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Bit Rate;
This study proposes an enhanced optimization strategy to maximize the achievable data rate of Full-Duplex;

millimeter-wave (mmWave) full-duplex (FD) unmanned aerial vehicles (UAVS) in multi-user . o
scenarios. The objective is to address signal degradation from high-frequency path loss and self-  J0intly Optimization;
interference while ensuring efficient resource allocation across multiple user equipment (UEs). A mmWave;

join_t optimization framework is introduced, integrating_ UAV_ _positioning, beam_forming Vector  First-Order Approximation.
design at both the gateway and UAV, and power allocation. Initially, the Alternating Interference

Suppression (AlS) algorithm is adapted for multiple UEs, but due to emerging non-convexity, the

problem is reformulated using a first-order approximation approach. The solution is decomposed

into two iterative sub-problems—optimizing UAV location and then solving for beamforming and ] )

power distribution. MATLAB-based simulations validate the proposed approach, revealing a Article History:

threefold increase in achievable data rate and a 40.85% improvement in power efficiency compared

to non-optimized systems. The novelty of this work lies in its scalable multi-user adaptation and its ~ Received: 14 April 2025
integrated, power-aware optimization algorithm, outperforming conventional FD and half-duplex  Reyised: 11 August 2025
strategies. This contribution significantly advances the design of efficient, high-throughput UAV

communication systems for next-generation wireless networks, especially in environments with ~ Accepted: 07  September 2025

frequent line-of-sight obstructions. Published: 01  December 2025

1- Introduction

New generation cellular communication system includes advanced high-speed broadband capabilities, providing a
promising opportunity for the mmWave communication system to be widely implemented in the future [1-3]. However,
wavelength and attenuation issues require extensive study to improve the performance [4, 5]. The large attenuation issue
and penetration losses appear due to its high frequency, harmful diffraction of the electromagnetic waves, and complex
environment [6, 7]. Therefore, mmWave signal propagation with a smaller wavelength will be blocked by the object size
in the environment. For the reason above, the alternative multipath component is required to help propagation, where
line of sight (LOS) decides the successful transmission of the mmWave signal [8-10].

The emergence of alternative communication systems in the form of aviation platforms, such as high-altitude
platforms (HAPs) and unmanned aerial vehicles (UAVs), can be employed as aerial base stations (BS) to enhance
transmission system performance and establish temporary communication [11-14]. This platform will provide fairly
wide coverage and availability of LOS communication, as well as reduced development, infrastructure, and
implementation costs. Meanwhile, the mmWave high path loss can be addressed by the full-duplex (FD) technique. It
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will improve the data rate with transmissions and receptions simultaneously in the same frequency band. Furthermore,
the leaked transmit signal from the transmitter to the receiver node is known as self-interference (SI). It influences the
very noisy received signal and renders decoding the desired signal impossible [15-17]. Therefore, Sl is suppressed below
the level of the receiver noise floor to achieve more advantage of FD communication [18, 19].

Existing research on improving joint optimization for UAV communications has been studied. Research by Yang et
al. [20], and Andreou et al. [21] presents an approach to minimize total uplink power while meeting minimum user data
rate demands. This is achieved by jointly optimizing the UAV flying height, antenna beamwidth, UAV location, ground
terminal bandwidth allocation, and transmit power. Previous studies show that total power and energy consumption in a
mobile edge computing (MEC) network can be minimized by jointly optimizing UAV location, power control,
computing capacity allocation, and location planning [22—24]. The goal of maximizing the total effective capacity for
all users in the downlink is addressed in research by Niu et al. [25] through the joint optimization of the UAV's 3D
location, power, and bandwidth allocation, while taking into account each user's statistical quality of service (QoS)
requirements. The aim to minimize transmission delays between UAVs and ground users through the optimization of
UAV location, user transmit power, and bandwidth allocation for each user is addressed in research by Xu et al. [26].
An optimization problem was proposed and formulated to maximize the minimum signal-to-interference-plus-noise ratio
(SINR) for users by determining the optimal power allocation and UAV locations [27-29].

Extensive research has focused on mmWave frequency bands for UAV communications, driven by their impressive
ability to provide both reliable and adaptable connections [30]. Current research emphasizes improving the data rates of
mmWave full-duplex aerial systems. For example, Harinitha et al. [31] demonstrated that the data rate for each user
equipment (UE) from a high-altitude platform (HAP) is affected by the distance between the HAP and the UE,
highlighting the importance of optimal HAP positioning. Additionally, Liu et al. [32], and Hashir et al. [33] improved
the rate of the source-to-UAV and UAV-to-destination links by jointly optimizing UAV positioning, analog
beamforming, and power control.

Recent research has focused on maximizing the achievable rate of millimeter-wave (mmWave) full-duplex (FD) UAV
systems. These studies explore joint optimization of UAV positioning, beamforming, and power control to enhance
communication capacity [1, 34]. The use of large antenna arrays helps mitigate high path loss and self-interference in
mmWave channels [34, 35]. Some researchers have investigated the impact of specific mmWave carrier frequencies on
system performance, considering factors such as residual self-interference, bandwidth, and UAV altitude [36]. Multi-
objective optimization frameworks have been proposed to maximize both uplink and downlink rates while ensuring
quality-of-service for multiple users [33]. These studies consistently demonstrate that FD-UAV systems outperform
traditional half-duplex systems in mmWave communications [33, 34]. However, challenges remain in addressing the
high non-convexity of optimization problems and the performance degradation caused by increased frequency, distance,
and UAV altitude in mmWave communications [36, 37]. Despite these advancements, most existing studies either focus
on single-user scenarios or do not fully exploit the joint optimization of UAV positioning, beamforming, and power
allocation in a multi-user FD mmWave network. The interaction and coupling between these variables across multiple
users introduce complex, highly non-convex problems that remain insufficiently addressed. A comprehensive approach
that can handle these challenges while maximizing both uplink and downlink rates in multi-user environments is still
lacking.

