arXiv:2211.00229v2 [cs.IT] 19 Apr 2023

Full-Duplex Communication for ISAC:
Joint Beamforming and Power Optimization

Zhenyao He, Graduate Student Member, IEEE, Wei Xu, Senior Member, IEEE, Hong Shen, Member, IEEE,
Derrick Wing Kwan Ng, Fellow, IEEE, Yonina C. Eldar, Fellow, IEEE, and Xiaohu You, Fellow, IEEE

Abstract—Beamforming design has been widely investigated
for integrated sensing and communication (ISAC) systems with
full-duplex (FD) sensing and half-duplex (HD) communication,
where the base station (BS) transmits and receives radar sensing
signals simultaneously while the integrated communication op-
erates in either downlink or uplink. To achieve higher spectral
efficiency, in this paper, we extend existing ISAC beamforming
design to a general case by considering the FD capability for
both radar and communication. Specifically, we consider an
FD ISAC system, where the BS performs target detection and
communicates with multiple downlink users and uplink users
reusing the same time and frequency resources. We jointly opti-
mize the downlink dual-functional transmit signal and the uplink
receive beamformers at the BS and the transmit power at the
uplink users. The problems are formulated under two criteria:
power consumption minimization and sum rate maximization.
The downlink and uplink transmissions are tightly coupled due
to both the desired target echo and the undesired interference
received at the BS, making the problems challenging. To handle
these issues in both cases, we first determine the optimal receive
beamformers in closed forms with respect to the BS transmit
beamforming and the user transmit power. Subsequently, we
invoke these results to obtain equivalent optimization problems
and propose iterative algorithms to solve them. In addition, we
consider a special case under the power minimization criterion
and propose an alternative low complexity design. Numerical
results demonstrate that the optimized FD communication-based
ISAC brings tremendous improvements in terms of both power
efficiency and spectral efficiency compared to the conventional
ISAC with HD communication.

Index Terms—Integrated sensing and communication (ISAC),
full-duplex (FD) communication, joint transceiver optimization,
beamforming design.

I. INTRODUCTION

Emerging applications, such as Internet-of-Vehicles (IoV)
and smart factory, in future wireless networks call for a
demand for reliable sensing and efficient communication to
various wireless terminals [2], [3]. In addition, continuous and
aggressive use of frequency spectrum, e.g., millimeter-wave
(mmWave), in wireless communications results in overlapped
spectrum with conventional radar systems. These motivate the
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development of frameworks for sensing-communication inte-
gration. In particular, integrated sensing and communication
(ISAC), also known as dual-functional radar-communication
and joint radar-communication, has become an appealing
technique to address the aforementioned issues and attracted
considerable research interest. It has been shown in the lit-
erature [4]-[6] that ISAC significantly enhances the spectral
efficiency and reduces implemental cost by sharing spectral
resources and reusing expensive hardware architectures.

Effective transmit beamforming design is a key to unlock
the potential in both multiple-input multiple-output (MIMO)
communication systems and MIMO radar systems [7], [8].
Motivated by this, many works have studied transmit design
in multi-antenna ISAC systems by focusing on joint beam-
forming optimization [9]-[13]. Specifically, for conventional
MIMO radar systems, a commonly adopted strategy of prob-
ing signal design is to manipulate the transmit beampattern
through optimizing the covariance matrix of the transmit
signal, aiming to maximize the spatial power steered towards
desired directions or to minimize the matching error between
the transmit signal and a dedicated beampattern [7], [8].
Leveraging this strategy, the authors in [9] advocated the reuse
of transmit signal for both multi-user communication and
radar sensing in ISAC systems. Specifically, the beamform-
ing was optimized by minimizing the beampattern matching
error, taking into account individual signal-to-interference-
plus-noise ratio (SINR) requirements of communication users.
As an alternative, studies [10] and [11] considered similar
problems while introducing a dedicated radar signal to fa-
cilitate the downlink ISAC. They introduced extra degrees-
of-freedom (DoF) to the transmitted signal deliberately to
achieve enhanced sensing accuracy. On the other hand, the
authors of [11] investigated the problem of maximizing the
transmit beampattern gain towards the sensing directions in
ISAC, while guaranteeing the minimum required SINR of
communication users. By imposing the constraint of transmit
beampattern gain for sensing, the problems of communication
spectral efficiency maximization [12] and energy efficiency
maximization [13] were addressed for ISAC. Note that these
works only design the transmit beamforming while the recep-
tion of radar echo is not considered.

The main function of a radar system is to estimate the
channel parameters, e.g., delay and Doppler frequency, of a
target from the received radar echo signal. With the consid-
eration of radar echo reception in ISAC systems, e.g., [14]—
[19], the associated scenarios are divided into two cases, as
illustrated in Fig. 1. The first case in Fig. 1(a) corresponds
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TABLE I
COMPARISONS WITH PREVIOUS FD ISAC WORKS

System model . s
Study D tad yDL ~om | UL com Main objective
[14]-[17] * * Optimize the transmit signal and radar receive beamformer of downlink ISAC for different metrics
[18], [19] * * Investigate the receive strategy with concurrent communication and sensing signal reception
[20] * * Study and measure the sensing performance of LTE and 5G NR waveforms and provide the SIC strategies
This work * * * Deal with the joint optimization for general ISAC involved FD communication and sensing

Notes: DL, UL, rad, and com represent downlink, uplink, radar, and communication, respectively.
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Fig. 1. Two cases of ISAC considered in [14]-[19]. (a) Integration of sensing
with downlink communication: An ISAC signal is sent by the BS to perform
simultaneous downlink communication and radar sensing, and the receive side
of the BS remains active for the reception of radar echo; (b) Integration of
sensing with uplink communication: The BS transmits a pure sensing signal
and receives the echoes during the uplink communication.

to downlink ISAC [14]-[17], where the radar sensing reuses
the resources of downlink transmission and the BS acts as
a radar transceiver and a communication transmitter. The
transmitted downlink ISAC signal is known to the BS and
can be used in receive processing for sensing. In this case,
the authors of [14] investigated the Cramér-Rao bound (CRB)
minimization of target parameter estimation for ISAC. In [15]—
[17], the authors considered the tasks of point target detection
in ISAC systems. In these works, they acquired explicitly the
radar SINR for target detection by applying a linear receive
beamformer to the echo signal. More concretely, given a fixed
radar receive beamformer, the optimizations of the transmit
signals were investigated in [15] and [16], where a minimal
radar SINR requirement for accomplishing the target detection
is constrained. In [17], an alternating optimization (AO)-based
algorithm was proposed to iteratively update the transmit

waveform and the radar receive beamformer. The second
scenario in Fig. 1(b) considers integrating sensing with uplink
communication [18], [19], where the BS can be regarded as a
radar transceiver and a communication receiver. The authors
of [18] developed an advanced receiver architecture for uplink
ISAC, which separates the radar echo and communication
signals by performing interference cancellation techniques.
Sensing-assisted physical-layer security transmission was in-
vestigated in [19], where the BS transmits a downlink radar
signal to localize and jam a potential aerial eavesdropper while
receiving the uplink communication signal.

In the aforementioned works [14]—[19], the radar receiver
operates simultaneously while transmitting, i.e., in a full-
duplex (FD) manner [5], [20], [21]. In particular, self-
interference (SI), which is a critical issue in FD operation,
is considered to be suppressed by employing advanced SI
cancellation (SIC) techniques [22], [23], e.g., natural isolation,
analog cancellation, and digital cancellation. Particularly, in an
FD ISAC system, the SIC should be performed only for the
direct signal coupling between the transceiver antennas, while
the target reflections should be preserved [20], [21]. With
FD radar, however, the integrated communication functionality
occurs only in either the downlink or the uplink, operating in
a half-duplex (HD) manner [14]-[19]. Therefore, to achieve
higher spectral efficiency, it is motivated to consider the FD
capability also for communication [22], [23], i.e., to let the
BS serve as both a radar transceiver and a communication
transceiver concurrently. Under this setup, there is not only
interference between sensing and communication functionali-
ties, but also coupling between uplink and downlink transmis-
sions, that significantly complicate the ISAC design. Existing
algorithms in [14]-[19] cannot be straightforwardly applied
to address these challenges. Specifically, the algorithms de-
signed in [14]-[17] do not incorporate the impact of uplink
communication. In [18], [19], only a pure downlink sensing
signal is sent and the uplink transmit power is fixed, without
considering the possibility of downlink communication nor
designing the uplink transmission.

Motivated by the above discussions, we investigate an
advanced FD communication-based ISAC system, where the
BS receives and transmits signals from multiple uplink users
and downlink users reusing the same time and frequency
resources. The downlink transmit signal is an ISAC signal
that is applied for both conveying information to the downlink
users and performing a sensing task of point target detection.
The BS also simultaneously conducts uplink communication
signal reception and processes the radar echo signal. Our
goal is to jointly design the transceiver beamforming at the



FD BS and the transmit power at the single-antenna uplink
users. In the considered FD system, the SI at the BS, or
more precisely, the direct signal coupling link between the
transceiver, is assumed to be suppressed to an acceptable level
by employing SIC techniques for ISAC systems [20]-[23]. A
brief comparison of this study with previous FD ISAC works
is summarized in Table I.

