data transmission scheme of
both radar and relay is shown in FIGURE 2, where SN and
RN data transmissions are shown in alternate time slot due
to half-duplex transmission nature. Whereas, the radar code
occupies the whole K number of data slots.

On the other hand, let us assume that « is the square root of
relay power gain at the RN and 8 is the equalizer parameter
at the DN. We now consider the baseband sampled data
model for radar and relay systems. Let us assume that SN
transmits information data serially only at the odd position
of K pulse duration as x;, = [x; 0 x 0.. .xz]T. The RN
transmits data at the even positionsasr, =[0r; Ora... 017.
This mechanism is done to support the half-duplex
relay.

A. RADAR DATA MODEL

As radar sends pulses serially and receives them serially from
a target, we denote the received signal as y, € CK*1. Let us
assume that /.. is the channel gain between target and the radar
comprehending the path delay, /; is the channel between the
radar and the SN, 4 is the channel between radar and RN.
All these channel coefficients are assumed to have single tap
only. Ignoring the effect of clutter for the time being, the radar
received signal y, can be expressed as

Yr = heer + hiX; + hor, +ny, 1

where n, is the additive white Gaussian noise vector with
each element having zero-mean independent and identical

distribution with variance o2

B. COMMUNICATION SYSTEM DATA MODEL

Considering K being an even case scenario, it will make
L = K/2 and hence x{ is the collection of odd-positioned
data of the x;. We also assume that the channel between the
SN and RN is &, and Ay is the channel between the RN and

DN. Let us also assume that ,, is the channel between radar
and relay and £y, is the channel between radar and DN. All the
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channels are assumed to be of single tap ones. Let us define
rl e CL*! as the received data at the RN. Therefore, the

corresponding relay received signal is expressed as
r) = hx) + hy ¢l 40y, )

where x? € CEX1) ¢? e CL*! are the vectors consisting
of the odd-positioned data of x, and ¢,, respectively. Also,
n; € CL*! is the additive white Gaussian noise (AWGN)
at the RN with power spectral density 012 for each element.
Each element of rl will be amplified by a scalar factor
o; fori = 1,2,...,L and then transmitted. Assume that
A, = diaglay, ay, ..., ar] is the relay amplify coefficient
matrix at the RN. Hence, the transmitted data vector from the
RN isr. € CI*L = A,r]. Each element of r’. is the even
element of r,. Similarly, the received datar,; € CL*1 4t the
DN is expressed as

ry = hdrtr + hdlcf +np
= hdhrArXtD + [hdhrlArc(; +An + hd] c}e:] +m, (3)

where n; is the AWGN at the DN with power spectral density
022 for each element and ¢¢ € CL*! is the collection of all
even-positioned elements of ¢,.

Ill. COST FUNCTION DEVELOPMENT

In this RadRCom system, we consider both radar centric
and relay-centric designs separately with the respective cost
function (CF).

1) CF FOR RADAR-CENTRIC DESIGN

In the first case, we will maximize the received average
SINR at the radar receiver (Rx). It will ensure certain QoS
parameters i.e MSE, power level etc. to be maintained at the
communication ends as well. Let us assume that the radar
transmit sequence will have average power of |c,||?> = P..
The average SINR at the radar Rx with the knowledge of

channel gains can be expressed as
el ller 11>
= “
I + Ko

where [ is the average interference at the radar and is defined
as
=0 IhlPL + o Ie ]
= o¢lhi|’L + |ha[*

L L
[[|hr|zaf - af] > af + 1k, P Za?c:a)nz} . 5)
=1 =1

2) CF FOR RELAY CENTRIC DESIGN

In the second case, we will minimize the MSE of the detected
data at the DN. As the channels do not change during the
KT, time, let us assume that the equalizer matrix is Wy =
diag[wi wo ... wr], which will be diagonal because each
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element of r; is uncorrelated. Thus, the MSE at the DN for
the I received data for I = 1,2, ..., L can be calculated as

MSE} = E|x)(1) — wira(D|>
=02 — Wik o2 + |\wihghy |* 0} — wihghyo?
+ arhahy ek ¢* (21 + 1) + a?hahy, cD)?
+ arha (2l + Dhjhy c2l) + |ha, e(21 + D
+ 022 + oelzolz. (6)
Hence, the total MSE is defined as

