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Accelerating Multi-UAV Collaborative Sensing Data
Collection: A Hybrid TDMA-NOMA-Cooperative
Transmission in Cell-Free MIMO Networks

Eunhyuk Park™, Graduate Student Member, IEEE, Junbeom Kim"™, Member, IEEE,

Seok-Hwan Park

Abstract—This work investigates a collaborative sensing and
data collection system in which multiple uncrewedaaerial vehicles
(UAVs) sense an area of interest and transmit images to a
cloud server (CS) for processing. To accelerate the completion
of sensing missions, including data transmission, the sensing
task is divided into individual private sensing tasks for each
UAV and a common sensing task that is executed by all UAVs
to enable cooperative transmission. Unlike existing studies, we
explore the use of an advanced cell-free multiple-input-multiple-
output (MIMO) network, which effectively manages inter-UAV
interference. To further optimize wireless channel utilization,
we propose a hybrid transmission strategy that combines time-
division multiple access (TDMA), nonorthogonal multiple access
(NOMA), and cooperative transmission. The problem of jointly
optimizing task splitting ratios and the hybrid TDMA-NOMA-
cooperative transmission strategy is formulated with the objective
of minimizing mission completion time. Extensive numerical
results demonstrate the effectiveness of the proposed task
allocation and hybrid transmission scheme in accelerating the
completion of sensing missions.
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I. INTRODUCTION

NCREWED AERIAL VEHICLES (UAV)-based sensing
Uis promised to become a leading sensing technology
in the future due to its extensive coverage area and flexible
observation capabilities [1], [2], [3]. This system offers rapid
mission execution as UAVs can transmit sensory data to
ground base stations (BSs) through Line of Sight (LoS)
wireless links, eliminating the need to return to the BSs.
Additionally, UAVs excel in sensing areas inaccessible to
terrestrial vehicles due to their increased heights and less
signal blockage [1], [2], [3], further enhancing their utility.
Zhang et al. [4] and Liu et al. [5] explored the optimization
of UAV trajectory and transmit power to maximize energy
efficiency. Meng et al. [6] addressed the joint design of
UAV trajectory, UAV-BS association, and sensing order with
the aim of minimizing the overall mission completion time.
Xu et al. [7] investigated an UAV-assisted integrated sensing
and communication (ISAC) system, focusing on the joint
optimization of UAV trajectory, sensing and communication
time duration, and UAV power allocation. Zhou et al. [§]
and Liu et al. [9] proposed UAV-aided joint communication,
sensing, and computing frameworks, leveraging mobile edge
computing capability at BSs. Furthermore, UAV sensing for
cellular intercell interference coordination (ICIC) was inves-
tigated in [10] and [11]. In particular, [10] highlighted the
spectrum sensing capabilities of UAVs across wide coverage
areas, which can be leveraged to overcome the limitations
of traditional terrestrial ICIC techniques. The synergetic ben-
efits of integrating UAV-based networks with reconfigurable
intelligent surfaces (RISs), along with corresponding design
strategies, were explored in [12], [13], and [14]. Specifically,
the impact of operating RISs on the ground to assist air-to-
ground communication between UAVs and terrestrial BSs was
studied in [12] and [13], while the potential of aerial RISs
mounted on UAVs was discussed in [12] and [14]. Given
the complexity of integrating UAV sensing techniques with
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Fig. 1. Tllustration of a collaborative sensing system with multiple
multiantenna UAVs reporting to a CS through distributed multiantenna APs.

other key enablers for 6G wireless systems, the application of
artificial intelligence (AI) techniques is crucial for practical
optimization. The benefits of utilizing Al for UAV cognitive
sensing tasks, such as object detection in aerial scenes captured
by UAVs, were examined in [15], while [16] provided an
extensive overview of potential Al applications for UAV-based
wireless networks.

UAV-assisted communication systems are a key component
of nonterrestrial networks, which also encompass satellite and
high-altitude platform (HAP) systems [17], [18], [19], [20].
In [17] and [18], beamforming design problems were explored
for satellite and terrestrial integrated networks (STINSs),
with [17] focusing on the use of RISs and [18] address-
ing the criterion of maximizing secrecy-energy efficiency.
An et al. [19] discussed beamforming design for simultaneous
wireless information and power transfer (SWIPT) in RIS-
assisted HAP networks, where each receiver is equipped
multilayer refracting RISs. Additionally, [20] investigated
multicast beamforming design for satellite and aerial inte-
grated networks (SAINs), employing rate-splitting multiple
access (RSMA) for UAV transmission.

While [4], [6], [7], [8], [9] focused on the UAV sensing
and transmission systems with a single UAYV, there has been
a notable shift towards investigating multi-UAV coopera-
tive sensing systems. As illustrated in Fig. 1, these systems
involve multiple UAVs collaborating to conduct the sensing
task [21], [22], [23]. However, due to the independence of
sensory data signals from different UAVs, orthogonal multiple
access techniques, such as time-division multiple access
(TDMA) were considered to avoid interference among UAVs’
transmissions. In contrast, Meng et al. [24] proposed the partial
utilization of a common sensing task executed by all UAVs.
Despite the inefficiency stemming from the repeated execution
of the same task among UAVs, the shared sensory data can be
possessed by all UAVs, thereby reducing uplink transmission
time through cooperative transmission. Since the presence of a
common sensing task yields conflicting impacts on the overall
mission completion time, the work [24] addressed the problem
of finding the optimal portions of common and private tasks.

While [24] highlighted the advantages of employing a
common sensing task to reduce wireless transmission of
sensory data, it primarily focused on TDMA-based trans-
mission of private sensory data within a simplistic uplink
network served by a single BS, with both the UAVs and
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the BS equipped with a single antenna. Building on this
background, in this work, we explore the impact of incorpo-
rating a common sensing task among UAVs within a more
sophisticated cell-free network [25], [26], [27] that leverages
multiple-input—multiple-output (MIMO) technology.

In this setup, multiantenna UAVs transmit their sensory
data to a cloud server (CS) via multiantenna access points
(APs). These APs are linked to the CS through finite-capacity
fronthaul connections, necessitating the use of fronthaul
quantization and compression techniques [28], [29], [30].
Additionally, unlike the approach in [24], which solely relied
on TDMA transmission for UAVs’ private sensory data, we
propose a hybrid utilization of TDMA and nonorthogonal
multiple access (NOMA) [31]. This is motivated by the
potential advantages of NOMA over TDMA, especially within
cell-free MIMO networks, since the CS can utilize the uplink
received signals from all APs to effectively manage the
interference signals.