In the considered FD ISAC systems, the received signals
at the BS consist of uplink communication signals, desired
target reflection, and downlink signal-dependent interference
from environmental interferers and residual SI. To detect both
the sensing target and multiuser uplink signals with low com-
plexity, multiple linear receive beamformers are employed at
the BS and the corresponding radar and uplink communication
SINRs are mathematically obtained. As such, we formulate
two different fundamental problems for the joint optimization.
The first problem focuses on power minimization by constrain-
ing the minimal SINR requirements of target detection, uplink
communications, and downlink communications. The second
problem aims at maximizing the sum rate of the FD multiuser
communication, subject to the constraint of minimal sensing
SINR requirement and the limit of maximal transmit powers.
Compared to [14]-[19], we consider the joint optimization
for both uplink and downlink transmissions of the FD ISAC
system, which are highly coupled and intractable. The main
contributions of this paper are summarized as follows:

o We extend the existing ISAC beamforming design, e.g.,
[14]-[19], to a general case by considering the FD
capability for not only sensing but also communication
and focusing on the optimization of coupled downlink
and uplink transmissions. With the employment of linear
receive beamformers, the SINRs of radar sensing and
communication of the FD ISAC system are mathemat-
ically formulated and two different problems are con-
structed aiming to improve the system power efficiency
and spectral efficiency, respectively.

o We derive the optimal receive beamformers to maximize
the SINR of target detection and the SINRs of up-
link communication, respectively, which are obtained as
closed-form expressions with respect to the BS transmit
beamforming and the user transmit power.

o For each of the two considered problems, we first obtain
an equivalent problem that involves the optimization of
only the BS transmit beamforming and the user transmit
power based on the closed-form receivers. Subsequently,
an iterative algorithm is proposed to find a high-quality
solution by applying the techniques of rank relaxation
and successive convex approximation (SCA). Moreover,
we prove that the adopted relaxation is tight.

o For the problem of power minimization, we further
consider a special case of HD uplink communication-
based ISAC in the absence of downlink users, while
the downlink signal is adopted for target detection only.
Instead of applying the SCA-based algorithm as in the
general case, we propose an AO-based algorithm to
iteratively update the receive beamformers and the other
variables, whose solutions are obtained by calculating
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Fig. 2. The considered FD communication-based ISAC system with K uplink
users, L downlink users, and a point radar target.

closed-form expressions and by solving a second-order
cone programming (SOCP), respectively. Numerical re-
sults verify that this newly proposed method significantly
reduces the computational complexity compared to the
SCA-based method with almost the same performance.

The rest of this paper is organized as follows. In Sec-
tion II, we present the model of the considered FD ISAC
system and the formulations of the power minimization and
sum rate maximization problems. Section III and Section IV
provide detailed solutions to these two problems, respectively.
In Section V, we verify the effectiveness of the proposed
algorithms through numerical simulations. Conclusions are
drawn in Section VI

Notations: Boldface lower-case and boldface upper-case
letters are used to represent vectors and matrices, respectively.
Denote superscripts ()7 and (-)* by the transpose and the
Hermitian transpose, respectively. Let Tr(-), rank(-), and []; ;
return the trace, the rank, and the (7, j)-th entry of a matrix,
respectively. Denote || - || by the /2 norm of a vector and |- | by
the absolute value of a scalar. We use [E{-} for the expectation
operation, Z{-} for the imaginary part of a complex-valued
number, C for the set of complex-value numbers, and Iy for
the identity matrix of size NV x N. Let X > 0 imply that X is
positive semidefinite. Denote O(-) by the big-O computational
complexity notation.



II. SYSTEM MODEL AND PROBLEM FORMULATION

Consider an ISAC system as shown in Fig. 2, where a dual-
functional FD BS equipped with two uniform linear arrays
(ULAS) receives the communication signals from K single-
antenna uplink users and sends a downlink ISAC signal via the
same time-frequency resource. A diagram of the architectural
procedure for the SIC that can be used in an FD ISAC system
is also included in Fig. 2. The downlink ISAC signal transmit-
ted from an Ni-element ULA is adopted for simultaneously
communicating with L single-antenna downlink users and
performing target detection on a point radar target. The radar
echo signal and the uplink communication signals are received
at the BS through the receive ULA with N, elements.

The FD operation is beneficial to both communication and
sensing functionalities by reusing the time-frequency resource
efficiently. From the communication perspective, the spectral
efficiency is significantly improved. Meanwhile from the radar
perspective, the sensing is continuously performed at the
BS occupying all the available channel bands such that an
enhanced radar performance is achieved [5], [21], [24].

A. Signal Model

We first focus on the downlink transmission of the system,
where a narrowband ISAC signal, x € CM¢*!, is sent for
simultaneous radar sensing and downlink multiuser communi-
cation via multi-antenna beamforming. Following [10]-[14],
the integrated signal is expressed as

L
X:ZVZSI+SOa (1)
=1

where v; € CNeX! stands for the beamforming vector asso-
ciated with downlink user I, [ € {1,---,L}, and s; € C is
the data symbol of user [ with unit power, i.e., E{|s;|?} = 1.
Here, sy € CN¢*! represents a dedicated radar signal with
covariance matrix Vo = E{sgs{}, for extending the DoF
of the transmit signal x to achieve enhanced sensing perfor-
mance [10]. The signals {s;}~ , and s¢ are assumed to be
independent with each other. In (1), the downlink beamforming
is achieved by designing {v;}£ , and V{ [10]-[14]. Once V
is determined, the dedicated radar signal sy can be generated
[8]. Moreover, we consider a total transmit power constraint
as Zle [[vill? + Tr(Vo) < Puax» Where P, denotes the
maximum available power budget of the BS.

When the FD BS transmits x, it simultaneously receives
the uplink communication signal and the target reflection. Let
dy, € C denote the uplink signal from user k, k € {1,--- , K},
which satisfies

where 0 < p,, < Py represents the average transmit power of
user k& with P}, being the maximum power budget. Denoting
the uplink channel between the k-th user and the BS by
h; € CN»*1, the received multiuser uplink signal at the BS
is Zszl hydy. The design of uplink transmission is achieved
by adjusting the transmit power {pk}szl of uplink users.

We next model the echo signal of the considered MIMO
radar. Assume that the radar channel consists of line-of-
sight (LoS) paths and both the transmit and receive ULAs
at the BS are half-wavelength antenna spacing. We de-
note the transmit array steering vector to direction 6 by
a;(0) & A_[1,e7msnO0) ... imr(Ne=1)sin(0)]T and similarly

- VN - ; .
denote by ar(e) 4 \/%[Legﬂsm(e)’ . ’e]ﬂ(Nrfl) sm(G)]T

the receive steering vector. Supposing that the target to be
detected is located at angle 6y, the target reflection is given
by Boa,(0p)al? (6p)x, where By € C is the complex amplitude
of the target mainly determined by the path loss and the
radar cross-section [15]. We assume that 6y and By are
known or previously estimated at the BS for designing the
best suitable transmit signal to detect this specific target of
interest, like in [16], [17], [25]—-[27]. Based on the given uplink
communication signal and the target echo, we express the
received signal at the FD BS as

K
vy = Z hidy, + BoA(6o)x + 2z +n, (3)
k=1

where A(6) £ a,.(fp)al’(0y), n € CN**! denotes additive
white Gaussian noise (AWGN) with covariance 021y, , and
z € CN»*! represents the undesired signal-dependent inter-
ference which is detailed in the next paragraph.

The signal-dependent interference z can be decomposed into
two parts. The first part corresponds to the clutter reflected
from the surrounding environment. Without loss of generality,
we follow [17], [26] and assume that there exist / signal-
dependent uncorrelated interferers located at angles {6;}_;
and 0; # 6y, Vi € {1,---,I}. These I interferers also
reflect the sensing signal to the BS, yielding the undesired
interference Zle BiA(0;)x with 3; € C being the complex
amplitude of the i-th interferer and A (6;) = a,.(6;)al’ (6;), Vi.
The second part is the SI caused by the considered FD
operation. By employing SIC techniques for ISAC systems
[20], [21], the SI power can be mostly reduced. Without loss
of generality, we take a general model to express the residual
SI signal as Hgx [22], where Hg; € CN~*Nt denotes the
residual SI channel at the FD BS. Combining the two parts of
interference, z is expressed as

I
Z = Z ﬁlA(Hz)x + Hgrx. 4)
i=1

By substituting (4) into (3), we express the complete re-
ceived signal at the FD BS as

K I

BS

yoo = hipdr + BoA(Oo)x + ) BiA(0;)x+ Heax +n.
;kk 0A(0o) Z (65) SI
————

Communication signal

Target reflection

i=1 SI

Echo signal of interferers

(&)

On the other hand, denote the channel between downlink user
I and the BS by g; € CV+*!. The received signal at downlink



user [ is then expressed as

L
leser:ngvlSl + Z ngVl’Sl’+ ngSO + ny, Vl, (6)
V=111

Desired signal Sensing signal

Multiuser interference

where n; stands for the AWGN with variance o7. Although
a few prior works on the uplink ISAC, e.g., [18], [19], also
considered a similar received signal model at the ISAC BS
as (5), this paper is noticeably different from these works
in terms of the following two aspects. First, the downlink
transmitted x in our system is a dual-functional ISAC signal
that serves both communication and sensing, while only a pure
radar signal was sent in [18], [19]. Second, studies [18], [19]
mainly focused on the receiver design with a fixed uplink
transmit power without adaptability. To enable more design
flexibility and gain further performance improvements, in this
paper, we additionally introduce the optimization of the uplink
transmission, i.e., {pk}szl.

