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Abstract— In this article, we study the joint communication
and sensing (JCAS) paradigm in the context of millimeter-wave
(mm-wave) mobile communication networks. We specifically
address the JCAS challenges stemming from the full-duplex oper-
ation in monostatic orthogonal frequency-division multiplexing
(OFDM) radars and from the co-existence of multiple simulta-
neous beams for communications and sensing purposes. To this
end, we first formulate and solve beamforming optimization
problems for hybrid beamforming based multiuser multiple-input
and multiple-output JCAS systems. The cost function to be
maximized is the beamformed power at the sensing direction
while constraining the beamformed power at the communica-
tions directions, suppressing interuser interference and cancelling
full-duplexing related self-interference (SI). We then also propose
new transmitter and receiver beamforming solutions for purely
analog beamforming based JCAS systems that maximize the
beamforming gain at the sensing direction while controlling
the beamformed power at the communications direction(s), can-
celling the SI as well as eliminating the potential reflection from
the communication direction and optimizing the combined radar
pattern (CRP). Both closed-form and numerical optimization
based formulations are provided. We analyze and evaluate the
performance through extensive numerical experiments, and show
that substantial gains and benefits in terms of radar transmit
gain, CRP, and SI suppression can be achieved with the proposed
beamforming methods.

Index Terms— Beamforming, full-duplex, joint communication
and sensing, mm-wave, monostatic radar, self-interference.

I. INTRODUCTION

JOINT communication and sensing (JCAS) technology is
experiencing a rapidly growing interest in both defense
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and civilian application domains, in response to the increas-
ingly congested electromagnetic spectrum [1]. Another driving
factor is the evolution of the wireless communication networks
to higher frequency bands, where larger channel bandwidths
and directional antenna systems allow for extracting accurate
positioning and sensing information [1], [2]. In general, there
are three main research areas reflecting different levels of
convergence between the communication and radar/sensing
functions or systems, namely the so-called co-existence, coop-
eration and co-design paradigms [3]. In this work, we focus on
the co-design area, which seeks to merge the communication
and sensing functionalities into the joint shared platform with
common waveform and hardware [1], [3], [4], [5]. Such
an approach can benefit both communications and sensing
operations while relaxing the spectrum congestion, providing
thus an efficient and appealing alternative compared to clas-
sical fully separated stand-alone systems [1]. Timely applica-
tion fields contain, e.g., vehicular systems, unmanned aerial
vehicles, residential security, building analytics and health
monitoring [6], [7], [8], [9], [10], to name a few.

In the context of cellular networks, integrating efficient sens-
ing features into the future sixth generation (6G) mobile com-
munication networks is one research area of largely increasing
importance [2], [11]. In general, the mobile networks are
evolving to support operation at the so-called millimeter-
wave (mm-wave) bands (30–300 GHz), with the current fifth
generation (5G) New Radio (NR) specifications reaching up to
52.6 GHz [12]. It is expected that the beyond 52.6 GHz bands
will also be utilized, through later 5G NR standard releases,
while in the 6G-era the networks will be further expanding
towards the sub-THz frequencies [2], [13], [14].

From the sensing and JCAS perspectives, the transition to
the mm-wave bands exhibits great opportunities and benefits.
The large bandwidths used at mm-waves enable receivers
with enhanced ability to resolve the delays of the different
multipath components, which results in better range estima-
tion [15]. In addition, high frequencies and subsequently small
wavelengths imply more compact antennas, which allow to
deploy large amounts of antenna units and thereon implement
highly directive antenna arrays even in small form-factor
devices, improving the angular observation capabilities of the
systems [4], [16]. Finally, propagation is also different at
mm-waves and above; diffraction tends to be lower due to
the reduced Fresnel zone, while scattering is higher due to the
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increased effective roughness of the materials [17]. Therefore,
mm-wave channels tend to have few dominant multipath
components beyond a strong line-of-sight and a non-line-of-
sight with a few reflections, enabling sparse channel models
which are easier to relate to the propagation environment in
order to obtain sensing information.

A. State-of-the-Art

In the recent literature, three main operation modes have
been investigated to incorporate JCAS functionalities to wire-
less communication networks, such that the base station
(BS) and/or the user equipment (UE) are utilized also for
sensing purposes [18], [19]. The first JCAS mode is known
as downlink active sensing, and refers to the case where a
BS collects the reflections stemming from its own downlink
signal. In this case, the BS operates essentially as a monostatic
radar where the sensing transmitter (TX) and receiver (RX) are
colocated [20]. Alternatively, the BS can be used for downlink
passive sensing by collecting the reflections from downlink
signals of different BSs, representing a passive radar scheme.
Finally, the UE can be utilized for uplink sensing, operating
as a mobile JCAS system by collecting the reflections of its
own transmit signal as a monostatic device [21]. Alterna-
tively, the UE-based uplink signals can be exploited by the
neighbouring BSs for passive sensing purposes. In general,
these JCAS scenarios present different requirements and var-
ious design challenges as described in [19]. One prominent
research problem is the so-called joint waveform design,
as the same waveform is shared between the communica-
tions and the sensing tasks. As most of the modern wire-
less networks are orthogonal frequency-division multiplexing
(OFDM)-based, different OFDM variants and related opti-
mization approaches have been recently studied in the JCAS
context [20], [22].

The recently studied mm-wave JCAS systems build com-
monly on massive antenna arrays with directive patterns to
compensate for the small aperture of each antenna element
and to obtain directional information of the targets [17],
[23]. Depending on the implementation assumptions, these
can be further categorized into analog, digital and hybrid
analog–digital beamforming systems. In analog beamforming
JCAS systems, a single transmit stream is subject to a set
of analog weights and transmitted from a single RF chain
for both communication and sensing purposes [24], [25].
In contrast, with digital beamforming and multiple TX/RX
chains, the JCAS platform is able to perform multiple-input
and multiple-output (MIMO) communication and sensing by
transmitting multiple parallel streams through several RF
chains. However, purely digital beamforming based approach,
where each antenna element is connected to its own RF chain,
is not necessarily implementation-feasible at mm-waves due
to challenges related to power consumption, costs and silicon
area [17] — especially when the number of the antenna
units is large. To overcome this problem, one can consider
hybrid architectures where the overall MIMO beamforming
task is split into the analog and digital domains. In this
work, we address the design and optimization challenges of

both purely analog and hybrid analog-digital beamforming
configurations in the JCAS context, as illustrated in Fig. 1.

While beamforming techniques have been extensively stud-
ied over the past decades for communications at large, some
recent works have proposed new beamforming designs to
meet the additional requirements stemming specifically from
the JCAS operation. In [24], [25], the so-called multibeam
approach using steerable analog antenna arrays was identified
as one of the main enablers for mm-wave JCAS systems. The
proposed multibeam scheme provides separate controllable
beams for communication and sensing with different design
requirements. In [26], in turn, joint TX beamforming for
multiuser (MU) MIMO communications and MIMO radar was
investigated. In this case, the JCAS system transmits a sum of
independent communication and sensing waveforms, forming
multiple beams. The effects of beamforming weight quanti-
zation in multibeam JCAS systems were analyzed in [27],
focusing purely on the TX side and thus neglecting joint
TX–RX optimization.