L

p 2D MSE). @)
=1

Moreover, both optimization processes are inherently gov-
erned by specific constraints. One crucial constraint involves
an energy limit on the radar code, represented as ||c¢, 1% <P,
where P, denotes the maximum transmit energy for the radar
code. Beyond the energy constraint, a similarity constraint
is enforced, aligning the radar code with a reference code
of unit energy, denoted as c¢p. This similarity constraint
guarantees a specified resemblance between the radar code
and the reference code with unit energy [4], [34]. For radar-
centric scenarios, our main objective is to maximize the
SINR of the radar. This optimization is carried out while
simultaneously restricting the MSE of communication to
establish a balanced trade-off between the two objectives.
Likewise, in relay-centric optimization, the SINR at the radar
receiver is mandated as a constraint, along with constraints on
relay power. The detailed optimization statement is provided
in the following section.

IV. OPTIMIZATION METHODS
In this section, we will focus on two optimization statements,
i.e., radar-centric and relay-centric, separately.

A. RADAR CENTRIC OPTIMIZATION
The optimization framework for the radar centric aspect can
be formulated as follows [4], [34]

[a”pl,cfpl,w"p’] = arg max y,
o,Cr,W
st (@ p = pm
®)le,|* = P,
©lle, —col* <€, (8)

In addition to the energy constraint, a similarity constraint is
imposed, aligning the radar code with a unit energy reference
code, denoted as ¢g. The similarity constraint ensures a
prescribed resemblance between the radar code and the
reference code with unit energy [4], [34] and € is a design
parameter related to the error.
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B. RELAY CENTRIC OPTIMIZATION
The optimization for the relay-centric aspect can be formu-
lated as [34]

[ot"p’,c‘,’pt,wom] = arg min p,
o,Cr W
st (@ y = vm
®)les|*> = Pe
©lle, —eol* < €
(E|r}|* < Pr. 9)

where E||r’ | can be expressed as

L L
Bl I = I Po? + 0| 3 + hn Pl - oI
=1 =1

(10)

Since we are formulating two distinct optimization state-
ments, the decision not to opt for multi-objective optimization
stems from a particular consideration. In multi-objective
optimization, the challenge lies in finding a single decision
vector that effectively balances the trade-offs among various
objectives. Solutions that achieve an optimal trade-off,
referred to as Pareto optimal solutions, represent decision
vectors where improvement in one objective must necessarily
come at the expense of another. Although [28] delves
into the Pareto optimization problem within a dual-function
radar communication framework, the exploration of this
problem in the context of coexistence joint radar communi-
cation scenarios remains unaddressed. Furthermore, Pareto
optimization in the coexistence scenario can be a future
direction for our research work. Therefore, in line with
other works in RadCom domain [34], we have chosen to
focus separately on radar-centric and communication-centric
optimization problems so that the decision is grounded in
the acknowledgment that achieving optimal performance in
one domain while preserving the performance of the other
system is a delicate balancing act. For instance, in radar-
centric optimization, our primary goal is to maximize the
SINR at the radar while simultaneously constraining the
MSE of communication to maintain a trade-off between
the two. This deliberate separation allows us to navigate
the intricate landscape of conflicting objectives, ensuring
that the optimization efforts are tailored to the unique
requirements and constraints of each subsystem.

C. ALGORITHM DESIGN

1) RADAR CENTRIC ALGORITHM

The optimization problem in (8) is non-convex with higher
complexity with respect to the joint optimization variables.
In the radar-centric cost function, we consider MSE of the
communication system as a constraint due to coexisting radar
and relay communication systems. However, we propose an
iterative method in which a two-step approach is adopted.
In the first part, we consider the nonlinear constraints (b), (¢)
only to find intermediate optimum value of ¢, keeping other
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two variables initialized. The first step optimization problem
can be stated as

[¢2'] = arg max y,
e

D)l |I* = P,
©ler — ol <e. (11)

The cost function is not convex in nature with respect to ¢,.
So, we adopted a sequential quadratic programming (SQP)
algorithm to solve it [35].

After solving (11), we obtain an intermediate optimal value
of ¢, and use it for the next step. We update the ¢, value into
the other constraint, i.e, MSE along with cost function and
solve for & and w. Therefore, the step-two problem statement
can be stated as

[ot"p’, w"’”] = arg max y,
«,wW

st (@) p = pm- (12)

Intermediate solutions for & and w are used again in (11) and
the iterations continue till an exit criterion is met. The overall
steps are summarized in Algorithm-1.

