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Abstract—With the line-of-sight mode deployment and fast
response, an uncrewed aerial vehicle (UAV), equipped with
the cutting-edge integrated sensing and communication (ISAC)
technique, is poised to deliver high-quality communication and
sensing (CAS) services in maritime emergency scenarios. In
practice, however, the real-time transmission of ISAC signals
at the UAV side cannot be realized unless a reliable wireless
fronthaul link between the terrestrial base station (TBS) and
UAV is available. This article proposes a multicarrier-division
duplex (MDD)-based joint fronthaul-access scheme, where mutu-
ally orthogonal subcarrier sets are leveraged to simultaneously
support four types of fronthaul/access transmissions. In order to
maximize the end-to-end communication rate while maintaining
an adequate sensing quality-of-service (QoS) in such a complex
scheme, the UAV trajectory, subcarrier assignment, and power
allocation are jointly optimized. The overall optimization process
is designed in two stages. As the emergency area is usually
far away from the coast, the optimal initial operating position
for the UAV is first found. Once the UAV passes the initial
operating position, the UAV’s trajectory and resource allocation
are optimized during the mission period to maximize the end-
to-end communication rate under the constraint of minimum
sensing QoS. Simulation results demonstrate the effectiveness of
the proposed scheme in dealing with the joint fronthaul-access
optimization problem in maritime ISAC networks, offering the
advantages over benchmark schemes.

Index Terms—Integrated sensing and communication (ISAC),
maritime emergency network (MEN), multicarrier-division
duplex (MDD), uncrewed aerial vehicle (UAV).

I. INTRODUCTION

ARITIME rescue is never an easy task. Apart from
natural factors, the limited capability of maritime com-
munication and sensing (CAS) is the main challenge rendering
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the maritime rescue extremely difficult [1]. Without suffi
ciently high-data-rate communications and accurate sensing,
the fast and effective rescue carried out several kilometers
away from the coast is infeasible. To this end, advanced
maritime emergency networks (MENs) have been investigated.
In particular, the Global Maritime Distress and Safety System
(GMDSS) is the most widely used maritime rescue system at
present, which is composed of terrestrial base stations (TBSs)
and satellite networks, to provide long-range coverage of mar-
itime communication and positioning services [2]. However,
subject to the long distance from TBS and satellite to the
emergency area, the GMDSS suffers from a restricted data
rate, low-resolution sensing, and large latency, failing to meet
the demand of wideband communication and accurate sensing
on the ocean.

By contrast, due to high flexibility and easy deployment,
uncrewed aerial vehicles (UAVs) are more competitive for
constituting temporary emergency networks [3], and they
can achieve a higher transmission rate and enhanced com-
munication coverage in the target area [4]. As for sensing,
satellites and TBSs are better at searching the widely unknown
area, while UAVs are capable of quickly approaching the
targets and implementing the high-resolution positioning and
detection works once the location of the interested area is
roughly known [5]. Despite these advantages, there is a paucity
of works that leverage UAVs to simultaneously execute the
emergency tasks of CAS on the ocean. This is mainly because,
at present, concurrently employing both communication and
radar equipment may impose a significant energy burden on
the UAYV, leading to a reduced mission period. However, it is
not the case in the near future of beyond 5G and 6G eras, as
the integrated sensing and communication (ISAC) technology
will enable the UAV to simultaneously carry out CAS on
a common hardware platform, thereby largely saving energy
consumption [6].

A. Related Works

1) UAV-Aided MCNs: To date, there have been many works
studying the UAV-aided maritime communication networks
(MCNs) [7]. Lyu et al. [8], Qian et al. [9], and Xin et al. [10]
proposed various UAV trajectory/deployment optimization and
resource allocation algorithms to achieve different objectives
in MCN, such as maximizing data collection capability of
UAV [8], minimizing UAV’s total energy consumption [9], and
achieving the optimal system spectral efficiency [10]. How-
ever, the aforementioned works only consider the access link
from the UAV to maritime users, but ignore the fronthaul link
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from the TBS to the UAV. In fact, it is the fronthaul link that
makes MCN different from terrestrial networks in the presence
of UAV-aided communications. More specifically, in terrestrial
networks, with the aid of a handover technique among cells
or sufficient bandwidth, e.g., millimeter-waveband, the UAV
can usually connect to a BS in its proximity or have plenty
of spectral resources. Hence, the performance of the fronthaul
link can be maintained [11]. By contrast, for MCN, once the
UAV flies far away from the TBS, its trajectory design and
resource allocation must carefully consider the fronthaul link,
as the degradation of which will highly hinder the achievable
access rate.

2) UAV-Enabled ISAC: Driven by its features of on-demand
deployment and line-of-sight (LoS)-dominant channels, the
UAV-enabled ISAC (UAV-ISAC) has garnered tremendous
attention recently [6]. Liu et al. [12], Wang et al. [13],
Meng et al. [14], Lyu et al. [15], Liu et al. [16], Deng et al.
[17], and Khalili et al. [18] studied the optimization of UAV
trajectory/deployment and resource allocation to maximize the
communication data rate or minimize the energy consumption
while attaining adequate quality of service (QoS) for sensing.
The sensing-centered schemes have also been proposed in
[19], [20], and [21], where the optimization aims to max-
imize the accuracy of localization or detection subject to
adequate communication QoS. Instead of dealing with single-
objective optimization, Rezaei et al. [22], Jing et al. [23], and
Bayessa et al. [24] concurrently optimized CAS relying on a
weighted sum formulation. Here, three critical issues are worth
further discussing.

First, in UAV-ISAC-related papers, the metrics of sensing
performance can be generally classified into two categories,
i.e., information-theoretic metrics [12], [14], [15], [18], [20],
[21], [22], [24], [25], such as sensing mutual information
(M), sensing SINR, and radar estimation rate, and estimation-
theoretic metrics [13], [17], [19], [23], such as Cramér—Rao
bound and mean square error. Information-theoretic metrics
are independent of the estimator, which makes system opti-
mization more general, while estimation-theoretic metrics are
only used for explicitly characterizing the performance of a
specific sensing task.

Second, in order to mitigate the interference between CAS
functions, most of the papers applied the time-division method
to transmit communication signal and receive sensing echo
at different time slots [12], [14], [16], [17], [18], [19], [22],
[25], while Zhang et al. [20] proposed the frequency-division
method such that CAS signals can be transmitted over orthog-
onal bands. Both of these methods suppress the interference
at the expense of time or frequency resources. In addition,
Lyu et al. [15] implemented CAS using separate beams at the
same time—frequency grid, but this approach inevitably causes
residual digital-domain interference, especially when targets
and users are located in similar directions.

Third, only [12], [13], [18], [20], [21], and [25], considered
the fronthaul links in UAV-ISAC systems. In particular, [12],
[20], [21], and [25] leveraged the fronthaul links to feed the
sensed information back to the data center, among which [21]
and [25] used the access links to implement ISAC services,
while [12] and [20] only transmitted sensing signal over the
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access links. Moreover, Khalili et al. [18] took the performance
of fronthaul links into account, over which the UAV exchanges
both the sensing and communication data with the BS, while
ISAC transmissions are conducted over access links. However,
in the proposed scheme, the UAV sequentially implements
single-target sensing, communication, and two types of fron-
thaul transmissions, which may result in lower efficiency
when the number of potential targets significantly increases.
Note that the above-mentioned papers adopted the decode-and-
forward mode to implement the sensing task, which requires
the UAV to first process the sensed information based on its
own baseband processor, and then forward the decoded sensing
data to the data center. In this case, the UAV may suffer from
extra computational overhead, resulting in reduced flight time.

B. Motivations and Contributions

1) Motivations: Against the above background, in this
article, we exploit the UAV-ISAC technique in MENs, which
has not been well-studied in open literature to the best of our
knowledge. To make the application of UAV-ISAC in maritime
emergency scenarios a reality, there are three challenges to be
properly solved.

1) To satisfy the requirements of high transmission rate and
low end-to-end latency in MENS, the full-duplex (FD)
design of the ISAC waveform is necessary. In this case,
the interference between CAS within the same time slot
and frequency band has to be carefully addressed.

2) Maritime emergency usually happens far away from
the coast, and hence the performance of the long-range
wireless fronthaul links between the UAV and TBS is
essential. In other words, to ensure the high-quality real-
time downlink (DL) communication and target sensing,
the fronthaul and access links must be jointly optimized
in MENSs.

3) As the timely CAS services are of paramount importance
in MENSs, it would be too late to provide services
upon UAV’s arrival at the emergency spot. Instead, the
feasible services should be offered as early as possible
after the UAV takes off. Therefore, in order to achieve
timely CAS in MENs, the UAV’s trajectory has to
be specifically designed. These challenges motivate us
to design a tailor-made ISAC waveform and frame
structure for MENSs, and jointly consider the fronthaul
and access links during the optimization of resource
allocation and UAV’s trajectory, so as to obtain the
optimal system performance.

2) Contributions: The novelties and contributions of this

article are summarized as follows.

