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Abstract—This paper presents a cost-effective and easily-
deployable flexible-sector six-dimensional movable antenna
(6DMA) architecture for future wireless communication net-
works, which enables flexible antenna configurations to match
users’ spatial distribution for capacity enhancement. Different
from conventional sectorized base station (BS) with fixed-position
antennas (FPAs), the flexible-sector 6DMA-enabled BS employs
multiple directional sector antenna arrays that can flexibly
move along a common circular track. By properly moving
antennas across sectors and rotating all sector antenna arrays
synchronously, the flexible-sector BS can adjust the coverage
regions of all sectors with flexible antenna allocations over them.
In particular, we consider the multiuser downlink communication
employing the orthogonal multiple access (OMA) to serve users
in each sector. Under this setup, we jointly optimize the sector
rotation and the antenna allocation at the flexible-sector BS to
maximize the average common throughput achievable for all
users based on their spatial distribution. We solve this non-
convex optimization problem by deriving closed-form solutions
and thereby analyze the effect of users’ spatial distribution
on the achievable common throughput. It is shown that equal
user distribution over sectors is optimal for maximizing the
common throughput. Motivated by this result, we further develop
a low-complexity suboptimal solution for the sector rotation that
minimizes the variance of user numbers across sectors. Finally,
we provide simulation results to verify our analytical results and
validate the performance of our proposed solutions. It is demon-
strated that the flexible-sector BS significantly improves the
network throughput as compared to other benchmark schemes.

Index Terms—Flexible-sector base station, six-dimensional
movable antenna (6DMA), common throughput maximization,
antenna allocation, sector rotation.

I. INTRODUCTION

Multiple-input multiple-output (MIMO) technology has

played a pivotal role for wireless communication networks,

in which base stations (BSs) and user terminals (UTs) are

deployed with multiple antennas to enhance the transmission

rate and reliability of wireless systems. This is achieved by
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transmitting and receiving multiple data streams simultane-

ously over the same time-frequency resource, thereby ex-

ploiting spatial multiplexing and beamforming gains provided

by multiple antennas at the transceivers [1], [2]. To further

capitalize on these benefits and achieve even higher spatial

resolution and more degrees of freedom (DoFs), wireless

networks tend to deploy ever-larger antenna arrays at the BSs,

leading to the evolution of multiuser MIMO into massive

MIMO, and even extremely large-scale MIMO (XL-MIMO)

[3]–[5]. However, the deployment of large-scale antenna arrays

inevitably leads to increasing hardware cost and power con-

sumption. To address these challenges, lens-antenna MIMO,

holographic MIMO, as well as intelligent reflecting surfaces

(IRSs) have been proposed to leverage low-cost materials to

achieve high performance gains of MIMO systems, while re-

ducing their implementation costs [6]–[8]. Nevertheless, most

existing MIMO technologies are based on conventional fixed-

position antennas (FPAs), whose locations are predetermined

and remain unchanged once deployed. This inherent limitation

restricts the ability of MIMO systems to fully exploit the

dynamic spatial variations of wireless channels at the trans-

mitter/receiver side.

To overcome the fundamental limitations of FPA systems,

movable antenna (MA) [9]–[11] and fluid antenna system

(FAS) [12], [13] have emerged as promising solutions. By

allowing antennas to move freely within a confined region at

the BS or UT, MAs/FAS can place antennas to the positions

with more favorable channel conditions, thus improving the

communication performance. Extensive researches have stud-

ied MAs/FAS synergizing with other wireless technologies,

such as unmanned aerial vehicle (UAV) communications [14],

IRS [15], [16], and integrated sensing and communications

(ISAC) [17]–[19], among others. Despite these advancements,

existing works on MAs and FAS have mainly focused on

antennas’ position adjustment while maintaining fixed orien-

tation, which limits their ability to fully exploit the spatial

DoFs in a given three-dimensional (3D) space. Moreover, these

systems are mostly designed for mitigating small-scale channel

fading based on instantaneous channel state information (CSI).

As a result, their achievable performance is fundamentally con-

strained by the quality and timeliness of channel estimation,

as well as practical hardware limitations such as the speed of

antenna movement.

To address these challenges and achieve full flexibility

in antenna deployment at the BS, six-dimensional movable

antenna (6DMA) has been proposed as an effective solution

for further improving wireless network capacity [20], [21]. At
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6DMA-enabled BSs, multiple antenna arrays are connected to

a central processing unit (CPU) and can each be independently

adjusted in both 3D position and 3D rotation (orientation)

[22], [23]. The available movement space for each 6DMA

array depends on the site size and hardware implementation,

within which it can move and rotate in 3D space flexibly

using extendable and rotatable arms [22], [23]. To achieve low

implementation complexity and reduce the practical hardware

change of existing BSs from conventional FPA arrays to fully

adjustable 6DMA arrays, antenna elements or arrays can also

move over the surface of a sphere [24], or along a circular track

[25], [26] via motor-driven mechanisms, thus simultaneously

adjusting their rotations (orientations) and positions efficiently.

