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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. Besides, intelligent re-
flecting surfaces have attracted wide attention in communication
systems, due to low complexity of implementation. This paper
designs a dynamic beamformer for reconfigurable intelligent
surfaces (RIS) which maximizes spectral efficiency (SE). We
jointly express the mutual information rate for 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 RIS subset. 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 solving the problem of subset
selection. Simulation results are presented and compared with
different baselines to show effectiveness of the proposed 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.

Besides, intelligent reflecting surfaces have attracted wide
attention in communication systems, due to their low com-
plexity and higher energy efficiency. Reconfigurable intelli-
gent surfaces (RIS) leverage smart radio surfaces with high
number of small antennas or metamaterial elements based
on a programmable structure that can be used to control
the propagation of electromagnetic waves [20], [21]. RIS
configurations can be realized by incorporating large number
of antenna elements with reconfigurable processing networks
which provides a continuous antenna aperture. Furthermore,
the use of intelligent surfaces has started to receive attention in
radar systems such as in [22]–[24]. However, JRC systems are
not widely studied with RIS-aided beamforming and hardware
efficient approaches. Furthermore, latest JRC systems do not
consider jointly designing rate for both the operations with
flexible RIS-aided beamforming such as subset selection based
approach while taking into account the interference occurring
from each of the operations in dual function JRC.
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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 pro-
gramming which is employed to optimize the number of
available RF chains in dual function RIS-aided JRC system
while interference is minimized and joint-SE is maximized.
This procedure leads to highly spectral efficient design with
low hardware complexity (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 fac-
tor values and interference scenarios.

Notation: The notation M represents matrix, m represents
vector, m is scalar entity, tr(.) and |.| represent trace and
determinant functions, (.)T denotes transpose, (.)H, ∥.∥F and
∥.∥2 represent complex conjugate transpose, Frobenius norm,
and Euclidean norm, respectively. The notation [M]m:k is the
submatrix with the m-th to k-th columns of M and mm is
m-th element of m; I is the identity matrix. C and R represent
sets of complex and real numbers, respectively, and E denotes
expectation operator.

II. SYSTEM AND CHANNEL MODELS

The considered system is composed of N -element recon-
figurable intelligent surface (RIS) which assists the down-
link communication between a base-station and a user
(UE)/receiver, as shown in Fig. 1. The RIS implements a
dual function JRC with hybrid beamforming which employs
baseband precoding and analog precoding.

The source signal from the RIS constitutes s =[
sT

C sT
R

]T
, where sC ∈ CN

2 ×1 refers to the communication
vector term and sR ∈ CN

2 ×1 is for the radar operation. Then,
the transmitted signal from the RIS is:

x =
[
sT

CΦC sT
RΦR

]T
(1)

where Φ
N
2 ×N

2

C and Φ
N
2 ×N

2

R are the diagonal matrices with the
complex reflection (constant modulus elements) of the RIS for
the communications and radar operations, respectively.

Following that, we describe the general channel model that
can be used for both communication and radar operations. For
Nc multipaths, the baseband channel matrix is represented as

H =
N√
Nc

Nc∑
l=1

αlaR(ϕ
r
l )a

H
T (ϕ

t
l), (2)

with αl being the channel gain of l-th path, and Nc
being the number of clustered multipaths. The term
aT(ϕ

t
l) = 1√

N
[1, ej

2π
λ d sin(ϕt

l), ..., ej(N−1) 2π
λ d sin(ϕt

l)]
T

repre-
sents the steering vector for transmission. The departure angle

ΦC

ΦR

sC

sR

HC

HR

interference

Fig. 1: Joint Radar and Communication RIS.

is represented as ϕt
l with d being spacing between antennas

and λ being wavelength. Similarly, the term aR(ϕ
r
l ) represents

array response vector for receiver. The angle of arrival is rep-
resented as ϕr

l . It is assumed that the channel state information
(CSI) of communication channel is known at transmitter.

III. MUTUAL INFORMATION FOR JRC-RIS

In this section we present mutual information expressions
for the dual function JRC system model where we consider
two of the possible cases: (i) with no impact of interference
of one operation over the other operation which presents an
idealized case, and (ii) while taking into account the impact
of interference of one operation over the other operation. The
communication spectral efficiency is well known in literature.

In terms of the literature surrounding radar mutual infor-
mation, reference [27] describes waveform design approach
while taking into account radar mutual information between
target reflections and target responses. Furthermore, the main
purpose of the radar mutual information is to evaluate the
radar performance, such as in [28], [29] mutual information is
described between target impulse response and echo/reflected
signal, provided there is prior knowledge of the dual function
JRC transmit signal or radar-only transmit signal. JRC sys-
tems such as in [30], express the radar mutual information
between the signal and target impulse response of radar and
communication signals, while assuming that both radar and
communication signals partly have common information on
the target.