A multi-objective optimization framework for sum uplink and downlink rate maximization in an FD-UAV network
was proposed by Hashir et al. [33]. A joint optimization of UAV relay positioning, hybrid beamforming, and power
allocation maximizes the achievable rate in a multi-user massive MIMO loT system with millimeter-wave
communications [38]. A joint optimization of TDMA-based user scheduling, UAV trajectory, and transmit power
maximizes the achievable rate of a full-duplex UAV relaying network for multiple user pairs [39].

Building on the work of Zhu et al. [34], this paper expands scenario from a single-user to a multi-user, focusing on
reformulating the resource allocation problem to maximize the end-to-end data rate in a network with multiple UEs. The
reformulated problem introduces additional challenges due to its nonconvex nature and the coupling of variables between
different users. To address this, first-order approximation is developed to maximize the achievable rate in the downlink
direction of mmWave FD UAVs for multi-user scenarios. The problem is decomposed into two subproblems, resulting
in an iterative maximization of the end-to-end achievable rate. Specifically, the UAV position is optimized first, followed
by the design of optimal beamforming vectors at the gateway and UAV, as well as the transmitted power for each UE.
The proposed solution significantly increases the achievable rate compared to approaches that do not optimize the UAV
position, beamforming vectors, or transmitted power. By addressing the critical interactions between these variables in
a multi-user environment, the proposed solution significantly improves the achievable rate compared to conventional
approaches that treat these parameters in isolation. Furthermore, the framework ensures efficient power usage by
avoiding unnecessary transmission power while maintaining fairness through minimum rate guarantees for all users.

This paper introduces an improved UAV relay system designed to optimize achievable data rates along the ground
link path, specifically within a multi-UE context. The research improves the works of Zhu et al. [34], from a single-user
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to a multi-user scenario in the context of resource allocation. The goal is to maximize the minimum achievable data rate
without wasting power when multiple UEs are present in the network. Therefore, a novel optimization is introduced to
maximize the uplink (backhaul link) and downlink (access link) achievable rate for mmWave FD UAVs in a multi-user
environment. The research begins by optimizing the UAV's position, subsequently advancing to the design of
beamforming and power allocation to ensure optimal power usage. Unlike most prior studies that focus on single-user
scenarios or only optimize a subset of variables (e.g., UAV position, beamforming, or power allocation), this work
presents a comprehensive joint optimization framework for a multi-user mmWave full-duplex UAV relay system. By
addressing the coupling between UAV positioning, beamforming vectors, and power allocation across multiple users,
our approach provides a more practical and efficient solution for maximizing end-to-end data rates while ensuring
fairness and power efficiency.

The structure of this paper consists of four sections, as follows: Section 1 serves as the introductory section and
provides background information for the study. Section 2 outlines the proposed system model, detailing the channel
models and problem formulation. Section 3 delves into the optimization strategies, including UAV positioning,
beamforming design, and power allocation. Section 4 provides the simulation results along with an in-depth discussion.
Lastly, Section 5 concludes with final remarks.

2- System Model

Figure 1 shows the flow of proposed research begins by initializing all system parameters, including UAV altitude
bounds, user locations, power constraints, and initial values for position, beamforming, and power allocation. The first
major step is to determine the UAV's optimal 3D position to enhance line-of-sight connectivity and minimize path loss.
Once positioned, the beamforming vectors at both the UAV and gateway are designed. Due to the non-convex nature of
the problem—particularly the quadratic components in the beamforming formulation—a first-order approximation
technique is employed to linearize and resolve these components, making the optimization tractable. Following this,
optimal power allocation is performed to ensure efficient transmission, aiming to maximize the achievable data rate
across all users without exceeding power constraints. Finally, the results are analyzed in terms of system performance
metrics such as end-to-end data rate, convergence behavior, and power efficiency, concluding the iterative optimization

process.
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2-1-Channel Models

This section presents the channel model and problem formulation of maximizing the end-to-end achievable rate by
jointly optimizing UAV position, beamforming vectors, and power allocation. The scenarios for UAV communication
are illustrated in Figure 2. The G2V, V2Uy, and G2Uy are the links from gateway to UAV (uplink), UAV to k" UE
(downlink), and gateway to k" UE (ground link), respectively. Where, k = 1, 2, ..., K is the number of UEs. The presence
of G2V and V2U links, predominantly comprising LOS connections with an estimated flat-fading channel model, is
designed to facilitate obstructed transmissions from G2Ux. Consequently, the calculation of achievable rates on the G2Ux
link is executed by maximizing the rates achievable on the G2V and V2Ux links.

Rx - UPA UAV Tx - UPA

Antenna Antenna

N s
V:ac\&‘(\a“\ e

UPA G2 : Tege
Antenna ((( ))) U2 Llnk | %f %Q"'(* Single
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Figure 2. UAV communications scenario for k = 2

The channel model includes two parts: G2V and VV2Uy. Each part can be either in LOS or Non-Line-of-Sight (NLOS)
conditions. Additionally, the channel from the gateway to the user equipments (UEs), denoted as G2U, is typically
considered NLOS. Referring to the channel matrix presented in Zhu et al. [34], it is commonly expressed as

LOS path NLOS path

1
Hiinke = XuiniBiinic @ (627, 6 )a (6,7, ¢:”) + Zyki* B an (657, 6.7 ) (6.7, ;") .

where (-).inx represents the G2V, V2Uy, and G2Ux links. Hy ;. is the channel matrix Link. ypinx is the LOS/NLOS
random variable Link that will take the value 1 if there is an LOS path. The complex coefficients Link for LOS and

NLOS conditions are denoted as ﬁL(?,ik and ﬁL(f,)lk, respectively. 0 indicates LOS, and ¢ indicates NLOS. These
coefficients are influenced by the link distance parameters and the operating frequency. The distance parameters depend
on the positions of the UAV relative to the gateway, the UAV relative to the UEy and the gateway relative to the UEy,
considering the coordinates on the x-axis, y-axis, and h-altitude (x, y, h).

