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Abstract: In this article, we propose a cell-free network architecture for an unmanned aerial
vehicle (UAV) base station (BS), i.e., UBS, incorporating high-altitude platform stations
(HAPSs) as central processing units (CPUs). The goal is to guarantee the quality of service
(QoS) of user equipment (UE), reduce energy consumption, extend communication time,
and facilitate rescue operations. The millimeter-wave (mmWave) frequency band is de-
ployed in access and backhaul links to satisfy UE QoS requirements and high backhaul
demands. The proposed framework jointly optimizes user association, backhaul band-
width allocation, and power allocation to maximize energy efficiency while meeting QoS
requirements. The optimization problem, modeled as non-convex mixed-integer nonlinear
fractional programming, is solved through a three-stage iterative algorithm. This includes
(1) optimizing power allocation based on Dinkelbach transformation and a successive
convex approximation (SCA) method, (2) clustering UBSs using the Lagrangian method,
and (3) deriving a closed-form bandwidth allocation factor. The proposed algorithm signif-
icantly outperforms many traditional algorithms in performance while maintaining low
computational complexity.

Keywords: unmanned aerial vehicle (UAV); millimeter-wave; high-altitude platform station
(HAPS); central processing unit (CPU)

1. Introduction
Unmanned aerial vehicles (UAVs), acting as airborne base stations (BSs), provide

communication services to ground user equipment (UE) [1–3]. Their high mobility, on-
demand deployment, and ability to establish direct line-of-sight (LoS) links with UEs make
them a focus of interest in existing networks and future sixth-generation (6G) systems [4].
During large-scale events, such as sporting competitions, communication congestion of-
ten occurs. Additionally, natural disasters, such as earthquakes, can severely damage
traditional terrestrial communication networks, resulting in service interruptions. These
disruptions significantly hinder the efficiency of post-disaster rescue and emergency re-
sponse efforts. In such situations, UAV BSs (UBSs) can be rapidly deployed to address
communication congestion, cover affected areas, and ensure stable communication ser-
vices [5,6].
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To better meet the quality-of-service (QoS) requirements of ground UEs, millimeter-
wave (mmWave) frequency bands are widely used to enhance communication rates [7,8].
However, densely deployed mmWave UBSs may experience severe beam interference.
To mitigate this interference, a cell-free architecture has been proposed, which can convert
interference signals into useful signals, thereby improving system throughput [9]. Nev-
ertheless, the cell-free architecture also faces several challenges, particularly unavoidable
beam interference [10] and backhaul load issues. To address the backhaul load problem,
we introduce an integrated access and backhaul (IAB) architecture [11,12]. In traditional
cell-free architectures, the backhaul link between the central processing unit (CPU) and
BSs is typically transmitted via an optical fiber. However, due to the predominance of
line-of-sight (LoS) transmission paths and the impracticality of fiber optics in airborne
environments, using a wireless backhaul link is more suitable. Therefore, we employ a
high-altitude platform station (HAPS) [13] as the CPU, with UBSs serving as multiple APs.

HAPS has been extensively studied in wireless networks and is typically deployed at
an altitude of 20 km in the stratosphere, covering a radius of 50–500 km [14]. It can directly
serve ground UEs through access links or act as a super macro base station, providing
stable LoS paths for access points via backhaul links [15]. In a cell-free architecture, the CPU
and small base stations are connected via wireless backhaul links. In disaster-stricken or
densely populated areas, meeting QoS requirements becomes critical, leading to a surge
in backhaul capacity demands. Although mmWave frequencies can be used to enhance
backhaul capacity, their limitations remain. Additionally, to extend the operational time of
UAVs in rescue missions, power consumption must be reduced while maintaining QoS for
UEs, improving energy efficiency [16].

Our proposed architecture integrates UAVs, HAPS, and mmWave bands to address
these challenges and offers distinct advantages over competing technologies. First, UAVs
deployed as UBSs can rapidly establish direct LoS links with ground UEs, ensuring commu-
nication services in disaster-affected areas where terrestrial networks are damaged. Second,
the use of mmWave frequencies enhances communication rates, providing high-quality
services for ground UEs. Third, introducing HAPS as the CPU and employing wireless
backhaul links eliminates the limitations of fiber optics in airborne environments. This
ensures stable LoS paths for UBSs. Finally, the proposed energy-efficient scheme for user as-
sociation, backhaul bandwidth allocation, and power allocation improves energy efficiency
and reduces inter-beam interference, significantly enhancing network performance. In the
mmWave UAV network scenario with a user-centric cell-free network architecture, the prob-
lem is initially modeled as an optimization problem aimed at maximizing energy efficiency
while meeting UE QoS rate requirements. Due to its non-convex nature, the optimization
problem is decomposed into three independent subproblems. Corresponding algorithms
are developed to address each subproblem separately. These subproblems are then solved
through alternating optimization until convergence is achieved. The proposed scheme
effectively mitigates mmWave inter-beam interference, satisfies UE QoS rate requirements,
and improves energy efficiency. The main contributions are summarized as follows:

• A joint user association, backhaul bandwidth allocation, and power allocation frame-
work for maximizing energy efficiency based on a cell-free architecture is proposed in
mmWave UAV networks. The problem of maximizing energy efficiency is formulated
as a joint optimization problem, while considering UE QoS rate requirements. This
involves optimizing user association, backhaul bandwidth allocation, and power
allocation. The approach improves UE QoS by clustering multiple mmWave UBSs,
optimizing the backhaul bandwidth allocation factor to allocate bandwidth between
the access and backhaul links, and refining power allocation to efficiently serve UEs.
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• The joint optimization problem is a non-convex mixed-integer nonlinear fractional
programming problem. The problem is decoupled into three independent subprob-
lems: user association, backhaul bandwidth allocation, and power allocation. These
subproblems are solved through alternating optimization iterations. The proposed al-
gorithm is characterized by low computational complexity and is scalable to large-scale
ultra-dense mmWave UAV networks.

• A three-stage iterative optimization algorithm is proposed. The first stage employs
successive convex approximation (SCA) to establish a lower bound for the concave
function and a upper bound for the convex function, facilitating Dinkelbach transfor-
mation and power convex approximation optimization. In the second stage, to deter-
mine the optimal mmWave UBS clustering scheme, we introduce a user association
strategy based on energy efficiency maximization. The problem is transformed into
a convex form by relaxing the integer variables into continuous ones, allowing an
approximate solution using the Lagrangian method. In the third stage, we derive a
closed-form expression for the optimal bandwidth allocation factor.

• The system was simulated with various network parameters to verify the proposed
algorithm’s effectiveness and its ability to converge quickly to a stable solution.
This study also examined the effects of mmWave UBS density, cooperative UBS cluster
size, and UE QoS rate requirements on network performance. The results indicate
that the proposed algorithm achieves performance close to that of the global search
algorithm in terms of improving system energy efficiency and meeting UE QoS rate
requirements. Additionally, it significantly outperforms many other algorithms while
maintaining much lower complexity.

The remainder of this paper is structured as follows: Section 2 reviews the related
works. Section 3 presents the cell-free mmWave UAV system model and formulates the
optimization problem. Section 4 details the proposed optimization scheme for joint user
association, bandwidth allocation, and power allocation, along with its implementation.
Section 5 provides numerical results and discussion. Finally, Section 6 concludes the paper.