Finally, an important JCAS design and deployment chal-
lenge is related to the TX–RX isolation [3], [6], [28]. To this
end, two duplexing modes can basically be considered known
as half-duplex and full-duplex (FD) [29], [30]. In half-
duplex sensing systems, such as ordinary pulse radars, the
RX observes and collects the targets’ reflections only when
the TX has finalized the transmission of a sensing pulse.
Therefore, the TX and RX never operate simultaneously,
ensuring thus automatically high TX–RX isolation. However,
such approach is not feasible for JCAS in wireless com-
munication networks, where the transmit waveform is by
default imposed by the communication requirements and the
corresponding system specifications [22], [31], [32], [33]. As a
consequence, FD operation is required implying a simulta-
neous transmit-and-receive (STAR) mode [34] — even in
time-division duplexing (TDD) based networks, when viewed
from the sensing function’s point of view. Thus, one major
technical challenge is the self-interference (SI) between TX
and RX, which requires SI cancellation (SIC) to provide
sufficient TX–RX isolation [35]. This is one of the JCAS
challenges addressed in this article, through the beamforming
design and optimization, with specific focus on monostatic
OFDM radar configuration where the SI challenge is the most
substantial [6], [20]. This is particularly so with high-power
macro base-stations where the effective isotropic radiated
powers (EIRP) can extend towards the +70 … +100 dBm
range.

B. Contributions, Novelty, and Organization

In this article, we propose multiple new beamforming
design and optimization solutions for full-duplex based mm-
wave JCAS systems. We cover both analog array and hybrid
MU-MIMO based JCAS scenarios, and propose novel TX
and RX beamforming solutions to address particularly the
challenges related to (i) SI stemming from the STAR oper-
ation and (ii) the co-existence and interference between the
simultaneous communication and sensing beams. As a fun-
damental basis, we first provide comprehensive JCAS system
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Fig. 1. Considered JCAS beamforming architectures with multiple communication beams for U users at directions θc = [θc,1, . . . , θc,U ]T while
simultaneously sensing the environment with a directional beam at θr. Specifically, (a) illustrates the considered analog array based JCAS architecture
while (b) shows the corresponding hybrid MU-MIMO JCAS architecture.

models for OFDM-based networks, describing how TX and
RX beamformer weights, beamforming architectures, multiple
simultaneous beams, multiple targets and the SI contribute to
the observed signal at sensing RX. In addition, gain pattern
models are also derived, that together with the received signal
models form the basis for the beamforming optimization.
To this end, with focus on monostatic OFDM radars, the main
technical contributions and scientific novelty of this article can
be summarized as follows:

• We formulate and solve TX and RX beamforming opti-
mization problems for hybrid MU-MIMO JCAS systems
that maximize the beamformed power at the sensing
direction while constraining the beamformed power at the
communication directions, suppress interuser interference
(IUI) and cancel SI in a controlled manner.

• We propose new TX and RX analog beamforming
solutions for JCAS systems, in both closed-form and
numerical optimization based formulations, which simul-
taneously provide multiple beams for communications
and sensing, suppress the SI and cancel the undesired
reflections stemming from the communication beams by
optimizing the so-called combined radar pattern (CRP).

• The performance of the proposed methods is assessed
and mutually compared through comprehensive numeri-
cal experiments, demonstrating that substantial gains and
benefits can be achieved, in terms of radar TX gain, CRP
and SI suppression, compared to the existing reference
approaches.

The rest of this article is organized as follows: Section II
develops the fundamental system models. Sections III and IV
present the proposed TX and RX beamforming solutions for
the hybrid beamforming MU-MIMO and analog beamforming
JCAS scenarios, respectively. Section V provides a vast collec-
tion of numerical results and their analysis, while Section VI
summarizes the conclusions.

Notations: Vectors are denoted by bold lowercase let-
ters (i.e., a), bold uppercase letters are used for matrices

(i.e., A) and scalars are denoted by normal font (i.e., a). The
operators (·)T , (·)∗, (·)H , (·)†, E{·}, | · | and ‖ · ‖ denote
the transpose, conjugate, Hermitian transpose, pseudoinverse,
expectation, absolute value and Euclidian norm, respectively.

II. SYSTEM MODEL

In this section, we formulate the fundamental signal and
system models for the JCAS transceiver architectures depicted
in Fig. 1. Both analog beamforming (ABF) and hybrid beam-
forming (HBF) architectures are considered, as illustrated in
the figure. Furthermore, from the communications point of
view, a half-duplex TDD-based network is assumed, hence
the full-duplex capability is utilized for measuring the target
reflections while no actual received data signal is considered
when transmitting.

A. Basic Assumptions and Notations

The JCAS system is assumed to provide one sensing/radar
beam at direction θr and U communication beams at directions
θc = [θc,1, . . . , θc,U ]T . The sensing beam direction θr is a
quantity which controls the illumination direction of the radar
functionality, and can be varied over time. We further assume
that the JCAS transmitter has communication channel state
information only in the form of dominant path angles of the
intended communication receivers. This is very plausible and
common assumption in mm-wave beamforming research [24],
[25], [27], and can generally refer either to the line-of-sight
directions, if such exist, or to the directions of the dominant
scatterers from the receiving terminals point of view. Further-
more, to facilitate some passive physical TX–RX isolation
to begin with, separate TX and RX antenna systems are
assumed, as illustrated in Fig. 1. For notational and conceptual
simplicity, we assume uniform linear arrays (ULAs) for both
TX and RX and focus on communications and sensing in
the azimuth domain. However, the same design principles can
be extended and applied also for the elevation domain and
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subsequently for 3D JCAS operation. The TX system is used
for both communication and sensing functionalities by sharing
the same TX waveform, providing multiple beams, while the
colocated RX system is executed simultaneously for sensing
purposes, providing a single beam in the radar direction.
Due to the STAR operation and monostatic configuration,
additional SI suppression is needed on top of the physical
isolation, which in our work is pursued through SI channel
knowledge and beamforming optimization.

The HBF JCAS architecture shown in Fig. 1(b) allows to
transmit U parallel streams, one for each communication user,
through spatial multiplexing [17]. The TX side is assumed to
contain a total of LRF

T RF chains and LT antenna elements,
respectively, with U < LRF

T < LT; it is further assumed that
each subarray is fed by one RF chain only. On the RX side,
we assume a total of LR antenna elements, organized into
subarrays and connected to LRF

R RF chains, with LRF
R < LR.

The ABF JCAS architecture shown in Fig. 1(a) contains only a
single RF chain on the TX and RX sides, i.e., LRF

T = LRF
R = 1,

serving all the antenna units. In this case, only a single
spatial stream is feasible, however, multiple beams can still be
capitalized through for example the frequency multiplexing of
users in OFDM system context, meaning that different users
are allocated into different subsets of subcarriers within the
overall channel bandwidth.

Similar to many reference works [20], [22], [31], [32],
[33], [36], OFDM is assumed as the baseline waveform.
In the following, the OFDM subcarrier index is denoted by
n = 0, . . . , N − 1, with N referring to the number of
active subcarriers, and the signal models are expressed for
an arbitrary subcarrier and multicarrier symbol duration in the
baseband equivalent notion. Furthermore, in HBF case, xu,n,
u = 1, . . . , U , denote the U spatially multiplexed symbols
at subcarrier n. In the ABF case, in turn, the corresponding
data symbol is denoted by xn. For simplicity, in the following
system model we assume a static channel, however, the
considered OFDM-based system model can be easily extended
to time-varying channels and sensing of moving targets as
shown in [20], [31], [32], [33].

