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Abstract—The full-duplex (FD) technology has the potential
to radically evolve wireless systems, facilitating the integration
of both communications and radar functionalities into a single
device, thus, enabling joint communication and sensing (JCAS).
In this paper, we present a novel approach for JCAS that incor-
porates a reconfigurable intelligent surface (RIS) in the near-field
of an FD multiple-input multiple-output (MIMO) node, which is
jointly optimized with the digital beamformers to enable JSAC
and efficiently handle self-interference (SI). We propose a novel
problem formulation for FD MIMO JCAS systems to jointly
minimize the total received power at the FD node’s radar receiver,
while maximizing the sum rate of downlink communications
subject to a Cramér-Rao bound (CRB) constraint. In contrast
to the typically used CRB in the relevant literature, we derive a
novel, more accurate, target estimation bound that fully takes into
account the RIS deployment. The considered problem is solved
using alternating optimization, which is guaranteed to converge
to a local optimum. The simulation results demonstrate that the
proposed scheme achieves significant performance improvement
both for communications and sensing. It is showcased that,
jointly designing the FD MIMO beamformers and the RIS
phase configuration to be SI aware can significantly loosen the
requirement for additional SI cancellation.

Index Terms—Full duplex, Reconfigurable Intelligent Surface,
Joint Communication and Sensing

I. INTRODUCTION

Full-duplex (FD) systems refer to wireless systems in which
the same frequency band is used for both transmitting and
receiving signals simultaneously, allowing for bi-directional
communications [1]. This is in contrast to traditional half-
duplex systems, in which a separate frequency band is used
for transmitting and receiving signals, and the system can
only perform one function at a time [2]. FD systems have the
potential to significantly improve the performance and capacity
of wireless networks, by allowing for more efficient use of the
available spectrum, thus, enabling higher data rates.

Self-interference (SI) is a major challenge for FD systems
and SI cancellation (SIC) is viable to make FD a reality [3],
[4]. Due to simultaneous transmission and reception, FD is
currently receiving significant interest as it has the potential to
enable joint communication and sensing (JCAS), implying that
next-generation base stations (BSs) and radar functionalities
could be integrated into a single device. In [S], a novel
JSAC system transceiver design for an FD MIMO base station
(BS) equipped with hybrid analog and digital beamformers is
presented. Recently, reconfigurable intelligent surfaces (RISs)
JCAS has gained significant interest due to its potential to

increase communications and sensing performance [6]. In
[7], RIS-assisted JCAS under the Cramér-Rao bound (CRB)
constraint was derived. However, the derived CRB neglected
the RIS contribution in enhancing the sensing performance.
In [8], RIS-assisted JCAS to maximize the sum rate under a
radar beam-pattern similarity constraint was investigated. In
[9], a CRB minimization-based beamforming design for non-
line-of-sight (LoS) RIS-assisted JCAS was studied. Note that
the designs presented above do not consider the effect of SI on
JCAS which may overwhelm the receiver. Moreover, the CRB
derived in [7] did not consider any effect of the RIS and, in
[9], only the CRB for the non-LoS sensing case was derived.

In this paper, we focus on the optimization of an FD JCAS
system comprising one MIMO downlink (DL) user and 1
target to be detected by the FD node’s radar receiver. Firstly,
we derive the exact CRB for RIS-assisted FD JCAS, by
considering both the LoS and the non-LoS contributions. Then,
we propose a novel formulation to jointly minimizing the
effective SI power received in uplink (UL) at the radar receiver
while maximizing the sum rate for the DL user, subject to the
derived exact CRB constraint. However, we remark that the
optimization of RIS with exact CRB constraint is extremely
challenging and would require significant additional space to
be elaborated in detail. Due to space limitations, we consider
imposing the CRB constraint only on the digital beamformer.
The considered joint optimization problem is transformed into
its equivalent minimization of the mean squared error (MMSE)
problem [10], which results to be composed of two terms:
the SI power at the radar and the MSE at the DL user. A
novel alternating optimization method is devised to minimize
the overall objective function. Our goal is to tackle SI with
both the digital beamformer at the MIMO transmitter and the
passive beamforming offered by the RIS, hence, enabling close
to ideal FD operation for JCAS.