Let us first consider the idealized case where the two
systems have dedicated separate hardware that do not inter-
fere with each other. The mutual information (MUI) can be
expressed as [31]:

Iopt = log2(1+
1

σ2
n

∥HCΦC∥2F )+log2(1+
1

σ2
n

∥HRΦR∥2F ), (3)

where HC, HR are the channel matrices for the commu-
nications and radar, respectively. For the RIS beamforming
diagonal matrices we have that ∥ΦC∥2 = ∥ΦR∥2 = Pmax/2.
The term σ2

n accounts for the AWGN variance.
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Considering the interference terms between the communi-
cations and radar subsystems, the MUI can be expressed as:

I int = log2(1 +
1

σ2
n + σ2

R
∥HΦC∥2F

+ log2(1 +
1

σ2
n + σ2

C
∥HΦR∥2F ) ≤ Iopt, (4)

where σ2
R corresponds to the radar interference while commu-

nication operation is taking place in the dual function JRC
system, and similarly σ2

C corresponds to the communication
interference to the radar operation, with σ2

R = ∥HRΦC∥2 and
σ2

C = ∥HCΦR∥2, respectively.
Previously, it has been proposed a weighted MUI metric

that utilizes a weighting factor ρ ∈ [0, 1] for the MUI of each
subsystem. For the case of MUI with interference we have:

Iw = 2ρ log2(1 +
1

σ2
n + σ2

R
HΦC∥2F )

+ 2(1− ρ) log2(1 +
1

σ2
n + σ2

C
HΦR∥2F ). (5)

Note that the JRC weighting term ρ describes the dominance
of one operation over the other, depending on its value between
0 and 1, i.e., ρ ∈ [0, 1]. For instance, when ρ value is high,
JRC system prioritizes communication operation and when ρ
value is low, JRC system prioritizes radar sensing operation.
For ρ = 1

2 , it represents that both the operations have same
weighting in dual function JRC system.

IV. RIS SUBSET SELECTION

In this section, we propose a mathematical modeling for the
dynamic reconfiguration of the RIS for JRC operation. We
consider that the diagonal matrices ΦC and ΦR take values
from the columns of the discrete Fourier Transform matrix,
FRF = e−j2πE with E = [0, 1, . . . , N/2−1]T[0, 1, . . . , N/2−
1]/(N/2). These matrices represent the complex configuration
of the communication and radar parts of the RIS, respectively.
In case of a static configuration, where the RIS reflection
matrices are based on the k-th column of FRF, and the m-
th column for the radar, we would have:

ΦC = diag([FRF]k), and ΦR = diag([FRF]m). (6)

Proposition 1. To introduce a dynamic reconfiguration model,
let us define two diagonal and binary matrices, DR ∈
{0, 1}ρN×ρN and DC ∈ {0, 1}(1−ρ)N×(1−ρ)N with tr(DC) =
tr(DR) = 1. Then, the RIS beamformer for each operation can
be expressed as:

ΦC = diag(FRFDCeρN ), and ΦR = diag(FRFDRe(1−ρ)N ),

where eρN is a 2ρN × 1 vector with ones, and respectively
for e(1−ρ)N .

As it will become clear later, the definition of the binary
matrices DR and DC enables the utilization of subset selection
optimization techniques. Recall from the previous section, that
the MUI for the communications and radar operations was
determined by the weighting factor ρ. This weighting can be

seen as dynamic resource allocation for the RIS beamformer,
e.g., ρ% of Φ columns can be used for communications and
the rest (1−ρ)% for radar. Using Proposition 1, this weighting
is represented by the dimension of the diagonal matrices DR
and DC.

The problem of RIS design for maximizing the weighted
mutual information Iw is expressed as follows:

max
ΦR,ΦC

2ρ log2(1 +
σ2
s

σ2
n + σ2

R
∥HΦC∥2F

+ 2(1− ρ) log2(1 +
σ2
s

σ2
n + σ2

C
∥HΦR∥2F ),

subject to 2ρ∥ΦC∥2 + 2(1− ρ)∥ΦR∥2 = Pmax, (7)

where Pmax is the maximum available energy for the transmis-
sion of both communication and radar operation.

