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Abstract—Joint radar-communications (JRC) benefits from
multi-functionality of radar and communication operations using
same hardware and radio frequency (RF) spectrum resources.
Thus JRC systems possess very high potential to be employed into
the sixth generation (6G) standards. This paper designs a flexible
beamformer for multiple-input multiple output (MIMO) JRC
with maximized spectral efficiency (SE). Hybrid beamforming is
implemented which constitutes lesser number of RF chains than
number of transmitter antennas. We jointly express JRC rate
with communication and radar entities including a weighting
factor which depicts the dominance of one operation over the
other. The joint-SE based proposed method optimally selects
the number of RF chains with flexible hynrid beamforming
design. Furthermore, when the communication operation takes
place the proposed method takes into account the interference
occurring from the radar operation and vice-versa. Fractional
programming based selection procedure is used for flexible
beamforming and optimal number of RF chains while considering
interference of each operation. Simulation results are presented
and compared with different baselines to show effectiveness of
the proposed flexible hybrid beamforming method.

Index Terms—Joint radar-communications, flexible beamform-
ing, RF selection, interference, hybrid precoder.

I. INTRODUCTION

Mobile connectivity is expected to be over 70% of the
global population, and fifth generation (5G) connections are
estimated to constitute towards 1.4 billion mobile devices
by 2023 [1]. By 2027, 5G subscriptions will be 4.4 billion
presenting faster growth than previous generation standards,
and average monthly usage per smartphone reaching to 40 GB
globally, and 52 GB of data traffic in both Western Europe and
North America [2]. Thus to initiate the implementation of sixth
generation (6G) wireless standards, more advanced technical
solutions such as sharing of hardware and spectral resources
for several wireless applications, are required to make efficient
use of the available resources. This will lead to decongestion
of existing sub 6-GHz spectrum which implements majority
of the current mobile services, and solve hardware inefficiency
issues with massive connectivity.

One such approach is to unify sensing and communications
operations on a single hardware and use of same spectral
resources, where sensing collects and extracts information,

such as target detection, and using radio waves for tracking
movement, while communication possesses transfer of infor-
mation [3[]-[5]. The emerging joint radar and communications
(JRC) systems accommodate multiple functionalities of these
operations, massive connectivity with limited resources, and
provide wide applications in future wireless, defence, aerial,
vehicular, internet-of-things and space [4]-[7]. To achieve
high beamforming gains with high degrees of freedom, JRC
can employ multiple-input multiple-output (MIMO) antennas
which improves range resolution and also makes up for the
high path loss associated with high-frequency bands such as
millimeter wave [8]], [9].

Hybrid precoding architecture, which constitutes of analog
and digital precoding, has been implemented for 5G MIMO
systems to obtain energy and hardware efficient designs such
as in [[10]-[12]]. Recently, hybrid precoding has been imple-
mented in energy and hardware efficient JRC [13] and it is
also implemented with low resolution sampling based digital-
to-analog converters (DACs) in JRC [[14]. Advanced multiple
access approaches such as the non-orthogonal multiple access
(NOMA) and rate splitting multiple access (RSMA) have
also been incorporated with JRC [15]], [[16] for interference
management and massive connectivity. Further advanced sig-
nal processing approaches in JRC implement low complexity
waveform designs and index modulation based JRC with
antenna and frequency agility [17]-[19]. However, latest JRC
systems do not consider jointly designing rate for both the op-
erations with flexible beamforming while taking into account
the interference occurring from each of the operations in dual
function JRC.

Contributions: In this paper, for 6G JRC systems, we
jointly design radar-communication rate in terms of weighting
formulation which decides the dominance of one operation
over the other while both radar and communication operations
take place simultaneously. We employ this formulation to
solve an interference-oriented spectral efficiency (SE) maxi-
mization problem while interference minimization takes place
and power constraints are imposed on both the operations. We
develop a selection procedure based on fractional program-
ming which is employed to optimize the number of available



RF chains in dual function JRC systems while interference is
minimized and joint-SE is maximized. This procedure leads
to highly spectral efficient design with low hardware com-
plexity (via RF chain selection). Such framework carries high
potential to be used in the future 6G wireless communication
standards. Numerical results show communication and radar
performance gains of joint SE-based proposed approach over
baselines for different weighting factor values and interference
scenarios.

