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Abstract 

This study proposes an enhanced optimization strategy to maximize the achievable data rate of 

millimeter-wave (mmWave) full-duplex (FD) unmanned aerial vehicles (UAVs) in multi-user 

scenarios. The objective is to address signal degradation from high-frequency path loss and self-

interference while ensuring efficient resource allocation across multiple user equipment (UEs). A 

joint optimization framework is introduced, integrating UAV positioning, beamforming vector 
design at both the gateway and UAV, and power allocation. Initially, the Alternating Interference 

Suppression (AIS) 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 

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 

integrated, power-aware optimization algorithm, outperforming conventional FD and half-duplex 

strategies. This contribution significantly advances the design of efficient, high-throughput UAV 
communication systems for next-generation wireless networks, especially in environments with 

frequent line-of-sight obstructions. 
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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, SI 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 IoT 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. 

 

Figure 1. Flowchart of methodology 
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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, V2Uk, and G2Uk are the links from gateway to UAV (uplink), UAV to kth UE 

(downlink), and gateway to kth UE (ground link), respectively. Where, k = 1, 2, …, K is the number of UEs. The presence 

of G2V and V2Uk links, predominantly comprising LOS connections with an estimated flat-fading channel model, is 

designed to facilitate obstructed transmissions from G2Uk. Consequently, the calculation of achievable rates on the G2Uk 

link is executed by maximizing the rates achievable on the G2V and V2Uk links. 

Figure 2. UAV communications scenario for k = 2 

The channel model includes two parts: G2V and V2Uk. 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 G2Uk, is typically 

considered NLOS. Referring to the channel matrix presented in Zhu et al. [34], it is commonly expressed as 

𝑯𝐿𝑖𝑛𝑘 = 𝜒𝐿𝑖𝑛𝑘𝛽𝐿𝑖𝑛𝑘
(0) 𝒂𝜏(𝜃𝜏

(0), 𝜙𝜏
(0))𝒂𝜏

𝐻(𝜃𝜏
(0), 𝜙𝜏

(0))
⏞                        

𝐿𝑂𝑆 𝑝𝑎𝑡ℎ

+ ∑ 𝛽𝐿𝑖𝑛𝑘
(ℓ) 𝒂𝜏(𝜃𝜏

(ℓ), 𝜙𝜏
(ℓ))𝒂𝜏

𝐻(𝜃𝜏
(ℓ), 𝜙𝜏

(ℓ))
𝐿𝐿𝑖𝑛𝑘
ℓ=1

⏞                        
𝑁𝐿𝑂𝑆 𝑝𝑎𝑡ℎ

  
(1) 

where (∙)𝐿𝑖𝑛𝑘 represents the G2V, V2Uk, and G2Uk links. 𝐻𝐿𝑖𝑛𝑘 is the channel matrix 𝐿𝑖𝑛𝑘. 𝜒𝐿𝑖𝑛𝑘 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 𝛽𝐿𝑖𝑛𝑘
(0)

 and 𝛽𝐿𝑖𝑛𝑘
(ℓ)

, respectively. 0 indicates LOS, and ℓ 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 UEk and the gateway relative to the UEk, 

considering the coordinates on the x-axis, y-axis, and h-altitude (x, y, h).  

Furthermore, the vector 𝒂𝜏(𝜃𝜏
(ℓ), 𝜙𝜏

(ℓ)) 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 𝒂𝑟 and transmit beamforming 𝒂𝑡𝑘 at the UAV. For simplicity, we generalize these steering vectors as 𝒂𝜏, where 

𝜏 represents the gateway (𝐺), receiver (𝑟), and kth transmitter (𝑡𝑘), thereby 𝜏 = {𝐺, 𝑟, 𝑡𝑘}. The variables 𝜃𝜏
(ℓ)

 and 𝜙𝜏
(ℓ)

 are 

the elevation and azimuth angles, respectively, which are in the range [−π 2⁄ , 𝜋 2⁄ ] and [−𝜋, 𝜋]. (∙)𝐻 represents the 

Hermitian indicator. The UEs are equipped with a single antenna. Therefore, the channel models of the G2V, V2Uk, and 

G2Uk links are represented as follows: 

𝑯𝐺2𝑉 = 𝜒𝐺2𝑉𝛽𝐺2𝑉
(0) 𝒂𝑟(𝜃𝑟
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(ℓ))
𝐿𝐺2𝑉
ℓ=1   (2) 

𝒉𝑉2𝑈𝑘 = 𝜒𝑉2𝑈𝑘𝛽𝑉2𝑈𝑘
(0) 𝒂𝑡𝑘
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  (3) 
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The G2V channel model is a channel matrix (denoted as 𝑯𝐺2𝑉 ) represented by a 16×16 matrix, whereas the sizes of 

the V2Uk and G2Uk channels, which are channel vectors (denoted as 𝒉𝑉2𝑈𝑘  and 𝒉𝐺2𝑈𝑘), are 16×1 vectors, all of which 