Furthermore, the vector aT(GT({),cprm) represents the uniform planar array (UPA) antenna steering vector, as
described in Zakia [40]. The UPA antenna is used for realizing transmit beamforming at the gateway ag, as well as
received a, and transmit beamforming a, atthe UAV. For simplicity, we generalize these steering vectors as a,, where

T represents the gateway (G), receiver (r), and k™ transmitter (t;), thereby © = {G, r, t;.}. The variables HT(‘?) and ¢,(") are
the elevation and azimuth angles, respectively, which are in the range [-1/2,m/2] and [—m,]. (:)¥ represents the
Hermitian indicator. The UEs are equipped with a single antenna. Therefore, the channel models of the G2V, V2Uy, and
G2U links are represented as follows:

L [ (3 (3 (3 (3
Hoov = XeavBoovar (67, &) all (657, ¢57) + 2% Bigyar (6,7, &) al (65, 6¢” @
Lyau £ ¢ 4
hy2u, =XV2Uk'Bng)Ukatk(6(0) (o)) T 21 kﬁéz)l]k tk(g() ¢( ) 3)
Leauy, (¢ £ 4
hou, = Zoon * B, at (0, ¢) @)

Page | 2984



Emerging Science Journal | Vol. 9, No. 6

The G2V channel model is a channel matrix (denoted as Hy,, ) represented by a 16x16 matrix, whereas the sizes of
the V2Uy and G2Uy channels, which are channel vectors (denoted as hy,y, and hg,y, ), are 16x1 vectors, all of which

are complex-valued. The Sl channel is modelled using the near-far model, as described in Zhang et al. [18], and Zhu et
al. [34];

(Hyi I = B exp (—jam ™) 5)

(mn)

where Bg, " is the complex coefficient of the SI channel, A is the wavelength, and r,, ,, pertains to the distance between
the m™ element of transmitting array and the n™ element of the receiving array.

2-2-Problem Formulation

An essential aspect of data communication pertains to the rate at which data is transmitted through the communication
channel. As a result, the optimization of the achievable rate along the end-to-end link becomes imperative when the
UAV processes the backhaul signal received from the gateway and subsequently relays it to each UE. The goal of this
research is to achieved power-saving transmission and maximize the end-to-end achievable rate when the UAV receives
a backhaul signal from the gateway and then transmits it to multiple UE. The achievable rate is typically defined as
follows:

R =log,(1 + SINR ;i) (6)

where the SINR is calculated assuming perfect knowledge of the fading channel at the receiver. The G2V link serves as
a wireless backhaul, and its capacity plays a crucial role in determining the achievable data transmission rate for the UE.
The achievable rates for the G2V and V2Uj links are

Rgay = log,(1 + SINRg,y) (7
and

Ryay, = log,(1+ SINRy,y,) 8

szum = le§:1 szuk %)

Beamforming can significantly enhance the SINR by focusing the signal energy towards the UE and reducing
interference. This improvement in SINR enables the use of higher modulation schemes, resulting in an increased
achievable data rate from the gateway to the user equipment. Mathematically, the SINR for the G2V link can be
formulated as;

2
_ IwHeaywe| Ps

SINR = 10
G2V |w,IZIH51wt|2PV+U‘3- ( )
and the SINR for the V2U link is defined as
H 2
SINRVZUk = —|WUHVZUWt| Pv (11)

2
|W5H02Uwc| PG+0'121

where w,., w;, w,, w; denotes the beamforming vector at receiver, gateway, transmitter, and UE, respectively. P; and
P, denote the transmitted powers from the gateway and UAV respectively. Moreover, i denotes noise power levels on
the UAV and o7 indicates noise power levels on the UE. In case of multiple UE, a P, for each UE denoted as Py, ,and
o at each UE denoted as o2, The total achievable rate for G2U and V2U denoted as G2Uiot and V2Uyq, respectively.

The end-to-end achievable rates of G2U are determined by computing the minimum value between the achievable
rate of G2V and the sum of all VV2U links, as expressed below:

Reau,p = min{Razv' szum} (12)

Finally, the problem formulation is

max min{R R
XYW PGPV, Rz Ryauiac)

s.t. (x,y) € [O, xuk] X [0, yuk]
hmin <hs< hmax

1
|[WT]Tl| S ) vnr
N-EOt

0<P; <0

0<P, <0

(13)
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where; x;, and yy, represent the x-axis and y-axis coordinates of the k" UE, respectively. The minimum and maximum
altitudes of the UAV are represented by the variables hmin and hmax, respectively. NX°t is equal to M, X N, for the UPA
antenna. On the other hand, [w],, represents constant-modulus on the beamforming vectors.

The objective function is nonconvex, and the variables {x,y, h,w, P} are coupled. To simplify the problem, we
decompose it into smaller subproblems. This is done by optimizing one variable at a time while keeping the others fixed,
as suggested in Palomar & Chiang [41]. We start by determining the optimal positions for the UAV (X, y, and h), and
then proceed to optimize the beamforming vectors and transmit power allocation. Optimizing UAV placement and signal
processing parameters directly impacts real-world applications such as:

e Disaster recovery communication: Ensuring connectivity in areas with damaged infrastructure.
e Rural and remote connectivity: Enhancing access in underserved regions.

e Emergency and military networks: Providing reliable communication for field operations.