B. Spatial TX Signals

Considering first the HBF JCAS architecture, the beam-
formed spatial TX signal samples at subcarrier n and within
an arbitrary OFDM symbol index can be expressed as

x̃HBF
n = WRF

T

U∑
u=1

wBB
T,u,nxu,n, (1)

where WRF
T ∈ CLT×LRF

T and wBB
T,u,n ∈ CLRF

T ×1 are the TX RF
weights and the frequency-dependent BB precoder weights for
the uth stream, respectively, while xu,n, u = 1, . . . , U , denote
the spatially multiplexed data symbols. Denoting

WBB
T,n =

[
wBB

T,1,n,wBB
T,2,n, . . . ,wBB

T,U,n

]
, (2)

xn = [x1,n, x2,n, . . . , xU,n]T , (3)

the spatial transmit signal in (1) can be rewritten in
vector–matrix notation directly as

x̃HBF
n = WRF

T WBB
T,nxn. (4)

TABLE I

SYSTEM MODEL NOTATIONS AND VARIABLES

In the ABF JCAS case, in turn, the corresponding TX signal
reads

x̃ABF
n = wRF

T xn, (5)

where wRF
T ∈ CLT×1 stands for the TX RF weights applied

for the single TX stream or TX sample xn.
For readers’ convenience, the main system model variables

are summarized in Table I. We next proceed with establishing
the radar received signal models and the applicable gain
pattern expressions that form the basis for the beamforming
optimization in Sections III and IV.

C. HBF JCAS: Radar Received Signal

From the sensing perspective, the transmitted beamformed
signal propagates over-the-air and interacts with multiple
targets, producing reflections that will be observed by the
radar RX. In this work, we model the frequency-domain
mm-wave channel based on well-established multipath mod-
els [17]. We assume Kt point targets with directions θt =
[θt,1, . . . , θt,Kt ]

T . We note that, obviously, these angles are
unknown by default to the JCAS system and correspond
to the actual physical directions of the targets. The tar-
get reflections are modeled by the frequency-domain chan-
nel matrix Ht,n = diag(ht,n,1, . . . , ht,n,Kt) ∈ CKt×Kt where
diag(·) stands for the diagonal matrix with the argument
entries ht,n,k on the diagonal. For the kth target reflection with
k = 1, . . . , Kt and the nth subcarrier, the target channel reads

ht,n,k = bt,n,ke−j2πnΔfτt,k with

bt,n,k =

√
ι2

nσt,k

(4π)3 d4
t,k

, (6)

where τt,k, σt,k, dt,k and bt,n,k denote the two-way propagation
delay, the radar cross-section, the distance and the attenua-
tion factor of the kth target based on the well-known radar
range equation [31]. The variables ιn and Δf refer to the
wavelength of the nth subcarrier and the OFDM waveform
subcarrier spacing, respectively.
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Considering the monostatic radar operation and that the
targets are in the far field, we can assume the angle-of-
departure (AoD) and the angle-of-arrival (AoA) for each target
to be approximately the same, θt,k. The distance of each
reflection can, in turn, be approximated as dt,k ≈ τt,kc0

2
where c0 is the speed of light. Additionally, for an ideal TX
ULA with LT antennas with a separation of dant between
neighboring antenna elements, the TX array steering vector
can be expressed as

aT,n(θt,k) =
[
1, ejΦn(θt,k), . . . , ej(LT−1)Φn(θt,k)

]T

, (7)

where Φn(θt,k) = 2π dant
λn

sin (θt,k) is the electrical AoD for
the kth reflection. The RX array steering vector and the
electrical AoA are obtained similarly. Then, the TX and
RX steering matrices at the target directions θt can be
defined as AT,n(θt) = [aT,n(θt,1), . . . ,aT,n(θt,Kt)] ∈ CLT×Kt

and AR,n(θt) = [aR,n(θt,1), . . . ,aR,n(θt,Kt)] ∈ CLR×Kt ,
respectively.

Furthermore, the TX–RX coupling is represented by the SI
channel matrix HSI,n ∈ C

LR×LT , with the entries {HSI,n}lR,lT ,
lR = 1, . . . , LR and lT = 1, . . . , LT, modeling the coupling
channels between the lth

T TX and the lth
R RX antenna units.

More details about the physical SI channel modelling are given
in Section V. Therefore, the received spatial frequency-domain
signal at the RX antenna elements can be expressed as

ỹHBF
n =

(
AR,n(θt)Ht,n(AT,n(θt))H + HSI,n

)︸ ︷︷ ︸
Hr,n

x̃HBF
n + ṽn,

(8)

where the noise vector ṽn ∈ CLR×1 is assumed to be additive,
white and Gaussian. In above, the effective multiantenna radar
channel is represented by the channel matrix Hr,n ∈ CLR×LT

which incorporates both the actual target reflections and the
SI leakage between the TX and RX antennas.

Finally, the spatial signal at the RX antenna elements
is processed with the RX RF beamformer. This yields a
frequency-domain beamformed received signal model of the
form

yHBF
n = (WRF

R )H ỹHBF
n = (WRF

R )HHr,nWRF
T WBB

T,nxn + vn,

(9)

where WRF
R ∈ CLR×LRF

R refers to the radar RX RF weights and
vn = (WRF

R )H ṽn ∈ CLRF
R ×1 denotes the beamformed noise

vector. The beamformed spatial observed signal in (9) feeds
then the actual radar processing algorithms. It is important to
highlight that the expressions in (6) and (9) describe the radar
point target channel and the radar received signal, respectively.
The channels of the involved communication links can, in turn,
be described with standard mm-wave scattering models as
described for example in [17].

D. HBF JCAS: Gain Patterns

We next address and formulate the effective gain patterns for
the considered HBF JCAS system. Considering the high carrier
frequency and the subsequent wavelength being in the order

of millimeters, we assume far-field operation as the distances
of the radar targets satisfy the conditions dt,k � (LTdant)

2

λn
and

dt,k � (LRdant)
2

λn
. Now, based on (4) and (8), the effective TX

gain pattern for the uth stream can then be described as

GT,u,n(θ) = |(aT,n(θ))HWRF
T wBB

T,u,n|2. (10)

In the beamforming optimization, described in Section III, the
BB weights of a particular user u can be designed to guarantee
a minimum gain of GT,u,n(θc,u) > μu at the corresponding
user direction θc,u, with the value of μu being imposed by
the communication performance requirements. At the same
time, the BB weights can be used to minimize the interuser
interference (IUI) by suppressing the effective TX response at
the other users’ directions, as GT,u,n(θc,u′) ≈ 0 with u′ �= u.

Similarly, based on the expressions in (8) and (9),
we express the RX gain pattern for the lth RX RF chain as

GRF
R,l,n(θ) = |(wRF

R,l)
HaR,l,n(θ)|2, (11)

where wRF
R,l ∈ C(LR/LRF

R )×1 and aR,l,n(θ) ∈ C(LR/LRF
R )×1 with

l = 1, . . . , LRF
R denote the RF weights and the RX steering

vector for the lth RX RF chain, respectively. Based on the
subarray architecture shown in Fig. 1 and assuming that the
antenna elements are equally distributed among all the RF
chains, the RX RF weight matrix reads

WRF
R =

⎡
⎢⎢⎢⎢⎣
wRF

R,1 0 · · · 0

0 wRF
R,2 0

...
... 0

. . . 0
0 · · · 0 wRF

R,LRF
R

⎤
⎥⎥⎥⎥⎦ , (12)

where 0 denotes the zero vector. Additionally, the TX RF
weights WRF

T are distributed conceptually similarly to account
for the considered subarray configuration in the TX side.