1) We design a UAV-ISAC scheme for MENs. To mit-
igate the interference between DL CAS echo sig-
nals and improve the end-to-end performance, the
multicarrier-division duplex (MDD)-based ISAC wave-
form is proposed, in which the TBS-to-UAV fronthaul
link, UAV-to-TBS fronthaul link, UAV-to-user DL link,
and UAV-to-target sensing link are assigned with four
mutually orthogonal subcarrier sets. To compensate
for the frequency loss caused by subcarrier-division
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TABLE 1
CONTRASTING OUR PROPOSED SCHEME WITH THE LITERATURE OF UAV-ISAC SCHEMES
Proposed [19] [20] [18, 25] [6,14,16,17,22] [13,15, 23, 24] [12, 21]
Maritime scenario v
ISAC transmission v v v v v v v
End-to-end sensing MI v
Frame structure design v v v v
FD-like waveform v
Joint fronthaul-access optimization v v v v
UAV’s trajectory design v v v v v v v
Joint power-subcarrier allocation v v v

Forwarding coded data

Fig. 1. UAV-ISAC-enabled MEN.

operation, an advanced multistream frame structure is
tailor-made for the proposed networks, due to the FD
characteristic of MDD [26].

Considering the requirements of real-time CAS services
in an emergency area, the fronthaul links between the
UAV and the TBS are practically modeled. Two different
operating modes, decode-and-forward and amplify-and-
forward, are applied at the UAV side to process the
coded DL data from the TBS and the perceived infor-
mation to the TBS, respectively. The end-to-end sensing
MI between targets and the TBS based on the amplify-
and-forward mode is derived to evaluate the sensing
performance, which has not been studied in the existing
UAV-ISAC scenarios.

In order to maximize the end-to-end DL rate while main-
taining adequate sensing QoS, two subproblems with
respect to the optimization of UAV trajectory, power
allocation at UAV and TBS sides, and subcarrier assign-
ment within fronthaul and access links are presented.
More specifically, considering the fact that the UAV
cannot implement the CAS immediately after taking off
due to the long distance away from the interested area,
the first subproblem aims to find the UAV’s optimal
initial operating location. Then, the second subproblem
maximizes the end-to-end DL rate under the constraint
of minimum sensing MI during the mission period.

2)

3)

Finally, a brief comparison between our proposed scheme with
the existing UAV-ISAC works is shown in Table I.

II. SYSTEM MODEL

Consider a UAV-assisted MEN which includes a TBS, a
fixed-wing UAV, U mobile users (ships requiring communi-
cation service) constituting the set U/, and J maritime targets
(buoys, ships, and other surface vehicles) constituting the set
J, as shown in Fig. 1. The on-demand UAV is deployed
near the coast. Once the emergency occurs, the UAV flies
toward the designated area to constitute an airborne network.

TBS — UAV

UAV o Targets

UAV — TBS ‘

|
I
|
1
1
|
1
|
I UAV — Users
1
|
I
|
1
|
|

Fig. 2. Frame structure of UAV-enabled MEN operating on MDD mode.

Equipped with the ISAC technique, the UAV concurrently
communicates with mobile users and senses targets at the same
time and frequency band. The TBS is based along the coast
and acts as the CPU establishing wireless fronthaul links with
the UAV for forwarding the source data to and receiving the
perceived information from the UAV. To meet the stringent
energy limit of UAVs and avoid the overhead of extra radio
frequency (RF) components at the UAV, the fronthaul and
access links share the spectrum.

Both the TBS and UAV operate in MDD mode. Specifically,
all the subcarriers, defined by the index set {m|m € M, | M| =
M} within the frequency band, are coarsely classified into two
blocks, i.e., MP and M3, for implementing DL- and sensing-
related tasks, respectively. Assumed that CAS are of equal
importance in the proposed maritime emergency scenario,
the first M/2 subcarriers within M constitute M?P, while
the last M/2 subcarriers constitute M?S. At the nth radio
frame, MP is further divided into M3P and MPL, which
are used to transmit source data at the TBS and implement
DL communications at the UAV, respectively. Similarly, M5
is further cut into MSEN and MEE for the UAV to carry
out sensing and feedback the perceived signal to the TBS,
respectively. Note that the way of fine division of MP and
M is flexible and time-variant, dependent on the specific
scenario. Denoted by «;,, € {0,1}, X € {DL, SEN, PE, SD},
the indicator of subcarrier assignment at the nth radio frame. If

a/jf’m =1, then m € M¥. According to the principle of MDD,
we have
B+l ball, Hal <1 vmeM ()

The frame structure is illustrated in Fig. 2, where the
mission period T consists of N, radio frames, and each radio
frame includes N, time slots. It is assumed that during each
radio frame, the UAV and mobile users are quasistationary and
stay at fixed locations, while the channel state information
(CSI) of fronthaul and access channels remains unchanged.
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Hence, the transmission procedure during a single transmission
period can be described as follows.

1) The UAV receives the pilots from users and derives the
CSI of DL channels.!

2) The UAV sends pilots and DL CSI to the TBS, who
then estimates the CSI of the channel from the UAV to
itself. Since the UAV and TBS leverage two orthogonal
subcarrier sets within the same frequency band for
two-way fronthaul transmissions, the two-way fronthaul
channels exhibit time-domain reciprocity and frequency-
domain correlation. Consequently, the TBS can derive
the CSI of the channel from itself to the UAV.

3) The TBS sends source data to the UAV based on the
users’ request, and feeds back the CSI of the fronthaul
channel to the UAV. In addition, as the TBS may have
access to the rough image of the emergency area via
satellite remote sensing, it can provide the UAV with
approximate coordinates of the interested area so that
the UAV can implement quick sensing. Note that the
delivery of CSI and auxiliary sensing coordinates can
be achieved via control channels and, therefore, will not
affect system optimization.

4) The UAV adopts the decode-and-forward relay mode,
which enables the UAV to first decode the data received
from the TBS, and then forward it to users. Depending
on the a priori information of targets’ locations, the UAV
leverages DL data to carry out sensing tasks.”

5) The UAV resorts to the amplify-and-forward relay mode,
by which the UAV is able to first amplify the echo
signals, and then transmit the perceived information to
the TBS for final sensing decision.

A. CAS Links

The UAV is equipped with Ry = RL x RY transmit and
R = RL x R, receive uniform planar arrays (UPAs), which
are placed parallel to the ground and sea surface. As shown
in Fig. 2, at the rth time slot of the nth radio frame, the
integrated fronthaul, CAS signal transmitted by the UAV
over the mth subcarrier, can be expressed as (2), as shown

! As we mainly study the MDD-aided optimization tradeoff among fronthaul
and access links in maritime ISAC scenarios, the perfect CSI is assumed as
in [14], [21], and [25], to avoid the deviation of the core of this article.

2 Although the targets’ locations are known at the current time slot, they may
be changed at the next time slot. Hence, the sensing tasks aim at detecting
whether the targets are still located at the same positions, or tracking the
targets’ new positions based on the previous ones.
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at the bottom of the page, where wéEN[n, m] (xéEN[n, t,m]),
wi, [n,m] (x4, [n, £, m]), and w[n, m] (xpg[n, £, m]) denote the
precoders (data) for sensing target j, communicating with user
u, and sending the perceived information of target j back
to the TBS, respectively, with each data having unit energy,
i.e., E[|lx[n,t,m]]*] = 1. The transmit power of the UAV is
constrained by Zﬂf:l E[Hs[n, t,m]|*] < Puav.

Remark 1: Since the UAV receives the source data and
sensing echo while transmitting the integrated signal, it
suffers from self-interference (SI). We assume that the UAV
can rely on the combination of passive cancellation methods
(e.g., implementing antenna separation between transmit
and receive arrays [27], and placing an RF absorber among
transceiver [28]) and active cancellation methods (e.g.,
multitap RF canceller [29] and adaptive beamforming-aided
suppression [30]) to provide sufficient analog-domain SI
cancellation (SIC) such that the power of SI falls into the
dynamic range of ADC. Then, due to the characteristic
of MDD [26], the reception of the source signal is free
from the digital-domain SI with the aid of the fast Fourier
transform (FFT) operation. As for the reception of echo
signal, although the digital interference components of DL
and perceived signal can be readily removed by FFT, the
transmitted sensing signal directly arriving at the receiver
gives rise to the digital-domain SI, which can be modeled as
zsiln.m] € Chs ~ CN (0,055 éic Y0 Iwdpn [ mllPIg, ).
where &gic denotes the SIC capability at the UAV
taking account the analog- and digital-domain SI
suppression.