Before proceeding, we would like to clarify some assump-
tions employed in the considered system. First in (3), the
angles of a target seen at the transceiver are identical, which
is a reasonable assumption when the transmit array and the
receive array are colocated [7]. Second, it is assumed that
{0;}1_, and {B;}_, in (4) can be pre-estimated and known
to the ISAC system for transceiver design [17] by using an
environmental dynamic database [26]. Finally, we assume that
a dedicated channel estimation stage is utilized before the FD
transmission such that the channel state information (CSI) is
available at the BS for beamforming design [18].

B. Radar and Communication SINR

The performances of the radar and the communication
systems largely depend on the corresponding SINRs. In partic-
ular, when considering point target detection in MIMO radar
systems, the detection probability of a target is generally a
monotonically increasing function of the output SINR [27].
Therefore, we directly adopt radar SINR as the performance
metric of the sensing functionality. Technically, we apply a
receive beamformer u € CN=*1 on the received signal, yBS,
to capture the desired reflected signal of the point target. Then,
based on (5), we obtain the radar SINR as

_ E{|u”BoA(60)x|*}
Sy E{[ufhydy |2} + E{ju”Bx|2} + E{|ufn|2}
|Bo*uf A(60)QA (6p)"u

= % " ) @)
uff (Zk:1pkhkhk +BQBH + U,Q_INT) u

rad

7y

where B £ Zi]:l BiA(0;) + Hg; represents the interference
channel defined as the summation of the I interferers’ channels
and the SI channel, and

L
Q2 E{xx"} = Z vivil +V, (8)

=1
denotes the covariance matrix of the downlink ISAC signal
that needs to be well designed. Note that the radar SINR
was employed as a sensing metric for beamforming design

in ISAC before, but only under the downlink scenario in the
absence of uplink communication, e.g., [15]-[17]. The term
Zszl prhrh + BQB# makes the radar SINR expression
in (7) in our considered FD ISAC more complicated than those
in [15]-[17], as it introduces signal-dependent interference and
coupled uplink transmission.

Similarly, by applying another set of receive beamformers
{wi HE | € CN*1 on yBS to recover the data signals of the
uplink users, we obtain the corresponding receive SINR of
user k by

pkaHhkthWk
W/?(Zﬁ:l,k’;ékpk/hk/hg—i_ CQCH‘F(J'%INT) Wi

com,UL__

Tk

, VE,

©)

where C £ Zf:o BiA(6;) + Hg denotes the interference
channel caused by the downlink transmission. As for the
downlink communication, it follows from (6) that the SINR
of the downlink user [ is given by

com,DL __ |giHVl |2

’7[ - I
S lgl vt + g Vogi + of

Here, we consider the users which are not capable of canceling
the interference from the dedicated radar signal sgp. Usually
when interference cancellation schemes are employed at users
[11], we only need to remove the interference term ng Vog
from the denominator in (10) and the proposed algorithms re-
main applicable. In addition, in this paper we mainly focus on
a general transceiver beamforming design, without imposing
any strict constraints or strategies of nulling the interferences
involved in the system, e.g., the sensing-communication inter-
ference in (7) and (9) and the multiuser interference in (9)
and (10). However, through the beamforming optimization,
these interferences can be somewhat suppressed and a superior
system performance can be achieved.

VL (10)

C. Problem Formulation

We aim at jointly optimizing the transmit power, {p;. }X_,
at the uplink users, the receive beamformers, {wk}szl and
u, and the transmit beamforming, {vl}lel and Vy, at the
BS for the considered FD ISAC system. Denote A 2
Hwihu {vit,, Vo = 0,{pi = 0}, } as the set of
optimization variables. The joint design is performed under
two criteria: 1) transmit power minimization; 2) overall sum
rate maximization, which correspond to the power efficiency
and the spectral efficiency improvement of the ISAC system,
respectively. Specifically, for the first design criterion, we
consider minimizing the total transmit power consumption
while guaranteeing the minimal SINR requirements of uplink
communications, downlink communications, and radar sens-
ing. The corresponding problem is formulated as

L K
L 2
minimize Z IvilI? + Te(Vo) + Zpk
=1 k=1
subject to 4™ > 74,
,ycom,UL > 7_com,UL Yk
k - k b b

com,DL com,DL
v > , Vi,

(1)



where 77 is the required constant minimal SINR threshold for
successfully accomplishing the sensing operation, and 7¢"™""
and 7°™P" stand for the minimal SINR requirements of uplink
user k and downlink user [, respectively.

We also wish to maximize the sum rate of all the uplink
and downlink users with limited transmit power budgets, while
ensuring the sensing performance by constraining the minimal
radar SINR. Accordingly, we formulate the problem as

K L
ol com,UL com,DL
maximize ]; logy (1 4+ "™ ") + ; log, (1 + )
subject to  ™¢ > 7d
L
Z HVl||2 + Tr(VO) < Phaxs
=1

pr < Pi, Vk. (12)

Observe that both (11) and (12) are nonconvex problems
whose globally optimal solutions are hard to obtain by
polynomial-time algorithms in general. Moreover, the opti-
mization variables are tightly coupled which further com-
plicates the problems and makes them intractable. In the
following sections, we propose efficient algorithms to solve
these two problems, respectively.

Remark 1: Note that the sensing task can be extended to
multi-target scenarios with M > 2 targets. Speciﬁcally, by
utilizing M radar receive beamformers {u,, }*_, to process
the received signal at the BS, the SINRs {24} i _, for all the
M targets can be separately obtained [28]. The single radar
SINR constraint involved in problems (11) and (12) is then
replaced with M individual constraints as 729 > 7724 vy,

ITI. JOINT FD ISAC DESIGN FOR POWER MINIMIZATION

We handle (11) in this section. Specifically, we
first determine the optimal receive beamformers
{{wk}szl,u} in closed-form expressions with respect
to {{vi}f,, Vo, {pe}/_,} and substitute them into (11).
Then, we address the equivalent problem exploiting the SCA
technique. In addition, we investigate a special case and
provide a low-complexity solution.

A. Closed-Form Solutions to Receive Beamformer

Note that the objective of (11) does not depend
on {{wi}r,, u}. Moreover, given arbitrary feasible
{{vi}{=1, Vo, {pr}i—, }. it can be found that u only affects
the value of 7™ and wy, has an impact on 7{*™"" while it does
not affect the SINRs of other users. Therefore, to facilitate
the fulfillment of the SINR constraints in (11) and reduce
the transmit power consumption, the receive beamformers
{{wi}i—;,u} should be determined by maximizing the
corresponding SINRs. As a result, we optimize them through
the SINR maximization criterion:

rad (13)
com, UL \v/k (14)

maximize ¥

maximize
Wi

Proposition 1: The optimal solutions to (13) and (14) are
given by

<]
I

K -1
: <Zpkhkth+BQBH+afINr> a.(6p), (15)

k=1
—1

W;; = Z pk/hk/hg + CQCH + UZINT hk7 Vkv
k'=1,k'#k

(16)

respectively, which rely on the transmit beamforming at the
BS and the transmit power of uplink users.

Proof: See Appendix A. [ ]

Note that scaling u* and wj, Vk, with any positive constant
does not affect the optimality.

B. Solutions to Transmit Beamforming and Power

Substituting the optimal {{wj}#_,,u*} into the SINR
expressions in (7) and (9) yields

= l‘dd

1Bolaf” (60)Qay(6o)

-1

K
xaﬁ(90><zpkhkh£+BQBH+JEINT> a, (o), (17)
k=1
—1
Z prhhi+CQC 4021y, | by, VE,
k' =1,k' £k

;Y]cgom UL_ pth

(18)

respectively. Subsequently, applying (17) and (18), we rewrite
(11) into the following equivalent problem with respect to

{{vi}ic1, Vo, {pi iy )

K
minimize Z [vi]|2 + Tr(Vo) + Z Dk
vk _
{P;i>10}k i k=1
subject to 774 > 7

—com,UL com,UL
o > , Vk

com,DL Z 7_lcom,DL7 vi.

" 19)

The above problem is still nonconvex due to the complicated
SINR constraints. To handle this issue, we introduce a set of
auxiliary Variables \= VlVl & Vi. With {V,}£ |, we further
define Q & Zl - V, U2 Zk 1 prhrhf +BQB +021y,
and q’k Zk' 1,k' £k pk/hk/hk/ + CQCH + O'QIN Vk,
to simplify the SINR expressions. After some straightforward



algebraic operations, (19) is recast as

L K
minimLize Z Tr(Vy) + Z Dk (20)
(vimorl .
{p;izr)}iiiol 1=0 k=1
rad
subject to  a;(Ao)Qay (60)a(0g) T 'a,.(Ag) > Bl (20a)
7,com,UL
hi’®, 'hy, > £ , Vk, (20b)
Pk
1 _
<1 + comDL) g'Vig > g’ Qg + o7,
7
Vi>1.  (200)

Note that we omitted the rank constraints of {V;}~ , i..,

rank(V;) <1, VI > 1, 20

based on the idea of rank relaxation [29]. The reformulation
in (20) still has nonconvex constraints (20a) and (20b).