E. ABF JCAS: Radar Received Signal and Gain Patterns

We next present the corresponding radar received signal
model and gain pattern expressions for the analog beam-
forming JCAS architecture. To this end, assuming the TX
spatial signal model in (5), the beamformed frequency-domain
received signal at the sensing receiver can be expressed as

yABF
n = (wRF

R )H (Hr,nx̃ABF
n +ṽn)︸ ︷︷ ︸
ỹABF

n

=(wRF
R )HHr,nwRF

T xn+vn,

(13)

where wRF
T ∈ C

LT×1 and wRF
R ∈ C

LR×1 are the TX and
RX RF beamforming weights, vn = (wRF

R )H ṽn ∈ C is the
beamformed noise sample and Hr,n is the effective radar
channel matrix defined along (8). Similar to (10) and (11),
the TX and RX gain patterns for the analog array JCAS
architecture can now be expressed as

GRF
T,n(θ) = |(aT,n(θ))HwRF

T |2,
GRF

R,n(θ) = |(wRF
R )HaR,n(θ)|2. (14)

Furthermore, we define and adopt the so-called combined
radar pattern (CRP), which refers to the total equivalent gain
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pattern for the radar system [37]. In the ABF JCAS context,
where TX and RX beam-patterns differ from each other, the
CRP allows the evaluation of the overall radar performance.
The CRP can be expressed by the multiplication of both the
TX and RX gain patterns as

GRF
CRP,n(θ) = GRF

T,n(θ)GRF
R,n(θ). (15)

This CRP concept will be utilized along the ABF JCAS
beamforming optimization, as discussed in greater details in
Section IV-B.

III. BEAMFORMER DESIGN AND OPTIMIZATION:
HYBRID MU-MIMO JCAS SYSTEM

In this section, we address the beamformer design and opti-
mization challenge for the HBF JCAS systems. We leverage
the so-called null-space projection (NSP) approach [38] for
mitigating the SI and IUI phenomena, and construct solvable
optimization problems to maximize the beamformed power of
the sensing beam while controlling that of the communications
beams according to the given communications constraints.
As noted already in Section II, it is assumed that the JCAS
transmitter has communication channel state information (CSI)
only in the form of dominant path angles of the intended
communication receivers. Further beamforming and equaliza-
tion phases can be applied at the receiving terminal side,
taking into account and correcting for the possible small-scale
channel effects. The communication receiver side methods are,
however, out of the scope of this article.

A. Null-Space Projection for SI and IUI Suppression

Building on the signal model in (9), the effective SI channel
between the TX streams and the sensing RX RF chains can
be first expressed as

CSI,n = (WRF
R )HHSI,nWRF

T WBB
T,n, (16)

with CSI,n ∈ CLRF
R ×U . Specifically, the elements {CSI,n}l,u

with l = 1, . . . , LRF
R and u = 1, . . . , U represent the effective

SI channel between the uth user stream and the lth RX RF chain
at subcarrier n. To suppress the SI in the lth receive chain, the
corresponding RX beamformer weights wRF

R,l should satisfy the
following condition:

cSI,n,l = (wRF
R,l)

HHSI,nWRF
T WBB

T,n = 0T , (17)

where cSI,n,l ∈ C1×U represents the lth row of the matrix
in (16). While the above condition is expressed for a particular
subcarrier n, it can be extended to cover Nfreq subcarriers
over the whole transmission bandwidth and subsequently to
suppress wideband SI signal. This is expressed as

(wRF
R,l)

H
[
ĤSI,n1W

RF
T WBB

T,n1
, . . . , ĤSI,nNfreq

WRF
T WBB

T,nNfreq

]
︸ ︷︷ ︸

=Bl

= (wRF
R,l)

HBl = 0T , (18)

where n1, . . . , nNfreq denote the subcarrier indices for which
the NSP method is considered. Furthermore, as the multi-
antenna SI channel is not known by default, the corresponding
SI channel estimate, denoted by ĤSI,n ∈ CLR×LT , is utilized

in the above expression. The impacts of imperfect SI channel
estimation accuracy are addressed along the numerical results.
We note that the NSP method used to suppress the interference
may slightly impact the beamforming performance. There-
fore, we investigate the potential performance degradation in
Section V-C.

Similar to [39], the NSP matrix can be deduced
from (18) based on the Moore–Penrose pseudoinverse
approach (Bl(Bl)†Bl = Bl), expressed as

NSI,l = (I − Bl(Bl)†). (19)

Based on (19), we can thus reformulate the wideband NSP
condition in (18) as

(w̃RF
R,l)

HNSI,lBl = 0T , (20)

where wRF
R,l = (NSI,l)Hw̃RF

R,l. In the actual beamforming
design addressed in the next subsection, the auxiliary vector
w̃RF

R,l ∈ C(LR/LRF
R )×1 will be optimized. Finally, we define

and quantify the average achieved SI suppression among the
overall transmission bandwidth with a total of N subcarriers
as

c̄SI,l,u =
1
N

N−1∑
n=0

|cSI,n,l,u|2 , (21)

where cSI,n,l,u = {CSI,n}l,u.
A similar NSP approach can be employed to also suppress

the IUI in the hybrid MU-MIMO JCAS system. To this end,
the TX BB weights of the uth user can be used to minimize
the IUI by suppressing the effective TX response at the other
users’ directions, i.e., GT,u,n(θc,u′) ≈ 0 with u′ �= u. Based
on (10), the corresponding NSP condition for the IUI can now
be expressed as[

(aT,n(θc,1))HWRF
T , . . . , (aT,n(θc,U ′))HWRF

T

]︸ ︷︷ ︸
Du,n

wBB
T,u,n = 0.

(22)

Finally, the TX BB weights are defined with the help of the
corresponding NSP matrices NIUI,u,n = (I − (Du,n)†Du,n)
as

WBB
T,n = [NIUI,1,nw̃BB

T,1,n, . . . ,NIUI,U,nw̃BB
T,U,n], (23)

where w̃BB
T,u,n ∈ CLRF

T ×1 while wBB
T,u,n = NIUI,u,nw̃BB

T,u,n

denotes the auxiliary weight vector used along the beamform-
ing optimization.

B. Beamforming Optimization

The proposed hybrid MU-MIMO JCAS beamforming
design jointly optimizes the TX RF and BB weights to
maximize the TX power at any given radar direction θr. This
beamformed power can be expressed as

PT,r,n = E{|(aT,n(θr))HWRF
T WBB

T,nxn|2}

=
U∑

u=1

E{|(aT,n(θr))HWRF
T wBB

T,n,uxu,n|2}

=
U∑

u=1

GT,u,n(θr)Pu,n, (24)
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where Pu,n = E{|xu,n|2} and GT,u,n(θr) denote the uth user
stream’s TX power and the effective TX gain at the radar
direction for the nth subcarrier defined in (10), respectively.

For notational simplicity, the beamformer optimization is
next formulated for the subcarrier located at the center of the
channel — denoted with nc. Based on (24) and (10), the TX
BB and RF weights, WBB

T,nc
and WRF

T , are obtained by defining
and solving the following optimization problem:

max
W̃BB

T,nc
,WRF

T

U∑
u=1

GT,u,nc(θr) (25a)

s.t.
∥∥WRF

T wBB
T,u,nc

∥∥ = 1, ∀u, (25b)

GT,u,nc(θc,u) ≥ μu, ∀u, (25c)

WBB
T,nc

= [NIUI,1,ncw̃
BB
T,1,nc

, . . . ,NIUI,U,ncw̃
BB
T,U,nc

].
(25d)

The effective TX powers are normalized by (25b). In addi-
tion, the minimum effective TX gain for the uth user at the
specific user direction θc,u is constrained in (25c), where
μu is the required minimum gain imposed by the commu-
nication system and the corresponding performance require-
ments. The minimum required gain is directly related with the
channel of each user, therefore, different users may require
different value for μu. Therefore, this parameter can be set
independently for each user in (25c). Finally, in (25d), the
null-space projection structure in (23) is imposed such that
optimization is performed over the auxiliary BB weight matrix
W̃BB

T,nc
= [w̃BB

T,1,nc
, . . . , w̃BB

T,U,nc
] ∈ CLRF

T ×U to effectively
suppress the IUI. We note that the NSP constraint in (25d)
may be removed or omitted from the optimization problem
in scenarios where the IUI is not critical; in such cases,
it is expected that higher radar gains can be achieved. In our
numerical experiments, the optimization problem is solved
via the fmincon function of the MATLAB optimization
toolbox.