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

al. [34]; 

[𝑯𝑆𝐼]𝑚,𝑛 = 𝛽𝑆𝐼
(𝑚,𝑛)𝑒𝑥𝑝 (−𝑗2𝜋

𝑟𝑚,𝑛

𝜆
)  (5) 

where 𝛽𝑆𝐼
(𝑚,𝑛)

 is the complex coefficient of the SI channel, λ is the wavelength, and 𝑟𝑚,𝑛 pertains to the distance between 

the mth element of transmitting array and the nth 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 = 𝑙𝑜𝑔2(1 + 𝑆𝐼𝑁𝑅𝐿𝑖𝑛𝑘)  (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 V2Uk links are 

𝑅𝐺2𝑉 = 𝑙𝑜𝑔2(1 + 𝑆𝐼𝑁𝑅𝐺2𝑉)  (7) 

and 

𝑅𝑉2𝑈𝑘 = 𝑙𝑜𝑔2(1 + 𝑆𝐼𝑁𝑅𝑉2𝑈𝑘)  (8) 

𝑅𝑉2𝑈𝑡𝑜𝑡 = ∑ 𝑅𝑉2𝑈𝑘
𝐾
𝑘=1   (9) 

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; 

𝑆𝐼𝑁𝑅𝐺2𝑉 =
|𝒘𝑟
𝐻𝑯𝐺2𝑉𝒘𝐺|

2
𝑃𝐺

|𝒘𝑟
𝐻𝑯𝑆𝐼𝒘𝑡|

2
𝑃𝑉+𝜎𝑉

2
  (10) 

and the SINR for the V2Uk link is defined as 

𝑆𝐼𝑁𝑅𝑉2𝑈𝑘 =
|𝒘𝑈
𝐻𝑯𝑉2𝑈𝒘𝑡|

2
𝑃𝑉

|𝒘𝑈
𝐻𝑯𝐺2𝑈𝒘𝐺|

2
𝑃𝐺+𝜎𝑈

2
  (11) 

where 𝒘𝑟 , 𝒘𝐺 , 𝒘𝑡 , 𝒘𝑈 denotes the beamforming vector at receiver, gateway, transmitter, and UE, respectively. 𝑃𝐺  and 

𝑃𝑉 denote the transmitted powers from the gateway and UAV respectively. Moreover, 𝜎𝑉
2 denotes noise power levels on 

the UAV and 𝜎𝑈
2 indicates noise power levels on the UE. In case of multiple UE, a 𝑃𝑉 for each UE denoted as 𝑃𝑉𝑘, and 

𝜎𝑈
2 at each UE denoted as 𝜎𝑈𝑘

2 . The total achievable rate for G2U and V2U denoted as G2Utot and V2Utot, respectively. 

The end-to-end achievable rates of G2Utot are determined by computing the minimum value between the achievable 

rate of G2V and the sum of all V2U links, as expressed below: 

𝑅𝐺2𝑈𝑡𝑜𝑡 = 𝑚𝑖𝑛{𝑅𝐺2𝑉 , 𝑅𝑉2𝑈𝑡𝑜𝑡}  (12) 

Finally, the problem formulation is 

𝑚𝑎𝑥
𝑥,𝑦,ℎ,𝒘𝜏,𝑃𝐺,𝑃𝑉𝑘

 𝑚𝑖𝑛{𝑅𝐺2𝑉 , 𝑅𝑉2𝑈𝑡𝑜𝑡}  

(13) 

𝑠. 𝑡.           (𝑥, 𝑦) 𝜖 [0, 𝑥𝑈𝑘] × [0, 𝑦𝑈𝑘]  

ℎ𝑚𝑖𝑛 ≤ ℎ ≤ ℎ𝑚𝑎𝑥  

|[𝒘𝜏]𝑛| ≤
1

√𝑁𝜏
𝑡𝑜𝑡
, ∀𝑛,  

0 ≤ 𝑃𝐺 ≤ 0  

0 ≤ 𝑃𝑉𝑘 ≤ 0  



Emerging Science Journal | Vol. 9, No. 6 

Page | 2986 

where; 𝑥𝑈𝑘  and 𝑦𝑈𝑘 represent the x-axis and y-axis coordinates of the kth UE, respectively. The minimum and maximum 

altitudes of the UAV are represented by the variables hmin and hmax, respectively. 𝑁𝜏
𝑡𝑜𝑡 is equal to 𝑀𝜏 × 𝑁𝜏 for the UPA 

antenna. On the other hand, [𝒘𝜏]𝑛 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: 

 Disaster recovery communication: Ensuring connectivity in areas with damaged infrastructure. 

 Rural and remote connectivity: Enhancing access in underserved regions. 