2. Related Works
In user-centric cell-free networks, user association schemes can assist UEs in select-

ing better coordinated BS clusters to provide enhanced communication services [17–19].
However, these studies either do not consider mmWave frequencies [20,21] or assume
that all backhaul links between UAVs and the CPU are ideal, neglecting the limitations of
backhaul capacity. References [22,23] proposed a cell-free architecture for UBSs to address
the severe inter-cell interference between ground UEs and adjacent UBSs. They utilized the
sub-terahertz frequency band to mitigate backhaul link constraints. However, they do not
consider ensuring UE QoS.

Furthermore, resource allocation plays a critical role in cell-free wireless net-
works [24,25]. Due to the scarcity of spectrum resources and power limitations, the al-
location of bandwidth and power for both access and backhaul links directly impacts
UE QoS satisfaction and system energy efficiency [26–28]. Energy efficiency is a critical
performance metric in communication systems, where it plays a pivotal role in optimizing
network throughput and reducing power consumption [29,30]. However, these studies
do not take into account the cell-free network architecture. Reference [31] proposed a
QoS configuration system architecture based on mmWave user-centric cell-free massive
multiple-input multiple-output (m-MIMO) and finite blocklength coding, hybrid automatic
repeat request with incremental redundancy (FBC-HARQ-IR) for 6G wireless networks,
focusing on statistical latency and error rate bounds. UE QoS satisfaction is also a perfor-
mance metric that cannot be overlooked in resource allocation for cell-free networks [32,33].
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The joint power and user grouping problem under QoS constraints was formulated, aiming
at minimizing the total transmit power. A generalized benders decomposition-based algo-
rithm was proposed, where the primal problem and master problem are solved iteratively
to approach the optimal solution [34]. Nonetheless, they fail to consider the bandwidth
resource allocation between the backhaul and access links.

Thus, these studies either fail to reduce system energy consumption while ensuring UE
QoS or do not utilize cell-free architectures to mitigate inter-beam interference in mmWave
networks. Research addressing UE QoS and energy consumption issues under backhaul
link constraints in cell-free mmWave networks is relatively scarce. Most existing studies
operate under the assumption of sufficient system bandwidth and guaranteed UE QoS.
However, it becomes challenging to meet the QoS requirements of all UEs in scenarios
where bandwidth is limited and the number of UEs is large. Therefore, we propose a
joint scheme in this user-centric mmWave UAV network for user association, backhaul
bandwidth allocation, and power distribution based on energy efficiency maximization to
ensure that as many UEs as possible meet their QoS requirements.

3. System Model and Problem Formulation
3.1. System Model

The system model is shown in Figure 1; we consider a downlink cell-free mmWave
UAV network scenario, which comprises one HAPS and N mmWave UBSs. The HAPS is
used as a CPU, which is indexed by 0. We conceptualize the HAPS as a super macro base
station (SMBS). This is referred to as HAPS-SMBS. It is equipped with massive multiple-
input multiple-output (m-MIMO) technology and is designed to provide connectivity
across a wide range of applications [35]. The sets of N mmWave UBSs and K UEs are
denoted by N = {1, .., N} and K = {1, .., K}, respectively. In cell-free mmWave networks,
UBSs are divided into multiple cell-free cooperative clusters to serve UEs. UEs can be
simultaneously associated with multiple mmWave UBSs for data transmission. There is an
overlap between the cell-free cooperative UBS clusters, meaning that a single mmWave UBS
may belong to multiple clusters. The link between UBSs and the HAPS-SMBS is referred to
as the backhaul link, while the link between UEs and UBSs is known as the access link [11].
It is assumed that all backhaul and access links operate in the mmWave frequency band.

3.2. mmWave Signal Propagation Model

(1) Blockage model: The HAPS system is deployed at an altitude exceeding 20 km,
whereas the UBS is positioned at a relatively lower altitude of 120 m [14]. This configuration
primarily results in the formation of a active line-of-sight (LoS) propagation path between
the HAPS and the UBS. In contrast, communications between UBS and ground UEs can be
obstructed by obstacles such as buildings and trees. mmWave signals are highly susceptible
to the impact of physical blockages.

The path loss characteristics between LoS and non-line-of-sight (NLoS) paths are
significantly different [9,36]. The probability of each LoS path can be expressed as
PLoS(d) = exp(−d/ρ), where d is the three-dimensional distance between the transmitter
and the receiver, and ρ is a LoS range constant. The antenna gain is calculated using the
sector antenna model [37], which assumes a constant antenna gain for all angles in both the
main and side lobes.
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Figure 1. An IAB architecture for a cell-free mmWave UAV network for post-disaster rescue operations.

(2) mmWave beam model: Beamforming-based directional communication [37] is
employed to calculate beam gain, where the beam gain in a sidelobe is a small constant
0 <ε ≪ 1. The antenna symbols are defined as shown in Table 1. Therefore, the directional
beam transmission gain from mmWave UBS n to UE k can be expressed as

gt
nk
(
θt

n, φt
nk, ζt

nk
)
=

 ε, if θt
n
2 <

∣∣φt
nk − ζt

nk

∣∣ < 2π − θt
n
2 ,

2π−(2π−θt
n)ε

θt
n

, otherwise.
(1)

The directional beam reception gain of UE k from mmWave UBS n can be written as

gr
kn(θ

r
k, φr

kn, ζr
kn) =

 ε, if θr
k

2 <
∣∣φr

kn − ζr
kn

∣∣ < 2π − θr
k

2 ,
2π−(2π−θr

k)ε

θr
k

, otherwise.
(2)

Therefore, the effective beam gain from mmWave UBS n to UE k is defined as Gn,k, and
is given by Gn,k = gt

nkgr
kn, ∀k ∈ K, n ∈ N . Similarly, the effective beam gain from mmWave

HAPS-SMBS 0 to mmWave UBS n, denoted as G0,n, can also be derived using this method.
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Table 1. The definition of antenna symbols.

Symbol Definition

θt
n The beamwidth of mmWave UBS n.

θr
k The beamwidth of UE k.

φt
nk The LoS angle for mmWave UBS n to UE k.

φr
kn The LoS angle for UE k to mmWave UBS n.

ζt
nk The geographic position angle from mmWave UBS n to UE k.

ζr
nk The geographic position angle for UE k to mmWave UBS n.

3.3. System Throughput Model

Let matrix X denote the user association indicator matrix, where the elements xk,n ∈
{0, 1}, ∀k ∈ K, and n ∈ N , which can be given by

xk,n =

{
1, if UE k associated UBS n,
0, if UE k not associated UBS n.

(3)

Let Ck(Ck ⊆ N ) denote the mmWave cooperative UBS cluster of UE k, which consists
of mmWave UBSs satisfying xk,n = 1.

Define matrix P as the power allocation matrix, where the elements pn,k, ∀k ∈ K, n ∈ N .
pn,k is the power allocated to UE k by mmWave UBS n. mmWave direct beams can improve
the link quality, but also introduce significant interference.