While these studies demonstrate the effectiveness of 6DMA-

enabled BS designs for capacity enhancement, they cannot

be applied to existing BSs without changing their antenna

architecture (i.e., sector antenna arrays) and working prin-

ciple (i.e., sectorized cell coverage). To address this prac-

tical implementation difficulty while still achieving flexible

antenna movement and allocation over sectors of existing BSs,

this paper presents an easily implementable and deployable

6DMA-enabled BS architecture, termed the flexible-sector BS,

where multiple sector antenna arrays are mounted along a

common circular track. As shown in Fig. 1, by rotating all

sector antenna arrays in a synchronized manner via rotat-

ing the circular track as well as moving antenna elements

between the antenna arrays of adjacent sectors along the

circular track, the flexible-sector BS can dynamically adjust

the orthogonal coverage regions of all sectors with flexible

antenna allocations over them, so as to effectively match the

users’ spatial distribution and thereby improve their achievable

rates. Mathematically, the flexible-sector BS architecture can

be considered as a special case of the general 6DMA model.

However, this practical design preserves the essential spatial

flexibility needed to reconfigure sector coverage and antenna

allocation, while substantially reducing the 6DMA implemen-

tation complexity. Moreover, its simplified structure leads to

more tractable system and channel models as compared to

the general 6DMA, thereby facilitating efficient performance

analysis and design optimization. The main contributions of

this paper are summarized as follows:

• First, we present the flexible-sector BS architecture with

multiple directional sector antenna arrays, which supports

flexible antenna allocation and synchronized sector ro-

tation. Based on this architecture, we characterize the

channel model in terms of the sector rotation and antenna

allocation, and derive the transmit power required at the

BS to achieve a given transmission rate for each user

by considering the orthogonal multiple access (OMA).

Moreover, we extend the conventional homogeneous

Poisson point process (HPPP) to model the spatially non-

uniform user distribution in the angular domain. Based

on the knowledge of user distribution, we further derive

a closed-form expression for the total average transmit

power required for the BS to achieve the same transmis-

sion rate for all users over all sectors (termed as common

throughput). Different from the approach of ergodic rate

approximation using Monte Carlo simulations in previous

6DMA studies (e.g., [22], [23]), the analytical results

derived in this paper greatly facilitate the performance

evaluation and design optimization for the flexible-sector

BS system.

• Second, we formulate an optimization problem to max-

imize the common throughput achievable for all users

by jointly designing the sector rotation and the antenna

allocation across sectors, subject to the discrete rotation

constraint and the total budgets of antennas and transmit

power at the BS. To solve this non-convex optimization

problem, we adopt a bisection search to iteratively deter-

mine the maximum achievable common throughput. In

each iteration, we perform a one-dimensional search over

discrete sector rotation values and optimize the antenna

allocation with the fixed sector rotation by using the

Lagrange multiplier method.

• Third, to investigate the effect of users’ spatial distribu-

tion on the system throughput and draw key insights into

the optimal design of sector rotation (which essentially

changes the user distributions over sectors), we consider

an ideal case where the users can be arbitrarily allocated

over sectors provided that their total number equals a

given value. Then, we optimize the user allocations over

sectors to maximize the common throughput either jointly

with antenna allocation or under fixed antenna allocation.

It is shown that under joint optimization, the common

throughput is maximized when the number of users

is equal over all sectors, whereas under fixed antenna

allocation, the optimal user distribution exhibits a water-

filling structure. Based on these results, we derive a

theoretical upper bound for the common throughput and

propose an alternative low-complexity solution for the

sector rotation to maximize the common throughput.

• Finally, we provide simulation results to validate the

performance of the flexible-sector BS system and opti-

mization algorithms. Compared to the conventional fixed-

sector BS, the proposed scheme significantly improves

the achievable system throughput by effectively adjusting

user distribution across sectors via sector rotation as well

as flexibly allocating antennas over sectors via antenna

movement.

The rest of this paper is organized as follows. Section II

introduces the flexible-sector BS architecture and the system

model. Section III formulates the common throughput maxi-

mization problem. Section IV presents an efficient algorithm to

solve the formulated problem. Section V investigates the effect

of user distribution across sectors on the maximum common

throughput and presents a low-complexity algorithm for solv-

ing the considered problem. Section VI provides simulation

results for performance evaluation and comparison. Finally,

Section VII concludes this paper.

Notations: a, a, A, and A denote a scalar, a vector, a

matrix, and a set, respectively. (·)T denotes the transpose. E[·]
denotes the expected value of random variable. [a]n denotes

the n-th entry of vector a. [A]i,j denotes the entry in row

i and column j of matrix A. Var(a) denotes the variance
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Fig. 1. Illustration of the flexible-sector BS.

of the entries in vector a. |A| represents the cardinality of

set A. 0t denotes the t × 1 all-zero vector. A ∩ B represents

the intersection set of A and B. R, R+, and R++ denote

the sets of real numbers, non-negative real numbers, and

positive real numbers, respectively. Z, Z+, and Z++ denote the

sets of integers, non-negative integers, and positive integers,

respectively. For any set X , XM×N denotes the set of all

M ×N matrices whose entries belong to X (column vectors

when N = 1). a mod b denotes the modulo operation. ⌊·⌋
denotes the floor operator. max {·} and min {·} denote the

selection of the maximum and minimum values, respectively.