 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: 

𝑃𝐺2𝑉
𝐿𝑂𝑆 =

1

1+𝑎 𝑒𝑥𝑝(−𝑏(
180

𝜋
𝜃𝑟
(0)
−𝑎))

  (14) 

and 

𝑃𝑉2𝑈𝑘
𝐿𝑂𝑆 =

1

1+𝑎 𝑒𝑥𝑝(−𝑏(
180

𝜋
𝜃𝑡𝑘
(0)
−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⋆) = arg min
(𝑥,𝑦,ℎ)

𝑑𝑥,𝑦,ℎ  (16) 

where (∙)⋆ represents the optimal value/condition and 𝑑𝑥,𝑦,ℎ 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 V2Uk link. Here, the denominator is affected by both the G2Uk channel and the channels of neighboring V2Uk, 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: 

𝑆𝐼𝑁𝑅𝐺2𝑉 =
|𝒘𝑟
𝐻𝑯𝐺2𝑉𝒘𝐺|

2
𝑃𝐺

∑ |𝒘𝑟
𝐻𝑯𝑆𝐼𝒘𝑡𝑘|

2
𝑃𝑉𝑘

𝐾
𝑘=1 +𝜎𝑉

2
  (17) 

Meanwhile SINR for the V2Uk link is defined as: 

𝑆𝐼𝑁𝑅𝑉2𝑈𝑘 =
|𝒉𝑉2𝑈𝑘
𝐻 𝒘𝑡𝑘|

2
𝑃𝑉𝑘

(|𝒉𝐺2𝑈𝑘
𝐻 𝒘𝐺|

2
𝑃𝐺)+(∑ |𝒉𝑉2𝑈𝑘

𝐻 𝒘𝑡ℓ|
2
𝑃𝑉ℓ

𝐾
ℓ≠𝑘 )+𝜎𝑈𝑘

2
  (18) 

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 V2U channels [34]. The second step involves an iterative procedure optimizes the BFVs 

𝒘𝑟 , 𝒘𝑡𝑘, and 𝒘𝐺  through the suppression of SI, ultimately receive the maximum of signal strength. The BFV by 

normalizing the steering vector are: 

𝒘𝜏
(0) = 

1

√𝑁𝜏
𝑡𝑜𝑡
𝒂𝜏(𝜃𝜏

(0), 𝜙𝜏
(0))  

(19) 

The proposed iterative solution for Multiple-UE (𝐾 = 2) is generalized from the formula in Zhu et al. [34]. Due 

to multiple UEs, 𝑅𝑉2𝑈𝑡𝑜𝑡  represents the total achievable rate of all V2U links, as formulated in Equation 9. 

Mathematically, if the numerator is assumed to be 𝑎𝑘 and the denominator 𝑏𝑘, then for K=2, the equation can be 

expressed as follows: 

𝑅𝑉2𝑈𝑡𝑜𝑡 = 𝑅𝑉2𝑈1 + 𝑅𝑉2𝑈2   

(20) 

= 𝑙𝑜𝑔2 (1 +
𝑎1
𝑏1
) + 𝑙𝑜𝑔2 (1 +

𝑎2
𝑏2
)  

= 𝑙𝑜𝑔2 ((1 +
𝑎1
𝑏1
) (1 + 𝑎2

𝑏2
))  

= 𝑙𝑜𝑔2 (1 +
𝑎1
𝑏1
+ 𝑎2

𝑏2
+ 𝑎1𝑎2

𝑏1𝑏2
)  

= 𝑙𝑜𝑔2 (1 +
(𝑎1𝑏2)(𝑎2𝑏1)(𝑎1𝑎2)

(𝑏1𝑏2)
)  

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

𝑆𝐼𝑁𝑅𝑉2𝑈𝑡𝑜𝑡 =
𝐴1(𝐴6+𝐴3+𝜎𝑈2

2 )+𝐴4(𝐴5+𝐴2+𝜎𝑈1
2 )+(𝐴1𝐴4)

(𝐴6+𝐴3+𝜎𝑈2
2 )(𝐴5+𝐴2+𝜎𝑈1

2 )
  (21) 

where 𝑎1 = 𝐴1, 𝑎2 = 𝐴4, 𝑏1 =  𝐴5 + 𝐴2 + 𝜎𝑈1
2 , 𝑏2 = 𝐴6 + 𝐴3 + 𝜎𝑈2

2 . Meanwhile, 𝐴1 = 𝒉𝑉2𝑈1
𝐻 𝒘𝑡1, 𝐴2 = 𝒉𝑉2𝑈1

𝐻 𝒘𝑡2 , 

𝐴3 = 𝒉𝑉2𝑈2
𝐻 𝒘𝑡1, 𝐴4 = 𝒉𝑉2𝑈2

𝐻 𝒘𝑡2, 𝐴5 = 𝒉𝐺2𝑈1
𝐻 𝒘𝐺 , 𝐴6 = 𝒉𝐺2𝑈2

𝐻 𝒘𝐺. 𝐴1, ⋯ , 𝐴6 is an auxiliary variable, while 𝑎1, 𝑎2, 𝑏1, 

and 𝑏2 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 𝒘𝑡 (𝒘𝑡𝑘) as in 

Equations 22 to 24 and the interfering channels from neighboring UEs (𝒉𝑉2𝑈𝑘) in Equation 25. 

𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 
𝒘𝑟
(𝑖)

|𝒘𝑟
(𝑖)𝐻𝑯𝐺2𝑉𝒘𝐺

(𝑖−1)|  

(22) 𝑠. 𝑡         |𝒘𝑟
(𝑖)𝐻𝑯𝑆𝐼𝒘𝑡1

(𝑖−1)| + |𝒘𝑟
(𝑖)𝐻𝑯𝑆𝐼𝒘𝑡2

(𝑖−1)| ≤ 𝜂1
(𝑖)

  

|[𝒘𝑟
(𝑖)]

𝑛
| ≤

1

√𝑁𝑟
𝑡𝑜𝑡
,   1 ≤ 𝑛 ≤ 𝑁𝑟

𝑡𝑜𝑡  

𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 
𝒘𝒕𝟏
(𝑖)

 |A1
(𝑖)||A6

(𝑖−1)| + (|A1
(𝑖)||A3

(𝑖)|) + |A1
(𝑖)| + |A1

(𝑖)||A4
(𝑖)| + |A5

(𝑖−1)||A4
(𝑖)| + |A2

(𝑖)||A4
(𝑖)| + |A4

(𝑖)|  

(23) 𝑠. 𝑡          |𝒘𝑟
(𝑖)𝐻𝑯𝑆𝐼𝒘𝑡1

(𝑖)| + |𝒘𝑟
(𝑖)𝐻𝑯𝑆𝐼𝒘𝑡2

(𝑖−1)| ≤ 𝜂2𝑡1
(𝑖)

  

|[𝒘𝑡1
(𝑖)]

𝑛
| ≤

1

√𝑁𝑡
𝑡𝑜𝑡
,  1 ≤ 𝑛 ≤ 𝑁𝑡

𝑡𝑜𝑡  
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𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 
𝒘𝒕𝟐
(𝑖)

 |A1
(𝑖)||A6

(𝑖−1)| + |A1
(𝑖)||A3

(𝑖)| + |A1
(𝑖)| + |A1

(𝑖)||A4
(𝑖)| + |A5

(𝑖−1)||A4
(𝑖)| + (|A2

(𝑖)||A4
(𝑖)|) + |A4

(𝑖)|  

(24) 𝑠. 𝑡          |𝒘𝑟
(𝑖)𝐻𝑯𝑆𝐼𝒘𝑡1

(𝑖)| + |𝒘𝑟
(𝑖)𝐻𝑯𝑆𝐼𝒘𝑡2

(𝑖)| ≤ 𝜂2𝑡2
(𝑖)

  

|[𝒘𝑡2
(𝑖)]

𝑛
| ≤

1

√𝑁𝑡
𝑡𝑜𝑡
,  1 ≤ 𝑛 ≤ 𝑁𝑡

𝑡𝑜𝑡  

𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 
𝐰𝐺
(𝑖)

|𝒘𝑟
(𝑖)𝐻𝑯𝐺2𝑉𝒘𝐺

(𝑖)|  

(25) 𝑠. 𝑡         (|A5
(𝑖)||A6

(𝑖)|) + |A5
(𝑖)||A3

(𝑖)| + |A1
(𝑖)| + |A6

(𝑖)||A2
(𝑖)| + |A2

(𝑖)||A3
(𝑖)| + |A2

(𝑖)| + |A6
(𝑖)| + |A3

(𝑖)| ≤ 𝜂3
(𝑖)

  

|[𝐰𝐺
(𝑖)]

𝑛
| ≤

1

√𝑁𝐺
𝑡𝑜𝑡
,   1 ≤ 𝑛 ≤ 𝑁𝐺

𝑡𝑜𝑡  

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 𝒘𝑡1from 𝐴1𝐴3, 𝒘𝑡2  from 𝐴2𝐴4, and 𝒘𝐺  from 𝐴5𝐴6. 

The approximation of a function (𝑓(𝑥)) is stated as: 

𝑓(𝑥(𝑖)) = 𝑓(𝑥(𝑖−1)) + 𝑓′(𝑥
(𝑖−1))(𝑥(𝑖)−𝑥(𝑖−1))  (26) 

Therefore, 

𝐴1𝐴3 = 𝑓(𝒘𝑡1
(𝑖)) = |𝒉𝑉2𝑈1

𝐻 𝒘𝑡1
(𝑖)|

2
|𝒉𝑉2𝑈2
𝐻 𝒘𝑡1

(𝑖)|
2
𝑃𝑉1
2   (27) 

the approximation of 𝑓(𝒘𝑡1
(𝑖)) at 𝒘𝑡1

(𝑖−1)
 is: 

(𝐴1𝐴3)
𝑎𝑝𝑝𝑟𝑜𝑥 = 𝑓(𝒘𝑡1

(𝑖−1)
) + 𝑓′(𝒘𝑡1

(𝑖−1)
)(𝒘𝑡1

(𝑖)
−𝒘𝑡1

(𝑖−1)
)
 