However, the design of the outlined system presents
challenges. In fact, one needs to concurrently optimize
task allocation between common and per-UAV private sens-
ing tasks. Additionally, one needs to optimize hybrid
TDMA-NOMA and cooperative transmission strategies for
transmitting sensory data for private and common tasks,
respectively. It is also noted that the choice between employing
TDMA and NOMA modes for private sensory data transmis-
sion involves a tradeoff depending on the system factors, such
as signal-to-noise ratio (SNR) of the wireless link, capacity
of fronthaul links, and network configurations, including the
numbers of UAVs, APs, and their antennas.

We establish the problem of jointly optimizing the task
allocation variables for sensing tasks, along with hybrid
TDMA-NOMA-cooperative transmission strategies, with the
aim of minimizing mission completion time. To tackle the
nonconvex nature of the problem, we reformulate it using frac-
tional programming (FP) [32] and matrix FP techniques [33].
These techniques were proven effective in optimizing user-
cloud assignment and downlink beamforming for multicloud
radio access networks (RANSs) [34], as well as two-tier receive
signal combining for fully decoupled RAN scenarios [35].
Based on the reformulated problem, we propose an iterative
algorithm that alternately optimizes primary and auxiliary
block variables, resulting in monotonically decreasing com-
pletion time values. Through extensive numerical results, we
validate the efficacy of the proposed task allocation and
hybrid TDMA-NOMA-cooperative transmission scheme in
expediting the completion of sensing mission tasks. In Table I,
we compare this work with the recent literature on UAV
sensing [6], [7], [8], [9], [22], [23], [24].

This article is organized as follows. In Section II, we
describe the system model of a multi-UAV collaborative
sensing system, encompassing the wireless channel model
from UAVs to APs, the fronthaul connections, and the splitting
variables for common and private sensing tasks. In Section III,
we outline the overall process of the proposed sensing
and hybrid TDMA-NOMA-cooperative transmission system,
accompanied by quantification of the total mission completion
time. In Section IV, we formulate the optimization problem
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TABLE I
COMPARISON OF EXISTING UAV SENSING AND TRANSMISSION LITERATURE

Papers Number of nodes Task allocation Number of antennas Transmission

UAV AP UAV AP Network Scheme
[4] single single - single single cellular P2P
[5] single single - single single cellular P2P
[6] single single - single single cellular P2P
[7] single single - single single cellular P2P
[8] single single - single single cellular P2P
[9] single single - multiple | multiple cellular P2P
[21] multiple single exclusive single multiple cellular orthogonal
[22] multiple single exclusive multiple | multiple cellular TDMA
[23] multiple single exclusive single single cellular TDMA
[24] multiple single exclusive/overlap. single single cellular TDMA/coop.

This work || multiple | multiple || exclusive/overlap. multiple | multiple cell-free | TDMA/NOMA/coop.

for the proposed multi-UAV sensing system and develop an
iterative optimization algorithm. In Section V, we present the
numerical results that validate the efficacy of the proposed
system. Finally, this article concludes in Section VI.

II. SYSTEM MODEL

We consider a collaborative sensing system in which, as
illustrated in Fig. 1, K UAVs each equipped with ny antennas
sense an area of interest and transmit the images to a CS which
processes the collected sensing information. Specifically, we
assume that the UAVs fly at high altitudes and in close
proximity to each other. Under these conditions, it is likely
that the UAVs have overlapped fields of view, as illustrated
in Fig. 1, and supported by previous studies [20], [24], [36].
Unlike [24], which assumed a single receiving BS, we consider
a cell-free MIMO network in which the UAVs’ transmit signals
are cooperatively received by M APs each equipped with
na antennas and connected to the CS through a dedicated
fronthaul link of capacity Cg bits per second (bps). The
bandwidth of the UAVs-to-APs wireless channel is B Hz.
Let us define the sets of UAVs’ and APs’ indices as K =
{1,2,...,K} and M = {1, 2, ..., M}, respectively.

A. Wireless Channel Model

The received signal vector y; € C"4*! of AP i is given by

vi=) Hix+7 )
kelkC

where H; ; € C"*" denotes the channel matrix from UAV
k to AP i, x, € C"*! represents the transmitted signal
vector of UAV k, and z; ~ CN (0, azzl) is the additive noise.
Each transmitted signal vector is subject to a power constraint
E[||x¢l*] < Py. Without loss of generality, we assume that
the UAVs’ indices are ordered as

2 2 2
Hillr < IH27 < ... < [[Hklr

2)

where Hy, = [H{{k H’;k ‘e Hﬁlfl k]H € CaMxnu represents the
channel matrix from UAV k to all APs. Also, it is assumed

that the CS has a perfect channel state information (CSI) of
all matrices H = {H; r}ic M ke based on which it coordinates
the operation of the whole system.

B. Sensing Task and Task Splitting

We assume that the total sensing task, which needs to
be executed by the UAVs, requires a sensing time of t{fml
seconds, and the amount of sensory data representing the
sensing result is by bits. We partition the entire sensing task
into K + 1 subtasks, comprising a single common task and
K private tasks. The common sensing task is executed by all
UAVs, while each private task is exclusively assigned to the
corresponding UAV.

Performing the common task with all UAVs might lead to
a waste of their individual sensing capabilities. However, as
reported in [24], it allows for cooperative transmission of the
sensing output data among the UAVs, resulting in an improved
spectral efficiency of the wireless link.

In contrast, the private tasks are designed to be nonover-
lapping across UAVs, enabling an efficient use of each UAV’s
sensing capability. However, since the UAVs need to report
independent sensing results, the uplink transmission should
address the impact of inter-UAV interference signals. Given
the above discussion, it is essential to optimally choose the
task splitting fractions, considering the tradeoff between the
sensing and wireless transmission times.

To elaborate, we define the task allocation variables o
{ag, a1, ..., ak}, where ag and oy (k € K) denote the portions
of the common task, commonly performed by all UAVs, and
the kth private task, respectively. Thus, the task allocation
variables o satisfy

@ >0 Vke{0}UK and ag+ Y oy = 1.
kel

3)

Given the ascending order of the channel magnitudes in (2),
we allocate a larger portion of the private sensing task to UAV
k compared to UAV k—1 by imposing oy > ax—1 Yk € IC\{1}.
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Fig. 2. Illustration of the overall process of the proposed collaborative sensing
system.