Notation: The notation M represents matrix, m represents
vector, m is scalar entity, tr(.) and |.| represent trace and
determinant functions,, (.)” denotes transpose, (.), |.| - and
|||l represent complex conjugate transpose, Frobenius norm,
and L2 norm, respectively. The notation [M],, s is (m,k)-
th element in matrix M and m,, is m-th element of m; I;
is J-size identity matrix; I x denotes column concatenated
matrix as [I; Oyxx]. C and R represent sets of complex
and real numbers, respectively, and E denotes expectation
operator. The notation CA(m,n) denotes complex Gaussian
vector which has mean m and variance n.

II. SYSTEM MODEL

The JRC system with MIMO antenna setup has Nt number
of antennas at the transmitter, Ng represents number of
antennas at the mobile users (UEs), and for radar sensing,
number of targets are represented by N,. A hybrid beam-
forming architecture is considered which results into fewer
number of available RF chains than antennas, represented
by Lt and 1 < Lt < Nr. s € CMX*! represents the
transmit signal where E{ss”} = Iy,. The transmit signal

. T Nr
constitutes s = [ sZ, sk, |, where scm € C= *! refers

com rad
to the communication vector term and S;q € (C¥X1 is for
the radar operation. Furthermore, dual function transmission
corresponds 10 ||Scom||” = [|Sraal|® = 1.

As shown in the block diagram of Fig. 1, hybrid precoding
is implemented at the transmitter for JRC where parameters for
both the communication and radar operations are represented
with different blocks. In Fig. 1, digital precoder is represented
by Fpp followed by the RF Chains. The analog precoder is
represented by Fgrr which consists of a network of phase
shifters. The elements of analog precoder with constant-

modulus entries are denoted as f; € (CJLV%XI,VZ‘ =1,.,Lr.
The decomposition Fg"FRE" is used for the digital and analog
precoding when communication operation takes place, and
Frdprd accounts for digital and analog precoding when radar
sensing operation takes place. The RF selection procedure is
implemented at the baseband unit in the JRC system.

The JRC transmit signal xt can be written as

__ pcomypcom rad prad
xr = Fgp Fgg Scom + FrrFppSrad

comyprad rad gpcom
+ Frr Fgpsrad + FreFpp Scoms (D

interference term

where in the transmitting unit, interference term represents the
interference from radar operation to the communication and
communication operation to the radar.

TX Antennas

Signal s Digital Precoder Analog Precoder Y
— - RF Chain = j H
Scom = - . rad
com d H : com rad
Fss"  Fg3 Ly FRe"  Fgpd Mo Heom
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Selection Method

Fig. 1: Flexible hybrid beamforming based JRC system.

We consider narrowband channel model for communication
which is mostly used for millimeter wave channel, however
our proposed approach is independent of the channel model-
ing, and for instance, it can be applied throughout from exist-
ing sub 6-GHz bands to terahertz (THz) frequency spectrum.
The communication channel is represented as H o, € CNrx Nt
and expressed as

[Nt N & .
Hcom = }FV R ZalaR(¢g )a{{(¢f), (2)
¢ =1

with o; being the channel gain of [-th path, and N, being
the number of clustered multipaths. The term ar(¢)) =
ﬁ[l, ei Bedsin(¢r) ej(NT‘l)%”dSi“(‘bf)]T represents the
steering vector for transmission. The departure angle is rep-
resented as ¢! with d being spacing between antennas and A
being wavelength. Similarly, the term agr (¢ ) represents array
response vector for receiver. The angle of arrival is represented
as ¢;. It is assumed that the channel state information of
communication channel is known at transmitter and UE sides.
Furthermore, the antenna setup in (2) follows an uniform linear
array (ULA) configuration while the proposed method is inde-
pendent of antenna configuration, for instance, it can also be
applied to circular array and rectangular array configurations.
The unknown radar channel is represented as H,,q, where
covariance matrix Ry will be dependent on the columns of
radar channel and is considered to be a known parameter.