Therefore, the downlink signal-to-interference-plus-noise ratio (SINR) of UE k from
the mmWave cooperative UBS cluster Ck can be expressed as

Γk =

∣∣∣∣∣ ∑
n∈Ck

√pn,kGn,khn,k

∣∣∣∣∣
2

Ico
k + σ2 (4)

where Ico
k denotes the inter-UBS cluster interference of UE k [38], σ2 denotes additive white

Gaussian noise (AWGN) of an access link, and hn,k denotes the channel gain between
mmWave UBS n and UE k, which incorporates large-scale fading, small-scale fading,
and the probability of LoS and NLoS conditions.

Ico
k = ∑

k′∈K\k

∣∣∣∣∣∣ ∑
n′∈N\Ck

√
pn′ ,k′Gn′ ,khn′ ,k

∣∣∣∣∣∣
2

(5)

The downlink SINR of UE k from mmWave UBS n can be written as

Γn,k =
pn,kGn,khn,k

Inco
n,k + σ2 (6)

The inter-UBS interference of UE k is denoted by

Inco
n,k = ∑

k′∈K\k

∣∣∣∣∣∣ ∑
n′∈N\n

√
pn′ ,k′Gn′ ,khn′ ,k

∣∣∣∣∣∣
2

(7)

To fully exploit the directionality of mmWave communications, it is assumed that the
entire access link bandwidth is multiplexed among all mmWave UBSs and UEs. Let B
represent the total available bandwidth, and let β denote the backhaul bandwidth allocation
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factor, which indicates the proportion of the total bandwidth allocated to a backhaul link,
where 0 ⩽ β ⩽ 1 [39]. Consequently, according to Shannon’s formula, the access link rate
for UE k from the mmWave UBS cluster Ck and the access link rate for UE k from mmWave
UBS n are respectively expressed as follows:

Rk = (1 − β)Blog2(1 + Γk) (8)

Rn,k = (1 − β)Blog2(1 + Γn,k) (9)

The sum rate of the cell-free access link is

Rsum = ∑
k∈K

Rk (10)

The backhaul link rate from HAPS-SMBS 0 to UBS n is given by

R0,n = βBlog2

(
1 + p0,nG0,nh0,n

σ2
1

)
(11)

where h0,n denotes the channel gain between HAPS-SMBS 0 and UBS n, and p0,n represents
the transmission power allocated to UBS n by HAPS-SMBS 0. σ2

1 is the AWGN power of a
backhaul link. For simplicity, we assume σ2

1 = σ2 [40,41].

3.4. System Energy Modeling

To accurately characterize the energy consumption in a cell-free mmWave network,
both the power consumed by the access link and the backhaul link are considered. In both
links, energy consumption is divided into two components: transmission power con-
sumption and circuit intrinsic power consumption. The former refers to the dynamic total
transmitted power, while the latter corresponds to the static inherent circuit power. The total
energy consumption of the backhaul link in the mmWave network can be expressed as

PM
sum = ∑

n∈N
(ϕp0,n + ω0,n) (12)

where ϕ represents the reciprocal of HAPS-SMBS power amplifier efficiency. ω0,n denotes
the unit circuit fixed power consumption of the backhaul link between HAPS-SMBS 0 and
UBS n, including the power consumption of components such as transmission filter, mixer,
frequency synthesizer, and digital-to-analog converter.

The total energy consumption of the access link in a cell-free mmWave network can be
expressed as

PS
sum = ∑

n∈N
∑

k∈K
xk,n(ξn pn,k + ϑn,k) (13)

where ξn represents the reciprocal of the power amplifier efficiency of mmWave UBS n, and
ϑn,k denotes the unit circuit fixed power consumption of the access link between mmWave
UBS n and UE k.

Therefore, the total system power consumption is the sum of the power consumption
of a backhaul link and an access link, which can be expressed as

Psum = PM
sum + PS

sum (14)

3.5. Problem Formulation

The joint optimization of energy-efficient cell-free user association, backhaul band-
width allocation, and power allocation in networks is investigated, with energy efficiency
as the performance criterion. The objective is to achieve an optimal balance between system
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throughput and the increase in power consumption. Energy efficiency is defined as the
ratio of system throughput to power consumption and is expressed as

ηEE = Rsum
Psum

(15)

NOTE 1: Here, we define energy efficiency as the ratio of system throughput to total
energy consumption [40,41]. However, another promising performance metric is the sum
of individual ratios of UE’s rate to UE’s energy consumption. This metric holds significant
potential and will be explored further in our future research endeavors [42].

The objective of the joint cell-free user association and power allocation optimization
problem is to maximize energy efficiency while satisfying the UE QoS rate requirements.
Therefore, this optimization problem can be formulated as

P0 : max
X,β,P

ηEE =
Rsum

Psum
(16a)

s.t. 0 ≤ ∑
k∈K

xk,n ≤ Kmax, ∀n ∈ N (16b)

0 ≤ ∑
n∈N

xk,n ≤ Nmax, ∀k ∈ K (16c)

pn,k ≥ 0, ∑
k∈K

pn,k ≤ pmax
n , ∀k ∈ K, n ∈ N (16d)

Rk ≥ Rk,min, ∀k ∈ K (16e)

∑
k∈K

Rn,k ⩽ R0,n, ∀n ∈ N (16f)

0 ⩽ β ⩽ 1 (16g)

xk,n ∈ {0, 1}, ∀k ∈ K, n ∈ N (16h)

where (16b) and (16c) are the quotas for mmWave UBSs and UEs, respectively, ensuring
that each mmWave UBS n serves at most Kmax UEs simultaneously and each UE k associates
with a maximum of Nmax mmWave UBSs concurrently. The power constraint for each
mmWave UBS is given by (16d). (16e) guarantees the QoS rate requirement for each UE.
(16f) guarantees that the backhaul occupancy of each mmWave UBS cannot exceed its
backhaul capacity constraint. Finally, (16g) indicates the range of values for the backhaul
bandwidth allocation factor.

3.6. Dinkelbach Transformation

The Dinkelbach transformation method is a potent tool for addressing fractional pro-
gramming problems, with its application predicated on the conditions that the numerator of
the objective function is concave, the denominator is convex, and all constraint conditions
must be convex [42–44].

Theorem 1. The optimization problem P∗0 achieves the maximum value η∗ = max
Y

F(Y)
G(Y) if and

only if the following conditions are satisfied [42–44]:

max
Y

F(Y)− η∗G(Y) = F(Y∗)− η∗G(Y∗) = 0 (17)

where F(Y) is a concave function, G(Y) is a convex function, and Y is the convex set. Y∗

denotes the optimal values of the variables at this maximum value of the optimization
problem P∗0.

The optimization problem P0 is inherently a non-convex mixed-integer nonlinear
optimization problem, characterized by the presence of 0–1 integer variables xk,n and the
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non-convex function Rk dependent on the continuous variable pk,n. These features render
the problem difficult to solve directly. To address this challenge, the optimization problem
is decoupled into three subproblems: user association, backhaul bandwidth allocation,
and power allocation. Each subproblem is tackled independently through an iterative
approach, with the overall solution obtained by alternating iterations. At the end of each
iteration, P0 can be transformed into a convex optimization problem. The system model is
shown in Figure 2. The detailed procedure is presented in the following sections.

Deriving a closed-form 

bandwidth allocation 

factor

Backhaul 

Bandwidth 

Allocation

Clustering UBSs using 

the Lagrangian method

User 

Association

Optimizing power allocation 

based on Dinkelbach

transformation and SCA

Power

Allocation

Figure 2. Flowchart of the proposed algorithm.