= ((𝒘𝑡1
(𝑖−1)𝐻

𝑯𝑉2𝑈1𝒘𝑡1
(𝑖−1)

)(𝒘𝑡1
(𝑖−1)𝐻

𝑯𝑉2𝑈2𝒘𝑡1
(𝑖−1)

)𝑃𝑉1
2 ) + [((𝒘𝑡1

(𝑖−1)𝐻
𝑯𝑉2𝑈1𝒘𝑡1

(𝑖−1)
)(𝑯𝑉2𝑈2

𝑇 𝒘𝑡1
(𝑖−1)∗

)) +

((𝒘𝑡1
(𝑖−1)𝐻

𝑯𝑉2𝑈2𝒘𝑡1
(𝑖−1)

)(𝑯𝑉2𝑈1
𝑇 𝒘𝑡1

(𝑖−1)∗
)) 𝑃𝑉1

2 ]
𝐻

(𝒘𝑡1
(𝑖)
−𝒘𝑡1

(𝑖−1)
)  

(28) 

where, 

𝑓(𝒘𝑡1
(𝑖−1))  = |𝒉𝑉2𝑈1

𝐻 𝒘𝑡1
(𝑖−1)|

2
|𝒉𝑉2𝑈2
𝐻 𝒘𝑡1

(𝑖−1)|
2
𝑃𝑉1
2  

= [(𝒉𝑉2𝑈1
𝐻 𝒘𝑡1

(𝑖−1))(𝒘𝑡1
(𝑖−1)𝐻𝒉𝑉2𝑈1)][(𝒉𝑉2𝑈2

𝐻 𝒘𝑡1
(𝑖−1))(𝒘𝑡1

(𝑖−1)𝐻𝒉𝑉2𝑈2)]𝑃𝑉1
2  

= [(𝒘𝑡1
(𝑖−1)𝐻𝒉𝑉2𝑈1)(𝒉𝑉2𝑈1

𝐻 𝒘𝑡1
(𝑖−1))][(𝒘𝑡1

(𝑖−1)𝐻𝒉𝑉2𝑈2)(𝒉𝑉2𝑈2
𝐻 𝒘𝑡1

(𝑖−1))]𝑃𝑉1
2  

= [(𝒘𝑡1
(𝑖−1)𝐻𝑯𝑉2𝑈1𝒘𝑡1

(𝑖−1))][(𝒘𝑡1
(𝑖−1)𝐻𝑯𝑉2𝑈2𝒘𝑡1

(𝑖−1))]𝑃𝑉1
2   

(29) 

and, 

𝑓′(𝒘𝑡1
(𝑖−1)) = [((𝒘𝑡1

(𝑖−1)𝐻𝑯𝑉2𝑈1𝒘𝑡1
(𝑖−1)) (𝑯𝑉2𝑈2

𝑇 𝒘𝑡1
(𝑖−1)∗)) + ((𝒘𝑡1

(𝑖−1)𝐻𝑯𝑉2𝑈2𝒘𝑡1
(𝑖−1)) (𝑯𝑉2𝑈1

𝑇 𝒘𝑡1
(𝑖−1)∗)) 𝑃𝑉1

2 ]
𝐻

  (30) 

Equations 29 to 32 also apply to 𝐴2𝐴4 and 𝐴5𝐴6, as follows: 

𝐴2𝐴4 = 𝑓(𝒘𝑡2
(𝑖)) = |𝒉𝑉2𝑈1

𝐻 𝒘𝑡2
(𝑖)|

2
|𝒉𝑉2𝑈2
𝐻 𝒘𝑡2

(𝑖)|
2
𝑃𝑉2
2   (31) 

and the approximation of 𝑓(𝒘𝑡2
(𝑖)) at 𝒘𝑡2

(𝑖−1)
 is: 

(𝐴2𝐴4)
𝑎𝑝𝑝𝑟𝑜𝑥 = 𝑓(𝒘𝑡2

(𝑖−1)
) + 𝑓′(𝒘𝑡2

(𝑖−1)
)(𝒘𝑡2

(𝑖)
−𝒘𝑡2

(𝑖−1)
)
 

= ((𝒘𝑡2
(𝑖−1)𝐻

𝑯𝑉2𝑈1𝒘𝑡2
(𝑖−1)

)(𝒘𝑡2
(𝑖−1)𝐻

𝑯𝑉2𝑈2𝒘𝑡2
(𝑖−1)

)𝑃𝑉2
2 ) + [((𝒘𝑡2

(𝑖−1)𝐻
𝑯𝑉2𝑈1𝒘𝑡2

(𝑖−1)
)(𝑯𝑉2𝑈2

𝑇 𝒘𝑡2
(𝑖−1)∗

)) +

((𝒘𝑡2
(𝑖−1)𝐻

𝑯𝑉2𝑈2𝒘𝑡2
(𝑖−1)