III. PROPOSED HYBRID TDMA-NOMA-COOPERATIVE
TRANSMISSION

To mitigate the inter-UAV interference during the trans-
mission of the private sensing results, only TDMA was
considered in [24]. In this section, we propose an enhanced
transmission strategy which combines both TDMA and
NOMA transmission modes. Fig. 2 shows the overall process
of the proposed collaborative sensing and communication
system.

A. Overall Process of Sensing and Transmission

The process starts with the sensing at UAVs followed
by the transmission of the sensory data from UAVs to CS
through APs. Each UAV k executes the common and its
private sensing tasks. Thus, the sensing time t,f of UAV k is
given by

T} = (@0 + ) Ty €

Since we imposed oy > o1 Vk € K\ {1} on the
task allocation variables, the sensing time in (4) satisfies the
conditions

>t Vke K\ ({1} (5)

Due to the sequential ordering of the sensing time in (5), the
sensing missions of UAVs are completed in the order of UAV
1, UAV 2, ..., UAV K.

Once the sensing tasks are finished, the UAVs are required
to transmit the obtained sensory data to the CS. As shown in
Fig. 2, it is assumed that the UAVs first transmit their private
sensing results. Since the private sensory data is independent
across UAVs, concurrent transmissions among UAVs cause
inter-UAV interference. To avoid interference, [24] considered
TDMA transmission, where each UAV is allocated only a
portion of the time resource. However, when there are many
multiantenna APs with sufficiently large fronthaul capacity,
the NOMA scheme, in which all UAVs utilize the entire
time resource, can outperform TDMA, as the inter-UAV
interference signals can be efficiently managed by joint decod-
ing at the CS. To transmit the independent private sensory
data while harnessing the complementary benefits of both
TDMA and NOMA, the proposed scheme divides the private
sensory data of each UAV £ into two submessages. These split
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submessages are sequentially transmitted utilizing the TDMA
and NOMA modes. We define the portions of the submessages
communicated in TDMA and NOMA modes as oegD and oz,lﬁo,

respectively, which satisfy ong > 0, oz,ljo > 0, and ong +
NO

a; "~ = ai. Therefore, (3) can be rewritten as
@) >0, af >0, ke K,X e {TD, NO} (62)
and ap + Z(aED + a}jo) = 1. (6b)

kekC

After the completion of transmitting the private sensing data,
in the final stage, the UAVs collaboratively transmit the results
of the common task. For the NOMA transmission of the split
private submessages and the cooperative transmission of the
common sensory data, we assume a synchronous transmission
among the UAVs.

B. Total Mission Completion Time

To quantify the completion time, we define the time spent
by UAV k to transmit its private sensory data in the TDMA
mode as rkW’TD. The superscript W stands for the UAVs-
to-APs wireless access link which is distinguished from the
APs-t0-CS fronthaul link. If we define 7 """ as the time
required for UAV k to complete its sensing tasks and its
TDMA transmission, it is computed as

S+W,TD __ S _S+W,TD W, TD
T = max {Tk Ty } + 1 7)

for all £k € K with setting rg+W’TD = 0. The first-term in

the right-hand side (RHS) of (7) comes from the fact that
UAV k can start its TDMA transmission only after both its
sensing task and the TDMA transmission of UAV k — 1 are
finished.

Similarly to (7), if we denote the time required for
the sensing and TDMA transmission of UAV k and
the associated fronthaul transmission by t,f +W+F’TD, it is
given as

T]f+W+F,TD — max {r’f+W,TD
where r[ D represents the fronthaul transmission time for
delivering the uplink signals received durinl% the TDMA
transmission of UAV k, and we set ‘(g HWHETD _ . Again,
the first-term in the RHS of (8) indicates that the fronthaul
transmission for UAV k begins only after both the TDMA
transmission of UAV k and the fronthaul delivery for UAV
k — 1 are finished.

The total completion time of the collaborative sensing and
communications from UAVs to CS is given as

’r]fj-lW-i-F,TD} +'L’[’TD ®)

S+W+F.TD | _W,NO
Tiotal = Tk +7
4 max {TF,NO, TW,CO} 4 ¢F.CO )
where TW'NO and £FNO quantify the transmission time on

the wireless and fronthaul links, respectively, in the NOMA
stage. Similarly, the wireless and fronthaul delays in the coop-
erative transmission stage are, respectively, denoted by v"-C0
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and €O, In subsequent sections, we discuss the TDMA,
NOMA, and cooperative transmission phases quantifying the
completion time of each phase.

C. TDMA Transmission Phase

In the TDMA phase, each UAV is exclusively assigned a
time slot for an interference-free uplink transmission. On the
time resource assigned to UAV k, the received signal vector
of AP i in (1) reduces to

yiTD = Hi,kxzD + ziTD (10)

We assume a Gaussian channel coding, i.e., XZD ~

CN(0, STD) with a covariance matrix STD > 0 satis-
fying tr(STD) < Py. Through the fronthaul link of a
finite capacity Cr bps, AP i informs the CS of a quan-
tized version of the received signal vector y,.TD. Under the
assumption of a Gaussian codebook for the fronthaul quanti-
zation [28], [29], [30], the quantized signal )A'iTD recovered by
CS can be written as

o TD D

yl - yi
with the quantization noise vector q'° distributed as q
CN(0, SZITD) Following the rate- dlstortlon theoretic frame-
work [37], the number of bits required to represent each
sample of the signal ¥; is given as:

+q;° (11>

gic (8™, F) =1(y;°:9:")
= log, det(SZTD + 0?1+ HS[PHY,) — log, det(®F)
(12)
with S™P = {STP}, k. As the time duration of each baseband

sample is approximately given as 1/B s, the amount of
information that AP i needs to send to the CS on fronthaul

is given by B -7, ""glP(S™, 2/?) bits. Consequently, the

transmission time T ’TD on the fronthaul link regarding the
TDMA stage of UAV £ is given as

B PgID(S™, szlk)

F.,TD

7T, = max 13

k ieM Cr (13)
Based on the quantized signals §T° = [§]PH ... yIDPH A

available, the CS decodes the signal ka Thus, the transmis-
sion rate RED on the wireless link is given as

_ -1
R™ = Blog, det(I +(o21+2.") HS[PH] ) (14)

where QED = blkdiag({S'lEkD},-6 M). Consequently, the trans-
mission time rlfv ‘TP on wireless link in the TDMA phase is
given as
b OlTD
VD — Tk (15)
Ry