At the RX side, the goal is to maximize the RX beam-
forming gain at the radar direction GRF

R,l,nc
(θr) for each RF

chain, while the SI is effectively suppressed through the NSP
approach described in Section III-A. Thus, the RF weights of
the lth RX RF chain are obtained by solving the following
optimization problem:

max
w̃RF

R,l

|(w̃RF
R,l)

HNSI,laR,l,nc(θr)|2 (26a)

s.t.
∥∥wRF

R,l

∥∥ = 1, (26b)

where wRF
R,l = (NSI,l)Hw̃RF

R,l. This essentially leads to a
spatial matched filter-like approach that is optimized through
a proper phase alignment. Furthermore, from the NSP matrix
definition in (19), we can observe that NSI,l is a Hermitian
and idempotent matrix (NSI,l = (NSI,l)H = NSI,lNSI,l). Thus,
we can derive the optimal RX weights as

wRF
R,l =

(NSI,l)Hw̃RF
R,l∥∥∥(NSI,l)Hw̃RF
R,l

∥∥∥ =
(NSI,l)HNSI,laR,l,nc(θr)

‖(NSI,l)HNSI,laR,l,nc(θr)‖

=
NSI,laR,l,nc(θr)

‖NSI,laR,l,nc(θr)‖ . (27)

IV. BEAMFORMER DESIGN AND OPTIMIZATION:
ANALOG ARRAY JCAS SYSTEM

We next propose and formulate beamforming design and
optimization methods for the analog array JCAS architecture
such that the selected beamformed communications require-
ments are met, while maximizing the ability to simultane-
ously sense targets in another direction. Both closed-form
and numerical optimization based methods will be provided,
while the main differences compared to the previous hybrid
MU-MIMO system model are that only RF beamformers and
one spatial stream per subcarrier are considered. Again, similar
to Section III, it is assumed that the only CSI available to the
JCAS transmitter contains the dominant path angles of the
intended communication receivers.

A. Closed-Form Solution

Building on the ABF JCAS signal and system models in
Section II, we provide a closed-form (CF) beamforming design
procedure to define the TX and RX beamforming weights,
wRF

T and wRF
R , respectively. At the TX side, we first generate

separate weights for the corresponding communication and
sensing beams. This can be achieved by choosing the TX RF
weights to maximize the TX beamforming gain GRF

T,nc
(θ) at

the given desired direction θ, expressed formally as

max
wRF

T (θ)
|(aT,nc(θ))

HwRF
T (θ)|2 (28a)

s.t.
∥∥wRF

T (θ)
∥∥ = 1. (28b)

This yields the following normalized weights

wRF
T (θ) =

aT,nc(θ)
‖aT,nc(θ)‖

. (29)

Then, similar to [24], [27], [40], the communication and
sensing weights are combined coherently. Considering the
U communication beams and a single sensing beam, all
coexisting simultaneously, the combined TX weights can be
expressed as

wRF
T =

√
ρrwRF

T (θr) +
U∑

u=1

√
ρc,uwRF

T (θc,u), (30)

where wRF
T (θr) and wRF

T (θc,u) are the individually optimized
TX RF weights for sensing and communications, respectively.
The ρ-parameters control the energy distribution between the
beamforming weights and subsequently the overall communi-
cation and radar performance. In particular, ρr and ρc,u, with
ρr +

∑U
u=1 ρc,u = 1, control the energy of the sensing and

the uth communication beams, respectively. The obtained TX
weights wRF

T are further normalized as
∥∥wRF

T

∥∥ = 1.
We then formulate a generalized optimization problem

for designing the RX beamforming weights similar to (26),
expressed as

max
w̃RF

R

|(w̃RF
R )HNRFaR,nc(θr)|2 (31a)

s.t.
∥∥wRF

R

∥∥ = 1, (31b)

where wRF
R = (NRF)Hw̃RF

R and NRF = (I − FF†). Fur-
thermore, compared to (26), we extend the considered NSP
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TABLE II

DIFFERENT CONFIGURATIONS FOR THE RX BEAMFORMER IN ABF JCAS
SYSTEMS, WHERE NFREQ AND NANG DENOTE THE NUMBERS OF

FREQUENCY BINS AND ANGULAR DIRECTIONS FOR WHICH

THE SI AND COMMUNICATION BEAM IMPACTS ARE

NULLED, RESPECTIVELY

approach to simultaneously cancel the impact of the com-
munication beam direction at the RX pattern. Based on (18)
and (22), we thus generalize the NSP matrix incorporating
Nfreq frequency nulls to suppress the SI and Nang angular nulls
to cancel the reflections due to the communication beams,
expressed formally as

F = [ĤSI,n1w
RF
T , . . . , ĤSI,nNfreq

wRF
T︸ ︷︷ ︸

Nfreq frequency nulls

,

aR,nc(θ1), . . . ,aR,nc(θNang)︸ ︷︷ ︸
Nang angular nulls

]. (32)

Finally, the RX RF weights for the analog array JCAS archi-
tecture are normalized as

wRF
R =

NRFaR,nc(θr)
‖NRFaR,nc(θr)‖ . (33)

For presentation clarity, we summarize the different RX
beamforming configurations in Table II. The basic reference
scheme from [24], denoted by CF-A, does not pursue SI nor
communication beam suppression. In this case, the RX weights
are just optimized to provide a radar beam by NRF = I.
The second configuration, denoted by CF-B, incorporates Nfreq

frequency nulls in the NSP matrix definition to effectively
suppress the SI signal. Finally, the third configuration CF-C is
the most general and sophisticated, including Nfreq frequency
nulls and Nang angular nulls to suppress the SI and the
communication beam interference, respectively. We note that
along the numerical results in Section V, the performance of
the proposed beamforming methods are compared with the
CF-A scheme from [24], showing substantial improvements
from both beamforming and SI cancellation perspectives.

B. CPSL-Based Optimization Solution

The beamforming solution described in Section IV-A
addresses both the SI leakage as well as the communica-
tion beam interference in the ABF JCAS context. However,
to further improve the capability to suppress the communi-
cation beam interference in terms of, e.g., clutter from the
environment, we next pursue a numerical optimization based
beamformer design approach. Specifically, we formulate an
optimization problem to design the RX RF beamforming
weights that minimize the negative effects of the TX com-
munication beams, by optimizing the combined peak sidelobe
level (CPSL) of the CRP, while also efficiently suppressing the
harmful SI leakage. To this end, a constrained least-squares

Fig. 2. Illustration of a CRP with directional radar beam at θr = −30◦. The
proposed RX RF beamforming design seeks to provide a CRP that approxi-
mates well the desired gain pattern with G̃RF

CRP,max, Δ and CPSL denoting
the maximum gain of the CRP at the radar direction, the mask’s width around
the radar direction and the desired CPSL of the CRP, respectively.

problem is formulated as

min
w̃RF

R

1
S

S∑
s=1

ηs

∣∣∣GRF
CRP,nc

(θs) − G̃RF
CRP,nc

(θs)
∣∣∣2 (34a)

s.t.
∥∥wRF

R

∥∥ = 1, (34b)

where wRF
R = (NRF)Hw̃RF

R and the NSP matrix NRF imple-
ments Nfreq frequency nulls as described in (32). The main
goal of the optimization is to provide a CRP GRF

CRP,nc
(θs)

that best approximates the desired ideal CRP G̃RF
CRP,nc

(θs)
described in (35), in least-squares sense, at the defined
directions θs with s = 1, . . . , S. Additional weights ηs,
s = 1, . . . , S, are allowed in the optimization to control and
emphasize the error at specific directions. We note that the
above problem is convex and can be efficiently solved by
numerical tools [41]. In our numerical results, the RF weights
are obtained using the fmincon function of the optimization
toolbox of MATLAB.