Using Proposition 1, it can be shown that (c.f., Appendix),
the mutual information maximization problem (7) becomes,

max
DC,DR

log2(1+
1

σ2
n + ∥HRdiag(FRFDC)∥2F

∥Hdiag(FRFDC)∥2F

+
1

σ2
n + ∥HCdiag(FRFDR)∥2F

∥Hdiag(FRFDR)∥2F ),

subject to DC,DR ∈ {0, 1}. (8)

To solve (8) we proceed with a series of approximations which
will render the problem to a convex one.

Assuming that the JRC system operates at high noise
regime, the second part of the logarithms go to zero, thus,
using the first order Taylor expansion for the logarithm,
log(1 + x) ≈ x for x → 0, we have that:

log2(1 +
1

σ2
n + ∥diag(FRFDC)HHR∥2

∥diag(FRFDC)
HH∥2

+
1

σ2
n + ∥diag(FRFDR)HHC∥2

∥diag(FRFDR)
HH∥2)

≈ 1

σ2
n + ∥diag(FRFDC)HHR∥2

∥diag(FRFDC)
HH∥2

+
1

σ2
n + ∥diag(FRFDR)HHC∥2

∥diag(FRFDR)
HH∥2.

(9)
Next, the requirement for binary entries for the selection

matrices is relaxed to box constraint, i.e., [DC]n,n, [DR]n,n ∈
(0, 1). Then, the problem (7) can be written as:

max
DC,DR

1

σ2
n + ∥diag(FDC)HHR∥2

∥diag(FRFDC)
HH∥2

+
1

σ2
n + ∥diag(FRFDR)HHC∥2

∥diag(FRFDR)
HH∥2

subject to [DC]n,n, [DR]n,n ∈ (0, 1). (10)

We apply the Dinkelbach approximation to the fractional
problem in (10), deriving the following linear approximation:

max
DC,DR

∥diag(FRFDC)
HH∥2 + ∥diag(FRFDR)

HH∥2

− κC(σ
2
n + ∥diag(FRFDC)

HHR∥2)
− κR(σ

2
n + ∥diag(FRFDR)

HHC∥2),
subject to [DC]n,n, [DR]n,n ∈ (0, 1). (11)
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Algorithm 1 Subset Selection Method

Input: R, RC, RR, ρ
Output: Diagonal binary matrices DC and DR

1: Initialize κ
(0)
C = κ

(0)
R = 1, FRF = e−j2πE with E =

[0, 1, . . . , N/2− 1]T[0, 1, . . . , N/2− 1]/(N/2).
2: for i = 1, 2, . . . , Imax do
3: c

(i)
C = ∥diag(FRFD

(i)
C )HH∥2

4: c
(i)
R = ∥diag(FRFD

(i)
R )HH∥2

5: η
(i)
C = σ2

n + ∥diag(FRFDC)
HHR∥2

6: η
(i)
R = σ2

n + ∥diag(FRFDR)
HHC∥2

7: maxD̃C
c
(i)
C − κ

(i−1)
C η

(i)
C s.t. [DC]n,n ∈ (0, 1)

8: DC = thresρ(D̃C)

9: maxD̃R
c
(i)
R − κ

(i−1)
R η

(i)
R s.t. [DR]n,n ∈ (0, 1)

10: DR = thresρ(D̃R)

11: κ
(i)
C =

c
(i)
C

η
(i)
C

and κ
(i)
R =

c
(i)
R

η
(i)
R

12: end for

Thus, we end up with the convex problem in (11), which is an
approximation for (7), and can be solved using any available
interior-point method (e.g., CVX [26]).

The overall algorithm is summarized in 1, which requires
the covariance matrices for the communications and radar
channels. The output are the diagonal matrices that maximize
the mutual information in (7). Note that, we use the function
thres(·)ρ, which performs thresholding on the values of its
input matrix. The parameter ρ determines the thresholding
lower bound for the matrices D̃C and D̃R. Next, we present
the numerical results to show the significance of our proposed
method.

V. SIMULATION RESULTS

We evaluate the performance of the proposed approach to
ensure the effectiveness of the proposed method. For evalua-
tion of the proposed technique, we compare with the following
baselines:

• No interference case, which represents the optimal upper
bound for the weighted MUI.

• With interference case, which represents the lower bound
for the weighted MUI, assuming that no measure is taken
for interference mitigation.

• Hybrid Beamforming is also an idealized case where fully
connected hybrid beamforming is performed instead of
RIS, with perfect channel knowledge for both communi-
cations and radar.

• Static RIS configuration represents a static beamforming
technique, where the RIS reflection matrices are randomly
chosen from the DFT matrix FRF.

In the following results, for simplicity, we assume that we have
the same number of users and targets, and their placement is
equispaced and alternatively.