At the UAYV, the received echo signal reflected from target
Jj at the mth subcarrier is given in (3), as shown at the bottom
of the next page, where xsen[n,t,m] = [xipy[n,t,ml,...,
xéEN[n, t,m]|", Asenln, m] = diag(Wsen[n, m]) € CR=/*/ with
Wsenln,m] = [wigyln,ml,...,wigyln,m]] € CR*>/  diag(-)
denoting the block diagonal transformation, Wggn[n,m] =
Wepnlnoml, ... Wign[nomll € CR with Wi [nm] €
CR»  denoting the echo combining vector for target j,
and Hsgn[n,m] = [(HéEN[n,m])H,...,(HéEN[n,m])H]H €
CRu/>Rex is the concentrated sensing channels of targets with
Hl \[n,m] € CR«*Rx given in (4), while nyay[n,m] ~
CN(0,Nolgr,) denotes the additive white Gaussian noise
with Ny representing noise power spectrum density. As we
assume that targets are sparsely distributed, the terms of
interbeam interference caused by transmit antenna sidelobes,
ie., (Wignln, ml(Héey[n, m)Howhe[n, mlxbey[n, t,m] |Va, b €

07

j=1
J
sn,t,m] = SEN

=

=

, , DL
X Z wsen [ m] xgpy [, t.m] + @), Z wpr [n,m] xpy [n,1,m]

J
PE j j
+ars > whe [n.m] g [n.t.m],

1<t<2

J U
SEN ' ' DL
@ E Wi [ m] Xy [n, 1, m] + o) E wi [n,ml xpy [n,t,m], t=3

u=1
U

2)

u=1
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J and a # b}, are omitted to facilitate analysis. Unlike
the complex scattering environment around TBS, the chan-
nels between the UAV and maritime users and targets are
dominated by an LoS link. Therefore, the sensing channel
H{.\[n,m] is given by

H'éEN [n,m]

G{)J(AVG{)J(AV/12 7
(%%m
X aTX (QEX [n] [l ¢th [n] ) m) aer

in me—l.27”jﬁn ep”fD,jf(J

(O [n) ¢ [n]om) ()

where Gy, Glays Ams O'I;CS, Tj, to, Wigm ~ CN(O,1),
fm,» and fp; are the UAV transmitter and receiver antenna
gains, wavelength, radar cross section (RCS), path delay,
symbol duration, complex gain, center frequency of the mth
subband, and Doppler frequency, respectively. The Doppler
and delay effects are assumed to be perfectly compensated
through synchronization [14]. The distance between the UAV
and target j is given by d;[n] = ||cUAv[n] , where
cuavln] = [xvavlnl, yuavlnl, zuav] and ¢; = [x;,y;,z;] denote
the coordinates of the UAV and the jth target at the nth radio
frame, respectively. The fly height of the UAV is assumed to be
constant. Moreover, @«(-) and ax(-) denote the UPA response
vectors of the UAV transmitter and receiver, respectively.
During the rth time slot of the nth radio frame, the DL
communication signal of subcarrier m received at user u is
given in (5) as shown at the bottom of the page, where

nu[n,m) ~ CN(0, Ny) and the DL communication channel is
modeled as
hpy [n,m] = W @ VTS G2 Dt
@nydZn] "
X ay (05 [n], ¢ [n],m) € C (6)

in which Wyunm ~ CN(O, 1) and d,[n] = llcuavin] — eull2
with ¢, = [xy,Yu, 2] denoting the coordinate of user u. As
the subcarriers used for transmitting the source, sensing, and
perceived signals are orthogonal to those used for DL trans-
missions, users only suffer from the cosubchannel multiuser
interference.
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B. Two-Way Fronthaul Links

The TBS sends the source data to the UAV using Ry =
Rl x Ry transmit UPA. The UAV works as the decode-and-
forward relay to first decode the received data and then carry
out CAS tasks. Due to the complex sensing environment and
limited computation resources, the UAV adopts the amplify-
and-forward method in the sensing task, that is, it only
amplifies the received target echo and directly forward it
to the TBS for sensing data processing. To distinguish the
perceived information of different targets, the TBS equips with
R =Rl x R" receive UPA.

The received source data at the UAV on subcarrier m is
given by (7), as shown at the bottom of the next page, where
Wspln,m] = [Wipln,ml, ..., wpln,m]] € CR«*U is the UAV
combiner for receiving the source data xsp[n, t,m] € CY from
the TBS. Under the TBS power constraint, the precoding
matrix Fsp[n,m] = [fipln.ml,...,f{[n,m]] € CR«*U sat-
isfies ), n,m||FSD[n m]||% S Prgs. Due to the strong
LoS path and possible scatters around the TBS, the mth
subchannel between the TBS and UAV during the nth radio
frame follows the Rician distibution, which can be expressed
as (8), as shown at the bottom of the next page, where
druln] = lletss — cuavlnlll, etes = [xrBs,yTBSs. zZTBs] is the
coordinate of TBS, Kty is the Rician factor, and each entry
of the small-fading matrix Wsp[n, m] follows the distribution
CN(0,1).

As shown in Fig. 2, starting from ¢ = 4, the TBS con-
currently sends the source data to the UAV and receives
the perceived data from the UAV relying on two orthogonal
subcarrier sets within the same frequency band, and hence
experiences analog-domain SI. Similar to the signal processing
at the UAV, we also assume that the TBS is able to provide
sufficient analog-domain SIC such that the power of residual
analog-domain SI falls into the ADC dynamic range. Then,
the residual digital-domain SI can be efficiently canceled
by FFT. Consequently, at the TBS receiver, the signal of
the mth subcarrier during the tth time slot of the nth radio
frame is g1ven in (9), as shown at the bottom of the next
page, where Fpg[n, m] [pr[n m], . pr[n m]] € CRnxJ
is the combining matrix for receiving the perceived signal
of targets, Wpg[n,m] = [wpgln,ml, ..., wigln,m]] € CR/
nrgs[n,m] ~ CN(0, Nolg ), and Hpg[n,m] € CR>*Rn hag a

1
rpg [n,t,m] = [xpg [n,t,m] . ..

07

+WSEN [n, m] (nyav [n, m] + zs1 [, m]),

7 T
» Xpg [n,t, m]]

meWM%MMMMMMmWHM 3)

L

DL (R, T, m])™ wisy [n, m] x4y [n,t,m]

Yuln,t,m] = U

a7 (s (nom))™ Wiy [, m] x5y n,t,m) + g [n,m],

w=1u'#u

&)
t>3
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similar form as Hsp[n,m] in (8). As the subcarrier used for
sensing is orthogonal to that for transmitting the perceived
signal, the subcarrier m’ in rpg[n,t,m’] is different from
the subcarrier m in other terms. Furthermore, we assume
IMSEN| = |MPE| = M/4 and there are M/4 subcarrier pairs,
ie, MY = {(m,m)m € MPE,m’ € M3EN}, to sense and
forward target information, where any subcarrier in MFE and
MSEN can only be paired for once.

III. OPTIMIZATION PROBLEM DESIGN

By employing the MDD, the subcarriers used for DL
communication, sensing, and two-way fronthaul transmissions
are mutually orthogonal, and the design of their corresponding
digital beamforming vectors becomes independent. In order
to focus on the joint optimization of UAV trajectory and
MDD-enabled resource allocation to maximize the end-to-end
communication rate of the proposed network while ensuring
the sensing requirements, we adopt the conventional but highly
efficient beamforming strategies to reduce the complexity of
system optimization.

For two-way fronthaul links, due to the existence of non-
negligible non-LoS channels, the ranks of Hgp[n,m] and
Hpgp[n,m] are much larger than the numbers of users and
targets, respectively. Performing the singular value decom-
position on Hgp[n,m] and Hpg[n,m] yields the effective
channel matrices Hspln,m] = Uspln, mlAgy[n, mILE [n, m]
and HPE[n,m]_ =  Upgln, m]All,{Ez[n,m]LgE[n, m], where
Uspln,m] € CRuxU (UPE[}_’l,m] € CR"‘X‘/) and Lgp[n,m] €
CReXU (Lpg[n,m] € CR=xU) are the reduced unitary
submatrices corresponding to the singular matrices of
Aspl[n,m] = dflzj [n]diag(néD[n, ml,..., né’D[n, m]) (Apg[n,m] =
d{%[n]diag(nfl,E[n,m], e ,n}J)E[n, m])). In order to avoid inter-
stream interference and maximize the capacity of fronthaul
links, we set Fsp[n,m] = Uspl[n, m]ng [n, m], WSD[n m] =
Lsp[n,m], Weg[n,m] = Upgln, m]ZPE [n,m], Fegln,m] =
Lpg[n,m], where Xgpln,m] = dlag(pSD[n m],. ..,pSD[n m)),
and Xpg[n,m] = diag(p%,E[n,m],...,p{)E[n,m]) denote the
matrices of power allocation for source data and perceived
sensing data transmissions, respectively.

Remark 2: Due to the existence of a strong LoS path
between the TBS and UAV, for each subcarrier channel m used
for transmitting perceived information, there is one singular
value much larger than the others in Xpg[n, m]. In this case,
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considering the effective detection of all the targets, the largest
singular value with respect to |MPE| subcarrier channels is
equally distributed to J targets. In other words, the largest
singular value is not always placed at the first diagonal position
of Xpg[n,m]. Instead, the probability of its occurrence at
every diagonal position is the same. By contrast, as the UAV
adopts the decode-and-forward to pass through the DL signal
from TBS to users, we mainly concern the total channel
capacity of each subcarrier channel Hsp[n, m], and therefore,
the position of the largest singular value inside Xgp[n,m] is
inconsequential.

To strike a balance between low-complexity and satisfactory
performance, we adopt matched-filtering precoding for
communication and sensing links. The communication
precoding matrix is derived as Wpy[n,m] = [wll)L[n, ml,...,
whilnmll = law@ 1, il m), ..., (@1, Gl
m)]ZDL, where Xp. = diag(p})L[n, m],...,ng[n, m]) is the
DL transmission power allocation matrix. The sensing transmit
and receive beamformers are implemented as Wgpn[n, m] =
[ (0[], X [n].m), . .. (05[], 5[], Mg and
Wsenln ml = [ @ [n], ¢X[nl,m), ..., aw(@F [0, $F ], m)),
where Xgsgpn[n,m] = diag(péEN[n,m],...,péEN[n,m]) is the
power allocation matrix for target sensing.