4. Proposed Joint Scheme for User Association, Backhaul Bandwidth
Allocation Factor, and Power Allocation

To solve the joint optimization problem P0, an iterative scheme is proposed that focuses
on user association, backhaul bandwidth allocation, and power allocation. The problem P0
is decomposed into three distinct subproblems: power allocation subproblem subproblem
P1.1, user association subproblem P1.2, and backhaul bandwidth allocation factor subprob-
lem P1.3, each of which is solved independently. Specifically, the cell-free mmWave network
energy efficiency is iteratively updated based on the obtained user-centered overlapping
clusters until convergence is achieved.

Given the user association X and the backhaul bandwidth allocation factor β, the op-
timization problem P0 is transformed into a power allocation problem P1.1, as follows:

P1.1 : max
P

ηEE =
Rsum

Psum
(18a)

s.t. pn,k ≥ 0, ∑
k∈K

pn,k ≤ pmax
n , ∀k ∈ K, n ∈ N (18b)

Rk ≥ Rk,min, ∀k ∈ K (18c)

∑
k∈K

Rn,k ⩽ R0,n, ∀n ∈ N (18d)

Given a fixed power allocation P and a backhaul bandwidth allocation factor β,
the optimization problem P0 is transformed into a user association problem P1.2, as follows:
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P1.2 : max
X

ηEE =
Rsum

Psum
(19a)

s.t. 0 ≤ ∑
k∈K

xk,n ≤ Kmax, ∀n ∈ N (19b)

0 ≤ ∑
n∈N

xk,n ≤ Nmax, ∀k ∈ K (19c)

Rk ≥ Rk,min, ∀k ∈ K (19d)

∑
k∈K

Rn,k ⩽ R0,n, ∀n ∈ N (19e)

xk,n ∈ {0, 1}, ∀k ∈ K, n ∈ N (19f)

Given the user association X and the fixed power allocation P, the optimization
problem P0 is transformed into a backhaul bandwidth allocation problem P1.3, as follows:

P1.3 : max
β

ηEE =
Rsum

Psum
(20a)

s.t. Rk ≥ Rk,min, ∀k ∈ K (20b)

∑
k∈K

Rn,k ⩽ R0,n, ∀n ∈ N (20c)

0 ⩽ β ⩽ 1 (20d)

4.1. Power Allocation Based on Successive Convex Approximation

Given the user association matrix X and the backhaul bandwidth allocation factor β,
the original optimization problem P0 is transformed into a power allocation subproblem
P1.1. The convexity of the power constraint (18b) is straightforward to verify. Since the
objective function (18a), constraints (18c), and (18d) are non-convex, the optimization
problem P1.1 is still non-convex. To solve the non-convex problem P1.1, the Dinkelbach
transformation method and successive convex approximation (SCA) method are used to
transform it into a series of convex subproblems. Specifically, the access link rate from the
mmWave UBS cluster Ck to UE k, as well as from the mmWave UBS n to UE k, is relaxed
and reformulated into convex functions. The access link rate from the mmWave UBS cluster
Ck to UE k can be rewritten as

Rk = fk(P)− gk(P) (21)

The access link rate from mmWave UBS n to UE k can be rewritten as

Rn,k = fn,k(P)− gn,k(P) (22)

where

fk(P) = (1 − β)Blog2

∣∣∣∣∣ ∑
n∈Ck

√pn,kGn,khn,k

∣∣∣∣∣
2

+ Ico
k + σ2

 (23)

gk(P) = (1 − β)Blog2

(
Ico
n,k + σ2

)
(24)

fn,k(P) = (1 − β)Blog2

(
pn,kGn,khn,k + Inco

n,k + σ2
)

(25)

gn,k(P) = (1 − β)Blog2

(
Inco
n,k + σ2

)
(26)

It can be readily demonstrated that fk(P), gk(P), fn,k(P), and gn,k(P) are concave
functions. Consequently, both Rk(P) and Rn,k(P) are the difference of concave functions.
The optimization problem P1.1 represents a typical differential convex programming
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problem. Utilizing the first-order Taylor approximation, the following relaxed upper
bounds for gk(P) and fn,k(P) can be derived:

gk(P) ⩽ gk

(
Pl
)
+∇gk

(
Pl
)T(

P − Pl
)

(27)

fn,k(P) ⩽ fn,k

(
Pl
)
+∇ fn,k

(
Pl
)T(

P − Pl
)

(28)

where ∇ denotes the gradient operation. Each element of ∇gk

(
Pl
)

and ∇ fn,k

(
Pl
)

can be
divided into

∂(gk(Pl))
∂pn,k

=


(1−β)B

ln 2(Ico
k +σ2)

∂Ico
k

∂pn,k
if k = k′,

0, if k ̸= k′.
(29)

∂( fn,k(Pl))
∂pn,k

=


(1−β)B

ln 2
(

pn,kGn,khn,k+Inco
n,k +σ2

) , if k = k′,

(1−β)BGn,khn,k

ln 2
(

pn,kGn,khn,k+Inco
n,k +σ2

) ∂Inco
n,k

∂pn,k
, if k ̸= k′.

(30)

Let Lk(P) denote the lower bound of the UE rate Rk, and Un,k(P) denote the upper
bound of the UE rate Rn,k, respectively; then,

Lk(P) = fk(P)− gn

(
Pl
)
−∇gn

(
Pl
)T(

P − Pl
)

(31)

Un,k(P) = fn,k

(
Pl
)
+∇ fn,k

(
Pl
)T(

P − Pl
)
− gn,k(P) (32)

The upper and lower bounds are attained if and only if P = Pl . Incorporating Lk(P)
and Un,k(P) into the optimization problem P1.1, the problem P1.1 can be reformulated as

P2.1 : max
P

ηEE =

∑
k∈K

Lk(P)

Psum(P)
(33a)

s.t. pn,k ≥ 0, ∑
k∈K

pn,k ≤ pmax
n , ∀n ∈ N , k ∈ K (33b)

Lk(P) ≥ Rk,min, ∀k ∈ K (33c)

∑
k∈K

Un,k(P) ≤ R0,n, ∀n ∈ N (33d)

It is evident that the optimization problem P2.1 falls into the category of typical frac-
tional programming, characterized by a concave numerator, which stems from the concavity
of the function Lk(P), retaining its concavity when summed, whereas the denominator is
convex. Additionally, Un,k(P) is convex with respect to the continuous variable P, thereby
ensuring that the feasible solution set defined by the constraints (33b), (33c), and (33d) is
convex. Consequently, according to Theorem 1, the Dinkelbach transformation method can
be employed to convert it into a more tractable form.
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P2.2 : max
P

∑
k∈K

Lk(P)− ηEEPsum(P) (34a)

s.t. pn,k ≥ 0, ∑
k∈K

pn,k ≤ pmax
n , ∀n ∈ N , k ∈ K (34b)

Lk(P) ≥ Rk,min, ∀k ∈ K (34c)

∑
k∈K

Un,k(P) ≤ R0,n, ∀n ∈ N (34d)

It is evident that the optimization problem P2.2 is a convex optimization problem.
The reason is that the objective function (34a) is concave with respect to the continuous
variable P. Additionally, the feasible solution set defined by the constraints (34b), (34c),
and (34d) is convex. The optimization problem P2.2 can be efficiently solved using the
interior point method [45,46], and the detailed procedure is outlined in Algorithm 1.