II. SYSTEM MODEL

A. Flexible-Sector BS Architecture

We consider a downlink communication system where one

BS serves multiple single-antenna users distributed in its

coverage area. As shown in Fig. 1, the BS is equipped with

M ∈ Z++ sector antenna arrays which are equally placed

along a circular track parallel to the ground. Each sector

antenna array is responsible for covering one sector of the

BS’s service area, denoted by the set M = {1, 2, · · · ,M}. In

addition, each sector has an equal azimuth coverage angle,

denoted as Φ = 2π
M

. The azimuth angular center of each

sector is aligned with the center of its corresponding antenna

array. Moreover, each sector antenna array consists of Nm

directional antennas, m ∈ M, denoted by a collective vector

n = [N1, N2, · · · , NM ]T , with
∑M

m=1 Nm = N , where N
denotes the total number of antennas at the BS and N ≥ M .

We assume Nm ∈ Z++, ∀m ∈ M, to guarantee that each

sector has at least one antenna. Different from the conventional

BS with a fixed and equal number of antennas across all

sectors, we consider that the antennas at the BS can be flexibly

allocated over different sectors. Specifically, the antennas can

move freely along the circular track from one sector to another

such that the number of antennas in each sector antenna array

can be flexibly adjusted.

To further enhance flexibility, all sector antenna arrays can

rotate horizontally in a synchronized manner while main-

taining a fixed relative angular difference of Φ between any

two adjacent sector arrays, thus leading to different and yet

orthogonal coverage regions of all sectors in the azimuth angle

via rotation. We set the circular track’s center as the reference

Bin b Bin 11

Bin 0

1r =

3

Sector 3,

{9,10,11,0}=3 =

1Sector 1, {1,2,3,4}=11

2 {5,6,7,8}

Sector 2,

=2 =

Possible values of r

Fig. 2. Illustration of the sector division when M = 3, L = 4, B = 12, and
r = 1.

position of the BS, and define it as the pole of a polar coordi-

nate system. For ease of practical implementation, we consider

that the candidate positions of all sector antenna arrays are

constrained to B = LM discrete ones with L ∈ Z++, which

are equally spaced along the circular track with a rotation

step δ = 2π
B

. Correspondingly, the coverage area of the BS

can be equally partitioned into B orthogonal bins in terms of

the azimuth angle, denoted by the set B = {0, 1, · · · , B− 1},
each with an angular interval [bδ, (b+ 1)δ), b ∈ B (see Fig.

2). Due to the discrete sector rotation, each sector can always

cover L adjacent bins. We define the sector rotation as the

index of the bin where the first sector edge is encountered in

the counter-clockwise direction from the polar axis, denoted

by the integer r, with 0 ≤ r ≤ L−1.1 The set of bins covered

by sector m is thus given by

Cm(r) ={b ∈ B | b = (ωm(r) + l) mod B,

l = 0, 1, · · · , L− 1}, m ∈ M,
(1)

where ωm(r) = r + (m − 1)L denotes the starting bin index

of sector m.

B. Channel Model

We denote the set of users in the BS’s coverage area as

K = ∪Mm=1Km(r), where Km(r) denotes the set of users

located in sector m, depending on the sector rotation r. For an-

alytical tractability, we assume that each sector has at least one

user regardless of the value of r. To avoid interference across

different sectors, the antennas in each sector are assumed to

adopt a directional radiation pattern (in the case of M > 1).

Specifically, we consider a normalized and truncated radiation

pattern, for which the total radiation power over the whole

space is equal to one [27]. Given that the azimuth beamwidth

of each antenna is set to Φ, the effective gain of each antenna

at sector m ∈M to user k is given by

Gk(r,m) =

{

2π

Φ
, if k ∈ Km(r),

0, otherwise,
k ∈ K. (2)

We assume fading channels between the BS and users, each

constituting the distance-dependent path gain and an additional

1The bins covered by different sectors undergo a cyclic shift when r exceeds
L− 1.
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random term accounting for small-scale fading. Specifically,

given user k at a horizontal distance dk ∈ [Dmin, Dmax] from

the reference position of the BS, the path gain for user k is

given by

hk = β0

(

d2k +H2
)−

α0
2 , k ∈ K, (3)

where Dmin and Dmax represent the minimum and maximum

coverage radii of the BS, respectively, α0 denotes the path loss

exponent, H denotes the height of the reference position of

the BS, and β0 = (4πfc
c

)−2 denotes the channel power gain

at a reference distance of 1 meter (m) from the BS with fc
denoting the carrier frequency and c denoting the speed of

light. Based on (2) and (3) as well as the fact that Φ = 2π
M

,

the channel power gain for user k ∈ Km(r) is modeled as

gk(r,Nm) = NmMhkςk, k ∈ Km(r),m ∈ M, (4)

where Nm accounts for the array gain (by assuming maximal

ratio transmission for the antennas in each sector), M accounts

for the directional antenna gain in each sector, and ςk ∼
Exp(1) denotes an independent and identically distributed

(i.i.d.) exponential random variable with unit mean accounting

for the small-scale channel fading (assumed to be Rayleigh

fading). Note that in (4), the sector rotation r determines the

mapping of users to their respective covering sectors and thus

the array gain Nm for each user. Accordingly, gk is a function

of r, even though r does not explicitly appear in its expression.