Intuitively, the end-to-end rate is related to the performance
of both fronthaul and access transmissions. Denote by Rsp[#]
and Rpp [n], the nth radio frame achievable rate of the TBS
sending source data to the UAV and the nth radio frame
achievable rate of the UAV transmitting DL data to users,
respectively. Based on (5) and (7), Rsp[n] and Rpy[n] can
be expressed as follows:

Ng—1
Rsp [n] = ‘N
@, mZSD [l’l m] ASD [I’l m]
X mg/l log det <IU + o )
(10)
U
Foulnl =Y 3 Ry i a

u=1 meM
with RY, [n,m] = (N, — 2)/N, log(1 + aPLSINRY, [n,m]) and

SINRYy, [n, m]

07
WSD [n,m) HY

+ WSD [n,m] nyay [n,m],

G¥% A2

Hgp [n.m] = TB52 LZJAV =2 f 27 ol
(4n)° dyy [n]

X <

0’

ySD [n7 t’ m] =

YpE [n, t, m,m’] =

~H , ~H
aye Fpg [n,m] Hi [n,m] Weg [n,m] reg [n,t,m’] + Fpg [n,m] ngs [n,m], t>4

t=1

p [n,m] Fsp [n,m] xsp [n, t,m] @)

t>2

KTU TBS tX X H X X ;
Koo 17 (6% [n],¢™ [n],m) afl (6™ [n],¢™ [n],m) + ‘/KTUJFI‘I’SD[n,m]) (8)

<t<3

9
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o [n,m] Qf; [n,m]
= U ’ u',u 2 (12)
2wtz Pr [1,ml Qpy [n,m] ’GDL [n, m]‘ +No

in which Qf [n,m] = (GUAVG{}‘EAZ Iwumlz)/((47r)2d2[n]) and
GY [n,m] = (0% [n], ¢ [n], m)aw (0% [n], ¢ [n], m).

To evaluate the sensing performance, we adopt the MI as a
sensing metric,? which exhibits the information-theoretic limit
on how much environmental information can be exploited, and
hence is widely used in the ISAC literature [31], [32]. As
seen in (3) and (9), the objective of sensing is to obtain the
information of targets included in Hgsgn[n, m’] based on the
perceived signal ypg[n, t, m, m’] at the TBS. Therefore, the end-
to-end sensing MI at the nth radio frame is given in (13), as
shown at the bottom of the page,

where the entries of G[n,m’] are given by (G[n,m’]), =
(6™ n], o [n], m)an (6 [n], ¢ [n],m’), Ya,b € J, and
Qgen[n,m’] is a diagonal matrix with the diagonal entries
Qsen[n,m'Da = (G GiiavAny U?CS @ j|9)/ ((470) 5 [n]),
Ya € J, and

= Aé{f [, m] 211){52 [n, m] VV;IEN [n, m’]
x ((&sic x Tr (Zsen [n,m']) + No) I,,)
x Wsen [n,m’] EPI,/EZ [n, m]

x Apy [n,m] + Nol .

r [n, m, m’]

(14)

According to (10) and (13), the optimization problem can
be formulated as

P1):
max min {Rsp [#], RpL [1]} (15a)
ok ME Ll feunvinl)
S.t. oznm +(ISEN +a§fn
+apo <1 VnV¥meM (15b)
w€10,1}  VnVme M VX (15c¢)
M
Z PN = Y ot = 7 Yn (5
meM memM,
Z CYnm + Z anm - Vn (]56)
meM meM
Z Ry [n,m]
meM
>Rp VYnVYuel (15f)
> Rglnmn]

(m,m")e ME™"

3Note that there are multiple targets needed to be sensed on the sea surface,
and the sensing task for different targets may be distinct. Hence, using MI
as the sensing metric makes the formulation of the overall optimization more
generic.

54003
>RU VnVjeJ (15g)
> oL Tr (oL )+ Y
meM (m m )eMpalr
X (aianTr (ESEN [n, m']) + a?;:nail::nN
x Tr (Mg [n, m' | Zpg [0, m)))
< Pyav VYnm (15h)
Z @y> Tr (Zsp [n,m]) < Prgs Yn (150
meM
llevav [n] = cyav [n = 1]||
T
< —Viax Vu>1 15
N, n (15))

wf;;ere Msen[n, m'] = G [n, m'1Qspx[n, m "1Esenln, m’1Gln, m']+
Wen [, m 1(Esic Tr(Esenn, m'1) + No)g, )Wsen[n, m'].

The objective function implies that the final end-to-end DL
rate is the minimum of the access rate and fronthaul rate.
Constraints (15b)—(15¢e) denote the orthogonality and relative
sizes among different subcarrier sets. The user’s minimum
achievable DL rate requirement at each radio frame is given
by (15f). The constraint on the required target estimation
accuracy in terms of sensing MI per radio frame is given
by (15g), where RUM is the minimum threshold reflecting the
basic target characteristics [31]. The maximum transmission
power of the UAV and TBS are constrained by (15h) and
(151), respectively. As the velocity of the UAV is lower than
Vinax, the maximum flight distance between two consecutive
time slots is constrained in (15j).

Remark 3: Different from terrestrial scenarios where an
on-demand UAV is usually deployed nearby and can carry
out transmissions immediately after taking off, the departure
point of the UAV in the considered maritime scenario is
far away from the destination. Due to the extremely high
path loss caused by long distance, the performance of DL
communication and especially, sensing hardly satisfies the
QoS constraints given in (15f) and (15g). Therefore, before
handling the optimization problem (P1), it is necessary to
first find the initial operating position at which the UAV
can simultaneously activate the CAS services toward the
emergency area. When the UAV arrives at this initial operating
position, it can start to work on solving the optimization
problem (P1).

IV. SOLUTIONS TO TWO SUBPROBLEMS
As discussed in Remark 3, dealing with the problem (P1)
amounts to solving the two subproblems consequently.
1) Finding a suitable initial operating position cyav[1] at
the first radio frame.

N,-3

mn nm

s—3
= log det (I 7+ aSENPE -l
N

X Egen [n,m'] G [n,m'] 2y 02 [n,m] AL [, m])

[n,m,m] 1/2 [n, m]):.l/2 [, m]G[

A (yPE [n, t,m, ml] ; Hsen [n,ml] |xs5N [n, t, m’])

’] QSEN [n,m’]

(13)
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2) Starting from this initial operating position, optimizing
the trajectory and resource allocation to maximize DL
rate while guaranteeing sensing QoS.

A. First Subproblem: Finding Initial Operating Position

We assume that the UAV takes off from the coastal base
with the coordinate of cyay[0]. For the purpose of emergency
rescue, the UAV is expected to provide prompt CAS services
after receiving the command from the TBS. To this end, the
distance between cyav[0] and cyav[1] should be as close as
possible, but at the same time, the minimum QoSs of both
CAS must be satisfied at cyay[1]. Hence, the first subproblem
can be formulated as follows:

(P2) @ min flevav [11 - cuav [on1* (16a)
s.t. Rgp [1] > URRI (16b)
(15b)-(151) for n=1. (16¢)

Constraint (16b) ensures that the fronthaul link is able to
support the basic DL communication QoS. The optimization
(P2) is challenging to solve directly owing to the noncon-
vex constraints (15f)—(15h) and the binary integer constraints
(15b)—(15e).

1) Transform Subcarrier-Related Constraints: Recall that
there are M/4 pairs of (m,m’) € My with m € MFE and
m’ € MSEN, where m’ and m are used by the UAV to transmit
probing signals and convey the collected sensing data to the
TBS, respectively. As the performance loss of UAV—target link
is much larger than that of UAV-TBS link, to find a suitable
initial position, intuitively, UAV—target links should have the
priority to select subcarriers from M5 such that the sensing
QoS can be efficiently satisfied. Hence, for the first radio frame
n=1, a}" can be determined as follows.*

1) Set a?EN 0, Vm' € M5 and k = 1.

2) Find my by solving m; = arg max,yc s Tr(Qsen[1, m']),

and update @ = 1, MY = MFN U {my), and k =
k+ 1.

3) Repeat step 2) until [MSEN| = M/4.

Then, we have %, = 1, m € MFE, where MF = M5 -
MSEN. To maximize the end-to-end sensing MI under the
greedy principle, /\/lp‘ilr can be determined as follows.

1) Set M¥™ =@ and k = 1.

2) Find my by solving my = argmax,, e MPE Tr(Apg[1, m]),

and update M = Mpa" U {(my, m})} and k = k + 1.

3) Repeat step 2) until k = M/4. So far, {a}%,, @{EN, MP™")

have been determined.