Algorithm 1 Power Allocation Algorithm Based on Dinkelbach Transformation and SCA
Method

1: Initialization: Minimum convergence threshold δ, maximum number of iterations τmax,
number of iterations l = 0.

2: Dinkelbach transformation method
3: repeat
4: Given ηEE, solve the optimization problem P2.2 using the interior point method to

obtain P∗;
5: Update Pl+1 = P∗;
6: Update l = l + 1.
7: until

∣∣∣Pl+1 − Pl
∣∣∣ < δ or l = lmax.

8: Output: The optimal power allocation P.

4.2. User Association Based on Energy Efficiency Maximization in Cell-Free mmWave
UAV Network

Given a fixed power allocation P and a backhaul bandwidth allocation factor β,
the optimization problem P0 is transformed into a user association problem P1.2. This
subproblem addresses the formation of UBS clusters in a cell-free mmWave network.
This goal is pursued by simultaneously increasing the UE rate and minimizing power
consumption. In practice, prior to the formation of cell-free clusters, it is not feasible
to precisely compute the rate that UE k obtains from a cell-free cluster. However, we
can utilize the data rate from the cellular network architecture to roughly estimate the
achievable data rate when UE k is associated with a single UBS. Therefore, rn,k = xk,nR′

n,k is
employed as an approximation for the rate of UE k, where R′

n,k = (1 − β)B log(1 + Γ′
n,k),

Γ′
n,k =

pn,kGn,khn,k
∑

k′∈K\k
∑

n′∈N\n
pn′ ,k′Gn′ ,khn′ ,k+σ2 .

From the perspective of the UEs, UEs naturally prefer mmWave UBSs that offer high
data rates and low power consumption. For each UE k, the utility derived from associating
with mmWave UBS n can be expressed as rn,k − xk,nηEE(ξn pn,k + ϑn,k). If xk,n = 1, then
rn,k = R′

n,k, denoting the rate achieved by UE k when associated with mmWave UBS n.
Conversely, if xk,n = 0, it indicates that UE k is not associated with mmWave UBS n,
resulting in rn,k = R′

n,k = 0. From the perspective of the mmWave UBS, the selection is
biased towards UEs that offer high data rates with low energy consumption. In the process
of user association, due to the difficulty in predicting the rate received by UE k from its cell-
free cooperative UBS cluster, we have decided to remove the original constraint (19d) and
instead utilize the decision condition outlined in Algorithm 2 to guide our decision making.
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Based on this principle, the user association optimization problem can be formulated
as follows:

P2.1 : max
X

∑
n∈N

∑
k∈K

(rn,k − xk,nηEE(ξn pn,k + ϑn,k)) (35a)

s.t. 0 ≤ ∑
k∈K

xk,n ≤ Kmax, ∀n ∈ N (35b)

0 ≤ ∑
n∈N

xk,n ≤ Nmax, ∀k ∈ K (35c)

∑
k∈K

rn,k ⩽ R0,n, ∀n ∈ N (35d)

xk,n ∈ {0, 1}, ∀k ∈ K, n ∈ N (35e)

Algorithm 2 User Association Algorithm Based on Energy Efficiency Maximization in
Cell-Free mmWave UAV Network

1: Input: Power allocation matrix P and backhaul bandwidth allocation factor β.
2: Initialization: The Lagrange multipliers λλλ, γγγ, θθθ are zero vectors.
3: for each UE k = 1, 2, .., K do
4: while ∑

n∈N
xk,n < Nmax and rk < Rk,min do

5: Calculate n∗ according to Equation (42);
6: Update xk,n using n∗ according to Equation (41).
7: for each mmWave UBS n = 1, 2, .., N do
8: if ∑

k∈K
xk,n ⩾ Kmax then

9:
∂L(X,λλλ,γγγ,θθθ)

∂xk+1,n
= 0.

10: end if
11: Set ∂L(X,λλλ,γγγ,θθθ)

∂xk,n∗
= 0, update ∂L(X,λλλ,γγγ,θθθ)

∂xk,n
.

12: repeat
13: Update λn, γk, θn according to Equations (43)–(45).
14: until Convergence.
15: end for
16: end while
17: end for
18: Output: The user association matrix X.

The problem P2.1 is a non-convex 0–1 integer programming problem. It poses sig-
nificant challenges due to its non-convex nature. To address this, the problem can be
approached using the relaxation method combined with the Lagrangian method. If the
binary variable xk,n is relaxed to a continuous variable such that 0 ⩽ xk,n ⩽ 1, the optimiza-
tion problem P2.1 is transformed into

P2.3 : max
X

∑
n∈N

∑
k∈K

xk,n

(
(1 − β)Blog2

(
1 + Γ′

n,k

)
− ηEE(ξn pn,k + ϑn,k)

)
(36a)

s.t. 0 ≤ ∑
k∈K

xk,n ≤ Kmax, ∀n ∈ N (36b)

0 ≤ ∑
n∈N

xk,n ≤ Nmax, ∀k ∈ K (36c)

∑
k∈K

xk,n(1 − β)Blog2

(
1 + Γ′

n,k

)
⩽ R0,n (36d)

0 ⩽ xk,n ⩽ 1, ∀n ∈ N , k ∈ K (36e)

Given a fixed power allocation and bandwidth allocation factor, any term independent
of xk,n is treated as a constant. The objective function of P2.3 in (36a) is a linear function
of xk,n, while the constraints in (36b)–(36e) evidently form a convex set with respect to
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xk,n. The convexity of P2.3 arises from the removal of the constraint (36e). Although this
operation seemingly expands the constraint set, we have incorporated an additional veri-
fication step in Algorithm 2 to check whether UE satisfies the QoS requirements, which
essentially re-introduces the effect of the constraint (19d). Consequently, we consider the
non-convexity issue of P2.3 to be resolved. Therefore, it can be demonstrated that the
optimization problem P2.3 is a convex optimization problem with respect to the continu-
ous variable xk,n. Subsequently, the derivation will show that the solution obtained after
relaxing the variables remains the optimal solution to the original problem P2.2. By em-
ploying Lagrangian pairwise decomposition, the Lagrangian function for the problem P2.3
is formulated as

L(X, λλλ, γγγ, θθθ) = ∑
n∈N

∑
k∈K

xk,n

(
(1 − β)Blog2

(
1 + Γ′

n,k

)
− ηEE(ξn pn,k + ϑn,k)

)
+ ∑

n∈N
λn

(
Kmax − ∑

k∈K
xk,n

)
+ ∑

k∈K
γk

(
Nmax − ∑

n∈N
xk,n

)
+ ∑

n∈N
θn

(
R0,n − ∑

k∈K
xk,n(1 − β)Blog2

(
1 + Γ′

n,k

)) (37)

where λλλ, γγγ, and θθθ are the dual variables associated with the constraints (36b), (36c), and
(36d) , respectively. The dual problem of P2.3 can be expressed as

P2.4: min
λλλ,γγγ,θθθ

d(X, λλλ, γγγ, θθθ) (38a)

s.t.λλλ ≥ 0, γγγ ≥ 0, θθθ ≥ 0 (38b)

where
d(λλλ, γγγ, θθθ) = max

X
L(X, λλλ, γγγ, θθθ) (39)

The first-order partial derivatives of L with respect to xk,n is

∂L(X,λλλ,γγγ,θθθ)
∂xk,n

= (1 − β)Blog2

(
1 + Γ′

n,k

)
− ηEE(ξn pn,k + ϑn,k)

−λn − γk − θn(1 − β)Blog2

(
1 + Γ′

n,k

) (40)

Define the elements of the user association matrix X in the subproblem P2.3 as those
that satisfy the following conditions:

xk,n =

{
1, if n = n∗,
0, if n ̸= n∗.