C. Achievable Rate

We consider the OMA for the downlink data transmissions

from the BS to different users. Specifically, all sectors can

reuse the total available time and frequency resources as there

is no inter-sector interference due to the use of directional

antennas at all sectors. Within each sector, users are served in

orthogonal resource blocks (RBs) for avoiding the intra-sector

interference. Assume that the BS allocates transmit power pk
to communicate with user k ∈ Km(r) in sector m ∈ M.

Then, the achievable rate of user k in bits per second per Hz

(bps/Hz) is expressed as

Rk(r,Nm) =
1

Km(r)
log2

(

1 +
pkgk(r,Nm)Km(r)

σ2

)

=
1

Km(r)
log2

(

1 +
pkNmMhkςkKm(r)

σ2

)

,

k ∈ Km(r),m ∈ M,
(5)

where Km(r) = |Km(r)| denotes the number of users in

sector m, and the receiver noise is assumed to be additive

white Gaussian with average power σ2.

Denote the common (minimum) throughput achievable for

all users in all sectors as R̄ in bps/Hz. Due to the small-

scale channel fading, an outage event occurs when the BS-

user channel cannot support the desired common throughput

R̄. According to (5) and the cumulative distribution function

(CDF) of exponential random variable ςk, the outage proba-

bility for user k is given by

Pout,k(r,Nm) = P
{

Rk(r,Nm) < R̄
}

= P







ςk <
σ2
(

2Km(r)R̄ − 1
)

pkNmMhkKm(r)







= 1− exp



−
σ2
(

2Km(r)R̄ − 1
)

pkNmMhkKm(r)



 ,

k ∈ Km(r),m ∈M.

(6)

Denote the allowed maximum outage probability as P̄out

for all BS-user links. Then, the transmit power required to

achieve the common throughput R̄, while satisfying the outage

probability requirement P̄out for user k, is derived from the

outage probability constraint Pout,k(r,Nm) ≤ P̄out, given by

pk(r,Nm, R̄) ≥ σ2

τNmMhkKm(r)

(

2Km(r)R̄ − 1
)

,

k ∈ Km(r),m ∈ M,

(7)

where τ = − ln(1− P̄out).

D. User Distribution

To model the users’ spatial distribution, we assume that the

distribution of users in each bin b ∈ B follows an independent

HPPP Pb with density ρb > 0 (users/m2). Specifically, users

in each bin are independent and uniformly distributed with the

number of users in each bin following a Poisson distribution,

denoted as [28]

K̂b ∼ Poisson
(

λ̂b

)

, b ∈ B, (8)

where λ̂b =
π(D2

max−D2
min)

B
ρb denotes the average number of

users in bin b. This model assumes local homogeneity within

each bin with a small angular span δ. In addition, ρb can be

different across bins to capture the non-uniform users’ spatial

distribution in practice. Due to the independence of Poisson

random variables K̂b, b ∈ B, the number of users in sector

m ∈ M, denoted as Km(r) =
∑

b∈Cm(r) K̂b, also follows

a Poisson distribution, i.e., Km(r) ∼ Poisson (λm(r)), where

λm(r) denotes the average number of users in sector m, given

by [29]

λm(r) =
∑

b∈Cm(r)

λ̂b, m ∈ M. (9)

III. PROBLEM FORMULATION

Based on the users’ spatial distribution and the transmit

power required to achieve the common throughput R̄ given

by (7), the minimum total average transmit power required

for sector m is given by

p̄m(r,Nm, R̄) = EPm





∑

k∈Km(r)

pk(r,Nm, R̄)



 , m ∈ M,

(10)

where the expectation is with respect to (w.r.t.) the users’

spatial distribution Pm = {Pb}b∈Cm(r), i.e., their random

horizontal distances from the BS, and the random number of
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users in sector m, Km(r). Define γ̄(R̄) = 2R̄−1 as the signal-

to-noise ratio (SNR) required to achieve R̄. The minimum total

average transmit power required for sector m ∈M in (10) is

expressed in a closed-form expression, shown in the following

theorem.

Theorem 1. The minimum total average transmit power

required for sector m is

p̄m(r,Nm, R̄) =
1

γm(Nm)
eγ̄(R̄)λm(r), m ∈M, (11)

where γm(Nm) denotes the average SNR in sector m, given

by

γm(Nm) =
τMNm

ν0σ2
, (12)

with

ν0 =

(

D2
max +H2

)

α0
2

+1 −
(

D2
min +H2

)

α0
2

+1

β0 (D2
max −D2

min)
(

α0

2 + 1
) . (13)

Proof: See Appendix A.

From Theorem 1, it follows that the required average trans-

mit power per sector p̄m,m ∈ M, is inversely proportional

to the number of antennas Nm in sector m, but increases

exponentially with the average number of users λm(r) in it.