Algorithm 1 Proposed Radar Centric Optimization

1) Imput: A, k,L, P, Py, €, 0,2
2) Output: ¢, Qopr, Wopt
Part-1 : Radar Waveform Optimization.
3) for i =1:k, do:
4)  Initialize the value ¢¢, ¢?, o
5 (el =P & e, —col* <€)
Obtain ¢, using SQP

6)  break;
7)  EndIf
8) End For

9) optimized parameter:¢,, (e
10) Update: y < ¢ = Ynew, P <— Cr = Pnew
Part-2 : Relay Power gain and Equalizer Optimiza-
tion
11) For j=1:L,do:
Initialize: ¢, < &y, & < Qpey, W
12) If (onew < o1n)
Obtain w, o using SQP
13)  break;
14) EndIf
15) End For
16) optimized parameter: &, w
17) Store:c,,, = &, Qopr = &, Wopr = W

2) RELAY CENTRIC ALGORITHM

The relay-centric algorithm has been proposed separately
from previous algorithm. Here ¢, is split into two sets
of variables, i.e. odd (c?) and even (c¢) parts. So, this
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optimization problem can be rewritten as

opt 0Pt eop!
[ot P c

opt .
A 4 wp]: arg min p,

o,cr,W

s.t(@y = vin

Ol > =l €7 1 + 1 ¢ I1P= Pe

©lle? = €glI” + llef —efli* < e

(DE[r, | < Pr. (13)
Solving the optimization problem presented above is chal-
lenging due to the non-convex nature of constraint (a) and
the multi-variable structure of the objective function. The
problem involves a matrix variable with a length of L? and
three vector variables, each with a length of L, resulting in a
total of 2L% + 5L real variables. To alleviate the complexity,
a strategy is employed wherein the equalizer, originally
represented as a matrix, is simplified to a diagonal matrix.
While this approach offers a lower-cost solution, it comes at

the expense of increased mean squared error (MSE). The new
updated MSE is denoted as

MSE(p) £ E|x? — Wyry|?, (14)

where W, = diag(w), w=[w, wy, ... .wL]T. Again it can be

rewriten as
MSE(p) = Lo — hgh,o2a*w — hih*o>w*a + ofw'w
+ |hdhr|zaxzw*aa*w + |hd|2012w*aa*w
+ |hahy, 22 AW WA 2
+ lhay 1P W*WeS + 15 h ha e AW W
+ hahy It €€ W* WAL, (15)
One way to further simplify the above cost function is by
converting all the vectors into scalars and calculating MSE
symbol-by-symbol as
MSE{' = E|lx{(h) — wira, D]]®
= o2 —wihih o102 —wihghyaio 2 +|wihghy |l o
+ hahy B 6D Daglwi* + [wihar (D)
+ w20 + I5hE hay QDS (Dot |wy
+ hahywico Py + [wihg|*a*c 2. (16)

L
The total MSE is p = ZMSEld. Similarly, the constraints

=1
can be divided into scalar counterparts, and the optimization
problem becomes

opt Pt eoP! opt
I:al S N

= arg MSE/

ap,c?,cé,wy

s.t @y = ym
B)DP + D = Pe/L
Ol — c§DI* < €
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(Dleg() = gD < €
@ |10 1? + 070}
+ | P17 (DPef < Pr/L.
a7
Similar approaches have been adopted in solving (17) like
the radar-centric case as summarized in Algorithm-1. The

process is iterated L times. Additionally, in Algorithm-2,
we have summarized the relay-centric algorithm.

Algorithm 2 Proposed Relay Centric Optimization
1) Input: k,L,P., P, €, o>

;
2) Output: &, &<, &
3) Part-1: for i =1:k, do:
4) If (10 + 15D = Pe/L, |e2(01) — c§(DI> <
€lcs(y — c§DI* < €.y = ym)
Obtain ¢, using SQP
5) EndIf;
End For;
L. NP N
6) optimized parameter:c,” , ¢,
7) Update: y <= & = Vnew, P < Cr = Pnew
8) Part-2: For j=1:L,do:

9 Ik + o7le] + lhy P2 Pe} < Pr/L)
Obtain &IOP " %" using SQP
10) EndIf;
End For;
11) optimized parameter: &', ;"

FIGURE 3 comprehensively illustrates the flowchart
outlining our proposed methodology for both radar-centric
and relay-centric scenarios. This flowchart shows both
the algorithms. The left side illustrates the radar-centric
algorithm and the right one demonstrates the relay-centric
part.