(41)

where

n∗ = arg max
n∈N

(1 − β)Blog2

(
1 + Γ′

n,k

)
− ηEE(ξn pn,k + ϑn,k)

−λn − γk − θn(1 − β)Blog2

(
1 + Γ′

n,k

)
 (42)

Equation (41) can be considered a judgment criterion for UEs to determine the optimal
mmWave UBS. Additionally, the Lagrange multipliers can be updated using the subgradient
method, which can be expressed as

λn(t + 1) =

[
λn(t)− δ1(t)

(
Kmax − ∑

k∈K
xk,n(t)

)]+
(43)

γk(t + 1) =

[
γk(t)− δ2(t)

(
Nmax − ∑

k∈K
xk,n(t)

)]+
(44)
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θn(t + 1) =

[
θn(t)− δ3(t)

(
R0,n − ∑

k∈K
xk,n(t)(1 − β)Blog2

(
1 + Γ′

n,k

))]+
(45)

where [a]+ = max{0, a}. δ1(t), δ2(t) and δ3(t) denote the step size. By updating the
Lagrangian multipliers, the dual problem becomes globally optimal when the multipliers
converge. Slater’s condition is a suitable constraint qualification for concave maximization
problems subject to convex constraints [42,45,47]. When Slater’s conditions are satisfied
and the primal problem is convex, a strong duality is established. It is evident, based on
the problem formulation, that the feasible region is proven to be a convex set. Furthermore,
the constraint function (36a) has been verified to be convex. More importantly, we can
readily identify a specific solution xk,n that is neither zero nor one, yet strictly satisfies all
the constraint conditions. Consequently, we can confidently assert that Slater’s condition
holds in the problem P2.3.

The user association algorithm based on cell-free and maximum energy efficiency
is summarized by Algorithm 2. As described in Algorithm 2, UEs sequentially select
their associated UBSs. Each UEk always chooses up to NMAX UBSs with the highest
utility function values for association. Provided that the selected UBSs can fulfill the
QoS requirements of UEk, the process then proceeds to associate the next UE with its
respective UBSs.

4.3. Backhaul Link Bandwidth Allocation Factor Optimization

After completing the mmWave UBS clustering, the user association matrix X = X∗ is
obtained. Subsequently, the backhaul bandwidth allocation factor β is determined. With the
fixed power allocation results and the established user association matrix, the optimization
problem P0 can be simplified as P1.3. The objective function of the optimization problem
P1.3 can be expressed as

max
β

ηEE =
∑

k∈K
(1−β)Blog2(1+Γk)

Psum
(46)

It is evident that the objective function of the optimization problem P1.3 is a monotone
decreasing function. Therefore, maximizing this function is equivalent to maximizing 1 − β.
The constraints for the optimization problem P1.3 are subsequently reformulated. From the
constraint (20b), the following can be derived:

β ⩽ 1 − Rk,min

Blog2

1+

∣∣∣∣∣∣ ∑
n∈Ck

√
pn,kGn,khn,k

∣∣∣∣∣∣
2

Ico
k +σ2

 (47)

Based on the constraint (20c), it is obtained that

β ⩾
∑

k∈K
log2

(
1+

pn,kGn,khn,k
Inco
n,k +σ2

)

log2

(
1+

p0,nG0,nh0,n
σ2

)
+ ∑

k∈K
log2

(
1+

pn,kGn,khn,k
Inco
n,k +σ2

) (48)

Therefore, a closed-form expression for the backhaul bandwidth allocation factor β

can be obtained.
β = max

n∈N
{Ψn} (49)
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Simultaneously, it needs to satisfy

β ⩽ Υn (50)

where

Ψn =
∑

k∈K
log2

(
1+

pn,kGn,khn,k
Inco
n,k +σ2

)

log2

(
1+

p0,nG0,nh0,n
σ2

)
+ ∑

k∈K
log2

(
1+

pn,kGn,khn,k
Inco
n,k +σ2

) (51)

Υn = 1 − Rk,min

Blog2

1+

∣∣∣∣∣∣ ∑
n∈Ck

√
pn,kGn,khn,k

∣∣∣∣∣∣
2

Ico
k +σ2

 (52)

The optimization process for the backhaul bandwidth allocation factor β is outlined
in Algorithm 3. In this process, each mmWave UBS n ∈ N computes the values of Ψn

and Υn per Equations (51) and (52). These values are subsequently communicated to the
HAPS-SMBS. The HAPS-SMBS then selects the maximum Ψn as the optimal bandwidth
allocation factor β. This selected β is broadcast to allocate bandwidth for the backhaul link
between the HAPS-SMBS and each UBS. Simultaneously, the factor 1 − β is broadcast to
manage bandwidth allocation for the access link between each UBS and UE.

Algorithm 3 Backhaul Bandwidth Factor β Optimization

1: for each mmWave UBS n = 1, 2, .., N do
2: Calculate Ψn and Υn according to Equations (51) and (52) and feed back to HAPS-

SMBS.
3: end for
4: Find β = max

n∈N
{Ψn} and satisfies β ⩽ Υn in HAPS-SMBS side;

5: Use β as the optimal backhaul bandwidth allocation factor;
6: Broadcast β to the backhaul link and 1 − β to the access link.
7: Output: The optimal backhaul bandwidth allocation factor β and ηEE = Rsum

Psum
.

4.4. Joint User Association, Backhaul Bandwidth, and Power Allocation Alternate Optimization
Based on Maximum Energy Efficiency

After providing solutions for each subproblem, the overall algorithm for solving the
optimization problem P0 is presented. Initially, the backhaul bandwidth allocation factor
and power allocation are initialized, with each HAPS-SMBS uniformly allocating transmis-
sion power to each UBS on the backhaul link. During each iteration, the process involves
sequential optimization of the three variables: user association, backhaul bandwidth alloca-
tion factor, and power allocation. Each variable is optimized in turn, while the other two
variables are held constant, as detailed in Algorithm 4.

In the τ iteration of Algorithm 4, given (Xτ , βτ), the power allocation optimization is
performed, and the power optimization matrix Pτ+1 is updated by executing Algorithm 1.
Next, given

(
βτ , Pτ+1), the mmWave UBS clustering is performed first by executing Al-

gorithm 2 to obtain the user association matrix Xτ+1. Finally, with
(
Xτ+1, Pτ+1) fixed,

Algorithm 3 is executed. Additionally, each mmWave UBS calculates Ψn and Υn according
to Equations (51) and Equations (52), respectively. These values are then fed back to the
HAPS-SMBS, which selects the maximal Ψn as the optimal bandwidth allocation factor
βτ+1. The HAPS-SMBS broadcasts βτ+1 for use in the bandwidth allocation of the backhaul
link between the HAPS-SMBS and each UBS, and broadcasts 1 − βτ+1 for the access link
bandwidth allocation between the UBS and UE. As the number of iterations increases,
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Rτ
sum − ητ

EEPτ
sum monotonically increases, and since an upper bound exists, the iterative

process of Algorithm 4 is guaranteed to eventually converge.