D. NOMA Transmission Phase

In the NOMA transmission phase, all UAVs concurrently
transmit the signals X]Ijo ~ CN(0, S?O), k € K, where
SkNO > 0 and tr(SkNo) < Py. Since the transmitted signals of
all UAVs arrive at each AP i, the number of bits needed to

IEEE INTERNET OF THINGS JOURNAL, VOL. 12, NO. 6, 15 MARCH 2025

represent each sample of a quantized version 5,%\10 = y?Io—i-q?]O
with gNO ~ CA(0, 19) is given by

NO(sN0, @) = log, det(ﬂ?o +olI+ Y Hi,kskNOH{’k>
kelC

— log, det(ﬂf\lo) (16)

where we have defined the notation SNO = {Sfo}kelc.
Accordingly, the transmission time on the fronthaul link is
given as

B- .L,W,NOgg\TO(SNO’ QNO)

tFNO — max (17)
ieM Cr
The total quantized signal vector yNO [ANOH y%SH i
received at the CS can be rewritten as
=Y Hx O+ 2N+ ¢"° (18)
ek
where qN° = [¢)OF .. q%?” 17 ~ CN(O, S_ZNO) with @"° =

blkdiag({ﬂi\lo},E m). To decode the signals XII\IO,. XII}IO,
the CS adopts a successive interference cancelation (SIC)
decoding, whereby the signals are successively decoded while
cancelling the impact of the decoded signals from yN°. To
elaborate, we define a permutation 7 : L — K, which defines
the SIC decoding order. That is, the signals are decoded in
the order of xgg), ng), e xy( X Therefore, the achievable

data rate Rﬁg{) of ngc) on the wireless link is thus given as

—1
NO NO NO yyH
Rn(k) = Blog, det(l + (Nﬂ(k)> Hﬂ(k)sn(k)Hﬂ(k)) (19)

where we have defined the covariance matrix Ng((,)() of the
interference-plus-noise signals when decoding the signal Xz (k)
in the NOMA phase as

K
NO yH 2 -~ NO
Nn(k) = Z Hy)S;pHz ) + 0.1+ R (20)

I=k+1

W,NO

Consequently, the transmission time T on the wireless

link in the NOMA phase is given by

b totala}jo
NO
Rk

T W.NO max

21
kelkC @

E. Cooperative Transmission Phase

Since all UAVs execute the common sensing task, the
common sensory data is available at all UAVs. Therefore,
cooperative transmission across the UAVs can be performed
without inter-UAV interference. To elaborate, we set XCO =
Vs, where s€O e Cs*! represents the data symbol Vector
with sCO ~ CN(0,1), and V; € C"*"s is the precoding
matrix that satisfies tr(VkaH) < Py. Here, ng denotes the
number of data streams that are simultaneously transmitted. It
is emphasized that the data vector s“© is shared by all UAVs,

since it is the output of the common sensing task executed
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by all UAVs. The received signal vector of each AP i is then
given by

inO = (Z Hi,ka)SCO + ZiCO = H;Vs®© + ZiCO
kel

where the matrices H; € C*mwK and V e Cwkxns gre
defined as H; = [H;; --- Hix] and V = [V ... VIH
respectively. Representing the quantized signal 3,%30 which is
transferred to the CS through fronthaul link as §; 0 yl.CO +
q<© with ¢F° ~ CN(0, @F°), the transmission time /0
on the fronthaul link is written as

F,CO

W,CO ,CO(QCO CO
B tW:COgE0(SCO aF0)
T = max

ieM Cr

(22)

(23)

where we have defined the notation S€© = VV# = 0 and the
function ng(SCO, SZI-CO) as

<0 (SCO, Qico) _ ](ygzo; in0>
— log, det(sz,.co +o2l+ ﬁiscoﬁi”) — log, det(SZiCO).
(24
The total quantized signal vector §°© in the cooperative
transmission phase is given by

0 — HVsCO 4 70 4 ¢CO (25)
where H = [I:I{{ I:Iﬁ]H e CuMxnK ang O ~
CN (0, 2°°) with £°° = blkdiag({25©};cq). From (25), the

achievable data rate on the wireless link of the cooperative
transmission phase is given as

_ —1 _ _
R0 = Blog, det(l + (afl n szco) HSCOHH>. (26)

Ww,CO

Therefore, the transmission time 1 on the wireless link

becomes

W,CO __ biotal o

T RCO

27)

IV. PROPOSED DESIGN ALGORITHM

In this section, we address the joint optimization of the task
allocation o = {ap} U {oegD, a,ljo}ke i and the hybrid TDMA-
NOMA-cooperative transmission strategies S = ST U SNO U
S0 and @ = (] P}icatkek U{RNC, FC)icpq with the goal
of minimizing the mission completion time Ty in (9). We
formulate the problem as
S+W+F,TD

min. T
«S.2:R K

+ .L,W,NO + max {TF,NO, 7',W,CO} + _L.F,CO (28a)

W,TD _TD(QTD TD
Bt gy (S ) Szi,k)

s.t. r,f’TDz ,ieM,kek
Cr
(28b)
broe. OlTD
W, TD total X,

_ -1
RED < Blog, det (I + (UZZI + Q2D> HkSEDH£1>
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ke kK (28d)
T = (ao +aiP + a,IjO) S kek (28e)
r,f+W’TD > max{rks, t,ff]W’TD}

+7 P kek (28f)

TkS+W+F,TD (282)

> max {TI;S"+W,TD’ T]fj—]W+F,TD} I T{,TD, kek
B- .[W,NO NO SNO, QNO

_L,F,NO Z gl ( ! ), ie M (28h)

Cr
biot IOlNO .
WNO > ORﬁTok’ kek (281)
k
R = (28)

—1
Blog, det(I + (NIJS()) Hn<k>S§8>H5<k>>’ kel

B 1W:C04CO(5CO QCO
.L_F,CO > i ( i )’ ie M
Cr
W.CO brotaio
— RCO

(28k)

T (281)

_ —1_ _
R < Blog, det(I + (2149 HSCOHH)

(28m)

(S;°) <Py, kek (28n)

tr(syo) <Py kek (280)

tr(Ef SCOEk> <Py kek (28p)

oo + Z(a,fD + a}:’o) —1 (28q)

kekC

a > o1, ke K\ {1} (28r)

where T = {t,f, r,:)V’TD, r,f’TD, tS+W’TD, r,f+W+F’TD}kEK U
{.L.W,NO’ .L.F,NO’ ‘[W’CO, .L.F,CO}, and R = {RZDﬁRkNO}kEIC U

{RCO}. We have also defined a shaping matrix E; € CKw>xnw
as

Ex = [0ny x (= 1yny Tny onUx(K—k)nU]H- (29)

Our focus is on optimizing {e, S, 2} for a fixed SIC decoding
order 7 during the NOMA phase, with the optimization of
7 left for future study. We also remark that including the
placements of UAVs in the design space would provide addi-
tional gains [38], [39], [40]. However, the UAVs’ positions
affect the channel matrices in a complex manner, since it
influences both the pathloss and the LoS components. This
dependence of the channel matrices, and hence the data rates,
on the UAVs’ placements complicates the optimization of
UAVs’ placements. Additionally, in the presence of non-LoS
(NLoS) components, the data rates are random functions of
the position vectors, asking for the derivation of a closed-form
expression for the expected data rates with respect to the NLoS
components. Given the above two challenges, we leave the
optimization of UAVs’ placements for future work.