For radar sensing operation, in terms of the beampattern at
transmitter which is pointed towards the targets of interest, we
can express the following:

Pr(¢;) = af' (¢:)Rrar(¢;), 3)

where we consider that targets, i.e, IV,, are placed at dif-
ferent angles ¢;, with ¢ = 1,.., N,. The design of transmit
beampattern Pr(¢;), in (@), is equivalent to designing the
parameter Rt which can be represented in terms of the hybrid
precoder decomposition, i.e., Rt = FrpFpp(FreFpp)?. The
optimal rac}lvar precoder Ffﬁ (with diagonal entries) consists
of vi € (CTEXl elements composed by ar(¢;)Vi = 1,.., N,
entries, located at corresponding slots. The radar covariance

matrix R related to the optimal radar precoder F(F) is given




by, R = FP(F?)) corresponding to a well-designed radar
beampattern case. Next, we will proceed with the problem
formulation and flexible beamforming based propose method

for RF selection.
III. SE MAXIMIZATION FOR JRC

This section first describes the weighted SE formulation
(with a weighting factor) for radar and communication op-
erations which also takes into account interference terms, and
further we address the SE maximization optimization problem.
Afterwards, we propose a flexible beamforming design, by
selecting the optimal subset of RF chains which will be
activated using the proposed selection method.

A. Problem Formulation
First we express the communication rate as follows:

com) 10g2 <

com
RF »

Reom( X

rad-com

comypcompecom H pcom H gy H
WcomHLOInF Fip'Fig' Frre meWcom>7 @

and

2 A compeomppeom H pacom H

o'rad—com - rddHl‘ddF F F F Hrddwl’ad7 (5 )
where o2, . corresponds to the radar interference while

communication operation is taking place in the dual function
JRC system.

Similarly, following [7]] and literature within, we can express
the radar rate as follows:

1
rad rdd
Rraa(Frg, Fpp) = log, < X
com-rad
rad porad garad H yorad 7

rddHl’ddF FppFpp Frr Hrddwrdd> (6)

and
2 H FradFrad Frad H FradH HH 7
O com-rad — Wcom com comwcoma ( )
where o2 ., corresponds to the communication interference

while the radar operation takes place in dual function JRC
system.

Thus, following (@) and (6), the joint radar-communication
rate can be written into the following form:

R = pRcom + (1 - p)Rrada (8)

with p being the weighting term between radar and com-
munication operations which describes the dominance of one
operation over the other, depending on its value between 0
and 1, i.e., p € [0,1]. For instance, when p value is high, JRC
system prioritizes communication operation and when p value
is low, JRC system prioritizes radar sensing operation.

Next, for the joint case in JRC considering the weighting
allocated to each operation, SE maximization can be expressed

in the following form:
max PRcom + (1 - p)Rrad
F"“mF]%‘g",F"dF'ad

subject to tr(FC"ch"mFCO’“H FC"mH ) < P

max
(FradFrad FradHFradH) Prad (9)

max

Algorithm 1 Proposed Method for RF-Selection in JRC

Il’lpllt: Hcom7 Hrad
Output: Diagonal binary matrices S°™ and S™¢
1: Initialize £(©) = 1.
2: for i =1,2,..., I,ax do
3:  Compute the term Jcom in (14).
4:  Compute the term g in (I7).
5:  Calculate the interference term o2 ... (S°™) in (T3).
6:  Calculate the interference term o2, .(S™) in (T8).
7
8
9

Use CVX [21] to solve ([Z0).
: Compute #{3" and mr(j‘; from I).
: end for

com rad H
where the terms Py} and P75 represent the maximum power

budget for communication and radar operations, respectively.