Algorithm 4 Joint User Association, Backhaul Bandwidth, and Power Allocation Alternate
Optimization Algorithm Based on Energy Efficiency Maximization

1: Input: UBS maximal number of associations Nmax, UBS maximal number of UEs
served Kmax, UE QoS requirement value Rk,min, maximal number of iterations τmax,
convergence threshold ϵ.

2: Initialization: Transmission power P0, backhaul bandwidth allocation factor β0 = 0.5,
and number of iterations τ = 0. The HAPS-SMBS distributes the transmission power
uniformly for each UBS. Each UE k establishes associations with the top Nmax UBSs that
are nearest in distance. Calculate R0

sum and P0
sum according to Equations (10) and (14).

And calculate η0
EE = R0

sum
P0

sum
.

3: while Rτ
sum − ητ

EEPτ
sum > ϵ && τ < τmax do

4: Given (Xτ , βτ), perform Algorithm 1 to update the power allocation matrix Pτ+1;
5: Given

(
βτ , Pτ+1), execute Algorithm 2 to update the user association matrix Xτ+1;

6: Given
(
Xτ+1, Pτ+1), perform Algorithm 3 to update the backhaul bandwidth alloca-

tion factor βτ+1 and ητ+1
EE = Rτ+1

sum
Pτ+1

sum
;

7: Update τ = τ + 1.
8: end while
9: Output: The optimal user association X∗, backhaul bandwidth allocation factor β∗, and

power allocation P∗.

4.5. Algorithm Complexity

The computational complexity of the proposed algorithm is evaluated as follows: Since
the formulated problem P0 is not convex, the only way to obtain the optimal solution is to
use the exhaustive algorithm (EA). For each iteration, UE and UBS need to compute their
respective utility functions and perform pairing based on these functions. On the UE side,
establishing associations with all potential pairing partners requires Nmax N computations.
Considering that there are a total of K UEs in the system, the computational complexity of
the entire process can be denoted as NmaxKN. Therefore, the computational complexity of
Algorithm 2 is O(NmaxKN) [41,42]. Consequently, the overall complexity of Algorithm 2 is
O(TuaNmaxKN), where Tua denotes the number of iterations within Algorithm 2. In com-
parison, the complexity of the EA increases exponentially with the number of UEs and
mmWave UBSs, highlighting the efficiency of Algorithm 2 in significantly reducing com-
putational complexity relative to the EA. The computational complexity in Algorithm 3
is negligible [40,41]. For power allocation optimization, Algorithm 1 employs the interior
point method, resulting in a computational complexity of O

(
TpaN3) based on the result

of [45,46], where Tpa represents the number of iterations in Algorithm 1. The total complex-
ity of Algorithm 4 is primarily dependent on the user association and power allocation
phases, which can be expressed as O

(
Toa
(
TuaNmaxKN + TpaN3)), with Toa representing

the number of iterations of Algorithm 4. When the numbers of UEs and UBSs increase,
the complexity of the EA increases exponentially, so the complexity of the EA is much
larger than the complexities of the proposed algorithms.

5. Numerical Results and Discussion
5.1. System Parameterization

The proposed algorithm is evaluated to provide simulation results for various energy-
efficient schemes in cell-free mmWave-based networks. Key simulation parameters and
settings are given based on [14,48–50], as shown in Table 2. A simulation is conducted
for an mmWave network with HAPS-SMBS coverage over a circular area with a radius of
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3000 m, where mmWave UBSs and UEs are randomly distributed within the simulation area.
The mmWave UBSs follow a homogeneous Poisson point process (PPP) distribution with
density λN , while UEs are uniformly distributed with density λK [51]. Based on the 3GPP
channel models [50,52], the data transmission suffers from both large-scale fading and small-
scale fading. The channel model in the mmWave network is assumed to adhere to Rician
fading, and the path loss model is represented by PL = 32.4 + 21log10(d)+20log10( fc),
where d denotes the three-dimensional distance between the UE and the mmWave UBS,
and fc is the center frequency. Unless otherwise specified, the key simulation parameters
are shown in Table 2.

Table 2. Simulation parameters.

Parameters Value

Bandwidth, B 2 GHz
Coverage radius 500 m

Carrier frequency, fc 28 GHz [49]
Transmit power, pmax

0 , pmax
n 50 dBm, 35 dBm

HAPS unit circuit power consumption, ω0,n 54 mW
UBS unit circuit power consumption, ϑn,k 20 mW

Noise spectral density, N0 −174 dBm/Hz
Shadow fading standard deviation 10 dB

The number of antennas equipped at each UBS 16 [53]
Beamwidth of UE k, θr

k 10◦

Beamwidth of mmWave UBS n, θt
n 10◦

UE density, λK 200/km2

UBS density, λN 100/km2

Sidelobe gain, ε 0.1
LoS range constant, ρ 150 m

Maximum number of service UEs, Kmax 16
Maximum number of associated mmWave UBSs, Nmax 3

Convergence threshold, δ, ε 10−4, 10−4

Maximum number of iterations, lmax, tmax, τmax 100, 100, 100
QoS requirement, Rk,min 100 Mbps

mmWave UBS height 120 m [14]
HAPS height 20 km [14]

5.2. Simulation Results and Analysis

To verify the effectiveness of the proposed algorithm (Algorithm 4), its performance is
compared with that of the EA, maximum SINR (MAX-SINR), optimal channel gain (OCG),
minimum distance algorithm (MDA), and random matching (RM). For a fair comparison,
the user association is optimized using these algorithms, while the remaining steps are
consistent with the proposed algorithm. For instance, the EA enumerates all possible
user association outcomes, executes Algorithm 4, and computes the energy efficiency
value. The association result with the highest energy efficiency value across the exhaustive
iterations is then selected as the optimal solution.

First, the convergence of the proposed algorithm is analyzed, using the EA as a
benchmark. Figure 3 presents a comparison of energy efficiency between the two algorithms
for mmWave UBS densities of 100/km2 and 200/km2. It is evident that the energy efficiency
of the proposed algorithm gradually approaches that of the EA as the number of iterations
increases, while also achieving faster convergence.
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Figure 3. Convergence of Algorithm 4.