3- Optimization
3-1-Positioning

The probability of LOS conditions increases with the altitude in a UAV communication system. Therefore, the UAV's
position is crucial. As discussed in Zhu et al. [34], optimizing the UAV's position involves several assumptions, such as
a LOS environment, ideal beamforming, and the suppression of SI and interference from G2U link. The achievable rate
under LOS conditions and ideal beamforming is influenced by factors such as the G2V distance, V2U distance, and the
transmit power of both the gateway and the UAV. The calculated achievable rate represents the upper bound for LOS
conditions. The rate obtained is a strict upper bound if NLOS conditions are also considered.

In UAV-assisted communication systems, the probability of LOS conditions increases significantly with UAV
altitude, due to reduced likelihood of obstacles in the propagation path [42, 43]. As such, optimizing the UAV's position
under the assumption of LOS conditions is reasonable and allows us to establish an upper bound on system performance.
To simplify analysis, we also assume ideal beamforming, which is a common practice in upper-bound analyses of UAV-
enabled communication systems [44, 45]. While real-world systems experience beamforming errors and misalignments,
these effects are omitted here to focus on spatial optimization. Lastly, we assume effective suppression of self-
interference (SI) and interference from the G2U link. This is motivated by the progress in full-duplex communication
and interference mitigation technologies [46, 47]. While perfect suppression is not always achievable in practice, our
assumption enables analytical tractability.

The solution for determining the optimal UAV position starts with mathematically finding the points on the x-axis
and y-axis. Then, the altitude is chosen within 100 to 300 meters above ground level, considering the probability of a
LOS connection. The probabilities of a LOS path existing for the G2V and V2U links are modelled as functions of the
elevation angles and positive modelling parameters [34, 48] can be expressed as follows:

LOS _ 1
PGZV B 1+a exp(—b(%ego)—a)) (14)
and
PS5, = 1
1+a exp(—b(l;ﬁegz)_a)) (15)

The values of the positive modelling parameters, a and b, are dictated by the propagation environment. Multiple
iterations (i) are conducted in a MATLAB simulation to determine the most advantageous location. This process aims
to achieve the highest LOS probability with the shortest UAV movement. The optimal position is mathematically
expressed as follows [34]:

(x*,y*,h*) = argmind,, (16)
(x.y,h)
where (-)* represents the optimal value/condition and d, , , is a distance of UAV displacement/shift from the initial
position.

3-2-Beamforming Design and Power Allocation

The subsequent stage after obtaining the optimal position is to design the beamforming vector (BFV) considering
various environmental factors such as LOS and NLOS. Consequently, the alternating interference suppression (AIS)
algorithm, which was introduced in Zhu et al. [34], is implemented to mitigate the complexity of beamforming
optimization. Unlike the approach in Zhu et al. [34], where the SINR formulation exclusively focuses on single users,
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this study employs a multi-user perspective. This reveals that the denominator in Equations 10 and 11 accounts for the
collective number of users. A significant disparity is evident in Equation 11, specifically in the computation of SINR for
the V2U link. Here, the denominator is affected by both the G2U channel and the channels of neighboring V2Uy, impact

to reducing achievable rate and increasing the complexity of the calculations. SINR on a G2V link for multi users in this
research is defined as:

H 2
SINRg,, = —L2rHeavwal P (17)
ZI]§=1|W7HHSIWtk| PVk+0'6
Meanwhile SINR for the V2Ux link is defined as:
|h1!}12UkWtk|2PVk
SINRyyy, = (18)

2 2
H K |uH 2
(|hazukWG| PG)+(Z€¢k|hV2 UeWe| PVg)“’Uk

The design process involves two steps: First step, initialize the BFV by normalizing the steering vector for the LOS
conditions in both the G2V and VV2U channels [34]. The second step involves an iterative procedure optimizes the BFVs

w,, wy,, and w through the suppression of S, ultimately receive the maximum of signal strength. The BFV by
normalizing the steering vector are:

o _ _1 0 ,(0)
W= T (89 (19)

The proposed iterative solution for Multiple-UE (K = 2) is generalized from the formula in Zhu et al. [34]. Due
to multiple UEs, Ry,y,,, represents the total achievable rate of all V2U links, as formulated in Equation 9.

Mathematically, if the numerator is assumed to be ax and the denominator bk, then for K=2, the equation can be
expressed as follows:

Rv20,e = Rvau, + Rvau,
og (1+ )+logz( +32)
2( +o) (1+2)) (20)
oga (1432 +2+352)

— (a1bz)(azbq)(azaz)
= log, (1 + 1b2) )

Thus, the total SINR to be used for optimizing the beamforming vector (BFV) can be expressed as:

A1(Ag+as+of, ) +As(As+Az+al, )+(A14,)

(A,S +A3+052)(A5 +A2+a,2,1)

SINRVZUtOt = (21)
where a; = Ay, a; = Ay, by = As+ A, + 05, by = Ag + A3 + of5,. Meanwhile, A; = hil,; w, , A, = hi,,; w,,,
Az = hil,y,w , Ay = hily,we,, As = hi,; we, Ag = hi,y, we. Ay, -+, Ag is an auxiliary variable, while a;, a,, by,
and b, are an expression built from auxiliary variables.

From a mathematical perspective, the formulas for both UEs can be expressed as shown in Equations 22 to 25. As
observed for the multiple users, the limitations in those equations are distinct from those in Zhu et al. [34]. The
coefficients that are affected by the number of users (k) need to be calculated, such as the BFV of each w; (wtk) asin
Equations 22 to 24 and the interfering channels from neighboring UEs (hy,, ) in Equation 25.