The problem (28) is not a convex problem due
to (28b)—(28d) and (28h)—(28m). In what follows, we discuss
how to convexify those constraints while classifying them into
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three categories: 1) fronthaul latency constraints (28b), (28h),
and (28k); 2) wireless latency constraints (28c), (28h),
and (281); and 3) data rate constraints (28d), (28j), and (28m).

A. Fronthaul Latency Constraints (28b), (28h), and (28k)

Among the nonconvex fronthaul latency constraints,
we focus on (28b), as the other (28h) and (28k) can
be addressed similarly. Utilizing the quadratic transform
for FP [32, Cor. 1] and the Fenchel’s inequality for
log, det() [28 Lemma 1], (28b) is satlsﬁed if and only if there

exist {9 }keIC’ {G, k YieM kekc, and {Z > 0}ie M kekc Tor
which the following conditions hold:

2
F,TD |_F,TD F,TD\*_W,TD
29k 7 — <9k ) 7

B
>C—le,l€M,k€’C (30a)

G > log, det(ZP)
1
+ ﬁtr((EIE) <9Tk —+ O'ZI + Hl kSTDSTDHHH ))
_m log, det(ﬂ??), ie M, ke K.
In2 ’

In (30), we have defined SZD € C"*"u which satisfies SZD =
SEDSEDH . The above (30) become convex constraints if the
auxiliary variables {6,5 ’TD}kEK and {):ZkD > O0}ieM.kek are
fixed. Also, the optimal auxiliary variables that make (30)
equivalent to (28b) are given as

(30b)

9:,TD _ FTD/TkW TD kek (31a)
1P = @ + 021+ H S{PSIPHHE, i e M ke K.
(31b)

In a similar way, we can restate (28h) and (28k) as follows:

2
29FNO /TFNO _ (GF,NO> LWNO o

0 > log, det()lﬁ\lo>

B
C—GFO, i€ M(32a)

F
(32b)

1 = Q0+ o021+
+—tr (ENO) < ))
In2 ( i ZkeK Hz kSNOSNOHHH

1n2 log, det(SZ ), ieM
29F.CO./ F.CO _ (QF,CO) WO 5
GO > log, det(ZiCO)

1 —1 o
+ —tr((ZiCO) (sziCO + 021 + H,8CO8CoH gt ))

B
C—G,.CO, ieM (32)
F

In2

nA CO .
5 logzdet<Sli ) ieM

where the optimal 67-NO, {ZNOY, 1 6FCO and {0}, v
are given as

(32d)

HF,NO - VF NO/TW,NO (33a)

N0 = @0 + 021+ ) HSYOSYOMHY,, i e M (33b)
kek

GF Co _ /¢ F. CO/'L’W CcO (33c)
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0= @f° + 621+ HSOSCOFHY, i e M. (33d)
In (32), we have also defined SkNO e Cwxm gpd SO ¢
CKnuxKnu  wwhich satisfy S,Ijo SEOS,{NOH and S€0 =
SCOSCOH ' respectively; and (32) are the convex constraints
if the variables 67-NO, {E?IO},EM, 6F-CO and {Zico}ieM are
fixed.

B. Wireless Latency Constraints (28c), (28h), and (281)

Rewriting (28c) as rkW TD/a,TD > bmtal/RzD and apply-
ing [32, Cor. 1], we obtain the following constraint:

ke K

20,0 (34)

WD _ (yw.D\? D brotal
Tk k Y% = BT
Kk

which is a convex constraint if {9,?/ ’TD}keK are fixed.
Also, (34) becomes an equivalent constraint to (28c) when

= (35)

W, TD _ [_W,TD
0, 7 /o

ED, kelk.

Similarly, we convert the other wireless
straints (28h) and (28]) into

latency con-

b total

2
zekW,NO\/W _ <9kW»NO) af0 > <o k€ K (36a)
Ry
2 b
2gW-CO./zw.co _ <9W,CO) o > Rtoctgl (36b)

where the optimal {9:‘/ ’No}kelc and 6%-CO are given as

6 N0 = VTWNO/gNO e K, (37a)
GW’CO = VTW.CO /. (37b)

C. Data Rate Constraints (28d), (28j), and (28m)
We adopt the matrix Lagrangian dual transform

n [33, Th. 2] on the rate constraint (28d) for the TDMA
transmission obtaining the following constraint:

1 1
ERED < log, det (I + I‘ED) - —tr(FzD)
n
1 ~
+ ﬁtr((l + D) (2§TPHHY o ]P
— P 021+ 9, + HSPSIPHH]) #[P)). k e K
(38)

which is stricter than (28d) for any {I"TD e Crxnuy
with TP > 0 and {®]P e CM*ny, . In (38), we have
defined STD € C">*"W which satisfies STD = STDSTDH We
note that (38) becomes a convex constraint if {FED};{EK and
{<I>ED}k€;C are fixed. Also, (38) becomes equivalent to (28d)
if {T[Phexc and {®]Phiec are equal to
~ _ -1 .
= SPPH (0214 9,°) WS ke K (392)
o -1 .
+ Hks{Ds{DHHkH) H S, k e K.
(39b)

oP = (afl +@°
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The matrix Lagrangian dual transform [33, Th. 2] can be
similarly applied to (28j) and (28m) obtaining the following
constraint:

1 ~No NO
RY() < log,det I+ l‘n(k)) -

B )

1
—t
m2 "
1 NO QNOH yyH NO
+ fnztr((l + L) (2870 Hrgo @

NOH (\jNO QNO SNOHyyH NO
- q’n(k) (Nn(k) + H”(k)srr(k)sn(k) Hﬂ(k))q)n(k)))’ ke K
(40a)