Figure 4 illustrates the impact of an mmWave UBS beamwidth on energy efficiency.
As the beamwidth of the mmWave increases, the energy efficiency correspondingly de-
creases. This decline can be attributed to the fact that a wider beamwidth leads to greater
interference and a reduction in antenna gain. Beyond a specific threshold, the transmission
quality of the access link deteriorates. In such scenarios, mmWave UBSs are compelled to
establish more access links to satisfy the QoS rate requirements of UEs. Figure 4 clearly
demonstrates that, excluding the EA, the proposed algorithm consistently achieves the
highest energy efficiency, irrespective of the beamwidth variation. Specifically, when the
mmWave UBS beamwidth is θt

n = 10◦, the proposed algorithm exhibits a 16.36% gain in
energy efficiency compared with the maximum SINR algorithm. This gain increases to
19.06% when θt

n = 40◦.
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Figure 4. The energy efficiency varies with the beamwidth of the mmWave UBS.
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Figure 5 depicts the impact of the cell-free cooperative UBS cluster size on energy
efficiency under varying mmWave UBS and UE densities. The results indicate that as Nmax

increases, the energy efficiency of all algorithms initially rises to a peak before gradually
declining. This trend can be explained by the observation that, as the number of mmWave
UBSs associated with a UE increases, the cooperative gain obtained by the UE also increases,
thereby enhancing both system throughput and UE transmission rates more than the
system’s energy consumption. Consequently, system energy efficiency improves. However,
when Nmax continues to rise, the cooperative gain starts to diminish while system energy
consumption continues to grow, resulting in a reduction in overall system energy efficiency.
Considering factors such as signaling overhead, system energy consumption, and UE QoS
rate requirements, a default setting of Nmax = 3 is deemed optimal.
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Figure 5. The energy efficiency varies with the sizes of the cell-free cooperative UBS cluster.

Figures 6 and 7 depict the variation in energy efficiency across different UBS den-
sities and UE densities within the mmWave network. Specifically, Figure 6 presents the
energy efficiency variation with respect to the mmWave UBS density when the UE density
is 200/km2. The results indicate that the energy efficiency initially increases, reaching a
peak, and then gradually decreases. This trend can be attributed to the fact that, as the
mmWave UBS density increases, the number of UBSs available for user association also
increases, leading to continuous but diminishing growth in system throughput. When the
mmWave UBS density becomes sufficiently high, intra-cluster and inter-cluster interference
among the mmWave UBSs impedes further gains in throughput. At lower UBS densities,
the growth in system throughput surpasses the increase in system energy consumption,
resulting in improved energy efficiency. However, as the density of mmWave UBSs con-
tinues to rise, the incremental throughput gains are outpaced by the increased energy
consumption, causing a gradual decline in energy efficiency. The results indicate that the
proposed algorithm outperforms the maximum SINR algorithm, yielding a performance
gain of 22.06% at a UE density of 50/km2 and 8.85% at a UE density of 400/km2.
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Figure 6. The energy efficiency varies with the density of the mmWave UBSs.

Figure 7 illustrates the energy efficiency variation as a function of different UE den-
sities at a mmWave UBS density of 100/km2. The results indicate that system energy
efficiency consistently decreases as UE density increases. This can be attributed to the fact
that at lower UE densities, there are ample mmWave UBSs available to serve each UE,
resulting in a slower decline in energy efficiency as the number of UEs increases. However,
as UE density continues to grow, more mmWave UBSs must be associated to meet the UE
QoS rate requirements, leading to a significant increase in system energy consumption.
Consequently, energy efficiency declines at an accelerated rate. The proposed algorithm
demonstrates a performance gain of 18.01% over the maximum SINR algorithm at a UE
density of 50/km2 and 15.63% at a UE density of 400/km2.
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Figure 7. The energy efficiency varies with the density of the UEs.



Drones 2025, 9, 88 22 of 26

Figure 8 examines the energy efficiency performance as a function of the maximum
transmission power of the mmWave UBS. Comparisons are made against different bench-
marks under the same conditions. The scenarios considered include (i) an optimal backhaul
bandwidth allocation factor, where energy efficiency is maximized by optimizing relevant
variables, and (ii) a fixed bandwidth allocation factor β = 0.5, where the bandwidth is
equally distributed between the access link and wireless backhaul link. As shown in
Figure 8, energy efficiency initially increases with transmission power for all schemes. This
is because optimizing transmission power and bandwidth allocation enhances the received
data rate per UE. Consequently, system throughput improves faster than transmission
power consumption, leading to better energy efficiency. However, beyond a certain point,
further increases in transmission power cause a decrease in energy efficiency. This decline
occurs due to the trade-off between transmission data rate capability and power consump-
tion in energy-efficient power allocation.This observation underscores that continuously
increasing power is not a feasible approach to maximize energy efficiency. Moreover,
Figure 8 highlights that the proposed scheme, which optimizes the backhaul bandwidth al-
location factor β, achieves significantly higher energy efficiency than the fixed β scheme. At
a mmWave UBS transmission power of 35 dBm, the proposed scheme shows a performance
gain of 11.68% compared with the fixed β scheme.

25 30 35 40 45

Maximum transmission power of mmWave UBS (dBm)

1

1.2

1.4

1.6

1.8

2

2.2

E
n
e
rg

y
 e

ff
ic

ie
n
c
y
(b

it
/J

) 

10
9

Figure 8. The energy efficiency varies with the maximum transmission power of the mmWave UBS.

Figure 9 demonstrates the impact of UE QoS rate requirements on energy efficiency.
The figure indicates that energy efficiency decreases as the QoS rate requirement increases.
This reduction occurs because, when the QoS rate requirement is excessively high, the net-
work may fails to meet the QoS requirements for all UEs. As a result, some UEs experience
transmission interruptions, leading to a decline in energy efficiency. The proposed algo-
rithm outperforms the maximum SINR algorithm. It achieves a performance gain of 13.5%
at a QoS rate requirement of 50 Mbps and 13.82% at a QoS rate requirement of 300 Mbps.
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Figure 9. The energy efficiency varies with the UE QoS rate requirements of the mmWave UBS.

6. Conclusions
Considering the QoS rate requirement of the UEs, a cell-free user association, backhaul

bandwidth allocation, and power allocation scheme is proposed to maximize the energy
efficiency in mmWave networks. The optimization problem is a non-convex fractional
programming problem, which is difficult to solve directly. Therefore, the original problem
is first decoupled into three independent subproblems for alternating an iterative optimiza-
tion solution. First, the non-convex subtractive power allocation subproblem is solved
by transforming it into a convex problem using successive convex approximation and
the Dinkelbach method. Second, a user association scheme based on energy efficiency
maximization is proposed using the Lagrangian method. Finally, the formula derives a
closed-form expression for the bandwidth allocation factor. Simulation results indicate
that the proposed scheme improves system energy efficiency by at least 12.35% compared
with other benchmark methods. This enhancement is achieved across various scenarios,
including different beamwidths, cell-free cooperative UBS cluster size, densities of UBSs
and UEs, transmission power, and UE QoS requirements. The proposed algorithm achieves
performance close to EA while significantly reducing computational complexity, making
it scalable for large-scale ultra-dense networks. These results highlight the effectiveness
of the proposed method in enhancing energy efficiency and ensuring practical applicabil-
ity in real-world scenarios, including disaster response and communication demands in
mmWave networks.
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Abbreviations
The definition of abbreviations:

Abbreviation Definition
6G sixth generation
AWGN additive white Gaussian noise
BS base station
CPU central processing unit

FBC-HARQ-IR
finite blocklength coding, hybrid automatic repeat request with incremental
redundancy

HAPS high-altitude platform Station.
LoS line-of-sight
KKT Karush–Kuhn–Tucker
m-MIMO massive multiple-input multiple-output
mmWave millimeter-wave
NLoS non-line-of-sight
QoS quality of service
SCA successive convex approximation
SINR signal-to-interference-plus-noise ratio
SMBS super macro base station
UAV unmanned aerial vehicle
UBS unmanned aerial vehicle base station
UE user equipment
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