Maximize |w£l HGZVW(‘ D
L

r

s.t |w(‘)HH5,wt‘ Y|+ WP Hy, w(l RIS (22)

IR

, 1<n< Nt
Ntot
t

axipize |AP|AS0]+ (ALIIAL) + 0]+ APIAL]+ A8 140+ Q2]+ o)
Wi

(D)H

s.t |w;’ Hs,wt‘)| + |w(l)HHs,w(l 1)| < (23)

21

|[w(l) | <—, 1<n<NPt
NfOf
t

Page | 2987



Emerging Science Journal | Vol. 9, No. 6

Maipize [A0]A070] + JA01AD |+ A0] + AL YIAD] + AL+ (AL ALD + AL

2

s.t |W(1)HHS1WtL)| + |W(L)HH51W(L)| = ngit)z (24)
W] | <= 1<n< N
Ntot
Maximize |w )/ w(L)|
wl®
s.t (|A(l)||A(‘)|) + |A(l)||A(l)| + |A(l)| + |A(l)||A(l)| + |A(l)||A(‘)| + |A(l)| + |A(l)| + |A(‘)| < 77(t) (25)

1<n< NG

|[W§l)] | \/ﬁ

To attain convexity in Equations 22 to 24, a technique using first-order approximation is essential. This is chosen to
resolve the quadratic component in the beamforming vector, namely w, from 4,45, w,, from A,A,, and w; from AsA.
The approximation of a function (f (x)) is stated as:

f(x(i)) — f(x(i—l)) +fr(x(i‘1))(x(i)—x(i'1)) (26)
Therefore,
AA; = f(ngl)) |hV2U1w£ll)| |hV2U2wE?| P§1 (27)

the approximation of f(w?) atw{™" i

(A, A4)®PProx = f(W(L 1)) _|_f W§L1 1))(“’?1) W§L1_1))
((W(z 1)HHV2U1W(l 1))(W(z DHHVZUZW(l 1))p‘31) [((W(’ DHHvzulW(l 1))(HVZ,,ZwE’l v )+ (28)

((W(L 1H HVZUZW(l 1))(HVZU1WS1 * ) Pvl] (w(’) Wg 1)

where,

FWE) = [, ] ity w0 P,
= ™ YOS s [ ) 0 s, 1P, 2
= (Wi, hyau, ) (R0, wi W vz, ) (B, we, )P,
= (Wi Hyap,wi ) [(Wi Hyo, Wi 1P,

and,

H
f' (W(l Y [((W(L 1)HHV2U1WEL Y (nguzwg v )) <(W(l 1)HHV2UZWEL Y (ngulwgll Y )) PIZ] (30)
Equations 29 to 32 also apply to 4,4, and AsA4, as follows:
Ay = F(wD) = [y, | i, | P, (31)

and the approximation of f(wt‘)) at w(L D

(AyA,)PProx = f(wglz 1)) +f WELZ 1))(ng2) ngz_l))
((W(I. I)HHVZUlw((:LZ 1))(w(z I)HHVZUZWI(:LZ 1))P§2) [((W(z DHHvzuiwg 1))(HV2UZW§12 1)* )+ (32)

((W(L VM H Wl 1))(HV2U1W;2 v )) PVz] (W(l) thz V)
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where,

FWE™) = |, wis [ [, P,
[(hvzulwgl2 1))(W(l DHhVZUl)][(hVZUzwt; 1))(W(l 1)Hhvzuz)]P 7, (33)
= (W, o, ) (oo, Wiy ) WE ™" Rz, ) (i, we, )P,
= [(w, " Hyau,wis )] [(WE " Hyzuwiy )P,

and,

‘ H

f’(ngz_l)) = [((W(L 1)HI'Ivzul""t; 1)) (H5202W§12 v )) <(W(l DHHVZUZthZ 1)) (ngulwg v )) PIEZ] (34)
As well as for:

AsAg = (W(l) |hG2U1 (l)| |hazu2 z(;i)|2Pg (35)

® (i-1)

the approximation of f(w;’) at w;

(A A )approx _f(w(l. 1)) +f )( @ _ (i—1))
- ((wg_l)HHGZUl & 1))( & 1)HHGZU2 & 1))PG) [((Wg_l)HHazul & 1))(H(;zuzwg v )"‘ (36)

((Wg_l)HHGZUz & D)(”qulw(cl v )) PG] (W(L) g—n)
where,

flwg™ |th'2U1W(Gl)| |hGZU2W(GL)| P§

[(hazmwg 1))(“’(! 1)Hhczul)][(hczuzw(cl 1))(“’([ 1)HhGZUz)]PGZ
| (37)
O g (Y™ g, Y w2

= (W8 Hu, WG ™) [(WE ™" Hepu,wl )] P2

, , " H
f’(Wg_l)) = [((W(L 1)HHazulW(l D (HEZUZW(GL_D )) ((W(l 1)HHGZU2 8 2 (ngu1 E;L v )) PGZ] (38)

The approximation results of Equations 28, 32, and 36 are substituted into Equations 23 to 25, respectively,
replacing 4,45, A,A,, and AgA,. Ultimately, the optimization of the beamforming vector can be solved by the AIS
algorithm with a first-order approximation approach, where the magnitude operator |.| in the objective function of

Problems 22-25 is a real number. The factors r]f), ng‘), and ngi) are interference suppression factors whose values are

obtained from the expression n(” =n+ uj(.i) for j = {1,2,3}. These factors are used to reduce interference from the SI
and G2U channels. n is a non-negative lower bound for the interference suppression factor, defined as: n =

. 02 - - - -
min {MJ_ 10\/_} Meanwhile, the values of ,u are determined as described in Algorithm 1, step 16, and are
influenced by x, which is the step size used for self-interference suppression adjustment. The process will stop when
the rate increases fall below the convergence threshold of €, = 0.01 bps/Hz. The optimal beamforming vector will

then be normalized to meet the CM constraints.