To obtain a more tractable form, we employ the SCA
technique to handle constraints (20a) and (20b). Focusing
on (20a), due to the fact that {V;, > 0}/, we have
Q = 0 and a (65)Qa; () > 0. Moreover, it must hold that
all(00)Qa;(6p) # 0 since the radar SINR threshold 79 > 0.
Thus, by dividing both sides of (20a) by a (6y)Qa,(6y), it
becomes

rad

T (
|Bol?
Considering that the function f(Y) = f#Y ~!f is convex with
respect to Y for Y > 0 [30, Section 3.1.7] and ¥ is an affine
function of {{V;} o, {px}1_,}, the left-hand side of (22) is
convex with respect to W, and is also convex with respect to
Vi, {pe} B, } 130, Section 3.2.2]. Similarly, the right-
hand side of (22) is convex with respect to {V,;} £ . Therefore,
(22) is a difference-of-convex (DC) constraint which can be
handled by iteratively lower bounding the left-hand side by
its first-order Taylor expansion [31]. Specifically, according to
the complex-valued derivatives in [32], for the i-th iteration
of the SCA, we consider the following lower bound:

af(@o)\Il_laT(Ho)

al (60) ¥ 'a, (69) > al’ (60)Qay(60)) "

(22)

-1

> afl(00) (2070) a,(0) — af (60) (¥0V)
X (\II — \I/(ifl)) (\I;(ifl))_ a, (6o)
£ (wwt), (23)
where w(-1) 2 Zk G=Dh, hi + BQ(Z VBH 4

2IN and QU-D = YF V“ B with {p""Y}X | and
{V - 1)}1 o being the solutlons obtained in the (¢ — 1)-th
iteration. As such, a convex subset of the nonconvex constraint

in (20a) is established as
ad
f (\II P lie 1)) |5 E (af” (60)Qa(60))

Next, we consider the constraints in (20b). For each k, it
can be similarly verified that th <I>,:1hk is convex with respect

-1

(24)

to ®;, and we thus exploit its first-order Taylor expansion to
obtain an affine approximation as

hi/®; hy > hil (8 1’) he —hff (2f7V)

(o) (30)

s (‘1%74’2 >), VE,

-1

(25)

where <I>(Z D2 Zk, Lk £k pgg, hk/hg +CQU-HCH 4+
21N is calculated based on the solutions obtained in the
(i — 1)-th iteration. With (25), a convex subset of (20b) is
given by
com,UL

fr (‘I’k,q’(l 1)) > Tk
Pk

, Vk. (26)

Based on the convex approximations in (23) and (25), we
are ready to obtain a series of surrogate problems to locally
approximate (20). Specifically, the surrogate problem in the
i-th iteration is formulated as

minimize E Tr(V;) +

{Vz*O}L o =0

{Pk>0}k 1
(20c¢), (24

K
Zpk
k=1
), (26).

This problem is convex and its globally optimal solution
can be obtained via, e.g., the interior point method [30] or
some off-the-shelf convex optimization tools, e.g., CVX [33].
After solving (27), we update Q(?), () and {@;ﬂl)}szl by
exploiting the optimal solutions to {{V;}£ o, {px}<,} and
then proceed to the (i+ 1)-th iteration. Furthermore, according
to [34], this iterative procedure converges to a Karush-Kuhn-
Tucker (KKT) point of the problem in (20).

Upon convergence, we denote the obtained solution as
{{Vl}l 0» 1Pk}, }. An additional procedure, such as Gaus-
sian randomization [29], is generally exploited for recovering
the beamforming vectors {vl}lel, i.e., the solution of (19),
since {\Afl}le may not satisfy the relaxed rank-one constraints
in (21). However, the commonly adopted Gaussian random-
ization for recovering a rank-one solution generally has high
computational complexity and leads to certain performance
loss. Fortunately, based on the following theorem, we prove
that a rank-one solution of (20) can always be constructed
from {V,}£, without performance loss.

Theorem 1: Based on the solution ({V;}£, {pr}5 ) in-
hand, a solution of (20) achieving the same power consump-
tion as ({V 1, {pr} ;) while satisfying the relaxed rank-
one constraints in (21) can be constructed as

subject to 27)

Vi=vi(v)", i1,

L L
V=Y Vi+Vo-> viv)H,
=1 =1
Pk = Pk, k. (28)
~ —-1/2
where v]' = (ngVZgZ) Vg, VI > 1.
Proof: See Appendix B. |



Algorithm 1 Proposed Algorithm to Solve (11)

I+ Initialization: Tnitialize {{V " }2 . {p\”’ }/ 1, iteration
index ¢+ = 0, and convergence accuracy e.

2: repeat

33 Seti=1+1. _ _

. Solve (27) with {({VI""E (V1K |} and up-

date {{V{"}E o, {pi" H, ).

5. until Convergence.

6: Calculate the transmit beamforming and the uplink trans-
mit power according to (28).

7: Calculate the receive beamformers according to (15) and
(16), respectively.

8 Output: u, {wi }5_,, {vi}},, Vo, and {ps}i_,.

Theorem 1 indicates that we can obtain a new solution
of (20) by {{V;} o, {pi}i,}, which satisfies the rank-one
constraints in (21) and_attains the same performance as a
KKT solution, i.e., {{Vi} o, {Pr}i_,}. At the same time,
we recover the solution of (19) as {{v;},, Vi, {p;} 5}
The corresponding receive beamformers are further calcu-
lated based on (15) and (16). We summarize the proce-
dure for solving the power minimization problem in (11)
as Algorithm 1. Note that the main computational burden
of Algorithm 1 stems from solving (27) in each itera-
tion. Following [35, Section V-A], which presents a detailed
method to quantitatively analyze the computational complex-
ity of solving a convex problem through the interior point
method, we obtain the complexity order for solving (27) as
O (VN:L+K(NfL? + N L?K + K3)).

C. Special Case of Uplink Communication Only

The above considered problem involves FD communication.
We herein focus on a special case in the absence of downlink
communication, i.e., L = 0, and the downlink signal is used
for target detection only, which is similar to the scenario inte-
grating sensing with uplink communication in [18], [19]. The
difference is that a fixed communication signal is considered
in [18], [19] while we also optimize the uplink transmission
here. In this special case, the downlink transmit signal x and
its covariance matrix Q reduce to

X = 8¢, Q = Vo. (29)
As a result, problem (11) becomes
K
minimize Tr(Vy) + Z Dk
u{wp b, 1
Voz0,{pp >0} | -
subject to  4™¢ > 7d, yzom’UL > TZ‘““’UL , Vk.  (30)

Compared to (11), this problem removes the optimizations on
downlink communication and the proposed SCA-based Algo-
rithm 1 is also applicable. However, to solve this simplified
problem, we are able to develop an alternative algorithm which
dramatically reduces the computational complexity.

Different from Algorithm 1, we consider solving (30)
by optimizing {u, {wi}f,} and {Vo,{pr}i_,} in an al-
ternating manner. Recalling that given {Vo, {px}£ 1}, the

optimal solutions to {u, {w;}/<,} are obtained in closed-
form expressions as shown in Proposition 1, it remains to
optimize { Vo, {px }1— } with fixed {u, {wi}/-, }. Define the
following constant terms ay £ wthkthwk, Bk £ CHwy,
E;wy £ W?hk/hgwk,Vk/ 75 k, and CZ}C £ USW]?WIC to
simplify the formulations of ™" Vk, in (9). Also, define
& 2 |Bo|AT (o)u, £ £ BPu, j, £ uhyhfTu, Vk, and
h £ o2u’u to simplify 4 in (7). Then, the subproblem
with respect to {Vo, {pr}5_,} is expressed as

K
TI‘(V()) + Zpk
k=1

minimize
Vo=o,
{pp>03
~H ~
) e Ve .
subject to = - ON _ > prad
FEVof + 37, gepe +h
Qg Pk

> 7o vk

BkHVQBk + Zk’;&k Ch, k' Dkt + Jk N
(31)

By rearranging the constraints, this problem is readily trans-
formed into a standard semidefinite programming (SDP) and
solved directly. Nonetheless, we will show that (31) is equiva-
lent to an SOCP, which can be solved with much lower compu-
tational complexity compared to that of the SDP formulation.

To begin with, we prove the following result regarding (31).

Theorem 2: The optimal solution to (31), denoted by
{Vy, {pi}E |}, must satisfy

rank(V{) = 1. (32)

Proof: See Appendix C. [ |
With Theorem 2, we further obtain the following proposition.
Proposition 2: Let us introduce vo € CVt*1 and real-valued
tp and {qk}szl as optimization variables. The optimal solution
of (31) can be achieved by solving the following SOCP
minimize o
vo,tos{ar}F_,

~H ~
subject to {e VO] ~c 0, [ aqu} =c 0, Vk,
w Qx

to
Vo EC 07
q

where @ 2 V[ vy /g, - 7V§KQK7\/Z]T7 or =

com,UL (1. i = = =
\ Tk by Vo, /Crk,1G15 -+ s A/ Chk—1qk—15 \/ Ch ke+10k+1,

Ly 5k,KQK, Vv Czk]T, Vk, and q é [(J1,"' ,qK]T. The
=c

(33)

notation >¢ denotes the generalized inequality as

0 < ||z|| < z [36]. Denoting the optimal solution of (33)
as {v§.t5, {q; 15}, we can derive the optimal solution of
(31) by Vi = vi(vg)™ and p; = (q;)*, k.

Proof: See Appendix D. |
Proposition 2 provides a computationally efficient approach to
find the optimal solution of subproblem (31).

Finally, the proposed low-complexity method for solving
(30) is summarized in Algorithm 2. It is easily verified that
the objective value of the power consumption is nonincreasing
over the iterations and the solution set is compact, thus the



Algorithm 2 Low-Complexity Solution for (30)

1: Initialization: Initialize {V {pk )},C 1} Set iteration
index ¢ = 0 and convergence accuracy e.