Let us first depict the results for the MUI over the signal-
to-noise ratio (SNR), which is defined as SNR = 1

σ2
n

. In Fig.
2, we show the MUI for the case of ρ = 1. Recall that,

-10 0 10 20 30

SNR (dB)

0

5

10

15

20

25

M
u
tu

a
l 
In

fo
rm

a
ti
o
n

(b
it
s
)

3 User and 3 Target

No interference

With inteference

Hybrid Beamforming

Static Configuration

Proposed - optimal RF selection

-10 0 10 20 30

SNR (dB)

0

5

10

15

20

25

M
u
tu

a
l 
In

fo
rm

a
ti
o
n

(b
it
s
)

6 Users and 6 Targets

Fig. 2: Mutual information performance versus SNR for
different target and user scenarios, N = 32, ρ = 1.
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Fig. 3: Mutual information performance versus SNR for
different target and user scenarios, N = 32, ρ = 0.5.

the weighting between the two MUI terms is a parameter
that is being defined by the user, depending on needs of the
application. Note that, for the two extreme cases, where ρ = 1
or ρ = 0, there is no interference, thus all techniques are
expected to behave similarly. The proposed technique follows
closely the other baselines, given that does not requires the
instantaneous channel matrices, thus, lags some performance
at the higher SNR regime.

In Fig. 6 we show the results for the MUI over the number
of the antennas N , for the case of 6 users and 6 targets. As
the antenna size, and thus, the angle resolution, increases, the
performance of all techniques is improved. It is important to
stress out that the proposed technique has significant benefits
from larger antenna arrays.

Next, we evaluate the radar performance, in terms of Nor-
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Fig. 5: Mutual information performance versus number of
transmit antennas at SNR = 15dB, ρ = 0.5. The number of

targets is 3.

malized Received Power (NRP), defined as:

NRP = ∥HRΦR∥2F . (12)

In Fig. 7, we show the beampattern for three cases of ρ. The
radar channels have been constructed assuming that there is
1 target placed at angle 42 degrees. All the techniques are
able to detect the the angle of the obstacle with acceptable
performance. However, for ρ = 0.8, which benefits the
communication operation, the static configuration has lower
received power. The proposed technique exhibits close to the
optimal performance (no interference and hybrid beamforming
cases). In Fig. 8, we evaluate the performance of the tech-
niques when the number of the targets is 2.

VI. CONCLUSION

This paper designs joint SE maximization problem for RIS-
aided precoding based MIMO JRC systems with dual function
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Fig. 6: Mutual information performance versus number of
transmit antennas at SNR = 15dB, ρ = 0.5. The number of

targets is 1.
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Fig. 7: Normalized received power performance,
N = 64,SNR = 5dB. The number of targets is 1.

radar and communication operations. We consider interference
from one operation to the other in our problem formulation,
and implement an optimal RF chain subset selection procedure
for flexible RIS-aided beamforming design. The proposed
method based on fractional programming yields good joint rate
performance when compared with existing baselines which
implement fixed number of RF chains and different interfer-
ence cases. The effect of weighting factor which prioritizes one
operation over the other, has also been observed via numerical
results and comparison with baselines.

VII. APPENDIX

In this section, we prove the equivalence of the expressions
of the standard weighted MUI in (5) and the proposed one in
(8), where the weighting factor ρ has been incorporated in the
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Fig. 8: Normalized received power performance,
N = 64,SNR = 5dB. The number of targets is 2.

binary matrices. Let us rewrite the proposed expression for the
MUI from (8):

log2(1 +
1

σ2
n + σ2

R
∥Hdiag(FRFDCeρN )∥2F

+ log2(1 +
1

σ2
n + σ2

C
∥Hdiag(FRFDRe(1−ρ)N )∥2F ).

(13)

Note that, ∥diag(FRFDCeρN )∥2F = 2ρ∥diag(FRFDC)∥2F , and
∥diag(FRFDRe(1−ρ)N )∥2F = 2(1− ρ)∥diag(FRFDC)∥2F If we
consider the approximation log(1 + x)a ≈ log(1 + ax), then
it can be shown that:

log2(1 + 2ρ
1

σ2
n + σ2

R
∥HΦC∥2F

+ log2(1 + 2(1− ρ)
1

σ2
n + σ2

C
∥HΦR∥2F )

≈ 2ρ log2(1 +
1

σ2
n + σ2

R
∥HΦC∥2F )

+ 2(1− ρ) log2(1 +
1

σ2
n + σ2

C
∥HΦR∥2F ) (14)

= Iw, (15)

where ΦC = diag(FRFDC) and ΦR = diag(FRFDR).
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