)(𝑯𝑉2𝑈1
𝑇 𝒘𝑡2

(𝑖−1)∗
)) 𝑃𝑉2

2 ]
𝐻

(𝒘𝑡2
(𝑖)
−𝒘𝑡2

(𝑖−1)
)  

(32) 
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where, 

𝑓(𝒘𝑡2
(𝑖−1))  = |𝒉𝑉2𝑈1

𝐻 𝒘𝑡2
(𝑖−1)|

2
|𝒉𝑉2𝑈2
𝐻 𝒘𝑡2

(𝑖−1)|
2
𝑃𝑉2
2  

= [(𝒉𝑉2𝑈1
𝐻 𝒘𝑡2

(𝑖−1))(𝒘𝑡2
(𝑖−1)𝐻𝒉𝑉2𝑈1)][(𝒉𝑉2𝑈2

𝐻 𝒘𝑡2
(𝑖−1))(𝒘𝑡2

(𝑖−1)𝐻𝒉𝑉2𝑈2)]𝑃𝑉2
2  

= [(𝒘𝑡2
(𝑖−1)𝐻𝒉𝑉2𝑈1)(𝒉𝑉2𝑈1

𝐻 𝒘𝑡2
(𝑖−1))][(𝒘𝑡2

(𝑖−1)𝐻𝒉𝑉2𝑈2)(𝒉𝑉2𝑈2
𝐻 𝒘𝑡2

(𝑖−1))]𝑃𝑉2
2  

= [(𝒘𝑡2
(𝑖−1)𝐻𝑯𝑉2𝑈1𝒘𝑡2

(𝑖−1))][(𝒘𝑡2
(𝑖−1)𝐻𝑯𝑉2𝑈2𝒘𝑡2

(𝑖−1))]𝑃𝑉2
2   

(33) 

and, 

𝑓′(𝒘𝑡2
(𝑖−1)) = [((𝒘𝑡2

(𝑖−1)𝐻𝑯𝑉2𝑈1𝒘𝑡2
(𝑖−1)) (𝑯𝑉2𝑈2

𝑇 𝒘𝑡2
(𝑖−1)∗)) + ((𝒘𝑡2

(𝑖−1)𝐻𝑯𝑉2𝑈2𝒘𝑡2
(𝑖−1)) (𝑯𝑉2𝑈1

𝑇 𝒘𝑡2
(𝑖−1)∗)) 𝑃𝑉2

2 ]
𝐻

  (34) 

As well as for: 

𝐴5𝐴6 = 𝑓(𝒘𝐺
(𝑖)) = |𝒉𝐺2𝑈1

𝐻 𝒘𝐺
(𝑖)|

2
|𝒉𝐺2𝑈2
𝐻 𝒘𝐺

(𝑖)|
2
𝑃𝐺
2  (35) 

the approximation of 𝑓(𝒘𝐺
(𝑖)) at 𝒘𝐺

(𝑖−1)
 is: 

(𝐴5𝐴6)
𝑎𝑝𝑝𝑟𝑜𝑥  = 𝑓(𝒘𝐺

(𝑖−1)
) + 𝑓′(𝒘𝐺

(𝑖−1)
)(𝒘𝐺

(𝑖)
−𝒘𝐺

(𝑖−1)
)
 

= ((𝒘𝐺
(𝑖−1)𝐻

𝑯𝐺2𝑈1𝒘𝐺
(𝑖−1)

)(𝒘𝐺
(𝑖−1)𝐻

𝑯𝐺2𝑈2𝒘𝐺
(𝑖−1)

)𝑃𝐺
2) + [((𝒘𝐺

(𝑖−1)𝐻
𝑯𝐺2𝑈1𝒘𝐺

(𝑖−1)
)(𝑯𝐺2𝑈2

𝑇 𝒘𝐺
(𝑖−1)∗

)) +

((𝒘𝐺
(𝑖−1)𝐻

𝑯𝐺2𝑈2𝒘𝐺
(𝑖−1)

)(𝑯𝐺2𝑈1
𝑇 𝒘𝐺

(𝑖−1)∗
)) 𝑃𝐺

2]
𝐻

(𝒘𝐺
(𝑖)
−𝒘𝐺

(𝑖−1)
)  

(36) 

where, 

𝑓(𝒘𝐺
(𝑖−1)) = |𝒉𝐺2𝑈1

𝐻 𝒘𝐺
(𝑖)|

2
|𝒉𝐺2𝑈2
𝐻 𝒘𝐺

(𝑖)|
2
𝑃𝐺
2 

= [(𝒉𝐺2𝑈1
𝐻 𝒘𝐺

(𝑖−1))(𝒘𝐺
(𝑖−1)𝐻𝒉𝐺2𝑈1)][(𝒉𝐺2𝑈2

𝐻 𝒘𝐺
(𝑖−1))(𝒘𝐺

(𝑖−1)𝐻𝒉𝐺2𝑈2)]𝑃𝐺
2 

= [(𝒘𝐺
(𝑖−1)𝐻𝒉𝐺2𝑈1)(𝒉𝐺2𝑈1

𝐻 𝒘𝐺
(𝑖−1))][(𝒘𝐺

(𝑖−1)𝐻𝒉𝐺2𝑈2)(𝒉𝐺2𝑈2
𝐻 𝒘𝐺

(𝑖−1))]𝑃𝐺
2 

= [(𝒘𝐺
(𝑖−1)𝐻𝑯𝐺2𝑈1𝒘𝐺

(𝑖−1))][(𝒘𝐺
(𝑖−1)𝐻𝑯𝐺2𝑈2𝒘𝐺

(𝑖−1))]𝑃𝐺
2  

(37) 