2: repeat

33 Seti=1d+ 1. _ _ _

+ Update {u®, {wi"}< ) with (V{7 {p{ "V}, )
according to (15) and (16), respectively.

5:  Solve the SOCP in (33) with {u®, {wk)}k 1} and
update {V(()l ,{p },C e

6: until Convergence.

7: Output: u, {wi}< | Vo, and {p;} X .

proposed algorithm is guaranteed to converge. In terms of
computational complexity, in each round of the iteration, the
dominating computations of updating u(® and {w,(;)}szl
lie in the calculation of matrix inversion, leadmg to the
complexity of O (K'N?). For updating V() and {p )}k 1
according to the complexity analysis in [35 Section V-A],
the complexity order of solving the SOCP in (33) is given
by O (\/E(K4 + N2 4+ N:K?) ). For comparison, we restate
the computational complexity of Algorithm 1 in this special
case as O (vNy + K(Nf + N}K + K?)). 1t is found that
Algorithm 2 enjoys a much lower order of computational cost
than that of Algorithm 1 in each iteration. Furthermore, as will
be shown in Section V, these two algorithms share similar
convergence speed and performance. Hence, for this special
case, Algorithm 2 is an effective alternative to Algorithm 1
with much lower overall complexity.

IV. JoINT FD ISAC DESIGN FOR
SUM RATE MAXIMIZATION

In this section, we consider solving (12). Compared to
the power minimization criterion, (12) focuses on the sum
rate maximization which is generally NP-hard, even in
communication-only systems [37], [38]. To solve this difficult
problem, we first predetermine the optimal receivers and then
develop an effective iterative algorithm.

A. Problem Reformulation

Similarly to the previous section, by predetermining the
optimal receive beamformers in (15) and (16) and invoking
the equivalent SINR expressions in (17) and (18), we rewrite
(12) into the following form:

K
maximize Z logy (1 4 75™Yh)

(v}, Voro,

+210g2 1+,YcomDL)
=1

{rp203f
subject to ~y”d >
Z Hvl”2 + Tr(VO) < Prax,
=1
pr < Pi, V. (34)

By introducing a group of real-valued auxiliary optimization
variables u, > 0, Vk, and defining V; £ v;v{ | Vi, we further
reformulate (34) as

K L
ZlogQ(l +ug) + Zlog2
k=1 =1

maximize
{vy=oyf
{pr, >0, 'u.k>0}

L
subject to 5™ > 74 Tr (Z Vl) < Prax,
1=0

Uk < ’_Y]cgomULv Pk S Pk; Vka

1 + ;Ycom DL)

(35)

H
—com, DL g Vigi
and the rank-
T X8 Vegitel Vogito?

one constraints of {Vl}lel are omitted here. It is easily proved
by contradiction that the constraints wj, < 5;°™"", Vk, must
keep active at the optimality, which verifies the equivalence
between problems (34) and (35).

where ¥,

B. Proposed Solution

For solving (35), the difficulties lie in the nonconcave term
ZlelogQ(l + 47°™PL) in the objective function and the
nonconvex constraints ¥ > 7% and wu, < ™ UL VE.
To tackle the nonconvexity of the objective function, we first

rewrite the achievable rate of downlink user [ as

L
logy (14 75"™P%) = log, (Z ngVz/gﬂrff?)
'=0

L
Z g’ Vigi+o}
V=0, 1

—log, . (36)

Both logarithm functions are concave with respect to {V;}-
and we thus can approximate (36) via linearizing the second
term via the SCA approach. Specifically, by exploiting the
first-order Taylor expansion, it holds that

L
> gl'Vig +of

log,
I'=0,l'#l
; log, e L
< al(ﬁl) + a(J21) Z (Vz« - V(J 1)) g
t 1'=0,1"#1
£, 37

where Vl(;j_l) is the solution to 'V, obtained in the (j —1)-th
iteration and o\’ = log, (Zf,:w,# gl Vi Vg + 0122.
Applying (37), we establish a lower bound of log, (1+737°™"")
as follows

L
logy (1 +7;°™PY) > log, <Z gl Vg + cr?) —r;, (38)
I’=0

which is concave with respect to {V;}£ .

Next, we handle the nonconvex constraints. Note that the
approximations utilized in Algorithm 1 can still be applied
here to deal with these constraints. Specifically, the radar



SINR constraint can be tackled as (24). Applying (25) to
up < AP™UE Yk, yields

< f (@@ ), vk, (39)

Pk

However, different from (26), the fractional function % in

the left-hand side makes constraint (39) still nonconvex. In
order to handle this issue, by introducing real-valued auxiliary
variables {zj }/~_,, we first equivalently transform the single
constraint in (39) into two separate constraints as follows

{p— <h(eeel™).

(40)
up < CC%,
2

where the function Z—: is convex when p; > 0 [30]. This
equivalence is established based on the fact that the constraint
ur < x7 must keep active at the optimality, which can
be proved by contradiction. Then, by replacing the convex
function x% by its first Taylor expansion, we obtain a convex
approximation of (40) as

: 1
TE< i (‘I’kaq’(j )) ;

Pk

wy < ( (G- 1)) 220D (Ik 3 Vk, (41)

Ig—n)’

where the variables {:r,(cj _1)}521 are iteratively updated in
each iteration.

Now, (35) can be addressed by employing the SCA frame-
work. In particular, in the j-th iteration we consider the
following convex optimization problem

K
Z logy (1 4 ug)
k=1

maximize
{vy=ork o,
{pRp=0,up >0,z ZU}kK

L L
Z (10g2 (Z g’ Vg + cr?) - £l>

(z
(24), (41),

whose globally optimal solution can thus be readily found.
After solving (42), we update @), W), and {®) 4} K
By iteratively solving (42) until convergence, a KKT point of
(35) is obtained [34].

Moreover, based on this KKT solution, we can similarly
construct a rank-one {VI*}ZL:1 without any performance loss
according to Theorem 1. The proof procedure is similar to Ap-
pendix B and omitted. Then, the receive beamformers can be
calculated according to Proposition 1. The proposed algorithm
for solving (12) follows a similar procedure as Algorithm 1
except that in step 4) problem (27) is replaced b;/ problem
(42) and we need update {V }l o and {pk ,:vk . We
denote it as Algorithm 3 and no longer present the detalls for
brevity. Moreover, the main computational cost of Algorithm 3
lies in solving (42) in each iteration, whose complexity is

O (VN.L+K(NFL? + NL?°K + K?)).

subject to ) < Pax, Pk < By, VE,

(42)

10

V. SIMULATION RESULTS

A. Parameter Setup

Assume that both the transmit and receive ULAs of the
BS have N; = N, = 8 antennas. The BS serves K =
uplink users and L = 2 downlink users. For radar sensing, it
is assumed that the target of interest is located at 8y = 0° and
I = 2 interferers are located at ;1 = —50° and 6, = 20°,
respectively. The noise powers at the BS and each downlink
user are set to 02 = o} = —70 dBm, Vi. We set the
maximal transmit power budgets at the BS and each uplink
user to Pp,x = 18 dBW and P, = 5 dBW, VEk, respectively.
Assume that all the user channels follow the LoS channel
model [39], where hy, = /&/Nya,(0Y%), Vk, with & being
the path loss and GEL denoting the user angle direction, and
similarly g; = /&+/N:a:(6P"), Vi. For simplicity, a path
loss of -103.6 dB is assumed between each user and the
BS. The directions of downlink users {#P%, 65~} and uplink
users {OYL OSL} are set to {—40°,60°} and {45°, —75°},
respectively. Moreover, the channel power gains of the target
and the two interferers are set to |3o|>/0? = —30 dB and
|B112/02 = |B2|*/0? = 20 dB [17], [26]. For the residual
SI channel at the BS, we follow [18], [40] and model each
entry of HSI € CN>Ne a5 [Hglp, =

where a ¢ > 0and d, , > 0 denote the res1dua1 SI channel
power and the distance between the ¢-th transmit antenna and
the p-th receive antenna, respectively. For simplicity, we set
o’ =l = —110 dB and let ¢=927 %% be 3 unit-modulus
variable with random phase for all the transceiver antenna pairs
(p, q). The required SINR thresholds of downlink communi-
cations, uplink communications, and target detection are set to
o™ DL'_19 gB, VI, o™ = 10 dB, Vk, and 7 = 15 dB,
respectively. All the numerical results are averaged over 200
independent channel realizations.

B. Benchmark Schemes

For performance comparisons, we introduce the following
three benchmark schemes.

1) HD Communication-based ISAC: To show more explic-
itly the advantages of FD, we consider a benchmark time-
division duplex (TDD) transmission scheme (noted as “HD
mode” in the figures), where the downlink communication and
the uplink communication separately occupy two slots while
the sensing is continuously performed at the BS for achieving
better radar performance (see Appendix E for details). The
optimization problems in this scheme can be solved using the
methods in [14]-[19] with some modifications and extensions.

2) Communication-only Transmission Scheme: The second
benchmark scheme considers an FD communication-oriented
system (noted as “communication-only” in the figures) by
omitting the sensing SINR constraint. This scheme helps
evaluate the impact of integrating the sensing functionality on
the communication performance. The optimization problems
of this FD communication system can be addressed using the
algorithm in [41].
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Fig. 3. Target detection probability versus radar SINR.