In general, the CRP needs to provide a single beam at the
sensing direction while the CPSL is minimized at the rest of
directions. The notion of an ideal CRP is subject to definition,
particularly when it comes to the mainlobe shape and width,
and the targeted sidelobe suppression level. However, in this
work, we provide one concrete and implementation feasible
example based on the piecewise parabolic function, expressed
as

G̃RF
CRP,nc

(θs) =

{
(θs−θr)

2CPSL
Δ2/4 + G̃RF

CRP,max if |θs − θr| ≤ Δ
2

G̃RF
CRP,max + CPSL if |θs − θr| > Δ

2

(35)

where G̃RF
CRP,max, Δ and CPSL denote the maximum gain of

the CRP at the radar direction, the mask’s width around the
radar direction and the desired CPSL of the CRP, respectively.
Figure 2 presents an illustrative example of the CPSL opti-
mization approach showing the main design parameters.

V. NUMERICAL RESULTS

In this section, we numerically evaluate the proposed JCAS
beamforming methods for both the hybrid MU-MIMO and
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the analog array architectures. In these numerical evaluations,
we consider a realistic linear patch array simulated with
CST Studio Suite, including the coupling effects between TX
and RX elements to accurately model and investigate the
SI phenomenon and its suppression. In particular, a linear
array of 64 elements is used, with LT = 32 TX and LR = 32
RX elements. The SI channel matrix is obtained from the
S-parameters of the electromagnetic (EM) simulations describ-
ing the relation of the input and output voltage waves at
each physical antenna port. The first 32 ports are assigned for
the transmitter and the remaining 32 for the receiver. This is
expressed mathematically as {HSI,n}lR,lT = Sij , where i = lT
and j = LT + lR. The system’s center frequency is assumed to
be 28 GHz while a nominal channel bandwidth of 500 MHz
is considered.

Finally, while the true SI channel characteristics HSI,n

are provided by the electromagnetic simulations, we model
the non-ideal estimation process through additive SI channel
estimation error H̃SI,n ∈ CLR×LT , expressed formally as

ĤSI,n = HSI,n + H̃SI,n. (36)

In the numerical evaluations, we assume all the elements of
H̃SI,n to be independent complex Gaussian random variables,
and the relative estimation error level is controlled by the
parameter

	2 =
E{|{H̃SI,n}lR,lT |2}

1
LTLR

∑LR

lR=1

∑LT

lT=1 |{HSI,n}lR,lT |2
, (37)

for all lR and lT. Although the SI channel estimation as such is
not directly within the scope of this paper, we identify possible
alternatives to estimate the SI channel in practical implementa-
tions. The first alternative considers an additional observation
receiver that measures the coupling channel between different
TX and RX antenna ports. Another and perhaps more imple-
mentation feasible possibility is to measure the corresponding
SI channel in a calibration phase. In addition, EM simulation
data of the SI coupling channel can be also used for beam-
forming optimization. Regardless of the estimation strategy,
in practice, the estimated SI channel ĤSI,n will be non-ideal,
therefore, it is highly important to analyze the performance of
the proposed methods accordingly.

A. Hybrid MU-MIMO JCAS Architecture

We first consider a hybrid MU-MIMO JCAS architecture
when LRF

T = 8 and LRF
R = 4 RF chains are adopted at the

TX and RX sides, respectively. Furthermore, we assume that
U = 2 and that the JCAS system provides two communication
beams for the two users located at θc,1 = −30◦ and θc,2 =
30◦, respectively, with the minimum TX gains of μ1 = μ2 =
15 dBi considered in the beamforming optimization in (25c).
Additionally, the TX power at the assumed radar direction
of θr = 10◦ is maximized by generating a separate beam for
sensing the environment, as described in Section III-B.

The respective optimized beam-patterns are illustrated in
Fig. 3. Specifically, Fig. 3(a) shows the effective TX patterns
for each of the two transmitted streams. As it can be observed,

Fig. 3. Illustration of the relevant beam-patterns in a hybrid MU-MIMO
JCAS system with a radar beam at θr = 10◦ and U = 2 communication users
located at θc,1 = −30◦ and θc,2 = 30◦, respectively. The rest of the system
parameters are LT = LR = 32, LRF

T = 8, LRF
R = 4, μ1 = μ2 = 15 dBi,

and Nfreq = 2.

each effective pattern provides two beams, one for communi-
cation and another one for sensing, while the IUI is minimized
by imposing a null at the other user’s direction as explained
in (25). For example, the u = 1 stream provides two beams
at θc,1 = −30◦ and θr = 10◦ while cancelling the θc,2 = 30◦

direction. Fig. 3(b) shows the corresponding RX beam-patterns
for the different RX RF chains (different subarrays). As it can
be seen, each subarray connected to a particular RX RF chain
generates a directive beam at the radar direction for observing
the reflections. In addition, the RX weights are optimized to
cancel the SI as will be explicitly illustrated in Section V-C,
namely Fig. 6 therein.

Figure 4 illustrates and analyzes the effects of the minimum
required TX gain imposed by the communication system into
the achievable radar performance. In this case, we consider
a similar scenario to Fig. 3 with U = 2 communication
users with μ1 = μ2. Moreover, different hybrid architectures
are investigated by varying the number of TX RF chains.
Note that the specific case of LRF

T = LT = 32 corresponds
already to full digital TX beamforming. The figure shows
the behavior of the optimized radar gain, expressed in (24),
for different values of μu. As can be observed, varying the
parameter μu provides a trade-off between the communication
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Fig. 4. Illustration of the achievable beamformed radar TX gain in hybrid
MU-MIMO JCAS context for varying communication TX gain μu and
different numbers of TX RF chains LRF

T . In this analysis, we assume the
following parameters of U = 2, θr = 10◦, θc,1 = −30◦ , θc,2 = 30◦, μ1 =
μ2 = μu and LT = 32. The specific case of LRF

T = LT = 32 corresponds
to full digital TX beamforming.

and sensing performances. For relatively low values of μu, the
JCAS system allows more flexibility for sensing, providing
higher gains at the radar direction. In contrast, when higher
gains are required for communications beams (high values of
μu), the JCAS system will decrease the radar performance.
In addition, we can see how the different parametrizations of
the hybrid architecture impact the final sensing performance.
In this regard, the configurations with more TX RF chains
and subsequently more flexibility in the digital domain TX
processing, show better beamforming performance.

B. Analog Array JCAS Architecture

Next, we study and illustrate the beam-patterns in the analog
array based JCAS architecture. Specifically, we pursue the
multibeam operation with U = 2 communication users located
at θc,1 = −40◦ and θc,2 = 40◦, respectively, together with one
simultaneous sensing beam at θr = 10◦. The array sizes are as
noted in the beginning of this section, namely LT = LR = 32
while Nfreq = 2.