B. Flexible Hybrid Beamforming

Next, the joint SE maximization problem can be considered
in the form of sparse subset selection based problem. This
can be executed by introducing a sparse RF—chain selection
diagonal matrix. For instance, S°™ represents the diagonal
selection matrix when communication operation takes place.
The selection matrix consists of diagonal entries from the set
with values {0, 1}. It can be inferred that the diagonal matrix
Seom ¢ {0, 1}L7%ET has binary diagonal entries and represents
the activation or deactivation of the RF chains based on these
entries, i.e., [S°"]; € {0,1}, and also [S°°™];; = 0 for i #
jVi = 1,.., Lt. Furthermore, hybrid precoder decomposition
for communication operation with S°™ selection matrix can
be written as following:

FCOm Fcomscochom (10)

Similarly we can represent the diagonal selection matrix for
radar sensing as S™! for RF chain selection procedure when
radar operation takes place. Note that, for brevity in the
following, we do not use super index for the selection matrix,
and express only S matrix term for both radar sensing and
communication operations.

Furthermore, we can express the communication rate as:

1
1+ — cl—({m Hcochom Scochom

Otad-com

Reom(S°™) =log,

comH comyppcom H yy H
S F Hcomwcom s

(11)
and following that, radar rate Rq(S™!) can be written as

Rrad(srad) :10g2 <1 I radHradFradSrangig %

O com-rad

H H
rad SradFrad Hradwrad> (12)

In terms of the interference, we consider that the approx-
imation log,(1 + z) ~ x holds true. Following that, we



approximate the expression related to R.oy in the following
form:

H H
~ ngchomFLomscochomFLom Scochom Hgmwcnm
Rcom ~ 2 ’
Otad-com
(13)

where the numerator can be written as:

com gcompecompeom H gecomypecom H ¢y H
Soom 2 wmchomF geom preom preom H geompeom gy H

=wH HcomF“’mSF“’“‘H Hgmwcom, (14)

com

given that FSMFMH — T; 8™ represents an idempotent
matrix, i.e., STSOM = §eom,

. 2 . . .
The denominator o7y .., iS given by:

radHradFcomscochomHHradWrada (15)

2 _
Orad-com —

given that E{scoms } =L
In similar manner for radar sensing, radar rate can be
expressed as follows:
H FradSFrad FradHSFradHHH
Wrad radt RF rad Wrad

Rrad ~
ag 2 ’

(16)

com-rad

where the numerator can be written as:
A rad rad radH radH H
Orad = demdF SFgFss SFrr HigWiad

T T H
= deradF adSF o H[adwrdd7 (17)

given that FEIFR4™ — T Similarly for a given E{s;qask,} =
I, following above, the denominator term Jfom_md of the radar

rate expression can be written in the following form:

2 rad grad radH H
Ocom-rad = WcochomF S F HcomWCOm’

(18)

Next, we describe our fractional programming based proposed
method to optimally select the RF chains and maximize SE
while minimizing the interference of one operation to the
other.

C. Fractional Programming

Following (I3)) and (I6), it can be inferred that the approxi-
mated cost functions are in fractional form. The weighted joint
SE can then be approximated as:

5c0m (Scom) 5rad (Srad)
Orad-com (Scom) Ocom-rad (Srad) -

In order to deal with a fractional cost function, we implement
the solution based on Dinkelbach (DB) iterations [20]], where
each iteration of the DB method solves the following problem:

{P0com (ST + (1 = p)dra(STE)

rd
riiy (1

R=~p +(1-p) (19)

max
Seom Qrad

p)gcom—rad (SE(;) }
(20)

- H((:?;nparad—com(st(:%n)
subject to [S7) ]k [ r(i()i]kk € 10,1],
for:=1,2,..., [jnax, Where

(@-1)

rad

com i— i—1 i—1)
K@) 5c(om / Ur(ad—co)m’ and Kauy = 6rad / O com-rad? 2n
with Scom _ I Kcom rad 1

= <o> 0 ~ o) =

The DB method has been widely implemented in fractional
problems which yields good performance [10], [11]]. The step-
wise DB-based procedure of the proposed algorithm which
provides solution to (20) and selects the optimal number
of RF chains during communication operation with reduced
radar interference is shown in Algorithm [I] Next, we present
the simulation results and comparison with existing baselines
while taking into account different interference scenarios..