V. PERFORMANCE ANALYSIS
A. RADAR DETECTION ANALYSIS
Radar optimization is followed by radar detection which is an
integral part at the radar end. We analyze the radar detection
performance here. From equation (1), we can rewrite the radar
data model as,
Yr = heer + hix; + hor, + 1,
éhccr + pr + 10y, (18)
where p, € CK*K is the interference for the radar system
coming from the communication source and relay. It can be
simplified as
Pr= h1X; + har,
= hix, + hol, [h,A,x? + 1 Age + A,nl] . (19)

where I, € RE*L is an identity matrix with even rows
having all-zero vector. Similarly, we define that I, € RK*L
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FIGURE 3. Flowchart of optimization of the RadRCom system for design parameter estimation.

is an identity matrix with odd rows having all-zero vec-
tors. Therefore, the mean of the interference plus noise
(n), £ p, + n,) is computed as i, = hyh,11.A,c2. Effective
noise vector n,. has non-equal mean at each position. After
subtracting wu, from y,, the modified received vector at the
radar is written as

y; = hee, + n/r — Mr- (20)

The final effective noise (n). — w,) has zero mean and its
covariance matrix can be computed as

Cr = 07T+ | |0 1A] + k2|1 [P0 7T A AT
+ 12 lIP 1A AT 1)
It is observed that C, is a diagonal matrix having unequal
diagonal elements. The effective noise vector is not Gaussian,
though an optimal Neyman Pearson (NP) detector, which
may be complex enough, can be designed. However,

we consider a sub-optimal one for performance analysis
purposes. We compute an inner product between ¢, and y,

€Yy The

hey/€ECre, '

is a normalized sum of zero

with some normalization factor as z, =

¢ ' — )
hey/€ECrey
mean non-identical random variables. If K — oo (or large
enough), we can apply the central limit theorem (CLT) with
the Lyapunov condition and conclude that n, is Gaussian with
zero mean and unit variance. With this assumption, a binary
hypothesis is built as [36]

noise quantity n, =

Hy: z, =n,

lle

H: 7z =—— +n,.
' hey/eECrey ¢

(22)
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Let us assume that ay is the probability of false alarm (PFA).
Therefore, the probability of detection (Pp) can be found for
a given PFA «,y;, as follows [36]

b 1 lle, )12
p =010 (Olpfa)— ||hc||2C—*CrCr . (23)

B. SER ANALYSIS AT DN FOR RADAR CENTRIC DESIGN
The received signal at the DN is represented in (3). The
estimated data is represented as X! = Wyry. If Pé is the
probability of error for the I”* data, then the total probability
of error will be as follows [6]

1 L
[
Pe=+ l§_1 Pl

We assume here that L = K/2, i.e the radar signal
length is even. We now calculate P.. The interference and
noise at the (2/ — 1) odd-position after the equalization is
nl & (W)* [hahy Are? + Arny + hy €6 +my ], where W, is
a vector of zeros except w' coefficient at the /" position. Note
that nél is not Gaussian in general, but will be so for a fixed
¢,. We assume that the radar will have a fixed set of codes in
a codebook C, € CK>*Mc and will use it with a probability of
Pm = P.(c, = C,[m]), where M, is the total number of codes,
C,[m] is the m™ column/code. Furthermore, the Pé in (24) can
be expressed as follows

(24)

Pl =, [Pé‘h] , (25)

where Pé‘h is the instantaneous probability of error at the DN
for the given C,[m] and h,, hq, h;,, hq,. For an M -quadrature
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TABLE 1. Simulation parameters.

Parameter Name Value
Carrier Frequency 5.9 GHz
Bandwidth 5 MHZ
Communication Signal QPSK
Coverage radius 200 m

€ 0.01 (Default)
Radar object Single
Speed of DN, radar object 0-30 kmph
Radar power 20 dBm (Default)
Code length (K) 32 (Default)
Communication Tx, RN power | 20 dBm (Default)

Optimization iteration limit 500
P 20 dBm
P, T 15 dBm

amplitude modulation (M-QAM) system, the Ple|h at the DN
can be calculated as [6]

! 38,
Fam = 4Q( m)