Also note that λm(r) is related to the sector rotation r. Thus, it

is revealed that p̄m’s can be varied across sectors by adjusting

Nm’s and r. Let Pmax denote the total average transmit power

at the BS. We thus have the following power constraint:

M
∑

m=1

p̄m(r,Nm, R̄) ≤ Pmax. (14)

In this paper, we aim to maximize the common throughput

R̄ by jointly optimizing the sector rotation r and the antenna

allocation n across sectors. Accordingly, the optimization

problem is formulated as

max
r∈Z+,n∈Z

M×1
++

,R̄∈R+

R̄ (15)

s.t. 0 ≤ r ≤ L− 1, (15a)

M
∑

m=1

Nm ≤ N, (15b)

M
∑

m=1

p̄m(r,Nm, R̄) ≤ Pmax, (15c)

where constraints (15b) and (15c) are due to the total budgets

of the antennas and the transmit power at the BS, respectively.

We denote the optimal solution to problem (15) as (r∗,n∗)
and the corresponding maximum common throughput as R̄∗.

Problem (15) is difficult to solve as it is a mixed-integer

non-convex optimization problem. This is because variables

r and n are discrete, and constraint (15c) is non-convex due

to the fact that λm(r) in (11) is not a convex function w.r.t.

r. Nevertheless, we solve problem (15) efficiently in the next

section.

IV. PROPOSED ALGORITHM FOR SOLVING PROBLEM (15)

Problem (15) can be equivalently solved by considering

a series of sub-problems given below, each for a given R̄.

Furthermore, R̄ can be updated via the bisection search method

until its convergence is attained. Specifically, to check if a

given R̄ is achievable, we solve the following sub-problem that

minimizes the total average transmit power at the BS subject

to constraints (15a) and (15b), i.e.,

min
r∈Z+,n∈Z

M×1
++

M
∑

m=1

p̄m(r,Nm, R̄) (16)

s.t. (15a), (15b).

If the optimal value of problem (16) is no larger than Pmax,

then constraint (15c) is satisfied, and the optimal solution

to problem (16) together with its corresponding R̄ becomes

a feasible solution to problem (15). On the other hand, if

the optimal value of problem (16) is larger than Pmax, then

the corresponding R̄ is not achievable. Accordingly, bisection

search can be applied to find the maximum common through-

put R̄∗ for problem (15) iteratively. Thus, we focus on solving

problem (16) in the following for a given R̄, or equivalently

with given γ̄ = 2R̄ − 1.

Note that problem (16) is an integer programming prob-

lem and can be optimally solved by using an exhaustive

search method (ESM) over all possible combinations of r and

Nm,m ∈ M, within their respective discrete sets. The com-

putational complexity of the ESM is of order O
(

LCM−1
N−1

)

,

where CM−1
N−1 denotes the binomial coefficient, representing

the number of possible antenna allocation combinations among

M sectors with N antennas. However, this method can be

computationally prohibitive as either N or M increases, and

moreover, it cannot reveal any analytical insight into the

structure of the optimal solution. Thus, in this paper, we solve

problem (16) by adopting a two-step approximation method.

Specifically, we first fix r and relax the integer constraints on

Nm,m ∈ M, into their continuous counterparts to derive the

optimal antenna allocation n
∗ with given r and R̄. Then, we

perform a one-dimensional search over all discrete values of

r to obtain its solution for problem (16). This is feasible since

the candidate set for sector rotation r is finite and discrete.

A. Antenna Allocation Optimization

Given the fixed sector rotation r and the target common

throughput R̄, problem (16) reduces to optimizing the an-

tenna allocation n. To address the combinatorial complexity

introduced by the integer constraints Nm ∈ Z++, m ∈ M,

we relax each Nm to a non-negative real number, and denote

the relaxed antenna allocation as n̂ = [N̂1, N̂2, · · · , N̂M ]T ∈
R

M×1
+ . The resulting problem for optimizing n̂ is formulated

as

min
n̂∈R

M×1
+

M
∑

m=1

ζm

N̂m

(17)

s.t.

M
∑

m=1

N̂m ≤ N, (17a)
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where ζm = ν0σ
2

τM
eγ̄λm(r) is fixed and independent of n̂. It can

be verified that problem (17) is a convex optimization problem

because its objective is convex w.r.t. N̂m, ∀m ∈ M, and the

inequality constraint (17a) is linear. To solve problem (17), we

employ the Lagrange multiplier method. The Lagrangian for

the relaxed problem (17) is given by

L (n̂, µ) =
M
∑

m=1

ζm

N̂m

+ µ

(

M
∑

m=1

N̂m −N

)

, (18)

where µ ≥ 0 is the Lagrange multiplier corresponding to the

inequality constraint (17a). By taking the first derivative of

L (n̂, µ) w.r.t. N̂m and setting it equal to zero, we have

∂L (n̂, µ)
∂N̂m

= − ζm

N̂2
m

+ µ = 0 ⇒ N̂m =

√

ζm
µ

, m ∈M.

(19)

By substituting (19) into constraint (17a), we have

√
µ =

1

N

M
∑

m=1

√

ζm. (20)

Thus, the optimal continuous antenna allocation solution to

problem (17) with given r and R̄ is given by

N̂∗
m =

N
√
ζm

∑M

m′=1

√
ζm′

=
Ne

γ̄
2
λm(r)

∑M

m′=1 e
γ̄
2
λm′ (r)

, m ∈ M.