Power optimization is the final suboptimal step to maximize the achievable rate further. This step must consider
power transferred to prevent unnecessary power loss. The optimal power allocation for the gateway and UAV is
performed through an iterative process to achieve an achievable rate on the G2V~V2U links. If P; represents the optimal
transmit power of the gateway, and Py, represents the transmit power of the UAV to each UE, both are assumed to be
less than the maximum transmit power and must be non-negative, satisfying 0 < Pg < P;, 0 < Py < Py, Py = X Py,
and Py, > 0.
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Algorithm 1. Iterative Algorithm to Jointly Optimize Positioning, Beamforming, and Power Allocation for Millimeter Wave
Full Duplex UAV System

1. Initialize UAV location x°, y°, and h°, then calculate (x°,y°, h°).

2. if (x°,y°, h°) is already in LOS condition, then

3. set (x*,y*, h*) = (x°,y°, h°).

4. else

5. Initiate t = 0.

6. Update t = t + 1, terminate when LOS conditions for G2V and V2U are found.
7. Determine (x*,y*, h*) based on LOS conditions and the shortest distance from the initial position.
8. end if

9. Estimate channel matrices H,y, Hgp, hyoyq, Ryoys, and hg,y.

10. Initialize i = 0.

11. Initialize w®, w®, and WEZ) according to (19).

12. Initialize i = |w”" How(®|.

13. Calculate Rég)u according to (12) and define Ré;},) = —oo,

14. while R, —REY > ¢, do

15. i=i+1.

1l6. Update the suppression factor " = @ forj=13u" = % forj=2,andn{ =7+ forj =1,2,3.
17. Solve (22) to obtain w?.

18. Normalize w? to satisfy the CM constraint and obtain wii).

19. Solve (23) and (24) to obtain w?, .

20. Normalize wy, to satisfy the CM constraint and obtain ng

21. Solve (25) to obtain w.

22. Normalize w}, to satisfy the CM constraint and obtain w(Gi).

23. Obtain PG(” and PV(,?.

24. Calculate Réiz)u according to (12).

25. end while

26. wy = W,(.i), wy, = W'(:i), w§ = wg), P; = PG(D, and Py, = PV(}?

27. return x*,y*, h*, wg, wi, wi,, P, Py,

To maximize the achievable rate, if the rate on the G2V link is lower than the V2U link, the UAV's transmit power
should be reduced, and vice versa. This approach prevents power wastage. Additionally, the G2V link rate is generally
assumed to be the bottleneck (much lower than the V2U link rate). Algorithm 1 summarizes of the position,
beamforming, and power allocation optimization solutions for the UAV systems.

Algorithm 1 draws inspiration from the work by Zhu et al. [34], yet it displays numerous distinctions. During the
initial step, the algorithm does not rely on Theorem 1 to determine the optimal position; instead, it utilizes mathematical
calculations to ascertain the midpoint. Channel estimation is conducted for both matrix and vector channels in the ninth
step. The optimization of vector beamforming achieves interference reduction through a first-order approximation
approach. Significant differences exist between the first-order approximation approach of the beamforming vector and
the power optimization iteration process, resulting in substantial divergence.

4- Results and Discussion

This results section presents the performance evaluation of the proposed optimization formula and verifies the
maximum achievable rate. It also compares the proposed scheme with other existing schemes, single UE and multi-UE,
for the different sizes of UPA antenna and optimum power transmission for the different UPA sizes. Validation is
performed through simulation with the primary parameters tabulated in Table 1.
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Table 1. Simulation parameters

Notation Definition Value
€ The threshold value for convergence 0.05 bps/Hz
K Step size parameter to reduce suppression factor 10
of and o, The noise power at UAV and UEy -110 dBm
xEos, Random variable for LOS path 1
X NLOS Random variable for NLOS path 0
a Positive modelling parameters that determine the probability of existing LOS path 11.95
b Positive modelling parameters that determine the probability of existing LOS path 0.14
f Carrier frequency 38 GHz
Romin The minimum altitude of the UAV 100 m
Rmax The maximum altitude of the UAV 300m
i Iteration 10
L Number of NLOS components 4
M, x N, Antenna array size 4x4
P; and P, The maximum transmits power of Gateway and UAV 20 dBm
Py, The UAV transmits power to the k** UE (initialization) P,/K
Tn The distance between the m*" transmitter array element and the n‘" receiver array element 102
S Gateway coordinate (0,0,0)
x andy The maximum postion of the UAV on x-axis and y-axis 200 m

In determining the optimal location for UAV, each UE is allocated an equal share of the total transmitted power. This
allocation assumes that all antennas are isotropic and independent of each other. The system operates under ideal
conditions with pure LOS, meaning there are no obstacles obstructing direct transmission paths, and it assumes an ideal
beamforming scenario where signals are precisely directed towards their intended recipients.

The gateway is positioned at the coordinates (0,0,0), while the UE locations are randomly distributed. The UAV's
position along the x-axis and y-axis is determined through mathematical calculations. Once these coordinates are
established, the UAV is assigned a minimum altitude of 100 meters, resulting in an initial position of V(70,60,100).
Despite this, the UAV can still enhance the probability of maintaining a LOS link. To achieve this, the UAV moves
around its initial position (V) to identify the point with the highest LOS probability, eventually finding it at
7°(80,70,110). However, this new position involves a significant movement from the starting point, which does not
meet the requirements for minimal displacement. Therefore, a position with a shorter distance is selected. Ultimately,
the UAV's optimal position, which maximizes the LOS path probability while minimizing displacement, is determined
to be V*(80,61,110).