Then, (15b) is reformed as

alh +aio <1 VYme MP, (17)
The residual binary variables a/lle and Q’?Bl are

coupled with Xpp[l,m] and Xgp[l,m], respectively, as

4Although the proposed method is suboptimal in terms of performance, its
low complexity is more practical for the UAV scenario. Our future work will
study the deep reinforcement learning-assisted subcarrier allocation among
fronthaul and access links to take both performance and complexity into
account.
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shown in (15f), (15h), (15i), and (16b), which makes
these constraints nonconvex. Basically, there are four
possible combinations between the values of DL-related
subcarrier indicators and power matrices, which are
{(@m Z 1 m]) |y € (0,1}, 21, m] € {0, A[1,m]}},

where A[l,m] > 0 and A[l,m] # 0. However, it can be
seen that only (0,0) and (1,A[1,m]) can be the feasible
solutions for the problem (P2). Take af), and Ep[1,m]
as example. If (P Zpi[1,m]) = (0,A[1,m]), the power
allocated to the mth subcarrier have no impact on Rpp [1], and
this power will be allocated to other subcarriers to maximize
Rpi[1], leading to A[1,m] = 0 at the end of optimization.
If ((IIRI”;,EDL[LM]) = (1,0), the mth subcarrier is wasted as
no power is allocated to it. Hence, the optimization is prone
to assign subcarrier m to the fronthaul link for transmitting
source data from TBS to UAYV, as the end-to-end DL rate is
the minimum of access and fronthaul rates. Thus, we can
remove the binary variables by introducing the auxiliary
matrices

Epi [1,m] = diag (phy [1,ml,..., pp [1,m])
= ok Zpr [1,m]
Zsp [1,m] = diag (pep [1,m],..., pSp [1,m])
= o}h Esp [1,m]. (18)
Then, (17) is converted into
|Tr (oL [1,m) ||, + | Tr (Esp [1m])||, <1 Vme M’Z.lg)

A smooth function is adopted to approximate the two non-
convex Ly-norm functions in (19), which is given in (20), as
shown at the bottom of the next page, where X € {DL, SD}.
The process of (a) is due to the fact that, T(Ex[1,m]) is a
nondecreasing concave function, and hence, its upper bound
at ig)[l,m] can be derived as T(Ex[1,m]). In addition, p®
is an iterative smoothing parameter, whose value determines
how T(Ex[1,m]) behave closer to |[Tr(Ex[1, mDllo. If p® is
set too small at the beginning, the optimization process is
prone to getting stuck in local optima. Therefore, during the
optimization, p® is first initialized to a larger value, and then
gradually decreased as the iteration increases [33].

2) Transform Communication-Related Constraints: Based
on (18), Rpr.[1] and Rsp[1] are reformulated as
U
N, -2 S [1,m]
Rpr [1] = 1 14 ZBL 7
pL [1] Z 2 Z Og( +N1%L[1’m])
u=1 meMP
Ry 1] (21)
U
N, -1 St [1,m]
Rsp [1] = : 1 1+ =
sp [1] Z N, Z Og( +N§D[1,m]
u=1 meMP
where  S{; [1,m] = P L, mIQE (1, m]|Gy)'[1, m] P2,
Sgpll, m] = nsplL, mlpgpll,m],  Np [1,m] =
U e P I mIQE L ml| G L ml + NoZul1l,
and N¢l[l,m] = NOZTU[I] w1th ZJ[1] = d[1] =
Guavlll = x)* + Ouavlll = y)?* + Guav — )%

Zrolll = ddy = (xuavll] - xTBS)i + (uavll] — yrBs)?
+ (zuav — zmes)% and QY [1,m] = Q¥ [1,m]/d2[1). It can
be seen that in (21), Rp [1] is a sum-of-functions-of-ratio
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problem and Sy [1,m]/N{ [1,m] satisfies the form of
concave/convex. Hence, we can convexify constraint (15f) in
an iterative manner with the aid of quadratic transform [34],
which can be expressed as

N, -2 . -
: > log (1+2v O, m] /SETY[1,m]

N;
meMP
(v ) N, m])

2 R [1] > Rmin (22)

with vy [1,m] = (SpP[LmD"2/NyP[1,m], Yu. Obviously,
when either {v{; [1, m]} or {p}); [1, m], cyav[1]} is fixed, R“DL[l]
is concave, and hence (22) is a convex constraint. It is also
noteworthy that alternately iterating between {v{ [1,m]} and
{PpL[1,m], cuav[1]} will cause the value of ﬁl“)L[l] to increase
continuously. Therefore, after several iterations, there will
always be a feasible region of {p}), [1,m],cyav[1]} that meets
Ri‘)L[l] > RUM In this regard, constraint (15f) can be iteratively
approximated by (22).
Similarly, constraint (16b) can be convexified as

URE™ — Rsp [11<0

where Rspll] 2 Y, Yoo (Ny — 1)/Nylog(l +
2vgi§>[1 ml(S gy V1L, m!72 (v L1, mI2Ngy F VL1, ml)
with v [1,m] = (S49[1, m])1/2/1v“<">[1 m], Yu.

3) Transform Sensing-Related Constraints: In order to
transform the Ml-related constraints (15g) and (15h) into
convex ones, we first present the MI of jth target over (m,m")
pair, which is given by

;=3 (log (Sﬁ/u [1,m, m’])

“log (Nl{,ﬂ [1.m, m])) (24)

(23)

RI{AI [1,m,m’] =

where Sﬁ,ﬂ[l,m, m’] and Nl{,ﬂ[l,m, m’] are given in (25) and
(26), as shown at the bottom of the page, with the diag-
onal entry (Qsen[1,m']); = (QSEN[I,ml])j’/djr[n]s Zp[1] =
di,[l] = (xuavll] = x;7)* + Quavll] = y;)* + (zuav — 27)%
and Zry[l] = d3yl1] = (xuavll] — xres)® + Quavll] —
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yrBs)® + (zuav — zrBs)*. With the aid of the first-order Tay-
lor expansion and successive convex approximation (SCA),
log(SMI[l m,m’]) and log(Nl{/H[l m,m’]) can be iteratively
approximated in a linearized way. The detailed derivation is
given in Appendix. Thus, constraint (15g) is reformulated as

Z Z(NI{,Hlmm] S [lmm])
(mm’ )E./\/lp"r J=1

min

n NRyy

<0
N; -3

27

which is convex. In addition, the MI-related constraint (15h)
can be rewritten as

> Tr(Zpc [1.m])

meMP

J
+ ) Tr (Zsen [Lm']) + D Ply [1.m.m']
(m,m’)E./\/lTair Jj=1
- Pyav <0 (28)
Where Fﬁl{,ﬂ[l, m,m’] is the linear approximation of

P{y[1,m,m’], which is given by

PK/II[I’m’m/]

= plg [1,m]
J 3
X ZPéEN [l,m']
j=1

5 (Qsen [1,m']) ,

ijv 1] ! +fsm> +N0) .
(29)

Based on the above transformation, the problem (P2) can
be rewritten as

(P2.1) :

min |leyay [1] = eyav [0]]
cuav[l]

st. T (Epr [1,m]) + T (Esp [1,m]) < 1

(30a)
Yme MP (30b)

Tr(Ex[1.m])

ITe (S 11, ~

T(Ex[Lm])=1-e

@ ) g wEum) ) .
% 1—-¢ ™ 4+ We Tr (Zx [1,m] — Zg‘) [l,m]) 290 (ZX [Lm]) (20)
j 1 T [Lom] phe [1,m] 2 (Qsen [1,m']),
Si(/ll [l,m,m] = PE ZTU [?}j“ ZPSEN 1 m (‘(G [l,m ])j,j" T]J + §SIC + NO + NO (25)
J J
J " rlPE[lvm]pPE [1,m]
Moo [ = 2 )
A 2 Qe [1,m]),
< 2 peen[lm] (G[l’m’])m) 22—[1] JFZl’SEN [1,m']&sic + No | + No (26)
J=Lj#j 7 j=1
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> Tr(Esp [1.m]) < Pras (30¢)
meMP
P [1,m] — phe " [1,m]‘
<9®u, VjeJ Yme M (30d)
plen [1m'] = Pl [1.m]
<9®u, VjeJg vm e MIN (30e)
s 1= xS0 1] < 99, (30f)
o 1= 1] < 99,y (302)
(22),(23),(27),(28) (30h)

where ﬁ(k)yx with 0 < 9% < 1 and X € {p, s, x,y} denotes the
specific radius of the trust region. As the linear approximation
based on first-order Taylor expansion is used in (27) and (28),
we impose constraints (30d)—(30g) to guarantee the accuracy
of approximation.

4) Algorithm Implementation: In (P2.1), the involved QoS
constraints are carried out in an iterative manner. To implement
iterative optimization, it is crucial to find the initial iteration
values of power allocation, and the UAV position, i.e., x&v[l]
and y&v[l], within the feasible region, since both CAS
performances depend heavily on the lengths of fronthaul and
access links. Hence, during the algorithm implementation,
we first initialize {pA"[1,m], po0'[1,m]} and {pla[1,m']}
through equal power allocation. Since pf;E[l,m] is actually the
power coeflicient rather than the real power allocated to each
target, which is highly related to the UAV position as implied
from (29), {p{,(]f:))[l,m]} cannot be easily obtained by power
equalization. Thus, we derive them by solving the following
optimization problem:

(P2.2) :

max
{pi11,m}

sty

(m,m')EMIlmr

(31a)

J(0)

M [Lml PLY [L,mm' ] 2 x Vjed

(31b)
D (25;’; [1,m]) + Y
meM>P (m,m’)eMl]mr
J Iy
x | Tr (Z(SOFEN [1, m’]) + Z P{\f[?) [1, m, m’]
=1
— Puav <0 (3lc)

where constraint (31b) ensures that the initialization of
p{fg)[l, m] maximizes the performance of the sensing fronthaul
link under fairness consideration.