(21)

It follows from (21) that the optimal number of antennas

allocated to sector m, N̂∗
m, is proportional to e

γ̄
2
λm(r). Thus,

the sector with a larger average number of users λm should be

allocated with more antennas for enhancing the array gain and

thereby reducing its average transmit power, so as to minimize

the total transmit power at the BS. If all sectors have identical

average number of users, i.e., λm = λm′ , ∀m,m′ ∈ M,m 6=
m′, the optimal antenna allocation in (21) reduces to the equal

antenna allocation over sectors, i.e., N̂∗
m = N

M
, ∀m ∈ M.

To obtain integer solutions for antenna allocation Nm ∈
Z++,m ∈ M, for problem (16), we modify the optimal

continuous solution derived in (21) as follows. First, we

enforce the constraints Nm ≥ 1,m ∈ M, by pre-allocating

one antenna for each sector. Then, we allocate the remaining

N − M antennas over all sectors according to (21). Thus,

given fixed r and R̄, the integer antenna allocation solution to

problem (16) is given by

N∗
m = 1 +

⌊

(N −M)e
γ̄
2
λm(r)

∑M
m′=1 e

γ̄
2
λm′ (r)

⌋

, m ∈ M. (22)

Note that the above solution is always feasible to problem (16),

but in general only a suboptimal solution given finite values of

N and M . Nevertheless, for practical setups with large values

of N with N ≫ M , it can be verified by simulation that

the solution in (22) is very close to the optimal solution of

problem (16) via the ESM (see Section VI).

B. Sector Rotation Optimization

Based on the integer antenna allocation solution in (22),

we can obtain the total average transmit power at the BS by

substituting N∗
m,m ∈ M, into the objective of problem (16),

yielding

Ptot(r) =
ν0σ

2

τM

M
∑

m=1

eγ̄λm(r)

N∗
m(r)

. (23)

Thus, the optimization problem w.r.t. sector rotation r is

formulated as

min
r∈Z+

Ptot(r) (24)

s.t. (15a).

Since the feasible set of r given in (15a) consists of a finite

number of discrete values, problem (24) can be simply solved

by a one-dimensional search over all possible values of r.

Let R̄up and R̄low denote the upper and lower bounds of

the common throughput R̄, respectively, and ǫ denote a small

positive constant that controls the accuracy of the bisection

search method for updating R̄. The overall algorithm for

solving problem (15) is summarized in Algorithm 1. The

computational complexity of this algorithm can be shown to be

of order O(LM log2
R̄up−R̄low

ǫ
), where the logarithmic term

accounts for the number of bisection iterations required to

achieve accuracy ǫ. Note that this complexity is much lower

than that of the ESM for solving problem (15).

C. Special Cases: Flexible Antenna Allocation or Sector Ro-

tation Only

In practice, the joint optimization of sector rotation and

antenna allocation may not be implementable due to hardware

limitations and complexity considerations. Therefore, in this

subsection, we present algorithms for obtaining the solutions

of problem (15) for the cases of flexible antenna allocation

only and flexible sector rotation only, respectively.

1) Case 1: Antenna Allocation Optimization Only with

Fixed Sector Rotation: When r is fixed (e.g., r = 0),

antenna allocation n can be optimized for each target common

throughput R̄ according to (22). In this case, we can implement

Algorithm 1 by omitting the search over r (i.e., lines 7–22).

For each R̄, n∗ is directly computed via (22), and the total

average transmit power is evaluated using (23). Bisection

search over R̄ is still implemented until the desired accuracy ǫ
is achieved. The complexity order of this simplified algorithm

reduces to O(M log2
R̄up−R̄low

ǫ
).

2) Case 2: Sector Rotation Optimization Only with Fixed

Antenna Allocation: When n is fixed (e.g., equal antenna

allocation over sectors with Nm = ⌊N/M⌋, ∀m ∈ M), we

can still implement Algorithm 1 to solve problem (15) by

replacing the antenna allocation update steps (i.e., lines 12-15)

with the equal antenna allocation given fixed Nm. Although

the order of the algorithm complexity remains the same as

that of Algorithm 1, the actual algorithm running time is

significantly reduced since the antenna allocation computation

in (22) is omitted.
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Algorithm 1: The overall algorithm for solving problem (15)

1: Input: N , M , L, Pmax, P̄out, σ
2, Dmax, Dmin, α0, fc,

R̄up, R̄low, {λ̂b}b∈B, ǫ.
2: Output: r∗, n∗, R̄∗.

3: Initialization: Set r∗ = 0, n∗ = 0M , and R̄∗ = 0.

4: while R̄up − R̄low > ǫ do

5: Set R̄ = 1
2 (R̄up + R̄low).

6: Set P ∗
tot = +∞.

7: for r = 0 : 1 : L− 1 do

8: Initialize n
(r) = 0M .

9: for m = 1 : 1 : M do

10: Calculate average number of users λm(r) in (9).

11: end for

12: for m = 1 : 1 : M do

13: Calculate integer antenna allocation N∗
m(r) in (22).

14: [n(r)]m ← N∗
m(r).