IV. SIMULATION RESULTS

This section discusses simulation results supporting the
significance of our proposed flexible hybrid beamforming
based RF chain selection approach. In terms of simulation
parameters to observe different performance curves, MIMO
JRC has been implemented where the number of transmitter
antennas Nt = 96 and the number of receiver (UE) antennas
Ngr = 4. The number of streams N, = N, and the number of
multipaths N, = 6. For radar sensing operation, the number
of targets N, = 3, and angular target locations are random
for each realization. The total number of available RF chains
is considered to be equal to Ng. The precoding matrices
Fgg = I, and FRg is considered to be fast Fourier transform
(FFT) matrix for both radar and communications. It is assumed
that the JRC system implements ULA setup at both transmitter
and receiver (UE) sides. To focus mainly on performance
of the transmitter side, we assume that digital combining is
performed at the receiver, i.e., wy is expressed as the kth
column of the left orthonormal matrix, which is obtained
by the singular value decomposition of channel matrix. The
proposed method implements hybrid precoding and RF chain
selection procedure for SE maximization which takes into
account both the interference from radar to communication,
and vice-versa.

To compare the proposed flexible hybrid beamforming
based method and observe its effectiveness, we consider
four baseline schemes which are based on hybrid precoding,
however differ in terms of interference:

(i) no interference, i.e., hybrid case with no interference from
radar or communications;

(ii) interference both for comms and radar, i.e., hybrid case
with fixed number of available RF chains (Lt = Ng) and when
interference from both radar and communication operations is
considered;

(iii) interference only for radar, i.e., hybrid case when there
is communication interference to the radar operation;

(iv) interference only for comms, i.e., hybrid case when there
is radar interference to the communication operation.

From Fig. 2, we can observe the joint rate performance with
respect to (w.r.t.) signal-to-noise ratio (SNR) at Ny = 96,
Nr = 4, for the proposed method and compare it with the
above mentioned baseline cases. It can be observed that the
proposed method performs better than interference-oriented
baseline cases such as ii) and iv) above, and approximates the
rate performance when there is no interference case, specially
for low-SNR region values. For instance, at SNR = 0 dB, it can
be observed that the proposed method approximates baselines
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Fig. 2: Joint rate w.r.t. SNR for Np = 96, Ng = 4 and
weighting factor p = 1.
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Fig. 3: Joint rate w.r.t. SNR for Nt = 96, Ng = 4 and
weighting factor p = 0.5.

(1) and (iii) with joint rate being nearly 1 Mbits/sec. Note
that the weighting factor considered in Fig. 2 is p = 1 which
means communication-only operation takes place and there is
no radar operation that takes place.

Similarly for Fig. 3, joint rate performance w.r.t. SNR is
observed at Ny = 96, Nr = 4 and weighting factor p = 0.5,
which means the radar and communication operations have
the same priority. Similar performance pattern to Fig. 2 can
be observed in terms of joint rate for the proposed method
which approximates the baseline case (i) with no interference
and better than other baselines. Similarly for Fig. 4, when
weighting factor is changed to p = 0, radar-only operation
takes place, i.e., there is no communication operation, and
good performance is exhibited by the proposed method. Fig.
5 plots the joint rate performance w.r.t. the number of RF
chains for a weighting factor p = 0.5 (equal priority to both
the operations), Nt = 96 and Ngr = 4. The rate variation
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Fig. 4: Joint rate w.r.t. SNR for Nt = 96, Ng = 4 and
weighting factor p = 0.
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Fig. 5: Joint rate w.r.t. number of RF chains Nt = 96,
Ngr = 4 and weighting factor p = 0.5.

for the proposed method can be observed which is also
compared with both interference (which includes both radar
and communication interference) and no interference cases.

V. CONCLUSION

This paper designs joint SE maximization problem for hy-
brid precoding based MIMO JRC systems with dual function
radar and communication operations. We consider interference
from one operation to the other in our problem formulation,
and implement an optimal RF chain selection procedure for
flexible hybrid beamforming design. The proposed method
based on fractional programming yields good joint rate per-
formance when compared with existing baselines which im-
plement fixed number of RF chains and different interference
cases. The effect of weighting factor which prioritizes one
operation over the other, has also been observed via numerical
results and comparison with baselines.
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