𝑓′(𝒘𝐺
(𝑖−1)) = [((𝒘𝐺

(𝑖−1)𝐻𝑯𝐺2𝑈1𝒘𝐺
(𝑖−1)) (𝑯𝐺2𝑈2

𝑇 𝒘𝐺
(𝑖−1)∗)) + ((𝒘𝐺

(𝑖−1)𝐻𝑯𝐺2𝑈2𝒘𝐺
(𝑖−1)) (𝑯𝐺2𝑈1

𝑇 𝒘𝐺
(𝑖−1)∗)) 𝑃𝐺

2]
𝐻

  (38) 

The approximation results of Equations 28, 32, and 36 are substituted into Equations 23 to 25, respectively, 

replacing 𝐴1𝐴3, 𝐴2𝐴4, and 𝐴5𝐴6. 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 𝜂1
(𝑖)

, 𝜂2
(𝑖)

, and 𝜂3
(𝑖)

 are interference suppression factors whose values are 

obtained from the expression 𝜂𝑗
(𝑖) = 𝜂 + 𝜇𝑗

(𝑖)
 for 𝑗 = {1,2,3}. These factors are used to reduce interference from the SI 

and G2U channels. 𝜂 is a non-negative lower bound for the interference suppression factor, defined as: 𝜂 =

𝑚𝑖𝑛 {
𝜎𝑉
2

10√𝑃𝑆
,
𝜎𝑈𝑘
2

10√𝑃𝑉
}. Meanwhile, the values of 𝜇𝑗

(𝑖)
 are determined as described in Algorithm 1, step 16, and are 

influenced by 𝜅, 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 𝝐𝑟 = 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 𝑃𝐺
⋆ represents the optimal 

transmit power of the gateway, and 𝑃𝑉𝑘
⋆  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
⋆ < 𝑃𝐺 , 0 < 𝑃𝑉

⋆ < 𝑃𝑉, 𝑃𝑉
⋆ = ∑𝑃𝑉𝑘

⋆ , 

and 𝑃𝑉𝑘
⋆ > 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 𝑥𝑜, 𝑦𝑜, and ℎ𝑜, then calculate (𝑥𝑜, 𝑦𝑜, ℎ𝑜). 

2. if (𝑥𝑜, 𝑦𝑜, ℎ𝑜) is already in LOS condition, then  

3. set (𝑥⋆, 𝑦⋆, ℎ⋆) = (𝑥𝑜, 𝑦𝑜, ℎ𝑜). 

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 𝑯𝐺2𝑉, 𝑯𝑆𝐼, 𝒉𝑉2𝑈1, 𝒉𝑉2𝑈2, and 𝒉𝐺2𝑈. 

10. Initialize 𝑖 = 0. 

11. Initialize 𝒘𝐺
(0)

, 𝒘𝑟
(0)

, and 𝒘𝑡𝑘
(0)

 according to (19). 

12. Initialize 𝜇2
(0) = |𝒘𝑟

(0)𝐻𝑯𝑆𝐼𝒘𝑡𝑘
(0)
|. 

13. Calculate 𝑅𝐺2𝑈
(0)

 according to (12) and define 𝑅𝐺2𝑈
(−1) = −∞. 

14. while 𝑅𝐺2𝑈
(𝑖) − 𝑅𝐺2𝑈

(𝑖−1) > 𝜖𝑟 do 

15. 𝑖 = 𝑖 + 1. 

16. Update the suppression factor 𝜇𝑗
(𝑖) =

𝜇𝑗+1
(𝑖−1)

𝜅
 for 𝑗 = 1, 3, 𝜇𝑗

(𝑖) =
𝜇𝑗−1
(𝑖)

𝜅
 for 𝑗 = 2, and 𝜂𝑗

(𝑖) = 𝜂 + 𝜇𝑗
(𝑖)

 for 𝑗 = 1, 2, 3. 

17. Solve (22) to obtain 𝒘𝑟
𝑜. 

18. Normalize 𝒘𝑟
𝑜 to satisfy the CM constraint and obtain 𝒘𝑟

(𝑖)
. 

19. Solve (23) and (24) to obtain 𝒘𝑡𝑘
𝑜 . 

20. Normalize 𝒘𝑡𝑘
𝑜  to satisfy the CM constraint and obtain 𝒘𝑡𝑘

(𝑖)
. 