3) Sensing-only Scheme: The third benchmark scheme
considers a sensing-oriented system (noted as “sensing-only”
in the figures) in the absence of communications, where a
radar signal sp is sent and the echo is processed by the
receiver u [26], [27]. Specifically, for the first criterion, this
scheme minimizes the transmit power of sy while ensuring the
radar SINR requirement. For the second criterion, the scheme
maximizes the radar SINR under the transmit power constraint.
This scheme shows the impact brought by the integrated
communications on radar sensing. The corresponding joint
transceiver design can be solved via the algorithms proposed
in [26], [27].

Note that the design problems of the three benchmark
schemes can also be handled by using the algorithms proposed
in this work with some minor modifications.

C. Simulation Results

In this subsection, the performance of the proposed al-
gorithms is evaluated. As exemplified in [42], the authors
provided an analytical expression of the target detection prob-
ability for the generalized likelihood ratio test detector in
a radar system. Invoking the results in [42, Eq. (4) & Eq.
(6)], we evaluate the target detection probability with different
radar SINRs and false alarm probabilities in Fig. 3. It is
found that given a desired value of the false alarm probability,
the detection performance depends on the radar SINR, and
a higher detection probability is achieved with the growth
of SINR. Thereby, the sensing performance in terms of the
detection probability of the system is ensured by setting a
relatively large sensing SINR requirement.

Fig. 4 illustrates the convergence performances of Algo-
rithm 1 and Algorithm 2. First, it is found that with different
numbers of users, both the algorithms typically converge
within 6 iterations. Moreover, it is seen that the power
consumption increases with the growth of the number of
users, since more transmit power is needed to guarantee the
more stringent communication requirements. On the other
hand, concerning the curves with L = O that correspond to

11

20 T T T T
—p—Algoritm 1, K= L =2
19} —-p-=Algorithm 1, K= L =1 ]
—©—Algorithm 1, K=2,L =0
—+—Algorithm2,K=2,L =0
§18 - @ -Algorithm1,K =1,L=0{ |
clg/ - + —Algorithm2, K=1,L =0
2
g 17
S 16
'_
15F 1
14 A A A A
1 2 3 4 5 6

Number of iterations

Fig. 4. Convergence performances of Algorithm 1 and Algorithm 2.

the special case discussed in Section III-C, it is seen that
Algorithm 1 and Algorithm 2 share the same convergence
speed and objective value. Recalling that Algorithm 2 admits
a lower computational complexity per iteration than that of
Algorithm 1, the complexity advantage of Algorithm 2 is
verified.

In what follows, we show the beampattern gain regarding
the radar functionality achieved by Algorithm 1. Based on
the optimized radar receive beamformer u*, which has been
normalized as ||u*|| = 1, and the transmit signal x*, we define
the following beampatterns

p1(0) = |af’ (6)x"|?, (43)
p2(0) = |(u*)"a,(6)%, (44)
p3(6) = |(u*)"a,(0)af’ (0)x*|?, (45)

which show the gain achieved by x*, the gain by u*, and
the joint impact of {x*,u*}, respectively. Fig. 5 illustrates
the above three beampatterns achieved by Algorithm 1 and
the sensing-only scheme. From the first subfigure, it is seen
that three main transmit beams of Algorithm 1 are pointed
towards the target and the downlink users, respectively. The
second subfigure shows that the directions of the interferers
and uplink users are placed with relatively deep nulls in
Algorithm 1 since their reflected and transmitted signals do
cause severe interference to the radar sensing. The overall
beampattern in the third subfigure combines the transmit
and receive beampatterns. Compared with the sensing-only
scheme, Algorithm 1 can additionally fulfill the requirement of
downlink users and suppress the interference stemming from
uplink users. The effectiveness of Algorithm 1 regarding the
radar functionality is thus validated.

Next, we show the beampattern for the communication func-
tionality. With the optimized communication receive beam-
formers {w;}, we define the receive beampattern for uplink
user k as |(w;)Ha,(0)|?. The receive beampattern gains for
two uplink users are then depicted in Fig. 6. It is seen from
the figure that for uplink user 1, wj allocates a main beam
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pointing towards the user direction. Meanwhile, several deep
nulls are placed towards the target, interferers, and the other
uplink user 2, all of which cause interference when decoding
the signal from user 1. Similar observations can be found in the
second subfigure for user 2. In addition, our design achieves
almost the same pattern as the communication-only scheme.
Together with the fact that two main beams of the transmit
signal are pointed to the downlink users as shown in the first
subfigure in Fig. 5, the effectiveness of the proposed design
in terms of the communication functionality is thus validated.

Fig. 7 shows the minimum total power versus the radar
SINR threshold 779, Observe that the power consumed by
the communication-only design remains unchanged since it
does not contain the sensing constraint. On the contrary,
when 77 increases, the power consumptions of Algorithm 1,
Algorithm 2, the sensing-only scheme, and the HD mode are
enlarged due to the hasher requirement for radar sensing.
Moreover, compared to the conventional HD mode, Algo-
rithm 1 yields a much lower power consumption, which
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validates the superiority of the proposed FD scheme. Also,
it is seen that Algorithm 1 and Algorithm 2 achieve identical
performance in the considered range of parameters.

In the following part, we evaluate the performance of
Algorithm 3. First, the convergence performance is illustrated
in Fig. 8. It can be seen that the proposed algorithm converges
within a few iterations and a higher sum rate is generally
obtained with the increasing number of users as the proposed
scheme can exploit the inherent multiuser diversity.

The radar beampattern p3(f) attained by Algorithm 3 is
depicted in Fig. 9, where Algorithm 1 is also included for
comparison. Obviously, focusing on the curve of Algorithm 3,
it is seen that the main beams are allocated to the target
and to the downlink users, respectively, and meanwhile the
directions of interferers and uplink users are placed with
relatively deep nulls, which is consistent with the result of
Fig. 5. In addition, compared to the proposed algorithms, the
sensing-only schemes (the green curves) have relatively lower
average gains since they omit the communication requirements
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Fig. 10. Multiuser sum rate versus the residual SI gain ag;.

of users. Finally, comparing the curves of Algorithm 1 and
Algorithm 3, we observe that the average value of the beam-
pattern gain achieved by Algorithm 3 is larger than that of
Algorithm 1. This is because the objective of Algorithm 3 is
to maximize the sum rate and all the available transmit power
should be exhausted while Algorithm 1 aims to improve the
power efficiency and full-power transmission is not always the
best strategy.

Fig. 10 demonstrates the maximum multiuser sum rate
versus the residual SI gain agy. It can be observed from the
figure that when ag; becomes larger, the rate performances
of all three schemes degrade due to the increasing power of
the signal-dependent interference. This observation conforms
to the results in FD communication-only systems [41]. On the
other hand, compared to the communication-only scheme and
the HD scheme, the achievable rate of Algorithm 3 is more
sensitive to the value of as;. This is because both the FD com-
munication and the FD radar functionalities in Algorithm 3
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are affected by the residual SI gain, while only the sensing
functionality (the communication functionality) is affected by
the SI in HD mode (in communication-only mode). Finally,
the proposed FD ISAC scheme can significantly outperform
the benchmark HD mode. In particular, the achieved sum rate
is nearly doubled when the SI power is relatively low.

Fig. 11 demonstrates the sum rate versus the required radar
SINR 7% We observe that when 7 becomes larger, the
performances of Algorithm 3 and HD mode degrade. This is
because with a growing 74, more transmit power in the ISAC
system should be exploited for guaranteeing the increasingly
stringent sensing requirement and meanwhile the communi-
cation rate has to be compromised, which reflects the non-
trivial communication-radar trade-off in ISAC systems. Also,
compared to the benchmark HD scheme, the performance
improvement of the proposed FD ISAC is seen from the figure.

Finally, we provide a numerical example here to show the
extension for multi-target scenarios discussed in Remark 1.
Assume M = 2 targets are located at the angle directions of
0° and 30°, respectively, and the other setup parameter remains
unchanged. After solving the power minimization problem in
(11) with M radar SINR requirements employing Algorithm 1,
we illustrate the achieved radar beampatterns in Fig. 12, where
the beampattern gain for target m is calculated as (45) by
substituting the optimized receive beamformer u,. It is found
from the figure that the main beam of each curve is pointed
to the direction of the corresponding target, which verifies the
effectiveness of the proposed beamforming strategy for the
multi-target detection.

VI. CONCLUSION

In this paper, we investigated the joint optimization of an
FD communication-based ISAC system under the criteria of
transmit power minimization and sum rate maximization. For
each design problem, we first derived the optimal receive
beamformers in closed-form expressions. Then, we developed
an effective algorithm to optimize the BS transmit beamform-
ing and the user transmit power based on the SCA technique.
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Fig. 12. Radar beampattern achieved by Algorithm 1 for the multi-target
scenario.

Moreover, we also considered a special case for the power
minimization criterion and provided a low-cost solution, which
enjoys much lower computational complexity compared to the
SCA method while achieving almost identical performance.
Simulation results verified the effectiveness of the proposed
algorithms and showed the tremendous advantages of our
considered FD communication-based ISAC system over the
previous frameworks that integrated sensing with HD com-
munication. The performance gains are most notable when
the residual SI power is low and the sensing requirement is
less restrictive. Future extensions may include investigating
the impacts of non-flat channels and imperfect CSI for the FD
ISAC design.