Moreover, the problem (P2.1) aims to minimize the distance
between the initial operating point and the take-off point, and
the optimal solution may be several kilometers long, which
may cause the problem that the first-order Taylor expansion-
based SCA method is susceptible to getting stuck in local
optima during the optimization process. In particular, as shown
in (30d)-(30g), the size of trust region is limited to uy and
gradually decreased, such that the nonconvex functions can be
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Algorithm 1 Find Initial UAV Operating Position

1 Initialization:

2 Give UAV taking off position cyay[0] and designated area center
¢pAa = (XDA: YDA» ZUAV), Set position step size lgep, and thresholds e
and €;

3 Obtain MI-related subcarrier allocation and pairing results ./\/lll)E
MSE and AP,

4 Set iteration value k =0, d = 1;

.
s Obtain 11, m), pal (1, m1, Yu e Uym € MP and pf %11, m'1,

Vi'e J,m € M?E by power equalization;
6 [Finding initial iteration values of UAV position and power

coefficient]
7 repeat
8 Compute c&,)w[l] =cpA — d - lsep;
/ Su(k) 1,
9 Compute vg]()k)[l, m] = M, vlu)(]f)[l, m] =

NSO 1,m)

Su(k) 1,
VoL bml o e MP:

Npi. (1m]

1 Obtain phe’[1,m1,¥j € 7, m € MPE by solving
optimization problem (P2.2);
11 Leverage all initial iteration values to deal with optimization
problem (P2.1);
12 if (P2.1) is not solvable then
13 | d=d+1;
14 end if
15 until (P2.1) is solvable;
16 end
17 [Applying the ELA method]
18 repeat
19 Setk =k + 1, K = 1, e [11 = ey [11:
20 repeat
21 Implement Step 5 and Steps 9-10, and then solve
optimization problem (P2.1);
2 Setk/ =k' +1;
’ ’ ’
» Update i (1. m] = st V11 m], pegy 11, m] =
!’
ﬁgg‘ D11, m], v € MP, and
i’ (k' i’ (k'—1 j (k'
Pl 1L m' = pl Tt m ), pdO 1 m) =
B ;
pl],l(ik D, m), Y, m'y e Mll)alr, and
K K —1
ey l11 = ey 111
a0 (K k'—1
24 until |c§jA)V[l] - CEJAV /)[l]l <€
25 Update chvl)[l] = ch)V[l];
. k k—1
26 until Ic{H)W[lJ — "EJAV)U” <e;
27 end
Output : cyavll].

well-approximated by linear functions at each iteration point.
Hence, when the optimization process of (P2.1) is finished, the
local optimal point near the initial iteration point is possibly
obtained. To address this issue, we propose an enhanced local
approximation (ELA) method using double-layer iteration to
handle the optimization. This is to say, at each local optimal
point, the searching radius of the trust region is reset to uy,
thereby forcing the optimization process into a new iteration
cycle. This double-layer iteration ends when the global optimal
point is found. The detailed implementation of addressing (P2)
is summarized in Algorithm 1.

B. Second Subproblem: Optimization From Initial Operating
Position Toward Emergency Area

Once the UAV arrives at the initial operating position, it

starts to simultaneously carry out CAS tasks with the objective
of maximizing the end-to-end DL rate subject to the required
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sensing QoS, which leads to the second subproblem expressed
as

P3):
. max 7/ (32a)
{ s ME™ (Sl 1 ey )
st.RoL[nl >y Vn>1 (32b)
Rsp[n]l =y Vn>1 (32¢)
M
Z aEiNz Z aEEnzz VYn>1
meMS meMs;
(32d)
(15),(27),(28),(30b)-(30g). (32e)

Equations (32b) and (32c) can be convexified by linearizing
RpL[n] and Rgsp[n], respectively, following the same method
as used in (22) and (23).

Next, we have to deal with constraint (32d), since the MI-
related subcarrier allocation in (P3) is totally different from
that in (P2). Specifically, after the UAV passes the initial
operating position, its relative distances to the TBS and targets
are continuously changing, and it is hard to say whether the
UAV-target link or UAV-TBS link should have priority in
subcarrier allocation. We adopt the following dynamic alloca-
tion method for Ml-related subcarriers. After the UAV passes
the initial operating position, the UAV—target sensing link has
the priority to select subcarriers. Following the same method
proposed in Section IV-Al, we obtain MY and MSEN.
After solving (P3), if the sensing performance improves
at the second radio frame, i.e., Z(m,m,) M Ryul2,m,m'] —
Z(m’m,)e MO Ryill,m,m’'] > 0, the same principle is applied
at the third radio frame to obtain M5" and M3N. Otherwise,
at the third radio frame, the two subcarrier sets have to be fine-
tuned as follows. First, find m] = arg max,,, MSEN Tr(Apg[3, m])
and m; = argmin,cpqe Tr(Apg[3,m]). Then, implement
MEEN = (MSEN—(m})Uim;} and MEE = (MEE—{m ;huim]}.
In addition, the pairing between the subcarriers within MgEN
and MZF are updated. The process is repeated for n > 2 until
the end of the mission period.

C. Convergence Analysis and Computational Complexity

1) Convergence Analysis: The convergence of the pro-
posed solutions of the first subproblem [i.e., (P2.1)] and the
second subproblem [i.e., (P3)] is mainly based on the trust
region-aided SCA methods, the convergence of which has
been proved in [35]. In particular, as for the optimization
of the first subproblem, after implementing steps 6—15 of
Algorithm 1, the feasibly initial iteration value of the UAV
position (i.e., c&v[l]) and its distance with the UAV’s take-
off point D@ = ”"8)\\/[1] — cuav[O]ll are obtained. Then,
within the outer and inner loops of ELA process, as shown
in steps 17-27 of Algorithm 1, we have D**+D < D® and
DX+ < DK wk and k', which shows that the value of
the object function of (P2.1) is nonincreasing over iterations.
In addition, the distance between cyav[l] and cyav[0] is
lower-bounded due to the constraints of CAS QoSs. As for
the optimization of the second subproblem, with the aid of
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TABLE I
DEFAULT SIMULATION SYSTEM PARAMETERS

Parameters Values

TBS and UAV power budget (Prps, Puav) (34,30) dBm
TBS’s transmit and receive antenna gains (30,26) dBi
UAV’s transmit and receive antenna gains | (24,20) dBi
User’s receive antenna gain (Gi%) 2 dBi

Noise power spectrum density (No) -107 dBm
UAV maximum speed (Vi) 30 m/s

Rician factor (Krv) 30

RCS (o7, vj) 100 m?

Central frequency and bandwidth 5 GHz, 10 MHz
Number of subcarriers (ar) 32

Azimuth AoD/AoA (¢) ¢ ~U(—m, )
Elevation AoD/AoA (s) O0~U-F,F)
Minimum communication QoS (rpi") 10 bit/s/Hz
Minimum sensing QoS (Ry) 1 bit/s/Hz

subcarrier iteration and the adjustable radius of trust region
9®, the objective function of (P3) is nondecreasing over
iterations, i.e., y**tD > y® for each iteration k, and the
value of ¥/® is upper-bounded under the constraints of limited
transmit power and flying distance. Therefore, the proposed
solutions to the first subproblem and the second subproblem
are convergent, which is further numerically demonstrated in
Section V-A.

2) Computational Complexity: The computational com-
plexity of solving the first and the second subproblems is
attributed to three parts, i.e., 1) the computation of beamform-
ing matrices; 2) MI-related subcarrier allocation and pairing;
and 3) the implementation of the involved optimization prob-
lems. Since we adopt the low-complexity beamforming design
and heuristic method of Ml-related subcarrier assignment,
the computational complexity of the two subproblems mainly
depends on part 3). Then, according to [36], the per-iteration
complexity of solving the first and the second subproblems are
computed as O((M/2)+(IM)/24+T7)>3(M/2)+(IM)/2+11))
and O((M/2) + (JM)/2 + 8)>(UM)/2 + (JM)/2 + 2)* +
(M/2) + (JM)/2 + 8)), respectively.

V. SIMULATION AND RESULT ANALYSIS

We consider a coastal emergency scenario centered at
(10*,10%,0) m with a radius of 100 m, where U = 8 ships
and J = 4 potential targets are uniformly distributed. The TBS
employs two (8 x 8) UPAs for transmitting and receiving,
respectively, and it is situated at the coordinate of (0,0, 10)
m. The UAV equips two (6 x 6) UPAs as a transceiver. When
receiving the command, it takes off from the coordinate of
(10,0,200) m and is headed to the emergency area, while
its flying height is kept at 200 m. Once arriving at the
initial operating position, the UAV commences the CAS works
lasting for T = 500 s. The number of radio frames within the
mission period is N; = 500 and the number of time slots within
one radio frame is Ny = 10. Other default system parameters
are listed in Table II.