1
ﬂtr(l"co)

+ ﬁtral + rCO) (2SCOHI:IH¢CO

_ @COH (Uzzl + Q<° + ﬁSCOSCOHﬁH)q,CO))

1
ERCO < log, det (I+ I'°) —

(40b)

where the optimal {I‘yg) e Cwxny k., {Qy(ok) €
(CnAMxnu}keICs rCO c (CnUKxnUK, and <I>CO c (CnAMxnUK are
given as

~1
NO QNOH yyH NO QNO
Y0, = SYURY, (NY0) HaoQ) ke ko @lw)

-1
NO NO GNO GNOH yyH GNO
o0 = (Nzr(k) + Hr S5 17 k) Hn(k)) Hz 0S5 )
ke (41b)
e —con -1 - -
rCO — §COHfH (031 + szco) HSCO (41¢)

_ oy~ _ -1_ .
o = (o21+ @0 + HSOSOMHT) A 41d)

D. Proposed Algorithm

Based on the convex relaxation methods discussed in the
previous sections, we equivalently restate (28) as

min. T[.§+W+F,TD 4 ¢W.NO
o,S,2,7,R

+ max {'L'F’NO, IW’CO} + ¢FCO (42a)
s.t.  Fronthaul time constraints: (30), (32) (42b)
Wireless time constraints: (34), (36) (42c¢)
Data rate constraints: (38), (40) (42d)
rks = ((xo + aED + ot,ljo) rt‘zml, ke (42e)

rkS"LW’TD > max{t,f, t,fflw’TD} + tkW’TD, ke
(421)
T]§+W+F,TD (42¢)
> max {r,erW’TD, r,ffIW+F’TD} + r:’TD, ke K
w(SIPS{PH) < Py, ke K (42h)
tr(§QOSEOH) <Py kek (42i)
tr(Ef §eogcor Ek> <Py kek (42j)
oo + Z(a,fD n a}:’o) —1 (42K)

kekC

ak > a1, k€ K\ {1} (421)

with notations S = {S/Plrexc U (SYO)rerc U (S0}, 6 =
676" herc U (67N, 070, 6M ), G
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Algorithm 1 Proposed Alternating Optimization Algorithm
1 initialize:

2 Set {a, S} to arbitrary values that satisfy the constraints
(42h)-(421).

3 Set @ to arbitrary positive semidefinite matrices.

4 Compute R according to (14), (19), and (26).

5 Compute t according to (4), (7), (8), (9), (13), (15), (17),
(21), (23), and (27), and store T2, « 7.

6 repeat

7 Update {0, G, X, T, ®} according to (31), (33), (35), (37),
(39), and (41).

8 Update {a, S, @, 7, R} as a solution of the convex problem
obtained by fixing {#, G, X, T, ®} in (42), and store 7 <«

total

Ttotal -
. new old : old newy.
9 until |7 — 7.0, | < € (Otherwise, set 7)o, < T00);
TD NO CO TD
{G,’,k }ie./\/l,kelC U {Gi s G,‘ tiem, T = {E,‘,k }ie./\/l,kelC U

(20 2% e T = (TP Ti%ex U AT}, and & =
{@;°, 2 )erc U {20}

While inherently nonconvex, an appealing characteristic
of (42) is that it becomes a convex one when the variables
{0, G, X, T, ®} are treated as constants. Furthermore, closed-
form solutions for the optimal values of {#, G, X, I, ®}, while
keeping the primary variables fixed, are derived as expressed
in (31), (33), (35), (37), (39), and (41). Therefore, we pro-
pose an alternating optimization approach which alternately
optimizes the primary variables {e, S, 2, 7, R} and auxiliary
variables {0, G, X, T, ®}. With this approach, monotonically
decreasing objective values can be obtained, consequently
leading to a locally optimal solution. The detailed algorithm
is described in Algorithm 1. Due to the inherent nonconvexity
of (42), Algorithm 1 cannot guarantee a globally optimal
solution. To increase the probability of finding a global
solution, the algorithm can be run with multiple randomly
chosen initial points, selecting the converged solution with the
shortest completion time.

E. Complexity Discussion

The complexity of Algorithm 1 is given by the complexity
of each iteration, i.e., Steps 7 and 8, multiplied by the
number of iterations required for convergence. For the latter,
we will provide numerical results showing that the proposed
algorithm converges within a few iterations. The former,
i.e., the complexity of each iteration, is dominated by the
complexity required to solve the convex problem at Step 8§,
i.e., the convex problem obtained by fixing {0, G, X, T, @}
in (42). According to [42, p. 4], the worst-case complexity
of solving a generic convex optimization problem is given as
O(nv(ng + nc)log(1/€)), where n, indicates the number of
optimization variables, n. denotes the number of arithmetic
operations required to compute the objective and constraint
function, and € represents the desired error tolerance level. The
numbers n, and n, for the convex problem tackled in Step 8
are given as n, = O(K(Kn%—i—Mni)) and n. = O(KMny (ni +
Kn2U + Mnyny,)), respectively.

Authorized licensed use limited to: Jeonbuk National University. Downloaded on December 03,2025 at 06:05:30 UTC from IEEE Xplore. Restrictions apply.



7094

F. Alternative Orthogonal Multiple Access Technique

Instead of TDMA, one can consider applying the orthogonal
frequency-division multiple access (OFDMA) technique for
orthogonal transmission of the first private submessages. In
this approach, the private sensory data of each UAV is divided
into two submessages, which are sequentially transmitted
using OFDMA and NOMA modes. Although the overall pro-
cedure is similar to the proposed TDMA-NOMA transmission,
the key difference is that when the UAVs send their first
submessages for private sensing results with the OFDMA
mode, they can transmit in parallel, not sequentially. This leads
to the expression for the time t,f +W,0FD required for UAV k
to complete its sensing task and its OFDMA transmission as

FD _ FD
]f+w o + Tkw 0 (43)
W,OFD . .
where T, denotes the time spent by UAV k to transmit

in the OFDMA mode. This differs from the time expression
t,f+W’TD = max {tk , r,f+1W TD} + r,fV’TD for the TDMA mode,
which reflects that UAV k can start its TDMA transmission
only after both its sensing task and the TDMA transmission
of UAV k — 1 are completed.