N %
S [_2<M - 1)03} ’ 20

where &, is denoted as Wd|hd|2|h,|20x2(A,Af)w§ and
the interference-noise covariance is denoted as o =
wa(lha*1he1PPY, + hai|*CS, + Q5)W5, where PY, =
Arcde*Ar and ¢, = ¢, Q, = ofAAf + oj.
We consider that all the channels are zero-mean Gaussian dis-
tribution random variables. We have normalized the variance.
Hence, the distributions of |hg|2, |ha1 |2, |k |2, |hr1|? become
Chi-squared distribution with two degrees of freedom. Let
us assume that |22 = Zi, lhal? = Zo, [hal? =
Z3, |hg|l> = Z4 to compute the integration. Now, all of
the channels are assumed to be independent of one another.
Therefore, we integrate each variable independently while
holding all other variables fixed to solve the equation (27), as
shown at the bottom of the next page. We start from variable
Z, with limit O to co in (28), as shown at the bottom of the
next page, and move on for other variables for integration.
Integration with Z; is computed in (28). Following integration
with Z», Z3, Z4, we obtain the final expression for Pé given in
equation (29), as shown at the bottom of the next page.

Note on Future Challenges: RadRCom systems encounter
several open challenges that demand focused research
and innovation to ensure efficient relay communication.
Spectrum allocation emerges as a critical concern with the
escalating demand for radar applications, potentially leading
to congestion and interference. The adoption of OFDM
waveforms presents both opportunities and challenges in the
context of RadRCom topology. Another key challenge is the
Doppler tolerance. RadRcom system can also be extended
to mmWave/THz communication with Beamforming and
adaptation. Extension to MIMO for this proposed topology
is also another future scope of work.
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VI. NUMERICAL RESULTS

In this section, simulation results are presented to verify the
proposed RadRCom method. The performances of the radar
system and communication system are further illustrated
with BER and MSE as the key QoS parameters. We use
BER in place of SER during the numerical section as they
are linearly related for uncoded system at higher SNR.
Radar detection is also accomplished in this setup. This
section is sub-categorized into two parts. In the first part,
the performance of radar optimization will be given. In the
next part, we will show the simulation results of the proposed
algorithm on relay optimization.

A. SIMULATION BASED ON RADAR CENTRIC DESIGN
1) BER, MSE AND WAVEFORM DESIGN PERFORMANCE
In this part, we present simulation results that show how
the maximization of SINR of the radar centric optimization
affects the communication system. We obtain the optimized
values of design parameters from radar centric algorithm and
demonstrate the performance of the communication DN. Our
main objective of this simulation process is to find out the
effect of a radar system on communication using radar centric
optimization. As previously discussed, we are assuming
time-synchronization of the co-located single-antenna radar
system and single antenna communication system. In the case
of radar centric problem, our objective is to maximize the
radar SINR, where communication data is the interference.
For this simulation setup, we consider a single antenna
V2X scenario without the exact air-interface protocol [37].
We reiterate that this is a proof of concept and can be extended
to any specific standard as per needs. The application scenario
is restricted within a short range (within 200 m) radar
detection with the radio frequency of 5.9 GHz. We have
considered quadrature phase shift key (QPSK) constellation
for the communication system and a flat-fading channel
with independent and identically distributed Rayleigh fading,
as the distance is short with low BW of 5 MHz [27], [37].
The default simulation parameters are given in Table-1.
In addition, the reference radar waveform has a default length
of K = 32 normalized to unit gain [38] unless specified.
Radar Waveform: In this setup, we consider the optimized
radar waveform generation under the RadRCom scenario
with the error limit as ¢ = 0.01, 0.001. The comparison
between the reference radar waveform and the optimized one
is given in FIGURE 4 and FIGURE 5. In both the cases,
we consider a randomly generated waveform to prove the
efficiency of the proposed RadRCom. From both figures,
it can be noted that the optimized waveform closely follows
the reference one using the proposed Algorithm-1 framework.
FIGURE 6 shows the waveform’s MSE vs. various values
of €. Here, the MSE refers to error difference between the
reference waveform and the one obtained from the proposed
algorithm. We observe that with the decrease of €, the MSE
value also decreases. We have shown the MSE performance,
keeping the radar power and relay power constant, which is
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FIGURE 4. Comparison between reference radar waveform and optimized
radar waveform with ¢ = 0.01.

20 dBm. The performance is shown for three different Tx or
SN powers. It can be observed that at 10 dBm Tx power, the
radar waveform’s MSE performance is better compared to
the cases with increased Tx powers, i.e. 15 dBm, 20 dBm.
This is because, when the Tx power decreases, it has lesser
interference impact on the radar, which leads to the improved
radar waveform error MSE performance.
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FIGURE 5. Comparison between reference radar waveform and optimized
radar waveform with ¢ = 0.001.