APPENDIX A
PROOF OF PROPOSITION 1

We first determine w, for maximizing v;°™"". Based on the
expression in (9), it is found that the maximization of ~;*™ UL
belongs to the problem of generalized Rayleigh quotient.
Thereby, by invoking the results in [43], we readily obtain
the optimal solution to wy, in (16). To proceed, we optimize
u by rewriting the numerator of v in (7) as

|Bol*u™ A(60) QA (60) " u
= |Bo|*u"a,(6o)a; (00)Qay (6o)a) (6 )u
= |Bol*a;’ (00)Qay (fo)u” a,(6o)al (fo)u.  (46)

Based on the facts that |Sp|%al? (00)Qay(fy) > 0 and it is not

related to u, we utilize the generahzed Rayleigh quotient again
u?a,.(0y)af (9p)u

u? (CF prhphf +BQBY 4021y, )u

the optimal u* in (15).

and arrive at

to maximize

APPENDIX B
PROOF OF THEOREM 1

The proof follows a similar procedure in the previous
work [10]. We divide the proof into two parts. The first part
is to show that {{V;}5_,, {p;}X .} is a feasible solution to

14

(20) and the second part verifies that it achieves the identical

performance as {{Vl}o Lo
We first prove the feasibility of {{Vf}g 15 {p?;}kK 1} To

begin with, it is straightforwardly seen that V} is positive
semidefinite for [ = 1,---, L. Moreover, given an arbitrary
vector f € CV+*1 it holds that

fH (Vz — Vl*V?H) f= fH (\7[ — (ng\Aflgl) 1Vlglgl Vl ) f
= £9Vif — (gf' Vi) ! f Vig)|?
> £AVIf — (gf Vi) ' £V fgl Vig,
=0, Vi >1, (47)
where the inequality follows from the Cauchy-Schwarz in-
equality. Using (47), together with the fact Vy > 0, it can be

obtained from (28) that V; = 0. Thus, we have {V} = 0}J_,.
To proceed, it follows from (28) that

L L
Z\AflJr\Afo:ZV;%LVS.

This equality, together with the unchanged values of {pr}E .,
implies that {{Vl}o AP 1} and {{Vi}io, {piti, )
yield the same Q, ¥, and {®;}X_ ,. Moreover, it is verified
that

(48)

* Py
gl Vigi=gl'vivi'g
= (g'Vig) g Vigig/ Vg
= gl'Vig, Vi. (49)

Therefore, constraints (20a), (20b), and (20c) also hold for
Ve, {p;},}. The first part is proven.

We then prove that the objective values of
HVitoo i) and {{Vl}o v ABr ) are
identical. Applymg (28), we immediately have

L N K
Yo Tr (V) + Sy be = Yo T(VE) + X v
The second part of proof is completed.

APPENDIX C
PROOF OF THEOREM 2

We accomplish the proof by analyzing the KKT conditions
of the problem in (31). Since (31) is a convex SDP and the
Slater’s condition holds, the duality gap is zero and the KKT
conditions are sufficient and necessary for guaranteeing the
optimality [30]. Let u > 0, {\x > 0}X_,, and a positive
semidefinite matrix Z > 0 denote the Lagrange multipliers
associated with the radar SINR constraint, the uplink commu-
nication SINR constraints, and the semidefinition constraint
Vo = 0, respectively. Thus, the partial Lagrangian function
of (31) is given by

(VO, {pk}kK 15 Hs {/\k}kK 1 )

1
= Tr(Vy) +Zpk+u f V0f+ngpk +h 58 Vo8)

k=1
K 1
+Z Ae(bf Vb + Z Chopr Phr i — —eom L arpr)
k=1 k' 2k Tk
_THZ V). (50)



Given the Lagrangian function, we further obtain the dual
function of problem (31) by

g(p, {)‘k}lev zZ)
‘C(VOa {pk}szl ) {)‘k}szlv Z)

Tr(BVo) + f({pr}ics)

= inf
Vo, {pk Zo}szl

= inf

(51D
VOv{kaO}szl

where B = Iy, + uff + 57 \bybl! — 288" — Z and
F({pr}E_,) contains the remaining terms related to {py }< .
In order to guarantee a bounded dual optimal value, it follows
from (51) that B = 0, which means that

K
Z =Ty, + pfE7 + ) Aebibfl - %ééH.
k=1

(52)

Furthermore, due to the non-negativeness of p and {)‘k}kK:v
we can infer from (52) that rank(Z) > N; — 1. On the other
hand, we list the related KKT conditions of problem (31) for
the proof as follows

(53)

7—rad

1 - - -
&"vie > FIViE+ > gipi + b,
k

Z*V; = 0. (54)

Combining rank(Z) > N; — 1 and (54), we have rank(V{) <
1. Moreover, condition (53) holds only when rank(Vg) # 0
since h > 0. Thereby, we conclude that rank(V{) = 1.

APPENDIX D
PROOF OF PROPOSITION 2

It follows from Theorem 2 that we can express Vg by
Vo = vovéi without loss of optimality, where vy € CNex1
represents the radar beamformer. Denoting qr = /pr >
0, Vk, problem (31) is recast as

K
[voll* + Z ar
k=1

minimize
Voy{%}szl
~H_ |2
. € Vo
subject to = 2| |~ = = rad
[fHvol2 + >, gra; + 1
- 9
arq;.

= — _ Z 7_Izom,UL’ k.
|kaV0|2 + Zk/#k Ck.,k'q;%/ + dy,
(55)

For (55), it can be verified that rotating the optimal vy with
an arbitrary phase scaling does not destroy the optimality.
Therefore, focusing on the radar SINR in the first constraint
of (55), it is without loss of optimality to further restrict
Z{&"vq} = 0. Then, we can take the square root of |&vg|?
and transform the first constraint in (55) to &7vg TZ llz= I,

where @ £ /7rad FHVO, Vg, Vakak, \/ﬂ . It can

éH

be further rewritten as the following SOC ;0 >c 0. To

proceed, performing the similar operations for the communi-
cation SINR constraints in (55) yields the second set of SOCs
in (33). Finally, by introducin}g an auxiliary variable ¢t > 0, the
minimization of ||vo||? + Y_;_, ¢7 is equivalent to minimize
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¢ with an additional constraint ¢ > [|vol|2 + S_r_ 2. Then,
denoting ty = Vi, (55) is transformed into the SOCP given
in (33).

APPENDIX E
DETAILS OF THE TDD BENCHMARK SCHEME

Assume that the uplink and downlink time slots have the
same duration. In the downlink slot, the BS transmits an
ISAC signal x and receives the radar echo signal adopting
a linear beamformer u. The involved optimization problems
of transmit power minimization and sum rate maximization
take the form:

(Prinp” )

L
minimize Z [vell® + Tr(Vo)
=1

{vi}te,,\Vor0,u ‘=

subject to ”yﬁ*g’DL > prad,
zzom,DL 2 7—_lcom,DL, Vl (56)
L
HD,DL i com,DL
~ ) : maximize logy (1 4~
( maxR ) {VL}ZL:PVOEUJI ; 2( l )

rad,DL 2 7_rad ,

subject to Yy

L
Z ||Vl||2 + Tr(VO) < Phax,

1=1
(57)
. rad DL _ |Bo|*u" A(69)QA () "u
respectively. Here, v = W BQBF o2y Ju_ lepresents

the radar SINR without the interference from the uplink trans-
mission due to the HD mode and 77°™P% & (14 7omPh)2 1
ensures that the minimum average data rate of downlink user [
achieved in the HD scheme equals to that of the FD case. In the
uplink slot, the BS simultaneously receives the communication
signal from K uplink users and transmits sy for downlink
sensing, as discussed in Section III-C. The joint optimization

problems are written as

K

Tr(Vo) + > i

k=1

HD,UL, . P
(PminP ) ml\I,lOlg})lyze

{wp g Zo}szl

subject to 4™ > 74,
,y](;om,UL Z 7—_](g:0m,UL7 k. (58)
K
HD,ULy . - com.UL
(Paail"): magimize 3 loga(1+ ™)
(wyopp 0} k=1
subject to 4™ > 7rad,
TI'(VO) < Pmax,
pr < Py, VE, (59)
respectively, where 70"™ £ (1477°™")2—1 guarantees that

the minimum average rates of uplink communication in both
FD and HD cases are identical. Denote the optimized objective
values of these four problems as PPt, RPL, PUL and RUE,
respectively. We finally obtain the average power consumption
and achievable rate of this TDD system by % (PP“+ PU-) and
L(RPY 4+ RUY), respectively.



[1]

[2

—

[3]

[4]

[5]

[6

—

[7

—

[8

—_

[9

—

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

REFERENCES

Z. He et al., “Integrated sensing and full-duplex communication: Joint
transceiver beamforming and power allocation,” in Proc. IEEE Int.
Conf. Acoust., Speech Signal Process. (ICASSP), Rhodes Island, Greece,
Jun. 2023.

W. Xu et al., “Edge learning for B5G networks with distributed signal
processing: Semantic communication, edge computing, and wireless
sensing,” IEEE J. Sel. Topics Signal Process., vol. 17, no. 1, pp. 9-
39, Jan. 2023.

W. Shi, W. Xu, X. You, C. Zhao, and K. Wei, “Intelligent reflection
enabling technologies for integrated and green Internet-of-Everything
beyond 5G: Communication, sensing, and security,” IEEE Wireless
Commun., early access, May 09, 2022, doi: 10.1109/MWC.018.2100717.
J. A. Zhang et al., “An overview of signal processing techniques for joint
communication and radar sensing,” IEEE J. Sel. Topics Signal Process.,
vol. 15, no. 6, pp. 1295-1315, Nov. 2021.