15: end for

16: Calculate total average transmit power Ptot(r) in (23).

17: if Ptot(r) < P ∗
tot then

18: P ∗
tot ← Ptot(r).

19: n
∗ ← n

(r).

20: r∗ ← r.

21: end if

22: end for

23: if P ∗
tot ≤ Pmax then

24: R̄low ← R̄.

25: R̄∗ ← R̄.

26: else

27: R̄up ← R̄.

28: end if

29: end while

30: return r∗, n∗, R̄∗.

V. EFFECTS OF USER DISTRIBUTION ON MAXIMUM

COMMON THROUGHPUT

In the previous section, the optimization of sector rotation

r helps adjust the user distribution across sectors, i.e., the

average number of users λm for sector m ∈M, by rotating the

coverage regions Cm(r)’s of all sectors. However, the effects of

changing the user distribution or λm’s across sectors by sector

rotation r on the maximum system common throughput remain

unexplored. To fill this gap and gain insights, we consider

in this section an ideal setup, where λm’s across sectors can

be arbitrarily adjusted subject to the constraint on their given

sum (or the total average number of users served by the BS).

Under this setup, we maximize common throughput R̄ by

considering two cases when λm’s are optimized jointly with

antenna allocation n and when antenna allocation n is fixed

and can be unequal over sectors, respectively. Inspired by the

analytical results, we further propose an alternative solution

to problem (16), which has a lower computational complexity

than the proposed solution algorithm in Section IV.

A. Joint User Distribution and Antenna Allocation Optimiza-

tion

Let λ = [λ1, λ2, · · · , λM ]T ∈ R
M×1
++ denote the collective

vector constituting the average numbers of users over all

sectors. Similar to problem (16), we aim to minimize the

total average transmit power over all sectors to meet a given

common throughput R̄. However, different from problem (16)

that jointly optimizes sector rotation r and antenna allocation

n, in this subsection, we consider a new problem that jointly

optimizes λ and n. For ease of analysis, we relax the integer

antenna allocation n to its continuous counterpart n̂ as in

problem (17). As such, this optimization problem is formulated

as

min
λ∈R

M×1
++

,n̂∈R
M×1
+

M
∑

m=1

1

γm(N̂m)
eγ̄λm (25)

s.t.

M
∑

m=1

λm = λsum, (25a)

M
∑

m=1

N̂m ≤ N, (25b)

where γm(N̂m) is given in (12), and λsum =
∑B−1

b=0 λ̂b de-

notes the total average number of users in the whole coverage

area of the BS.

For any given λ, problem (25) reduces to problem (17) w.r.t.

n̂. Thus, the optimal continuous antenna allocation N̂∗
m across

all sectors can be expressed as the closed-form solution in (21).

By substituting N̂∗
m into the objective function of problem

(25), the total average transmit power with optimal continuous

antenna allocation is given by

P̂tot(λ) =
ν0σ

2

τMN

(

M
∑

m=1

e
γ̄
2
λm

)2

. (26)

Thus, problem (25) is simplified to minimizing the summation

of the exponential terms in (26), i.e.,

min
λ∈R

M×1
++

M
∑

m=1

e
γ̄
2
λm (27)

s.t. (25a).

The objective function of problem (27) is the summation of M
convex exponential functions of identical forms. Therefore, it

is easy to show by Jensen’s inequality that the optimal solution

to problem (27) is given by

λ∗
m =

λsum

M
, ∀m ∈ M. (28)

From (28), it follows that the optimal user distribution across

sectors for the total average power minimization should lead

to equal average number of users in all sectors. Accordingly,

the corresponding optimal continuous antenna allocation over

sectors is also equal, i.e.,

N̂∗
m =

N

M
, m ∈ M. (29)

Based on (26) and (28), we obtain a lower bound for the

total average transmit power at the BS required to achieve a
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given R̄ as

PL
tot =

Mν0σ
2

τN
e

γ̄λsum
M . (30)

According to (30) and the total power constraint (15c), an

upper bound for the maximum achievable common throughput

R̄ is obtained when PL
tot is equal to Pmax, i.e.,

R̄U = log2

(

1 +
M

λsum
ln

PmaxNτ

Mν0σ2

)

. (31)

Note that under the assumptions of continuous antenna allo-

cation and arbitrarily adjustable user distribution, the optimal

value of problem (15) can achieve the upper bound R̄U in

(31). However, in practice, since adjusting the sector rotation

generally cannot equalize the average numbers of users λm’s

across sectors, the optimal value of problem (15) may not

reach this upper bound.

B. User Distribution Optimization with Fixed Antenna Allo-

cation

In the previous subsection, we consider the joint opti-

mization of user distribution λ and antenna allocation n. In

contrast, in this subsection, we consider the optimization of

λ only by assuming that n is given and fixed. This scenario

is relevant in practical systems where the antenna array is

predetermined due to hardware limitations or sector planning

constraints. For given R̄ and n, the total average transmit

power minimization problem (25) is simplified to

min
λ∈R

M×1
++

M
∑

m=1

1

γm
eγ̄λm (32)

s.t. (25a),

where γm is a constant since Nm is fixed in each sector.