MSE, BER Performance: The data detection performance
at the final communication receiver (DN) is now demon-
strated with respect to the radar centric optimization. QPSK
data constellation is considered. It is assumed here that a
reasonably good estimation of the channel is available, as this
aspect is out of the scope of this work. In FIGURE 7,
we plot the BER performance of the communication system
at the DN with respect to the SINR, while keeping the radar

—3wylhg|? |k 2o 2 (AL AW

PL = 2F | ex [ ]
¢ [ P 208 = Dwa(hal? 11 PP2, + har PCe, + Q2 )W) ]

Walha*|hr P (A, AW

3
=[] b B + b ;
1ha 12 1ha1 12 1oy 1Y 1 2 2L M — Dwa(ha|*1he1 7P, + ha117CE, 4+ Q5 w5

\\ZVAVA sz (ArAf)W:;

]p(Z) dhy? d\her* d|har | d|ha)?

3
22//// ex ——[ ] (Z4,23,2>,7Z)) dZi1d Zrd Z3zd Zy. 27
)z ST T2 M = DwaZazaPs, + 2:C, + Qews |°

\\ZVAVA (Ixz(ArA:)WZ

o
P’(Z):/ ex —-[
= o TP TR M~ DwazazaP, + ZCe + Qepw

5 }P(Zl) dz,
d

M — 1)[WdZ4ZZquWZ + WdZ3cquZ +wy ngWZ]

—3de4oxz(A,Aj)w§ + M — 1)[de4Z2quw§ + de3c§qw§ + wngq)w;;]

=pi. (28)
[ [
P, =Enp I:Pe|h:|
1
=3 [ijd(A,A;‘)w;;(M — D)W Q5 Wi + Wa Q5 Wi — 3(M — D)waPo, Wi + 4(M — 1)2wdc§qw;deg’qW;]

1
=M - 1)[6a§wd(A,Aj)w;wngqw; + Wl Wi — 3WaPO W + 4(M — 1)wdc§qw§wd1>§qw;;]. (29)
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FIGURE 6. Comparison between reference radar waveform and optimized
radar waveform with ¢ values.
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FIGURE 7. Performance evaluation of BER vs. SINR at the DN, when radar
signal power is 30 dBm.

transmit power constant at 30 dBm. We observe that when the
communication transmit power at SN is reduced, within the
range of 10 dBm to 15 dBm, the BER performance at the DN
becomes flat beyond certain SINR value. This is due to the
fact that the RN and DN get affected by the high interference
from the radar signal and the SN transmit is not enough
to counter this radar interference, which leads to flattening
of BER curve after an SINR value. Therefore, this part is
interference dominated rather AWGN dominated. In addition,
the BER performance starts improving beyond 15 dBm SN
transmit power, which counters the interference effect at
the RN and DN. However, in the RadRCom, we observe
another interesting phenomenon. If the SN transmit power
increases further beyond 30 dBm, we observe that the BER
degrades at 33 dBm SN power. This is because, when the SN
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FIGURE 8. Performance evaluation of BER vs. SINR at the DN with the
original optimization problem vs. the proposed sub-optimum approaches.
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FIGURE 9. Performance evaluation of MSE vs. SINR at the DN, when radar
signal power is fixed at 30 dBm.

power increases, the optimization framework continues to try
to minimize the SINR at the radar by reducing the «, i.e.
RN power coefficients. This continues to make the RN-DN
link weaker. Beyond a certain point, this weaker RN-DN link
results in BER degradation even if the SN power increases.
In the same setup as before, the MSE performance of the
transmitted data is plotted with respect to the received SINR
at the DN in FIGURE 9. It can be observed that when radar
power is fixed, the interference power at the DN is countered
with the increasing SN transmit power. This improves the
data MSE at the DN. However, the MSE performance does
not improve significantly beyond a certain SINR due to
interference from radar power. We also observe a similar
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FIGURE 11. Performance evaluation of MSE vs. SINR at the DN, when SN
transmit power is fixed as 30 dBm.

trend of MSE degradation beyond a certain level of SN power
increase. In sync with the BER case, we also observe the MSE
degradation at SN power of 33 dBm, while it improves till SN
power of 30 dBm.