While OFDMA allows for parallel transmission among
UAVs unlike TDMA, the wireless transmission time of each
UAV is shorter for TDMA transmission than for OFDMA,
ie., rkW’TD < IkW’OFD. This is because, with OFDMA, each
UAV uses only a portion of the available uplink bandwidth,
while TDMA allows each UAV to occupy all the available
bandwidth thanks to the separation in the time domain.
Therefore, for a fair comparison between the TDMA and
OFDMA techniques for orthogonal private data transmission,
we should address the same problem of minimizing the total
mission completion time under the hybrid OFDMA-NOMA-
cooperative transmission strategy. This can be achieved by
applying the proposed algorithm with appropriate modifica-
tions. A thorough comparison among different multiple access
techniques with comprehensive analysis is left for future work.

V. NUMERICAL RESULTS

In this section, we present numerical results to validate the
performance enhancements achieved by the proposed hybrid
TDMA-NOMA-cooperative transmission strategy for multi-
UAV collaborative sensing in cell-free MIMO networks, as
compared to conventional baseline transmission schemes. We
assume that the UAVs are located randomly within a circular
area of radius 50 m with the purpose of collaborative sensing
of the region of interest at a fixed altitude of 200 m, except in
Fig. 10, where the impact of varying altitude is examined. To
facilitate connectivity between the UAVs and the CS, the APs
are positioned randomly within a circular area surrounding
the region of interest, with a radius of 200 m and ground-
level height. For the air-to-ground link from the UAVs to
APs, we adopt the Rician fading channel model [27] under
the assumption that both the UAVs and the APs are equipped
with uniform linear arrays (ULAs). The ULAs of the APs are
assumed to be aligned in parallel, while the orientations of the
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UAVs’ ULAs are random. The channel matrix H; € C™>*"
between the UAV k and AP i is then given as

H\ = @( THES HNL°S> (44)

where B;r = ﬂo(di’k/do)’3 is the pathloss between AP i and
UAV k with d;; being the distance between the AP i and
UAV k. We set the reference distance and pathloss as dyp = 30
m and Bp = 10. k represents the Rician K-factor set to k =
100, and HLES € C">X"U and HNLOS Cm"*"U gre the LoS
and NLoS components, respectlvely The elements of HNLOS
are independent and identically distributed (i.i.d.) as CA/ (O l)
and the LoS component H{j"s is modeled as [27]

~ ~ H
HLOS — m hlﬁos (9[{\]{0A> (h]fos (9;jﬁkoD)>

where ﬁ]ﬁos (G.A}(OA) e "> and fllfos (Q.AkOD) e Crhxl
i, L,

represent the receive and transmit array responses at the AP i

and UAV k, respectively, defined as

(45)

l’i]ﬁos (Gi{xkoA>
w(ng—1)de . 0. T
L[y ) e )
/A
(46a)
hLoS <9A0D>
_ 1 {e j2mlc sin (QlékoD) o e*jzn("lx/(jl)dc sin (9[{\](0D> T
N7

(46b)

where QAOA and GAOA represent the Angle of Arrival (AoA)
and the Angle of Departure (AoD), respectively, A, is the
carrier wavelength, and d. represents the distance between
adjacent antenna elements set to d. = f../(2c¢). Throughout the
simulation, the bandwidth and the carrier frequency are set
to be B = 100 MHz and f. = 2.5 GHz, respectively. When
optimizing {e, S, @2, 7, R} for fixed {0, G, X, T, ®} in Step 8
of Algorithm 1, we adopt the CVX software tool [41]. For
the SIC decoding in the NOMA phase, we randomly set the
decoding order 7.

In Fig. 3, we numerically check the convergence speed
of the proposed algorithm by plotting the average mission
completion time Ty versus the number of iterations for
a collaborative sensing system with M = 2, ny = ngq =
2 PU/O’ = 15 dB, K € {2,4}, Cr € {1,10} Gb/s,
Ttotal € {0.1, 1} s, and byoa1 € {100,200} Mbits. The graph
demonstrates that the proposed algorithm converges within
only a few iterations for all simulated scenarios, validating its
rapid convergence.

In Fig. 4, the average mission completion time is depicted
while increasing the SNR level PU/GZ2 for a collaborative
sensing system with K =4 M = 2, nygy = ng = 2,
Cr = 1 Gb/s, rtotal = 0.1 s, and biota1 = 200 Mbits. We
evaluate the performance of the proposed optimized hybrid
TDMA-NOMA-cooperative transmission against several base-
line schemes: 1) TDMA only (a9 = 0 and af© =0 Vk € K);
2) NOMA only (ap = 0 and of° = 0 Vk € K); 3) cooperative
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1.8 . . . . . .
——— K =4,Cr=1Gbps, 75, = 1 sec, biota = 200 Mbits

16 K =2, Cp =1 Gbps, Tf,,,ﬂ = 0.1 sec, boral = 200 Mbits |
——— K =4, Cp =1 Gbps, 73, = 0.1 sec, byl = 200 Mbits

14 K =4, Cr = 10 Gbps, T{Zm = 0.1 sec, byl = 200 Mbits |
K =4, Cp =1 Gbps, 75,1 = 0.1 sec, bl = 100 Mbits

o
~
T
.

Average mission completion time [sec]

0 I I I I I I
2 4 6 8 10 12 14 16 18 20

Number of iterations

Fig. 3. Average completion time versus the number of iterations (M = 2,
ny = np =2, Py/o? = 15 dB, K € {2,4}, Cp € {1,10} Gb/s, 15, €
{0.1, 1} s, and byia € {100, 200} Mbits).

3 T T T T
—e—TDMA only (ap = a)© =0, Vk)
——NOMA only (o = af® =0, Vk)

25% —e— cooperative only (ap = 1)

Hybrid TDMA-NOMA-Coop. (Eq. alloc.)
Hybrid TDMA-NOMA-Coop. (Proposed)

Average mission completion time [sec]

0 5 10 15 20 25 30
SNR [dB]

Fig. 4. Average mission completion time versus the SNR PU/UZZ (K =4,
M=2 ny=n4 =2,Cr=1Gbls, s | = 0.1's, and by = 200 Mbits).

total

only (¢9p = 1); and 4) hybrid TDMA-NOMA-cooperative
strategy with equal task allocation («p = ong = ozlljo =

1/(2K+1) Vk € K). The figure reveals that the hybrid trans-
mission strategy yields a worse completion time compared
to NOMA and cooperative transmission schemes when task
allocation variables « are uniformly distributed (i.e., equal task
allocation). However, when the hybrid transmission strategy
operates with optimized allocation variables a according to
Algorithm 1, it outperforms all baseline schemes in terms of
completion time. Notably, as the SNR becomes sufficiently
large, the cooperative transmission scheme dominates all other
baseline schemes, causing the proposed optimized hybrid
scheme to converge towards the pure cooperative transmission
scheme.