After determining the optimal position for the UAV, the next step involves implementing vector beamforming and
power optimization to achieve the highest possible data transmission rate. Figure 3 demonstrate the effectiveness of
the proposed joint optimization approach for UAV-enabled communication systems. Specifically, the method that
simultaneously optimizes the UAV’s position, beamforming vectors, and transmit power achieves the highest data
rate, converging to approximately 6.25 bps/Hz within just four iterations. This rapid convergence highlights the
efficiency of the proposed algorithm. In contrast, methods that exclude one or more optimization components show
significantly reduced performance. For instance, the approach without power optimization achieves a lower but
steady rate of about 2.1 bps/Hz, indicating that power control plays a critical role in enhancing communication
efficiency. Similarly, optimizing only the beamforming vectors while keeping the UAV position and power fixed
yields a comparable but slightly lower rate. The scenario without any optimization performs the worst, with the rate
remaining near zero throughout the iterations. These findings underscore the importance of integrating all three
components—positioning, beamforming, and power allocation—for maximizing the transmission rate in UAV-
assisted networks.
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Figure 3. Superior of proposed scheme

The simulation results present the proposed achievable rate for two UEs and compare it to the findings in Zhu et al.
[34], which only consider a single UE, as illustrated in Figure 4. As shown in the figure, the achievable rate of the
proposed method stabilizes around 6.25 bps/Hz, whereas the reference method reaches a significantly higher rate of
approximately 13.8 bps/Hz. This performance gap is attributed to the presence of inter-user interference in the two-UE
scenario, which is absent in the single-UE setting of Zhu et al. [34]. Despite the lower rate, the proposed system
demonstrates achieving near-optimal performance by the second iteration. This efficiency is primarily due to the
implementation of an interference suppression mechanism that effectively mitigates both inter-user interference and SI.
Consequently, while the overall rate is reduced due to the more complex communication environment, the system's
ability to quickly stabilize underscores the effectiveness of the proposed optimization framework in managing
interference in multi-user UAV-enabled networks.
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Figure 4. Multiple UE approximation

The transmit power optimization ultimately yields the maximum rate. The beamforming optimization leads to a
significantly higher achievable rate on the G2V link compared to the V2U link, necessitating a reduction in the transmit
power on the gateway (Pg). Meanwhile, the UAV's transmitted power (Py) is maintained close to its maximum
permissible value. Figure 5 illustrates the convergence behavior of the optimal power allocation at both the gateway (P;)
and the UAV (Py) across multiple iterations of the optimization algorithm. Initially, both P; and P; start at relatively
high values, with the UAV’s power nearly at its maximum permissible level and the gateway power also elevated.
However, as the optimization progresses, Pg is significantly reduced, ultimately converging to a minimal value near 0
dBm by the fourth iteration. In contrast, P; stabilizes close to 18.5 dBm, indicating that the UAV maintains a high
transmit power throughout.
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This behavior aligns with the beamforming optimization, the power on G2V (Gateway-to-Vehicle) link becomes
substantially more efficient than the V2U (Vehicle-to-UAV) link. To mitigate excessive interference and maintain
balanced rate performance, the system compensates by minimizing gateway transmit power, thereby preserving the
integrity of the V2U link. The result showcases the adaptability of the proposed method in dynamically reallocating
power to achieve an optimal trade-off between links, even in scenarios with only two UEs, where interlink interference
still plays a critical role. Compared to previous work that may have assumed less significant interference in low-UE-
count systems, this outcome highlights the importance of joint optimization in multi-link environments. Significantly
higher achievable rate on the G2V link compared to the V2U link, necessitating a reduction in P;. Meanwhile, Py is
maintained close to its maximum permissible value. Figure 5 shows the optimal power allocation on the gateway (Pg;)
and UAV (Py).

Optimal Transmit Power
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Figure 5. Optimal transmits power allocation of G2V and V2U links of the proposed scheme with 10 iterations

Figure 6 further substantiates the direct relationship between transmitted power and achievable rate by illustrating the
convergence behavior of the rate over iterative computations for three different power levels: 10 dBm, 20 dBm, and 30
dBm. As depicted in the figure, the achievable rate increases with each iteration until it stabilizes, with higher transmit
power levels converging to higher rate values. Specifically, when the transmit power is set to 10 dBm, the rate converges
to approximately 6.2 bps/Hz, while at 20 dBm and 30 dBm, the rate reaches around 6.3 bps/Hz and 10 bps/Hz,
respectively. This demonstrates that with grea0 ter transmit power, the system benefits from a higher SINR, enabling a
more efficient and robust data transmission.
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Figure 6. Maximum achievable rate for a G2U link with 10 iterations under varying the maximum transmit power
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Figure 7 offers a detailed view of the optimal power allocation dynamics for both the gateway (Pg) and the UAV (Py)
under varying initial maximum transmit power settings: 10 dBm, 20 dBm, and 30 dBm. The two subplots illustrate how
the optimization algorithm converges across iterations for each scenario, prioritizing power efficiency while ensuring
rate performance. Figure 7(a) shows the gateway's power (Pg) undergoes a substantial reduction across iterations,
regardless of the initial power level. Notably, even when starting from a high transmit power of 30 dBm, the gateway
power is gradually reduced to nearly 0 dBm by the fourth iteration. This behavior highlights the core objective of the
optimization strategy: to minimize unnecessary power usage, particularly at the gateway, which introduces significant
Sl if operated at high power. The rapid convergence to low gateway power levels across all initial conditions supports
the effectiveness of the interference-aware design. Figure 7(b) shows the tracking of the UAV's power (Py), which
behaves differently. Instead of being reduced, Py is retained at relatively high levels, particularly when higher transmit
power budgets are available. For example, in the 30 dBm case, the UAV’s power stabilizes near the upper limit after just
three iterations. This aligns with the system design philosophy: the UAV, benefiting from beamforming and reduced
interference, is allowed to transmit at higher power to maximize the end-to-end data rate, while the gateway dynamically
adjusts its power based on feedback and interference levels.
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Figure 7. Optimal power transmit allocation with 10 iterations under varying the maximum transmit power: (a) G2V link
and (b) V2U link