Simulation results show that the proposed scheme achieves
significant performance gain compared to the conventional
JCAS scheme with no RIS. Moreover, we also show that
RIS can be beneficial to improve both the communications
performance and the sensing performance, while also assisting
in lowering the SI.

The rest of the paper is organized as follows. Section II
presents the system model and the exact CRB for FD JCAS.
Section III presents a novel joint beamforming design. Finally,
Sections IV and V present simulations results and conclusions,
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Fig. 1: The proposed FD MIMO JCAS system with RIS.
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II. SYSTEM MODEL

We consider an FD JCAS system consisting of one FD
MIMO BS b equipped with M, and N;, transmit and receive
antennas, respectively, which communicates with one MIMO
DL user j having N; antenna elements, as shown in Fig.
1. The DL signal is also used to detect targets/scatterers
(via their induced reflections) randomly distributed within the
communication/sensing environment at the radar receiver of
the FD MIMO node. We assume that the BS is assisted
by a RIS placed within its near-field region, whose role is
to jointly improve communication and sensing performance
while offering strong SIC. Let V; € CNi*Mj denote the digital
beamformer for the unit-variance data stream s; € cdixl
intended for the DL user j. The RIS is assumed to have R rows
and C columns of reflection-tunable elements, whose phase
response is denoted by the diagonal matrix ®; € CRCXRC
containing ¢; € CREX! on its main diagonal.

LetH; ;, € CNi*Mb and H; ; € CNi*RC denote the channels
from the BS and the RIS to the DL user j, respectively.
The channel from the RIS to the BS and from the BS to
RIS are denoted with Hj,; € CNo*RC and H;;, € CRCXMp
respectively. Let Hp , € CNo*Mb denote the SI channel for
the MIMO FD JCAS node b which can be decomposed as
H,, = Hi)’b + Hz,b, where Hi)’b and Hz’b denote the LoS
and non-LoS contributions for the SI channel, respectively.
Since the transmit and receive antennas of the FD JCAS are
in the near-field, we consider a spherical wavefront and model
each element of Hé’b as

1 p —i2 dm,n
Hy, ,(m,n) = ——e " 72,

VYm, n, @))
where the scalars A andrﬁ’raenote the wavelength and the
power normalization constant to assure E(||Hj, ,|I%.) = MpNs,
respectively, and the scalar d,, ,, denotes the distance between
m-th receive and n-th transmit antenna. Depending on the size
of RIS, the channels Hj ; and H; ; can also be in the near-

field. Therefore, we consider modelling them similarly as (1).

! Notations: Boldface lower and upper case characters denote vectors and
matrices, respectively. E{-}, Tr{-}, and I denote expectation, trace, and
identity matrix, respectively. The superscripts (-)7 and (-)¥ denote transpose
and conjugate-transpose (Hermitian) operators, respectively.

We assume perfect CSI, which can be obtained by exploiting
channel reciprocity via time division duplexing (TDD).

A. Communication Model

Let y; denote the received signal at the DL user j, which
can be written as

yj = (Hj,b + Hj’i(I)Hi,b)Vij + Ilj, (2)

where n; ~ CN(0, 0'j2.I) denote the noise with variance 0'12. at
the DL user j. Let R; = E[y jyfl ] denote the signal-plus noise
covariance matrix at the DL user j. Let Rj. =E[n jn}q ] denote
its noise covariance matrix. The rate at the DL user j is given

b
Y R; = log| det(R='R;)]. 3)

B. Radar Model

We consider the radar to estimate one angle of arrival
(AoA), denoted as 6. Let wy denote the angle between the
FD BS and the RIS, which is perfectly known at the BS. Let
y» denote its total received signal, and let A denote a matrix,
containing contributions from all the paths, defined as

A =yra, (0)a, (0r)" + &1 xa, (wo)a, (wo)T @a; (Hr)a; (0x)"
®a; (wo)a, (o) + & a,(61) a;(0x)” ®@a; (wo)a, (wo)”