21. Solve (25) to obtain 𝒘𝐺
𝑜 . 

22. Normalize 𝒘𝐺
𝑜  to satisfy the CM constraint and obtain 𝒘𝐺

(𝑖)
. 

23. Obtain 𝑃𝐺
(𝑖)

 and 𝑃𝑉𝑘
(𝑖)

. 

24. Calculate 𝑅𝐺2𝑈
(𝑖)

 according to (12). 

25. end while 

26. 𝒘𝑟
⋆ = 𝒘𝑟

(𝑖)
, 𝒘𝑡𝑘

⋆ = 𝒘𝑡𝑘
(𝑖)

, 𝒘𝐺
⋆ = 𝒘𝐺

(𝑖)
, 𝑃𝐺

⋆ = 𝑃𝐺
(𝑖)

, and 𝑃𝑉𝑘
⋆ = 𝑃𝑉𝑘

(𝑖)
 

27. return 𝑥⋆, 𝑦⋆, ℎ⋆, 𝒘𝐺
⋆ , 𝒘𝑟

⋆ , 𝒘𝑡𝑘
⋆ , 𝑃𝐺

⋆, 𝑃𝑉𝑘
⋆  

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 

𝜖𝑟 The threshold value for convergence 0.05 bps/Hz 

𝜅 Step size parameter to reduce suppression factor 10 

𝜎𝑉
2 and 𝜎𝑈𝑘

2  The noise power at UAV and UEk 110 dBm 

𝜒𝐿𝑖𝑛𝑘
𝐿𝑂𝑆  Random variable for LOS path 1 

𝜒𝐿𝑖𝑛𝑘
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 

ℎ𝑚𝑖𝑛 The minimum altitude of the UAV 100 m 

ℎ𝑚𝑎𝑥 The maximum altitude of the UAV 300 m 

𝑖 Iteration 10 

𝐿 Number of NLOS components 4 

𝑀𝜏 × 𝑁𝜏 Antenna array size 4 × 4 

𝑃𝐺 and 𝑃𝑉 The maximum transmits power of Gateway and UAV 20 dBm 

𝑃𝑉𝑘 The UAV transmits power to the 𝑘𝑡ℎ UE (initialization) 𝑃𝑉 𝐾⁄  

𝑟𝑚,𝑛 The distance between the 𝑚𝑡ℎ transmitter array element and the 𝑛𝑡ℎ receiver array element 10λ 

𝑆 Gateway coordinate (0,0,0) 

𝑥 and 𝑦 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 

𝑉𝑜(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. 

 

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 (PV) is maintained close to its maximum 

permissible value. Figure 5 illustrates the convergence behavior of the optimal power allocation at both the gateway (𝑃𝐺
⋆) 

and the UAV (𝑃𝑉
⋆) across multiple iterations of the optimization algorithm. Initially, both 𝑃𝐺

⋆ and 𝑃𝑉
⋆ 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, 𝑃𝑉
⋆ 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 𝑃𝐺 . Meanwhile, 𝑃𝑉 is 

maintained close to its maximum permissible value. Figure 5 shows the optimal power allocation on the gateway (𝑃𝐺
⋆) 

and UAV (𝑃𝑉
⋆). 

 

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. 

 

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 (PV) 

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 

SI 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 (PV), which 

behaves differently. Instead of being reduced, PV 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. 

 

(a) 

 
(b) 

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 SI, 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 

Link 

Non-Convex 

Handling 

Position 

Optimization 

Beamforming 

Optimization 

Power 

Optimization 
Outcome 

Yang et al. [20] 
Joint optimization of UAV 

altitude, beamwidth, 

location, power 
Uplink Not explicitly addressed ✔️ ✖️ ✔️ 

Minimize total uplink power 

with QoS constraints 

Niu et al. [25] 
Joint 3D position, power, 

bandwidth 
Downlink 

Considered statistical 

QoS 
✔️ ✖️ ✔️ Maximize effective capacity 

Xu et al. [26] 
Location, transmit power, 

bandwidth allocation 
Uplink & Downlink Not explicitly addressed ✔️ ✖️ ✔️ Minimize transmission delay 

Abbasi & 

Yanikomeroglu [29] 

Optimization for max-min 

SINR 
Uplink & Downlink Partial ✔️ ✖️ ✔️ Maximize user SINR 

Zhu et al. [34] 
FD UAV system with 

beamforming and 

positioning 
Uplink & Downlink Partial, single-user ✔️ ✔️ ✔️ 

Achievable rate maximized 

(single-user) 

Present Study 

Joint optimization using 

first-order approximation 

and iterative decomposition 

into subproblems 

Uplink (Backhaul) + 

Downlink (Access) 

in mmWave FD 

UAV 

Explicitly addressed via 

first-order approximation 

and subproblem 

decomposition 

✔️ 

✔️ 

(Hybrid 

beamforming) 

✔️ 

Significantly improved 

achievable rate in multi-user 

FD UAV relay system; 

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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