A. Convergence Performance of Two Subproblems

Given a random network realization, the convergence behav-
ior of the proposed solutions of the two subproblems is
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Fig. 3. (a) Update process of the UAV’s coordinates and (b) distance
change between the UAV’s take-off and initial operating points, during the
implementation of Algorithm 1, under a random network realization.

depicted as follows. First, as for the first subproblem, Algo-
rithm 1 is applied to find the UAV’s initial operating position,
and its performance is presented in Fig. 3, where Fig. 3(a)
and (b) shows the optimization process of UAV’s coordi-
nates and objective value over iterations, respectively. In
particular, as shown in Fig. 3(a), based on steps 616 of
Algorithm 1, the initial iteration value of the UAV position at
(9900, 9900, 200) m is determined. Then, by applying the ELA
method with a dynamically decreasing factor ¢, the distance
between the UAV’s take-off and initial operating points is
continuously minimized and converges within 30 iterations. It
can be seen from Fig. 3(b) that, compared with iterations 1-10,
the object value decreases slowly during iterations 10-30.
Accordingly, when considering the system overhead of the
UAV, the threshold ¢ can be set to a larger value so as to
lower the overall computational complexity.

The optimization process of the second subproblem at one
radio frame is plotted in Fig. 4. It can be seen that at the
beginning of the iteration process, the access rate is much
larger than the fronthaul rate, owing to the fact that the TBS
has a higher power budget and the UAV is still far away
from the interested area. As the iteration number increases,
the UAV moves closer to users and assigns more subcarriers
and power to the access links, which enables the end-to-end
communication rate to increase until the optimization process
converges at the 11th iteration. Although the MI fluctuates
during the iteration process, it is restricted in the feasible
region such that the sensing performance is guaranteed.

Based on the proposed solutions of two subproblems, the
overall optimal UAV trajectory is plotted in Fig. 5, where, for
concise presentation, we uniformly sample 20 points starting
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Fig. 4. Convergence behavior of the second subproblem at a random radio
frame during mission period.
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Fig. 5. Overall optimal UAV trajectory under a random network realization.

from the initial operating position during the whole mission
period. It can be seen from Fig. 5 that after the initial operating
position, the UAV continuously adjusts the direction and the
distance among the TBS and emergency area by considering
the effects of fronthaul links, to maximize the end-to-end
communication rate while maintaining the required sensing
performance.

B. Performance of the Proposed Scheme

We further evaluate the performance of the proposed
UAV-ISAC MEN. To obtain reliable simulation results, the
cumulative distribution function (cdf) performance over thou-
sands of radio frames is evaluated under various network
realizations. Fig. 6(a) depicts the network performance under
two different sets of UAV and TBS power budgets. When the
power budget increases, the TBS and UAV can assign more
power to transmit source data and DL data via fronthaul and
access links, respectively, which leads to a higher end-to-end
communication rate. Specifically, an increase of 4-dBm power
at both the UAV and TBS results in an increased 3 bits/s/Hz
at a 90% likely rate. By contrast, increasing the power budget
imposes a negative effect on the end-to-end MI performance.
The reason is that in comparison with sending the sensed
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Fig. 7. Radio frame structure of TDD-UAV-ISAC.
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TBS — UAV I UAV — Users

information back to the TBS over fronthaul link, the sensing
over access links is heavily dependent on the link length, as
shown in (13). Therefore, when the power budget is reduced,
the UAV is prone to be closer to targets so as to guarantee the
required sensing QoS, which leads to an increased end-to-end
ML

Fig. 6(b) studies the impact of emergency area location
on the network performance. As expected, the farther the
emergency area is situated, the smaller the end-to-end com-
munication rate is. When the emergency area is farther away
from the coast, the UAV takes the sensing priority over the
access link and therefore tends to fly closer to the targets. To
meet the sensing QoS constraint, the UAV may allocate more
power to sensing subcarriers, resulting in an increase in the
end-to-end MI.

Next, we compare our UAV-ISAC scheme with the follow-
ing four benchmarks in MENSs.

1) Proposed Scheme With Random Subcarrier Allocation
(Proposed Scheme With RanSub): The subcarrier assign-
ment within M? and M5 is predefined with random
selection before the optimization of UAV trajectory and
power allocation.

TDD-UAV-ISAC: The application of TDD in suppressing
the interference between CAS links is widely used
in UAV-ISAC related works, such as [12], [16], and

2)
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Fig. 8. Network performance comparison for different schemes.

[25]. To be compatible with the proposed integrated
fronthaul-access networks, the radio frame structure of
TDD-UAV-ISAC is designed as in Fig. 7. Different from
MDD-UAV-ISAC, optimizing the subcarrier allocation,
TDD-UAV-ISAC optimizes the time slots assigned to
each transmission task, and each transmission task is free
to use all the M subcarriers. Note that the guard period
is essential to avoid the interference among different
transmission tasks, which accounts for one time slot
within each radio frame.

3) Proposed Scheme With Guard Subcarriers (Proposed
Scheme With GuaSub): In practice, to activate the
MDD-based scheme, guard subcarriers inserted between
different subcarrier blocks are indispensable, so as to
avoid the possible intersubcarrier interference caused by
imperfect time synchronization. Therefore, to make a
fair and reasonable comparison with TDD, the number
of guard subcarriers is set to 4, such that the proportion
of guard elements is similar to that in TDD.

4) Straight-Line Flying (S-Line Flying): Once the UAV
arrives at the initial operating position, it flies along
the line between the initial operating position and the
center of the emergency area. As the trajectory is fixed,
the UAV may not meet the sensing or communication
QoS requirement at some positions, in which case the
UAV is temporarily out of service.

5) No Sensing-QoS (No Sens-QoS) Constraint: The UAV
carries out DL communication immediately after taking
off from the position (10, 0,200) m, and the sensing QoS
constraint is neglected during flying.

The performance comparison is presented in Fig. 8. No
Sens-QoS scheme achieves the highest end-to-end communi-
cation rate, but it may not meet the sensing requirement, since
the UAV leverages all the resources to implement DL-related
transmission over fronthaul and access links. Our proposed
UAV-ISAC achieves 5 bits/s/Hz more than the TDD-UAV-
ISAC scheme at a 90% likely rate, and this performance
advantage is primarily attributed to the fact that there is
no resource element to serve as guard intervals. Moreover,
even if the proposed scheme applies guard subcarriers for
practical concerns, it still outperforms TDD-UAV-ISAC due
to the tailor-made FD-like frame structure with four parallel
data streams as well as the flexibility in subcarrier allocation.
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In addition, the effectiveness of the resource allocation opti-
mization in the proposed scheme is evident as it significantly
outperforms Proposed Scheme with RanSub. Without optimiz-
ing the UAV’s trajectory, the S-Line Flying Scheme attains the
lowest end-to-end communication rate.
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VI. CONCLUSION
This article has investigated the UAV-enabled ISAC tech-
nique in MENs. Considering that the real-time DL commu-
nications and target sensing require the support of robust
wireless fronthaul, we have proposed an MDD-based joint
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fronthaul-access scheme, where the TBS and UAV exchange
the source data and perceived information via fronthaul link,
and the UAV transmits ISAC signals via access links. To
maximize the end-to-end data rate while guaranteeing the
required sensing QoS, we have designed an optimization
problem to jointly optimize UAV trajectory, subcarrier, and
power allocation, which is divided into two stages for a
practical solution, i.e., finding the UAV’s initial operating
position and optimizing the trajectory and resource allocation
in the mission period. The SCA and ELA methods have
been applied to address the challenging optimization problem.
Numerical results have validated that our proposed scheme is
capable of balancing the performance between fronthaul and
access links such that the CAS services can be properly carried
out during UAV’s mission. The advantages of our proposed
UAV-ISAC scheme over benchmark schemes have also been
demonstrated.

In future work, we will investigate the effects of complex
sea conditions (i.e., sea wind and sea clutter) on our proposed
UAV-ISAC scheme, and study the strategy of UAV trajectory
under sea wind influence as well as sea clutter suppression
algorithms to enhance system robustness.

APPENDIX
LINEAR APPROXIMATION OF MI-RELATED FORMULATION

For concise expression, the indices of radio frames and
subcarriers are temporarily removed, and notations of PE,
SEN, UAV, and TBS are simplified as P, S, U, and
T, respectively. Applying SCA, log(S{;) in (24) can be
approximated as (33), as shown at the bottom of the

previous page, where Q% = (pi® pI® B By yhile

@S0/ @pp). B3/ @pY). (0S4 @xv). and (S {y)/@yu)
are given in (34), as shown at the bottom of the pre-
vious page. Similarly, log(N{) in (24) can be approx-
imated as (35), as shown at the bottom of the pre-

vious page, where Qi’jl)l _ {)(k)’pé/(k),xg{), w0, while

ON{)/@ph). DN/ (@pY). (ON{y)/(Dxy). and (ONyp)/(Dyv)
are given in (36), as shown at the bottom of the previous

page.

REFERENCES

[11 F. S. Alqurashi, A. Trichili, N. Saeed, B. S. Ooi, and M.-S. Alouini,
“Maritime communications: A survey on enabling technologies, oppor-
tunities, and challenges,” IEEE Internet Things J., vol. 10, no. 4,
pp. 3525-3547, Feb. 2023.

[2] M. Ilcev, “New aspects for modernization global maritime distress and
safety system (GMDSS),” TransNav, Int. J. Mar. Navigat. Saf. Sea
Transp., vol. 14, no. 4, pp. 991-998, Mar. 2020.