+Ypia, (wo)a; (wo) @& x a;(0x) a,(6x)", @
where i denotes the reflection coefficient for the LoS path
between the BS and target k, n, ~ CN(0, 0',21) denotes the
noise at the radar with variance a‘rz, and a, and a, denote
the transmit and receive antenna steering vectors for JCAS
node, respectively. The scalars &, &2 and &3 denote the
reflection coefficients for the signal from RIS to target £ and
back to RIS, from RIS to the radar via target k and from the
transmitter to the RIS via target k, respectively. Given A, we

can write the received signal y, as
Yo ZAVij + Hé’ijSj + Hb’i(I)H[,ijSj +ny, (5)

which contains the effective SI. Assuming uniform linear
arrays at the FD node, the antenna steering vector a, at the
receiver, appearing in A, can be modelled as

a,(0y) = L[l’ej%”dxin(ek)’ m’ej%”d(Nb—l)sin(Qk)]T, (6)
b
and similar modelling also holds for a;. The scalars d and A
denote the distance and wavelength, respectively. Let ¢y and
@i denote the elevation and the azimuth angles between the
RIS and the target k. The RIS response can be modelled as a
uniform planer array (UPA) as

1 P27 P27
a;(¢r, px) = ——=[1,e/ 7™, . e/ TR (7)
VRC
where @; = d; _sin(¢y)cos(pr) + di_sin(py) [11], 0 < i <
RC, and d;, and d;_ denote the distance of RIS’s element i
from its first element on the x and z axis, respectively. As
the position and the orientation of RIS are known at the FD



BS, the azimuth and elevation angles can be expressed as a
function of 8, to be estimated as

(lkcos(ek) —ricos(wg) ) (8a)

¢x = arcos
r

lrcos(0y) —ricos(wg)

), (8b)

@i = arcos( 7 cos(08)
where /i is the distance of the target k, wy is the angle between
the FD BS and RIS, and the scalars ry, Iy, 7, 7, assuming
the RIS to be placed on the (x,z) plane, denote the distance
between the FD BS and RIS with the relative angle wy, the
distance between RIS and target k, the distance between RIS
and target k£ on the (x,y) plane and the distance on the (x,z)
plane, respectively.

To achieve an accurate estimation, the CRBs for AoA 6y
should be below the threshold i, which imposes the constraint

1 1
I = CRB(6;)’ ©)

where CRB(6y) is derived in the Appendix.

C. Problem Formulation

We embark on the task of jointly optimizing the perfor-
mance of both communication and radar systems. While the
concept of communication rate is well-defined for the DL user,
there is no such concept that exists for the UL. The sum
rate maximization problem can be formulated as a function of
MMSE [10]. Conversely, even though the notion of UL rate in
the context of FD JCAS is not well-established, the challenge
of SI cancellation can be framed as a minimization problem,
specifically minimizing the squared Frobenius norm of the SI
power, thereby improving the accuracy of radar detection.

For the DL user, we assume that it deploys the combiner
F; to estimate its data streams s; as §; = F;y;. Assuming that
the combiner F; is optimized based on the minimization of
the MSE criteria, its closed-form solution is

Fj ZV?(HJ-’I, + Hj’l'(I)Hi’b)H((Hj,b + Hj’i(I)Hi’b)VjV?
(Hj,b + Hj’[(I)H[’b) + O’rzl)_l.
(10)
Given F; as (10), the MSE of the DL user j becomes

E; = (1+Vj?’H§’RJ;1H,V,)‘1, (11)

where R; = o-jz.I is the noise covariance matrix with variance
0']2. Let W; denote the weight computed as [10]
Wi
W; = —ZLE;!
T 2

The joint minimization problem under the total sum-power,
CRB and unit-modulus constraint for the RIS can be stated as

(12)

{71111(111) Tr(Esy) + Tr(W,E)) (13a)
st Tr(V; V) < po, (13b)
lp(D)] = 1, Vi, (13¢)

©) (13d)

where Eg; is a matrix defined as

Es; =H, ,V;V/H, " +H, ,V,V/H" @"H/ +H,®
H,,V,V/H, " +H,®H,,V,V/H! &"H},

(14)
obtained by writing the Frobenius norm squared as a function
of the trace operator, whose diagonal elements capture the
effective SI power and (13b) and (13c) denote the total sum-
power constraint po and the unit-modulus constraint on RIS.

III. NOVEL ALGORITHM DESIGN FOR FD JCAS

In this section, we provide a novel algorithm to solve the
optimization problem (13) based on alternating optimization.
Let £ denote the Lagrangian of (13) and let A and w denote
the Lagrange multipliers for the total sum-power constraint at
the FD BS and for the CRB constraint of target k, respectively.