In Fig. 5, we delve into the effects of the total amount
of sensory data by on the mission completion time by
presenting the average completion time and the optimized
task allocation variables relative to b1, considering a system
with K = 4, M = 2, ny = ng = 2, Cr = 1 Gbls,
PU/O’ZZ e {0,30} dB, and 3 ; = 0.1 s. The cooperative

tota
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transmission strategy leverages the array gain across UAVs,
thereby reducing transmission time over the wireless link
compared to the TDMA and NOMA schemes. Instead, it does
introduce an additional delay in the execution of sensing tasks,
as UAVs should undertake overlapping tasks. In Fig. 5, we
observe that as by increases, the cooperative transmission
scheme outperforms the TDMA and NOMA schemes, with the
proposed optimized hybrid scheme allocating a larger fraction
of tasks to cooperative transmission mode. This is because
the portion of transmission time becomes more prominent in
comparison to sensing time when by is large. In high-SNR
cases, where TDMA and NOMA schemes exhibit comparable
latency to the cooperative transmission scheme, the fraction of
the latter is decreased in comparison to low-SNR scenarios.

In Fig. 6, the average mission completion time is plotted
against the total required sensing time th)tal for a collaborative
sensing system configured with K = 4, M = 2, ny =
na = 2, Py/o? = 15 dB, Cr = 1 Gb/s, and bow =
200 Mbits. early demonstrates that as the required sensing
time increases, the completion time of the cooperative scheme
escalates more rapidly than the other schemes. This phe-
nomenon arises because UAVs undertake the entire sensing
mission individually, without dividing the sensing tasks among
themselves. Consequently, crosspoints occur between the
cooperative scheme and the other baseline strategies. Notably,
the proposed hybrid scheme, that operates with optimized
task splitting, achieves significantly lower completion times
compared to baseline schemes.

Fig. 7 illustrates the average mission completion time with
respect to the number of UAVs K for a collaborative sensing
system with M = 2, ny = nq = 2, PU/O'ZZ = 15 dB,
Cr = 1 Gb/s, btz = 200 Mbits, and Ttital = 0.1 s.
From the graph, it is evident that increasing the number
of UAVs benefits all schemes due to enhanced sensing and
communication capabilities. However, the performance lim-
itation of the TDMA scheme compared to other schemes
becomes more pronounced with an increased K, as it does
not leverage the spatial multiplexing gain achievable in the
cell-free MIMO network with cooperating APs. Additionally,
it is worth highlighting that the proposed hybrid scheme
demonstrates notable performance improvements regardless of
the number of UAVs.

In Fig. 8, we depict the average mission completion time
against the number of APs M for a collaborative sensing
system with K = 2, ny = ng = 2, PU/O’Z2 = 15 dB,
Cr = 1 Gbls, b = 200 Mbits, and 75, = 0.1 s.
Comparing the performance of the NOMA and cooperative
schemes, we observe that with a larger number of APs M,
the inter-UAV interference signals of the NOMA scheme can
be better mitigated, leading to superior performance compared
to the cooperative scheme when a sufficient number of APs
are present. Furthermore, the performance improvement of
the proposed hybrid scheme is most noticeable with an
intermediate number of APs, and its performance converges
toward that of the cooperative or NOMA scheme when M is
small or large, respectively.

In Fig. 9, we highlight the significance of task split-
ting when applying either TDMA or NOMA transmission
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Fig. 6. Average mission completion time versus the total required sensing
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strategies for sensing data transmission. The figure presents the
average mission completion time as a function of the number
of UAVs K in a collaborative sensing system with M = 2,

ny = ny = 2, Py/o? = 15 dB, Cr = 1 Gbls, b =
200 Mbits, and ttfml = 0.1 s. We compare the performance

of TDMA and NOMA schemes, both with and without task
splitting. The figure shows that the optimized task splitting

11 T T T T
—e— TDMA only (ag = o)© =0, Vk)
—e—NOMA only (o = /P =0, Vk) J
—e— cooperative only (g = 1)
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Fig. 7. Average mission completion time versus the number of UAVs K
M=2,ny=ny =2, PU/JZ2 =15 dB, Cr =1 Gb/s, by = 200 Mbits,
S  _

Tiotal = 0.1 s).

accelerates the sensing and transmission processes for both
TDMA and NOMA, with performance gains increasing as the
number of UAVs K grows. Additionally, we compare these
with the proposed hybrid TDMA-NOMA-cooperative scheme,
which achieves the shortest mission completion time across
all simulated configurations.
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Fig. 10 illustrates the average mission completion time
against the different heights of UAVs for a collaborative
sensing system with K =4, M =2, ny = ny = 2, PU/(TZZ =
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15 dB, Cr = 1 Gb/s, biota1 = 200 Mbits, and T{Ztal =0.1s.
As the UAVs’ altitude increases, the mission completion time
grows for all schemes due to the increased pathloss between
the UAVs and APs. Notably, the cooperative scheme and the
proposed hybrid TDMA-NOMA-cooperative scheme exhibit
the smallest increase in mission completion time with respect
to altitude. This aligns with the observation in Fig. 4, where
these two schemes also demonstrate the slowest growth in
mission completion time as the SNR level decreases.

VI. CONCLUSION

We have investigated a multi-UAV sensing system that
integrates both common and private sensing tasks and reports
the sensory data within a cell-free MIMO network. To effi-
ciently utilize the wireless channel from UAVs to APs, we
have employed a hybrid transmission strategy, encompassing
TDMA, NOMA, and cooperative transmission. We addressed
the problem of jointly optimizing task splitting ratios and
hybrid TDMA-NOMA-cooperative transmission strategies to
minimize mission completion time. To tackle the nonconvex
nature of the problem, we have reformulated the problem using
the FP and matrix FP techniques and derived an alternating
optimization algorithm that achieves monotonically decreasing
completion time values. Through extensive numerical results,
we have demonstrated the efficacy of the proposed approach
in expediting sensing mission task completion. As a future
research direction, we envision optimizing the trajectories
of UAVs [43] within the framework of the proposed multi-
UAV sensing system. Additionally, we aim to develop a
joint signal and CSI compression approach to enhance the
robustness of the proposed multi-UAV system against CSI
imperfections [44]. Furthermore, a comprehensive comparison
of different multiple access techniques, such as TDMA,
OFDMA, NOMA, and RSMA for the wireless transmission
of sensory data would be highly valuable.
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