In this experiment setup, we now consider the SN transmit
power a constant at 30 dBm, while we vary the radar transmit
power in order to monitor the BER and MSE performance.
FIGURE 10 plots the BER vs. SINR at the DN. We observe
that as the radar power increases, the BER performance at
the DN degrades. For example, we observe that the BER
at the 40 dBm radar power is worse compared to the case
with radar power of 30 dBm. The BER performance at
DN is significantly enhanced when the radar power is at
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10 dBm. This is because as the radar power increases,
it causes more interference at the RN and DN, which
impacts the BER performance. We also observe that the BER
performance difference between radar power 15 dBm and
10 dBm is minimal. This is because these two radar powers
may not create significant interference at the RN and DN
under this experiment setup, as the SN power is enough to
counter this interference. This also sets limit of differentiating
interference at the communication system. FIGURE 8 plots
the BER performance between the original optimization (8)
and the proposed sub-optimal techniques. We observe that
sub-optimal optimization has degraded BER performance,
specially after the higher side of SNR. The MSE performance
of the same system is shown in FIGURE 11. In this case,
we observe that as the radar power increases, the MSE
performance at DN degrades. The reason is as the radar power
increases, the interference at the RN and DN increases, which
degrades the MSE performance at the DN.

FIGURE 12 provides a comprehensive representation
of the BER performance exhibited by the communication
receiver under diverse M-QAM constellations. In this anal-
ysis, the radar power remains constant at 15 dBm, while the
transmit signal power undergoes variation, as 15 dBm and
20 dBm. It shows the system’s robustness and adaptability
across different modulation schemes. Additionally, we sim-
ulate the BER under 16-QAM and 64-QAM constellations.
This exploration not only enriches our understanding of
the system’s behavior but also underscores its versatility
in accommodating various modulation configurations for
optimal performance. FIGURE 13 illustrates the BER
performance comparison between the existing RadCom and
the proposed RadRCom systems. Given that relay-assisted
radar communication, or RadRCom, constitutes a novel
communication topology introduced in this study, there
is a notable absence of prior research on this subject.
Consequently, we conducted simulations assuming a poor
link between the communication transmitter and receiver
with a 8 — 10 dB channel gain loss. For this specific scenario,
simulations demonstrate an 8§ dB gain when employing a
relay between communication transmitter and receiver, i.e
deploying the proposed RadRCom. Under the same scenario,
we also assessed the MSE performance in this context,
as depicted in FIGURE 14. Notably, the presence of a relay
in the RadCom scenario resulted in improved performance,
as evidenced by the MSE comparison.

2) RADAR DETECTION PERFORMANCE

In the previous section, we have shown how radar opti-
mization affects the communication system in terms of
BER and MSE plots. In this section, we evaluate the radar
detection performance of the proposed method through
several numerical simulations at the radar end. We carry
out a performance evaluation of the proposed algorithms by
resorting to standard Monte Carlo simulation. FIGURE 15
shows the region of convergence (ROC) curve of the Pp at
the radar receiver. Here, we set the radar transmit power at
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FIGURE 12. BER performance of communication receiver with different
M-QAM constellations with 15 dBm radar power.
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FIGURE 13. A comparative analysis of BER performance between the
RadCom system and the proposed RadRCom system.

25 dBm and SN transmit power as 25 dBm. We now vary
the target probability of a false alarm (PFA) from 1072 to
107% and evaluate the Pp. As per the observations in the
figure, we observe improved detection performance of radar
waveform with the decrease in PFA. This is expected as
per (23), as the Pp is inversely proportional to the PFA.
In FIGURE 16, we plot the ROC performance with the SINR
at the radar with different data length (L), which is L =
K /2. The PFA is set at 10~2. We observe that the detection
probability improves with the increase in observable data
length L. This is due to the fact that as the observable
length increases, the noise part in (22) gets normalized with
with larger data set, which reduces the effective variance of
the noise leading to improvement in detection performance.
FIGURE 17 plots the Pp vs. PFA for different SINR at the
radar with fixed data length of L = 64, K = 128 and
SN power of 20 dBm. The simulation result is obtained for
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FIGURE 14. A comparison of MSE performance between the RadCom
system and the proposed RadRCom system.
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FIGURE 15. ROC curve for probability of detection vs. SINR at the radar
receiver.