A. Digital Beamformer Optimization

To optimize the digital beamformer V;, which jointly opti-
mizes the DL rate and handles the SI for JCAS, we take the
derivative of £ with respect to the conjugate of V;, which
leads to the following optimal WMMSE digital beamformer

Vj :((Hj,b + HJ'J'(I)Hi,b)HF;IWij(Hj,b + Hj,iq)Hi,b)
+(H, , +Hp ®H, ;)" (H, , + H, ;OH; ;)

+ 1 2A) 7' Ag, + /101) (IH]-,,, +H; ;®H, ,)F/W;.
(15)
where Agk is defined in the Appendix. To find the optimal
values of Ap and py, a linear search method can be adopted.
In this study, we employ the Bisection method.

B. RIS Optimization

We consider optimizing the RIS to jointly achieve quasi-
ideal SIC on the UL side (which can be seen as a virtual UL
rate optimization problem) and also to maximize the rate at
the DL side. For such a purpose, we consider minimizing the
Frobenius Norm squared of the effective SI. Let B, C,D be

B= HbH,iHb9i + Hf{iF;{WijHj,i’ (16a)
C=H; H, +H;,V,VI'H],, (16b)

H
D=H;,H, , Hp;+H;,V,VIH! FIW,FH;,;, (16c)

Given the auxiliary matrices, problem (13) can be restated
with respect to diagonal elements of RIS ¢ as

m(;n o Ap+dT ¢ + P d* (17a)

(13c) (17b)

where A = (B® C), and d is a vector made of the diagonal
elements of the matrix D. To render a feasible solution,
we adopt the majorization-maximization optimization method
[12] by constructing an upper bound denoted as g(-) for the
objective function (17), denoted as f(-). For a problem of type



Algorithm 1 Optimization of RIS
Initialize: iteration index n = 1, accuracy e.
Evaluate: f(¢(0)).
Repeat until convergence
Calculate @) = (A7 — A)p™) — d*
Update ¢! as ¢+ = it
it 1/(a"") - F( @/ f (") < e
Stop and return ¢+,
else n=n+1 and repeat.

Algorithm 2 JCAS Optimization with SIC
Initialize iteration index n, accuracy e, digital beamformer and
combiner.
Repeat until convergence
Update F; with (10).
Update W; with (12).
Update V; with (15).
Search for the Lagrange multipliers.
Update ®; with Algorithm 1.
if convergence condition is satisfied
Stop and return the optimized variables.
else repeat.

(17), it has been shown in [12] that at iteration » the following
upper bound can be considered

g(@lo"™) = 2Re{s"q"} +c,

where A% is the maximum eigenvalue q) = (17T —
A)¢p"™ — d*. Given the upper bound and q™, our problem
can be restated as a minimization of the upper bound as,

(18)

n;)in 2Re{d"q"}, (19a)
st. || =1, Vi, (19b)

By solving problem (19), we get the following
¢(n+l) — eilq(n). (20)

When the digital beamformer is computed under the CRB
constraint at each iteration, the RIS optimization should be
carried out by solving the aforementioned problem iteratively
until convergence. The procedure for optimizing the phase
response of RIS is given in Algorithm 1. The overall procedure
to optimize and solve the joint optimization problem under the
CRB is formally given in Algorithm 2.

The convergence of the proposed scheme is straightforward
by combining the reasoning of the well-established WMMSE
[10] and the majorization-maximization technique [12]. How-
ever, due to space limitations, we omit the extended proof.

IV. SIMULATION RESULTS

In this section, we present simulation results to validate
the advantage of the proposed SI-aware FD JCAS transceiver
design.
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—F—— No RIS-With Sensing
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Fig. 2: Communications performance for FD JCAS with SIC.