[3] N. Zhao et al., “UAV-assisted emergency networks in disasters,” IEEE
Wireless Commun., vol. 26, no. 1, pp. 45-51, Feb. 2019.

[4] X. Gu and G. Zhang, “A survey on UAV-assisted wireless communica-
tions: Recent advances and future trends,” Comput. Commun., vol. 208,
pp. 44-78, Aug. 2023.

[5] M. Kato, T. K. Rodrigues, T. Abe, and T. Suganuma, “Exploiting
radio frequency characteristics with a support unmanned aerial
vehicle to improve wireless sensor location estimation accuracy,”
IEEE Internet Things J., vol. 11, no. 24, pp. 39570-39578,
Dec. 2024.

[6] K. Meng et al., “UAV-enabled integrated sensing and communication:
Opportunities and challenges,” IEEE Wireless Commun., vol. 31, no. 2,
pp. 97-104, Apr. 2024.

(71

(8]

(9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

54011

N. Nomikos, P. K. Gkonis, P. S. Bithas, and P. Trakadas, “A survey
on UAV-aided maritime communications: Deployment considerations,
applications, and future challenges,” IEEE Open J. Commun. Soc.,
vol. 4, pp. 56-78, 2023.

L. Lyu, Z. Chu, B. Lin, Y. Dai, and N. Cheng, “Fast trajectory
planning for UAV-enabled maritime IoT systems: A fermat-point based
approach,” IEEE Wireless Commun. Lett., vol. 11, no. 2, pp. 328-332,
Feb. 2022.

L. P. Qian, H. Zhang, Q. Wang, Y. Wu, and B. Lin, “Joint multi-domain
resource allocation and trajectory optimization in UAV-assisted maritime
10T networks,” IEEE Internet Things J., vol. 10, no. 1, pp. 539-552,
Jan. 2023.

Y. Xin, W. Zhao, L. Ma, Y. Ning, P. Shi, and T. Liu, “Joint pro-
cessing of pilot and data in UAV-aided maritime communications,”
in Proc. IEEE/CIC Int. Conf. Commun. China, Aug. 2023,
pp. 1-6.

D. Zhai, Y. Jiang, Q. Shi, R. Zhang, H. Cao, and F. R. Yu, “Joint
resource management and deployment optimization for heterogeneous
aerial networks with backhaul constraints,” IEEE Trans. Commun.,
vol. 72, no. 1, pp. 348-360, Jan. 2024.

D. Liu, Y. Gao, S. Hu, W. Ni, and X. Wang, “Trajectory design for
integrated sensing and communication enabled by cellular-connected
UAV,” IEEE Wireless Commun. Lett., vol. 13, no. 7, pp. 1973-1977,
Jul. 2024.

X. Wang, Z. Fei, J. A. Zhang, J. Huang, and J. Yuan, “Constrained
utility maximization in dual-functional radar-communication multi-UAV
networks,” IEEE Trans. Commun., vol. 69, no. 4, pp. 2660-2672, Apr.
2021.

K. Meng, Q. Wu, S. Ma, W. Chen, K. Wang, and J. Li,
“Throughput maximization for UAV-enabled integrated periodic sensing
and communication,” IEEE Trans. Wireless Commun., vol. 22, no. 1,
pp. 671-687, Jan. 2023.

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

X. Liu, Y. Liu, Z. Liu, and T. S. Durrani, “Fair integrated sensing and
communication for multi-UAV-enabled Internet of Things: Joint 3-D
trajectory and resource optimization,” IEEE Internet Things J., vol. 11,
no. 18, pp. 29546-29556, Sep. 2024.

C. Deng, X. Fang, and X. Wang, “Beamforming design and trajec-
tory optimization for UAV-empowered adaptable integrated sensing
and communication,” IEEE Trans. Wireless Commun., vol. 22, no. 11,
pp. 8512-8526, Nov. 2023.

A. Khalili, A. Rezaei, D. Xu, F. Dressler, and R. Schober, “Efficient
UAV hovering, resource allocation, and trajectory design for ISAC with
limited backhaul capacity,” IEEE Trans. Wireless Commun., vol. 23,
no. 11, pp. 17635-17650, Nov. 2024.

Y. Pan et al., “Cooperative trajectory planning and resource allo-
cation for UAV-enabled integrated sensing and communication
systems,” [EEE Trans. Veh. Technol., vol. 73, no. 5, pp. 6502-6516,
May 2024.

T. Zhang, K. Zhu, S. Zheng, D. Niyato, and N. C. Luong, “Trajectory
design and power control for joint radar and communication enabled
multi-UAV  cooperative detection systems,” [EEE Trans. Commun.,
vol. 71, no. 1, pp. 158-172, Jan. 2023.

Z. Liu, X. Liu, Y. Liu, V. C. M. Leung, and T. S. Durrani, “UAV assisted
integrated sensing and communications for Internet of Things: 3D
trajectory optimization and resource allocation,” IEEE Trans. Wireless
Commun., vol. 23, no. 8, pp. 8654-8667, Aug. 2024.

0. Rezaei, M. M. Naghsh, S. M. Karbasi, and M. M. Nayebi,
“Resource allocation for UAV-enabled integrated sensing and com-
munication (ISAC) via multi-objective optimization,” in Proc. IEEE
Int. Conf. Acoust., Speech Signal Process. (ICASSP), Jun. 2023,
pp. 1-5.

X. Jing, F. Liu, C. Masouros, and Y. Zeng, “ISAC from the sky:
UAV trajectory design for joint communication and target localization,”
IEEE Trans. Wireless Commun., vol. 23, no. 10, pp. 12857-12872,
Oct. 2024.

G. A. Bayessa, R. Chai, C. Liang, D. Kumar Jain, and
Q. Chen, “Joint UAV deployment and precoder optimization for
multicasting and target sensing in UAV-assisted ISAC networks,”
IEEE Internet Things J., vol. 11, mno. 20, pp. 33392-33405,
Oct. 2024.

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on December 29,2025 at 21:49:50 UTC from |IEEE Xplore. Restrictions apply.



54012

[25] X. Zheng, Y. Wu, L. Fan, X. Lei, R. Qingyang Hu, and G. K. Kara-
giannidis, “Dual-functional UAV-empowered space-air-ground networks:
Joint communication and sensing,” IEEE J. Sel. Areas Commun., vol. 42,
no. 12, pp. 3412-3427, Dec. 2024.

[26] B. Li, L.-L. Yang, R. G. Maunder, P. Xiao, and S. Sun, “Multicarrier-
division duplex: A duplexing technique for the shift to 6G wireless
communications,” IEEE Veh. Technol. Mag., vol. 16, no. 4, pp. 57-67,
Dec. 2021.

[27] B. Debaillie et al., “Analog/RF solutions enabling compact full-duplex
radios,” IEEE J. Sel. Areas Commun., vol. 32, no. 9, pp. 1662-1673,
Sep. 2014.

[28] E. Everett, A. Sahai, and A. Sabharwal, “Passive self-interference
suppression for full-duplex infrastructure nodes,” IEEE Trans. Wireless
Commun., vol. 13, no. 2, pp. 680-694, Feb. 2014.

[29] K. E. Kolodziej, J. G. McMichael, and B. T. Perry, “Multitap
RF canceller for in-band full-duplex wireless communications,”
IEEE Trans. Wireless Commun., vol. 15, no. 6, pp. 4321-4334,
Jun. 2016.

[30] B. Li, L.-L. Yang, R. G. Maunder, and S. Sun, “Self-interference can-
cellation and channel estimation in multicarrier-division duplex systems
with hybrid beamforming,” IEEE Access, vol. 8, pp. 160653-160669,
2020.

IEEE INTERNET OF THINGS JOURNAL, VOL. 12, NO. 24, 15 DECEMBER 2025

[31] C. Shi, F. Wang, M. Sellathurai, J. Zhou, and S. Salous, ‘“Power
minimization-based robust OFDM radar waveform design for radar and
communication systems in coexistence,” IEEE Trans. Signal Process.,
vol. 66, no. 5, pp. 1316-1330, Mar. 2018.

[32] C. Ouyang, Y. Liu, H. Yang, and N. Al-Dhahir, “Integrated
sensing and communications: A  mutual information-based
framework,” [EEE Commun. Mag., vol. 61, no.S5, pp.26-32,
May 2023.

[33] F. Zhuang and V. K. N. Lau, “Backhaul limited asymmet-
ric cooperation for MIMO cellular networks via semidefinite
relaxation,” IEEE Trans. Signal Process., vol. 62, no. 3, pp. 684—693,

Feb. 2014.

[34] K. Shen and W. Yu, “Fractional programming for communication
systems—Part I: Power control and beamforming,” IEEE
Trans. Signal Process., vol. 66, no. 10, pp. 2616-2630,
May 2018.

[35] R. L. Burden et al., Numerical Analysis. Boston, MA, USA: Cengage
Learning, 2015.

[36] H. V. Nguyen, V.-D. Nguyen, O. A. Dobre, Y. Wu, and O.-S. Shin,
“Joint antenna array mode selection and user assignment for full-duplex
MU-MISO systems,” IEEE Trans. Wireless Commun., vol. 18, no. 6,
pp- 2946-2963, Jun. 2019.

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on December 29,2025 at 21:49:50 UTC from |IEEE Xplore. Restrictions apply.