J. A. Zhang et al., “Enabling joint communication and radar sensing
in mobile networks—A survey,” IEEE Commun. Surveys Tuts., vol. 24,
no. 1, pp. 306-345, 1st Quart. 2022.

F. Liu et al., “Integrated sensing and communications: Towards dual-
functional wireless networks for 6G and beyond,” IEEE J. Sel. Areas
Commun., vol. 40, no. 6, pp. 1728-1767, Jun. 2022.

J. Li and P. Stoica, “MIMO radar with colocated antennas,” IEEE Signal
Process. Mag., vol. 24, no. 5, pp. 106114, Sep. 2007.

P. Stoica, J. Li, and Y. Xie, “On probing signal design for MIMO radar,”
IEEE Trans. Signal Process., vol. 55, no. 8, pp. 4151-4161, Aug. 2007.
F. Liu et al., “MU-MIMO communications with MIMO radar: From
coexistence to joint transmission,” [EEE Trans. Wireless Commun.,
vol. 17, no. 4, pp. 2755-2770, Apr. 2018.

X. Liu, T. Huang, N. Shlezinger, Y. Liu, J. Zhou, and Y. C. Eldar, “Joint
transmit beamforming for multiuser MIMO communications and MIMO
radar,” IEEE Trans. Signal Process., vol. 68, pp. 3929-3944, Jun. 2020.
H. Hua, J. Xu, and T. X. Han, “Optimal transmit beamforming for
integrated sensing and communication,” /EEE Trans. Veh. Technol., early
access, Mar. 29, 2023, doi: 10.1109/TVT.2023.3262513.

Z. Lyu, G. Zhu, and J. Xu, “Joint maneuver and beamforming design
for UAV-enabled integrated sensing and communication,” /EEE Trans.
Wireless Commun., vol. 22, no. 4, pp. 2424-2440, Apr. 2023.

Z. He, W. Xu, H. Shen, Y. Huang, and H. Xiao, “Energy efficient
beamforming optimization for integrated sensing and communication,”
IEEE Wireless Commun. Lett., vol. 11, no. 7, pp. 1374-1378, Jul. 2022.
F. Liu, Y.-F. Liu, A. Li, C. Masouros, and Y. C. Eldar, “Cramér-rao
bound optimization for joint radar-communication beamforming,” /IEEE
Trans. Signal Process., vol. 70, pp. 240-253, Jan. 2022.

J. Pritzker, J. Ward, and Y. C. Eldar, “Transmit precoder design ap-
proaches for dual-function radar-communication systems,” 2022. Avail-
able: https://arxiv.org/pdf/2203.09571.pdf

L. Chen, Z. Wang, Y. Du, Y. Chen, and F. Richard Yu, “Generalized
transceiver beamforming for DFRC with MIMO radar and MU-MIMO
communication,” IEEE J. Sel. Areas Commun., vol. 40, no. 6, pp. 1795—
1808, Jun. 2022.

C. G. Tsinos, A. Arora, S. Chatzinotas, and B. Ottersten, “Joint
transmit waveform and receive filter design for dual-function radar-
communication systems,” IEEE J. Sel. Topics Signal Process., vol. 15,
no. 6, pp. 1378-1392, Nov. 2021.

M. Temiz, E. Alsusa, and M. W. Baidas, “A dual-function massive
MIMO uplink OFDM communication and radar architecture,” [EEE
Trans. Cogn. Commun. Netw., vol. 8, no. 2, pp. 750-762, Jun. 2022.
X. Wang, Z. Fei, J. A. Zhang, and J. Huang, “Sensing-assisted secure
uplink communications with full-duplex base station,” /EEE Commun.
Lett., vol. 26, no. 2, pp. 249-253, Feb. 2022.

C. B. Barneto et al., “Full-duplex OFDM radar with LTE and 5G
NR waveforms: Challenges, solutions, and measurements,” IEEE Trans.
Microw. Theory Techn., vol. 67, no. 10, pp. 4042-4054, Oct. 2019.

C. B. Barneto, S. D. Liyanaarachchi, M. Heino, T. Riihonen, and M.
Valkama, “Full duplex radio/radar technology: The enabler for advanced
joint communication and sensing,” IEEE Wireless Commun., vol. 28,
no. 1, pp. 82-88, Feb. 2021.

A. Sabharwal, P. Schniter, D. Guo, D. W. Bliss, S. Rangarajan, and R.
Wichman, “In-band full-duplex wireless: Challenges and opportunities,”
IEEE J. Sel. Areas Commun., vol. 32, no. 9, pp. 1637-1652, Sep. 2014.
K. E. Kolodziej, B. T. Perry, and J. S. Herd, “In-band full-duplex
technology: Techniques and systems survey,” [EEE Trans. Microw.
Theory Techn., vol. 67, no. 7, pp. 3025-3041, Jul. 2019.

[24]

[25]

[26]

(271

(28]

[29]

[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

16

M. A. Richards, J. Scheer, W. A. Holm, and W. L. Melvin, Principles of
Modern Radar: Basic Principles. Chennai, India: SciTech Publishing,
2010.

C.-Y. Chen and P. P. Vaidyanathan, “MIMO radar waveform optimization
with prior information of the extended target and clutter,” IEEE Trans.
Signal Process., vol. 57, no. 9, pp. 3533-3544, Sep. 2009.

L. Wu, P. Babu, and D. P. Palomar, “Transmit waveform/receive filter
design for MIMO radar with multiple waveform constraints,” /EEE
Trans. Signal Process., vol. 66, no. 6, pp. 1526—1540, Mar. 2018.

G. Cui, H. Li, and M. Rangaswamy, “MIMO radar waveform design
with constant modulus and similarity constraints,” /EEE Trans. Signal
Process., vol. 62, no. 2, pp. 343-353, Jan. 2014.

X. Yu, K. Alhujaili, G. Cui, and V. Monga, “MIMO radar waveform
design in the presence of multiple targets and practical constraints,”
IEEE Trans. Signal Process., vol. 68, pp. 1974—-1989, Apr. 2020.
Z.-Q. Luo, W.-K. Ma, A. M.-C. So, Y. Ye, and S. Zhang, “Semidefinite
relaxation of quadratic optimization problems,” IEEE Signal Process.
Mag., vol. 27, no. 3, pp. 20-34, May. 2010.

S. Boyd and L. Vandenberghe, Convex Optimization. Cambridge, U.K.:
Cambridge Univ. Press, 2004.

T. Lipp and S. Boyd, “Variations and extension of the convex-concave
procedure,” Optim. Eng., vol. 17, no. 2, pp. 263-278, Jun. 2016.

A. Hjoungnes, Complex-Valued Matrix Derivatives: With Applications in
Signal Processing and Communications. Cambridge, U.K.: Cambridge
Univ. Press, 2011.

M. Grant and S. Boyd. (Dec. 2018). CVX: MATLAB Software for Disci-
plined Convex Programming. [Online]. Available: http://cvxr.com/cvx/
A. Beck, A. Ben-Tal, and L. Tetruashvili, “A sequential parametric
convex approximation method with applications to nonconvex truss
topology design problems,” J. Global Optim., vol. 47, no. 1, pp. 29—
51, May 2010.

K.-Y. Wang, A. M.-C. So, T.-H. Chang, W.-K. Ma, and C.-Y. Chi,
“Outage constrained robust transmit optimization for multiuser MISO
downlinks: Tractable approximations by conic optimization,” [EEE
Trans. Signal Process., vol. 62, no. 21, pp. 5690-5705, Nov. 2014.

A. Wiesel, Y. C. Eldar, and S. Shamai (Shitz), “Linear precoding via
conic optimization for fixed MIMO receivers,” IEEE Trans. Signal
Process., vol. 54, no. 1, pp. 161-176, Jan. 2006.

Z.-Q. Luo and S. Zhang, “Dynamic spectrum management: Complexity
and duality,” IEEE J. Sel. Topics Signal Process., vol. 2, no. 1, pp. 57—
73, Feb. 2008.

C. Xing, Y. Jing, S. Wang, S. Ma, and H. V. Poor, “New viewpoint
and algorithms for water-filling solutions in wireless communications,”
IEEE Trans. Signal Process., vol. 68, pp. 1618-1634, Feb. 2020.

O. E. Ayach, S. Rajagopal, S. Abu-Surra, Z. Pi, and R. W. Heath,
“Spatially sparse precoding in millimeter wave MIMO systems,” I[EEE
Trans. Wireless Commun., vol. 13, no. 3, pp. 1499-1513, Mar. 2014.
X. Chen, S. Zhang, and Q. Li, “A review of mutual coupling in MIMO
systems,” IEEE Access, vol. 6, pp. 2470624719, 2018.

D. Nguyen, L.-N. Tran, P. Pirinen, and M. Latva-Aho, “On the spectral
efficiency of full-duplex small cell wireless systems,” IEEE Trans.
Wireless Commun., vol. 13, no. 9, pp. 4896-4910, Sep. 2014.

A. De Maio et al., “Code design to optimize radar detection performance
under accuracy and similarity constraints,” IEEE Trans. Signal Process.,
vol. 56, no. 11, pp. 5618-5629, Nov. 2008.

G. H. Golub and C. F. Van Loan, Matrix Computations, 3rd ed.
Baltimore, MD, USA: Johns Hopkins Univ. Press, 1996.