The obtained beam-patterns are illustrated in Fig. 5. Specif-
ically, at the TX side, the weights of the three considered
beams are first separately optimized based on (29) while
then combined according to (30) wherein we further assume
ρr = ρc,1 = ρc,2 = 1/3. The obtained corresponding TX
beam-pattern is illustrated in Fig. 5(a) showing well-behaving
beams at the three indicated directions. At the RX side,
in turn, the two closed-form solutions called CF-B and CF-C
are first explored, and illustrated in Fig. 5(b). In the CF-B
configuration, only SI suppression is pursued, in addition to
providing coherent combining at the radar direction. In the
more advanced CF-C configuration, in turn, additional angular
nulls are considered in the RX side, as described in (32),
in order to also suppress the possible negative effects of the
communication beams on the overall sensing performance.
In this case, two angular nulls (Nang = 2) are deployed at the
corresponding communication directions. As can be observed
in Fig. 5(c), the CF-C configuration is able to suppress the
contribution of the communication beams in the CRP.

Fig. 5. Illustration of the beam-patterns with analog array JCAS architecture,
with a radar beam at θr = 10◦ and U = 2 communication users located at
θc,1 = −40◦ and θc,2 = 40◦, respectively. At the TX side, three beams are
designed with the same relative energy share of ρr = ρc,1 = ρc,2 = 1/3.
In the CPSL optimization case, a desired response with G̃RF

CRP,max = 35 dBi,
Δ = 14◦ and CPSL = −75 dB is used as shown in (c). The rest of the
evaluation parameters are LT = LR = 32, LRF

T = LRF
R = 1 and Nfreq = 2.

While the CF-C configuration is able to impose explicit
RX nulls at selected directions, the proposed CPSL-based
beamforming optimization approach goes beyond this and
seeks to suppress the overall clutter from different directions
outside the sensing beam mainlobe. We next illustrate the
power of such approach in the same ABF JCAS scenario,
while assume a desired response of G̃RF

CRP,max = 35 dBi,
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Fig. 6. Illustration of the SI suppression performance in hybrid MU-MIMO
JCAS case, showing the effective SI channel between the uth TX stream
and the lth RX RF chain. The considered system parameters are: θr = 10◦ ,
U = 2, θc,1 = −30◦ , θc,2 = 30◦, LT = LR = 32, LRF

T = 8, LRF
R = 4,

μ1 = μ2 = 15 dBi, and Nfreq = 2.

Δ = 14◦ and CPSL = −75 dB as shown in Fig. 5(c).
As it can be observed, the proposed CPSL optimization which
provides more flexibility in the beamforming design, shows
the best performance in terms of mitigating or suppressing
all possible interference sources outside the sensing mainlobe
with a CPSL of around −75 dB. In contrast with the closed-
form solution, the main advantage of this approach is the capa-
bility of controlling the CPSL for the non-radar directions, and
therefore reduce the interference due to the communication
beams.

C. Self-Interference Suppression Analysis

We next address and analyze the SI suppression perfor-
mance that can be achieved through the NSP beamforming
solutions. Figure 6 illustrates the obtained SI suppression
behavior as a function of frequency in the hybrid MU-MIMO
JCAS architecture case when design parameters similar to
Fig. 3 are utilized. Here, ideal SI channel estimation capability
is yet considered, implying that 	 = 0. Specifically, the figure
illustrates the effective frequency-domain characteristics of the
beamformed SI channel in (17) between the uth TX stream
and the lth RX RF chain when Nfreq = 2 frequency nulls
are deployed in the beamforming optimization. As it can be
observed, each RX RF chain is subject to different effective SI
channels. More concretely, the RX RF chain with l = 1 whose
subarray is the closest to the TX array exhibits most severe
SI coupling. However, overall, the obtained SI suppression
numbers are excellent over the whole channel bandwidth.

Figure 7 shows the frequency-domain beamformed SI chan-
nel characteristics in the corresponding analog array JCAS
architecture case, when design parameters similar to Fig. 5
are used. In this case, we focus on the CF-B beamformer
design approach and analyze the effects of the number of
frequency nulls, Nfreq, on the SI suppression. Additionally,
the special case of Nfreq = 0 is also shown, correspond-
ing to CF-A, which serves as a reference or baseline.
In CF-B design, the frequency nulls are chosen such that
they are uniformly distributed within the whole bandwidth,

Fig. 7. Illustration of the SI suppression performance for different numbers
of the frequency nulls (Nfreq) in the analog array JCAS case using the CF-B
configuration. The considered system parameters are: U = 2, θr = 10◦,
θc,1 = −40◦, θc,2 = 40◦ and LT = LR = 32. The CF-A configuration
is used as a reference and corresponds to Nfreq = 0.

as fn′ = 27.75 + 0.5 n′
Nfreq+1 GHz with n′ = 1, 2, . . . ,Nfreq.

As can be observed through the results, increasing the number
of frequency nulls clearly improves the SI suppression. The
case of Nfreq = 1 provides an average SI suppression within
the considered frequency channel of around −80 dB, while
if the number of nulls is increased to Nfreq = 4 we can
achieve a SI suppression level of around −160 dB already.
We note that the baseline level of around −50 dB even when
no beamforming based SI suppression is applied (Nfreq = 0)
stems from the the basic physical isolation between the TX
and RX arrays.

We next assess how imperfect SI channel estimates impact
the achievable SI suppression performance in the context
of the presented beamforming schemes. To this end, Fig. 8
illustrates how the level of the SI channel estimation error,
parametrized by 	 in (37), degrades different system metrics
when deploying the alternative beamforming configurations
summarized in Table II. As shown in Fig. 8(a), the achievable
SI suppression is closely tied with the estimation accuracy.
By design, the considered configurations are able to achieve
different SI suppression levels depending on the number of
nulls when accurate SI channel estimates available. On the
other hand, as expected, when the SI channel estimation
accuracy decreases, the SI suppression essentially converges
to the CF-A configuration (Nfreq = 0, only physical isolation),
independent of the value of Nfreq. It is also noted that the CF-C
configuration, which includes additional Nang angular nulls
to suppress the impact of the communication beams, shows
a similar performance compared to the CF-B configuration
in terms of SI suppression and its sensitivity to SI channel
estimation accuracy.

Furthermore, since errors in the SI channel estimation
directly affect the calculation of the NSP matrix in (18),
they can also impact the RX beamforming performance.
Fig. 8(b) illustrates the potential degradation of the CRP
radar gain for different SI channel estimation error levels.
Specifically, it can be observed that the number of frequency
nulls used for the SI suppression only yields insignificant
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Fig. 8. Illustration of (a) the SI suppression performance and (b) the
beamforming performance as functions of the relative SI channel estimation
error level, ε, in the analog array JCAS case. Also different numbers of
the frequency nulls (Nfreq) are considered and shown. The main system
parameters are: U = 2, θr = 10◦, θc,1 = −30◦ , θc,2 = 30◦ and
LT = LR = 32.

CRP loss of around 0.5 dB, which does not compromise the
radar performance of the proposed JCAS system. In addi-
tion, if we compare mutually the CF-B and CF-C design
approaches, we observe how the angular nulls included in
CF-C slightly degrade the CRP gain performance. This per-
formance degradation, due to the loss of beamforming flex-
ibility when applying the presented NSP method, results in
a trade-off between the desired SI suppression, CRP gain
and the ability to suppress communication beams at the
RX side.