We consider the FD BS and the DL user to be equipped with
uniform linear arrays (ULA) at 80 m from the FD BS, and
the FD BS to be placed in the center of the three-dimensional
coordinate system with ULA aligned with the z-axis. The RIS
is assumed to be placed on the (x,y) plane, with a relative
angle of 30° with respect to the FD BS, with its first element
being 5 m far from the first transmit antenna of the FD BS. We
assume that the FD BS is assumed to be equipped M} = 15
transmit antennas and N;, = 10 receive antennas, and the
DL user is assumed to be equipped with N; = 5 receiving
antennas. The RIS is assumed to be of size 10 x 10. The
channels between the FD BS and the DL user j, denoted
with H; ;, and Hp, ;, are modelled with the line of sight (LoS)
channel model. The number of data streams to be transmitted
to the DL user is set to be d; = 2. The digital beamformer
V; is initialized as the dominant eigenvectors of the effective
channel covariance matrices, and the response of the NF-IRSs
is initialized with random phases. We define the signal-to-
noise-ratio (SNR) of our system as SNR = po/o?, where p,
is the total transmit power and 0',2 is the noise variance at the
DL user. For the CRB constraint, we set {; = 0.01 and the
AOA to be estimated to be randomly distributed on a circle of
50m with the angle range limited to [-n/2, —7/2].

For comparison, we define the following benchmark
schemes: 1) RIS-Communications Only - A scheme in which
the beamformers and RIS are designed to maximize the
performance of the communications and there is no sensing
and SI (half-duplex (HD) mode), 2) No RIS-Communications
Only - A scheme similar to scheme 1) but without RIS, and 3)
No RIS- With Sensing- A scheme in which FD BS performs
JCAS but without the aid of RIS. We label our scheme as
RIS-With Sensing.

Fig. 2 shows the performance of the communications in
terms of the user rate as a function of the proposed novel
FD JCAS transceiver design, in comparison to the benchmark
schemes. We can see that when the BS act as an HD BS and
there is no SI and sensing, the beamformer V; and the RIS is
designed to only maximize the DL performance, leading to a
higher rate. However, in the FD JCAS case, the beamformers
and RIS are designed to jointly handle SI, enhance the sensing
performance and improve the communications.
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Fig. 3: MSE for the AoA estimation as a function of SNR.

In Fig. (3), we compare the performance of the estimation of
AoA 6y when using a MUSIC-based estimator. Our approach
demonstrates effective management of SI, and as the SNR
increases, the estimation performance approaches the CRB.
While there remains a slight difference between the estimation
performance and the CRB, this gap can be further reduced by
incorporating the CRB constraint into the optimization of the
Reconfigurable Intelligent Surface (RIS), which is a direction
for future research.

V. CONCLUSIONS

This work introduces a new method to enable FD JCAS
by considering the impact of SI. The authors derive the exact
CRB for RIS-assisted JCAS and propose a joint optimization
framework based on alternating optimization that satisfies
the CRB constraint. Simulation results demonstrate that the
proposed beamforming method, which accounts for SI, leads
to a substantial performance improvement and effectively man-
ages SI. Furthermore, the reduction in data transmission rate
compared to a communications-only approach is negligible,
which paves the path toward FD JCAS with accurate and
energy-efficient SI management with RIS.

APPENDIX

In this section, we derive the CRB for AoA 6y, which can
be written as [13]

1 _ _
CRB(6;) = E(Tr(vj.’Afsz*lAgkvj)) Q1)

where Ay, = A/06;. We first define the derivatives of the
antenna responses as

1 27T 2 .
da, = ——|0, ..., j=—d(Np-1 0y )el T AWNp=1)sin(G) T
a m[ I (Np=1)cos(6y)e 1
. 5 (22a)
JT o .
da; = ——|0, ...., j—d(Mp—1)cos(fy) el T4 Mp=Dsin(G) T
a, m[ I (Mp—1)cos(Oi)e ]
(22b)

Let dw; denote the derivative of w;, obtained by expressing
¢r and @i as a function of 6. Then the derivative of afls
with respect to 6y can be written as

2

[0, ...... ,]Taw,»ef%”mcfl] (23)

By considering the complete deployment effect of RIS, in-
cluding both the LoS and non-LoS links, Ag, can be written
as

Ag, =yrda, (6x)a:(0x)" +yra, (6x)da; ()"
+ &1 kar (wo)a, (wo) " ®oat's (0x)a; (6;)" ®ar'S (wy)
a;(wo)” + &1 kar (wo)a, (wo)" ®a; (6;)0a; (01)" Da; (wo)
a;(wo)" + &k (9ar(9k)afls(9k)T<I’ai(wo)at(wo)T
+ &k ar(0x)0a; (6;)" @a; (wo)a, (wo)”
+ & rar (wo)ay (wo) ®Oa; (0x) a, (0x)"

+ &3 18, (wo)a, (wo)” Da; (Bx)da, (0x)",
(24)
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