It emphasises a cooperative power control strategy. The UAV provides feedback on achievable rate, enabling the
gateway to tailor its transmit power precisely, thus achieving rate goals without power wastage. This method outperforms
static high-power transmission approaches by limiting Sl, and optimizing computation and energy efficiency, especially
critical in scenarios involving UAV-based communication relays.
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A thorough comparison of our suggested framework with a number of illustrative works in the field of UAV-assisted
wireless communication is given in Table 2. In addition to their obtained results, these studies are assessed according to
the types of communication links they take into account, how they handle non-convex optimization, and whether they
incorporate position, beamforming, and power optimization. Early studies like Yang et al. [20] and Xu et al. [26] mostly
concentrated on improving uplink or downlink performance by jointly optimizing UAV parameters like power, location,
and altitude. They did not, however, specifically address the underlying optimization problems' non-convexity. Similar
advancements were made by Niu et al. [25] and Abbasi & Yanikomeroglu [29], who took into account bandwidth and
SINR optimization, respectively; however, non-convexity was only partially or indirectly addressed by their approaches.
Full-Duplex (FD) UAV systems with beamforming and positioning have been studied recently, with efforts like Zhu et
al. [34] providing better rate performance. However, these studies typically focus on a single user scenario and still fail
to fully address beamforming complexity, particularly when it comes to mmWave communication, and do not fully
incorporate all important optimization components at the same time. On the other hand, this paper presents a new joint
optimization framework that takes into account both access (downlink) and backhaul (uplink) links for a multi-user
mmWave FD UAV relay system. First-order approximation and iterative decomposition into subproblems are used to
explicitly address the problem's inherent non-convexity, ensuring tractable and convergent solution pathways.
Furthermore, in contrast to earlier studies, this study combines power and position optimization with hybrid
beamforming optimization, which is essential for realistic mmWave hardware implementation. In a multi-user FD
environment, the suggested approach shows noticeably higher achievable rates while preserving power efficiency and
user equity. This work stands out from previous literature due to its thorough design and optimization features, which
make it a reliable and scalable solution for UAV communication systems of the future.

Table 2. Comparison of the proposed method with previous studies

Reference Method Communication Non-Convex Position Beamforming Power Outcome
Link Handling Optimization ~ Optimization ~ Optimization
Joint optimization of UAV I .
X X . - Minimize total uplink power
Yang et al. [20] altllgucciii,ot;.eag\‘;vvledrth, Uplink Not explicitly addressed v b ¢ v with QoS constraints
Niu et al. [25] Joint 3?)3%?\2:3?5 power, Downlink COnSIderS[;SStatISTICal v X v Maximize effective capacity
Xu et al. [26] LO;::S\:%;?”:HE&S?&':”’ Uplink & Downlink  Not explicitly addressed v b ¢ v Minimize transmission delay
Abbasi & Optimization for max-min : . . -
Yanikomeroglu [29] SINR Uplink & Downlink Partial v b ¢ v Maximize user SINR
FD UAV system with . . Achievable rate maximized
Zhu et al. [34] beamforming and Uplink & Downlink Partial, single-user v v v inal
positioning (single-user)
Joint optimization using ~ Uplink (Backhaul) +  Explicitly addressed via v Significantly improved
Present Stud first-order approximation Downlink (Access) first-order approximation v Hybrid v achievable rate in multi-user
y and iterative decomposition in mmWave FD and subproblem (Hybri FD UAV relay system;

into subproblems decomposition beamforming)

UAV power-efficient and fair

5- Conclusion

This study focuses on enhancing communication capabilities in mmWave networks using a full-duplex UAV relay
to achieve maximum data rates for UE. By optimizing the UAV position, beamforming vectors, and power allocation, a
new algorithm for multiple UE scenarios was developed to increase achievable rates significantly. The proposed
algorithm was validated through MATLAB simulations, showing improved performance compared to solutions without
optimization. The research emphasizes the importance of joint optimization in maximizing achievable rates and
minimizing power wastage in UAV communication systems. Furthermore, the study introduces an iterative solution for
multi-UE scenarios and a first-order approximation approach, effectively addressing complex problems and optimizing
data transmission rates. Optimization involves determining the optimal UAV position, designing beamforming vectors,
and allocating transmit power to enhance the end-to-end achievable rate. Simulation results demonstrate the effectiveness
of the proposed optimization formula compared to existing schemes, showcasing superior performance through
integrated optimization of UAV position, beamforming vectors, and power allocation. Overall, the research presents a
novel approach to maximizing data rates in UAV communication systems through comprehensive optimization
strategies, paving the way for efficient and power-saving transmission in future wireless communication scenarios.

However, in simulations, especially for power optimization, because the iterations are quite long, a simulation device
with higher specifications is required so that the power increase step size can be smaller. Important to highlight, while
the proposed algorithm is effective, its computational complexity may limit scalability and runtime efficiency on lower-
performance hardware. Future work should focus on reducing this overhead through methods like dimensionality
reduction, heuristic initialization, or parallel processing to improve real-time applicability. Moreover, enhancing the
algorithm’s adaptability to dynamic conditions such as UE mobility and channel fading will increase its practicality.
With these improvements, the framework could serve as a strong foundation for intelligent UAV-based systems in next-
generation wireless networks.
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