SINR values of [—20, —10, 10, 20] dB. We observe that Pp
performance improves with the higher SINR at the radar. This
is obvious due to the fact that as the radar SINR improves,
the interference from the RN also decreases with the fixed
SN power, leading to better detection performance at the
radar. The probability of missed detection (PMD) is plotted
in FIGURE 18. In this case, data length is fixed at L =
64, K = 128, SN power is kept at 20 dBm and SINR at the
radar is varied from —20 dB to 20 dB. We observe that with
the higher SINR, the probability of missed alarm decreases.
This is due to the fact that as the SINR improves at the radar,
it translates to the lower interference from the RN for fixed
SN power.

B. SIMULATION BASED ON RELAY CENTRIC DESIGN
We now present the numerical results based on the relay
centric optimization. FIGURE 19 plots the MSE performance

VOLUME 12, 2024



S. Naskar, A. K. Dutta: RadRCom: A Relay-Assisted Radar Communication System Design Framework

IEEE Access

1F
0.9 -
_os8f
o
~ 0.7 -
c
Ke]
8061
©
Qo5+
o
Z04r
5
L03r —*— Vector Length = 120
[<]
o —%*— Vector Length = 100
0.2 —#— Vector Length = 80
—*— Vector Length = 60
0.1 —— Vector Length = 40
| " | | | |
20 15 10 -5 0 5 10 15

SINR (dB)

FIGURE 16. ROC curve for probability of detection vs. SINR at the radar
with various observable radar data length L.

—#—SINR = 20 dB
—*—SINR= 10dB
0.6 - —6—SINR=-10dB
_ —*—SINR =- 20 dB
[a]
o 05F
c
S
5
Q041
jo)
[a]
gO.S r
E
8
© 021
o
0.1}

103 102 107!
Probability Of False Alarm (PFA)
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FIGURE 18. ROC plot for probability of detection vs. probability of false
alarm at the radar SINR of 10 dB.

of data at the DN with SINR. We have kept the SN power at
25 dBm and also vary the radar power from [10 — 30] dBm.
We observe that as the radar power increases, the MSE
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FIGURE 19. Performance evaluation of BER vs. SINR at the DN, when SN
transmit power is fixed at 25 dBm.
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FIGURE 20. MSE Performance evaluation with respect to SINR at the DN,
when radar transmit power is fixed at 25 dBm.

performance becomes poorer. This is due to the higher
interference from the radar at the RN and DN. It is also
noticed that even for higher SINR, the MSE performance
becomes flat indicating that the radar interference dominates
over the AWGN and the performance does not improve
anymore. A similar trend is observed in FIGURE 20, where
the data MSE at the DN is plotted for different SN power.
It is observed that the MSE decreases with an increase in
the SN power, till a point where the interference from the
radar becomes dominant and from there onward, it doesn’t
change much due to interference from the radar. FIGURE 21
plots the BER vs. SINR at the DN. We keep the radar power
at 25 dBm and vary the SN power from [10 — 25] dBm.
We observe the improvement of BER with the increase in
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FIGURE 21. BER performance evaluation with respect to SNR at the DN,
when radar power is fixed at 25 dBm.

SN power. This is expected as higher SN power counters the
interference from radar at the RN and DN. We also observe
the flattening of BER curve with higher of SINR as the RN
and DN become interference dominated for a fixed radar
power and the performance does not improve any further.
This is more prominent at lower SN power of 10 dBm.
Note: MATLAB code is available in https://sites.google.
com/view/portfolio-m-coding/home.

VIi. CONCLUSION

In this study, we introduce a novel communication
topology termed RadRCom, which integrates relay into
a radar-communication systems with single antenna.
Given the likelihood of link failures in automotive
radar-communication applications due to channel unavail-
ability, the inclusion of relays becomes crucial. We present
two design problems for the RadRCom system. Firstly,
we address radar waveform design by maximizing the SINR
at the radar, and secondly, we delve into relay design by
minimizing the MSE at the communication receiver. We find
that the problem is non-convex in nature and complexity
is high, and leads to sub-optimal solutions with mild
degradation in performance. Theoretical analyses pertaining
to radar detection and SER are conducted, with simulation
results demonstrating satisfactory quality of service in terms
of BER and MSE. We also observe BER/MSE performance
recovery by using the proposed RadRCom compared to the
conventional RadCom one, where link is poor. Moreover,
we discuss the challenges in RadRCom system design. Future
extensions of this work includes exploring MIMO systems,
various relay model configurations, and addressing moving
targets in radar systems.
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