D. Representative Sensing Results

Finally, we present example numerical results to validate
and assess the actual sensing capability with the different
JCAS architectures and proposed beamforming methods, in a
scattering environment with 20 static point targets. Ten of
these targets are deliberately placed in the direction of the
communication beams, at θc,1 = −40◦ and θc,2 = 40◦, with a
radar cross section (RCS) of 10 m2 as shown in Fig. 9(a). The
rest of the targets are uniformly distributed in the sensed area
at distances within 10 m to 25 m and angles from −40◦ to 40◦,

with RCS of 1 m2. The transmission power is 20 dBm and the
thermal noise power in the receiver is −88 dBm. The sensing
beam scans the angles between −60◦ to 60◦ with a step of
1◦. According to [12], we consider an OFDM waveform with
N = 3168 subcarriers, 10 symbols and Δf = 120 kHz
providing a transmission bandwidth of around 400 MHz.
For the actual radar processing to construct the range–angle
images, we adopt subcarrier-domain processing that utilizes
directly the TX and RX subcarrier samples similar to [20],
[31], [32], [33], including also a Hamming window to control
the sidelobes. Furthermore, to focus on the impacts of the
co-existing communications and sensing beams, we assume
for simplicity that ideal SI channel estimates are available.

First, in Fig. 9(b), we illustrate the CF-A beamforming
case meaning that no SI nor communication beam suppression
is applied. It is noted that in these numerical simulations,
we assume sufficiently large RX dynamic range to observe
both the target reflections and the strong SI component.
However, in practice, this beamforming configuration will
easily lead to the saturation of the RX chain, preventing
any subsequent sensing functionality. In Fig. 9(b), we can
observe how the strong SI appears as a strong close-by target
whose sidelobes are spread in the range profiles, masking
possible weak targets. Then, the same scenario is assessed with
the CF-B beamforming configuration as shown in Fig. 9(c).
In this case, the strong SI is suppressed by the NSP method
including Nfreq = 2 frequency nulls. However, it can be
clearly observed that the communication beam interference
still generates strong sidelobes, which produce a substantial
masking effect along the rest of the sensing directions, thus
potentially preventing the detection of weak targets. To over-
come this problem, the communication beam is suppressed
in the RX side by incorporating angular nulls at the com-
munication directions using the beamforming configuration
CF-C, with the corresponding results shown in Fig. 9(d).
In this case, the reflections due to the communication beam are
suppressed to a certain extent, already improving the sensing
capability.

Furthermore, Fig. 9(e) shows the radar image when the pro-
posed CPSL optimization method is implemented. By applying
the proposed CPSL optimization based beamforming design,
the sidelobe levels can be largely suppressed allowing thus to
efficiently avoid such masking problem. As can be observed,
the radar image is still clearly improved compared to the
different variants of the closed-form method in Figs. 9(b)–(d).
Specifically, all the targets are efficiently visible as can be
concluded by comparing the subfigures (a) and (e).

Finally, we sense the same scenario with the hybrid
MU-MIMO JCAS architecture by using the beamformer
design presented in Section III. The corresponding radar image
is visually shown in Fig. 9(f). In this case, we utilize a
basic radar processing approach, where the received signals
at different RX RF chains are combined to maximize the
received power at the radar direction while the communication
directions are suppressed similar to the CF-C configuration.
However, this hybrid architecture, which provides multiple
parallel digital signals, will also support more advanced
radar processing and related techniques, e.g., multiple signal
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Fig. 9. In (a), the considered scattering environment with 20 targets and U = 2 communication users located at θc,1 = −40◦ and θc,2 = 40◦ is illustrated.
The corresponding sensing results in the analog array JCAS case with different beamforming configurations are shown, as follows: (b) CF-A, (c) CF-B,
(d) CF-C and (e) CPSL optimization. Moreover, (f) shows the sensing results using the hybrid MU-MIMO JCAS architecture for the same scenario. For all
the considered architectures, the JCAS system senses the environment from −60◦ to −60◦ with a step of 1◦.

Fig. 10. Receiver operating characteristic (ROC) performance for the
different beamforming schemes, with θc,1 = −40◦, θc,2 = 40◦ , θr = 20◦ ,
and point targets simultaneously present at all three directions at distances of
10 m.

classification (MUSIC), that will improve the direction of
arrival estimation performance [42], [43].

Finally, we investigate the target detection performance of
the proposed methods assessing and analyzing the receiver
operating characteristic (ROC) curves, shown in Fig. 10. Simi-
lar to Fig. 9, the studied scenario considers two communication
beams, one at θc,1 = −40◦ and another one at θc,2 = 40◦,
while a sensing beam seeks to illuminate potential targets at
θr = 20◦. Point targets are deliberately placed at all the three
directions, all located at distances of 10 m, such that strong
interference is induced due to the communications beams. The
RCS of all the targets is simulated with a Swerling 2 model.
Finally, the ROC curves are obtained by assessing the same
scenario for 1000 noise realizations in the following two cases.
The first case refers to the null hypothesis with no target being
present at the sensing direction, meaning that essentially only

noise and interference are received. The second case refers to
the alternative hypothesis, which then also includes the effect
of the actual point target at the sensing direction.

As it can be observed in Fig. 10, the worst detection
performance corresponds to the CF-A method which does
not include any mechanism to suppress the self-interference
nor the communication beam masking effects. The detection
probability can be improved by suppressing the strong SI
through the CF-B scheme with built-in self-interference can-
cellation. In addition, the performance can be further improved
by imposing angular nulls in the communication direction
using the CF-C method. Finally, the best performance is
obtained by implementing the proposed CPSL optimization
approach which simultaneously suppresses the SI and the
communication beam interference or masking effect.

VI. CONCLUSION

In this article, the joint communication and sensing para-
digm was addressed and studied, with specific focus on the
fundamental challenges with the transmitter–receiver isolation
and the co-existing communications and sensing beams in
monostatic OFDM radars. We considered both analog beam-
forming and hybrid analog–digital beamforming based JCAS
systems, and proposed multiple new beamformer design and
optimization solutions accordingly, addressing the noted chal-
lenges with the TX-RX isolation and the co-existing beams.
Finally, we analyzed the performance of the proposed meth-
ods through extensive numerical experiments with a realistic
linear patch array under the effects of non-ideal SI channel
estimation, showing that substantial gains and benefits can be
achieved with the proposed beamforming and SI cancellation
techniques compared to state-of-the-art.
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Specifically, in the context of hybrid beamforming based
MU-MIMO JCAS systems, we formulated and solved TX and
RX beamforming optimization problems that maximize the
beamformed power at the sensing direction while constraining
the beamformed power at the communications directions,
cancel the IUI and suppress the wideband SI by implementing
multiple frequency nulls. It was shown that the proposed
beamforming scheme is able to cancel the SI leakage without
essentially compromising the beamforming performance, viz.
CRP loss is insignificant at around 0.5 dB. Additionally, for
analog beamforming based JCAS systems, alternative TX and
RX beamforming solutions were proposed, which allow the
integration of multiple beams for communications and sensing
while suppressing the SI. In particular, we observed and
showed that the optimization of the combined radar pattern
enhances the target detection performance to a great extent,
yielding close-to-ideal ROC characteristics in the considered
example scenario.

Our future work will include extending the presented work
to cover multiple simultaneous sensing beams, to consider
independent sensing-related spatial transmit streams in addi-
tion to the data streams, and to analyze the impact of different
ideal CRP responses. Additionally, actual RF field measure-
ments are pursued in indoor and outdoor scenarios.
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