Problem (32) is a convex optimization problem since its

objective is the summation of M convex functions, and the

feasible region is a convex set defined by the linear equality

constraint (25a) and inequality constraints λm > 0, ∀m ∈ M.

By using the Lagrange multiplier method, we show that the

optimal user distribution across sectors to minimize the total

average transmit power should correspond to a water-filling

solution based on the average number of users allocated in

different sectors. Specifically, by letting µ̃ ≥ 0 denote the

Lagrange multiplier corresponding to the equality constraint

(25a), the Lagrangian for problem (32) is given by

L̃(λ, µ̃) =
M
∑

m=1

1

γm
eγ̄λm − µ̃

(

M
∑

m=1

λm − λsum

)

. (33)

The first derivative of the Lagrangian w.r.t. λm is given by

∂L̃(λ, µ̃)
∂λm

=
γ̄

γm
eγ̄λm − µ̃, m ∈M. (34)

By setting (34) equal to zero, the optimal user allocation is

given by

λ∗
m =

{

1
γ̄

(

ln µ̃
γ̄
− ln 1

γm

)

, if γm ≥ γ̄
µ̃
,

0, otherwise,
m ∈ M,

(35)

where µ̃ should be chosen such that the constraint for total

average number of users is met with equality, i.e.,

M
∑

m=1

max

{

ln
µ̃

γ̄
− ln

1

γm
, 0

}

= γ̄λsum. (36)

From (35), the optimal user distribution is to take advantage of

sectors with larger average SNR γm (due to larger array gain

Nm with more antennas) by assigning more users to them. For

the special case when the antennas are equally allocated to M
sectors, i.e., γm(Nm) = τN

ν0σ2 , ∀m ∈ M, (35) reduces to an

equal user allocation across sectors, i.e., λ∗
m = λsum

M
, which is

the same as that in (28), as expected.

C. Low-Complexity Algorithm for Solving Problem (16) Based

on User Number Variance Minimization

The optimality of equal user distribution discussed in Sec-

tion V-A implies that a lower variance in average numbers of

users λm’s among sectors leads to better performance in terms

of the common throughput. Motivated by this, we propose an

alternative sector rotation design that aims to minimize the

variance of λm’s across sectors. Specifically, instead of cal-

culating the optimal antenna allocation and the resulting total

average transmit power in Algorithm 1 for every candidate

sector rotation r, we calculate the entry variance among λm’s

across sectors in vector λ(r) = [λ1(r), . . . , λM (r)]T for each

r, defined as Var(λ(r)), and select the optimal sector rotation

r∗ achieving the minimum variance, i.e.,

r∗ = arg min
0≤r≤L−1

Var(λ(r)). (37)

After the optimal r∗ is determined, the corresponding optimal

antenna allocation n
∗ is calculated only once for the given r∗

using (22). The above solution to problem (16) is summarized

in Algorithm 2. Similarly, by replacing lines 7–22 for solving

problem (16) in Algorithm 1 with Algorithm 2, a lower-

complexity alternative algorithm for solving problem (15) is

also obtained.

The computational complexity of Algorithm 2 is of order

O(LM), which is the same as that for solving problem (16)

in Algorithm 1. Despite having the same complexity order, the

actual computation time of Algorithm 2 with finite L and M
is significantly reduced, since the optimal antenna allocation

and resulting total average transmit power are computed only

once.

VI. SIMULATION RESULTS

In this section, we provide simulation results to validate

our analysis and evaluate the performance of flexible-sector

BS-enabled communication systems.

A. Simulation Setup and Benchmark Schemes

In the simulation, the maximum and minimum coverage

radii of the BS are set as Dmax = 100 m and Dmin = 20 m,

respectively, with the height of BS’s reference position given

by H = 20 m. The coverage area is partitioned into M = 3
sectors, each further divided into L = 10 angular bins,
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Algorithm 2: The low-complexity algorithm for solving prob-

lem (16)

1: Input: N , M , L, {λ̂b}b∈B, R̄.

2: Output: r∗, n∗, P ∗
tot.

3: Initialization: Set n∗ = 0M and v(r) = 0, ∀r.

4: for r = 0 : 1 : L− 1 do

5: Initialize λ
(r) = 0M .

6: for m = 1 : 1 : M do

7: Calculate average number of users λm(r) in (9).

8: [λ(r)]m ← λm(r).
9: end for

10: v(r) ← Var(λ(r)).
11: end for

12: r∗ = argmin0≤r≤L−1 v(r).
13: for m = 1 : 1 : M do

14: Calculate integer antenna allocation N∗
m(r∗) in (22).

15: [n∗]m ← N∗
m(r∗).

16: end for

17: Calculate total average transmit power Ptot(r
∗) in (23).

18: P ∗
tot ← Ptot(r

∗).
19: return r∗, n∗, P ∗

tot.

resulting in B = 30 orthogonal bins in total. The BS is

equipped with a total of N = 300 antennas, and is subject

to a maximum transmit power constraint of Pmax = 40 dBm.

The path loss exponent is set as α0 = 2.5. The system operates

at a carrier frequency of fc = 24 GHz. The noise power is

set as σ2 = −114 dBm. A maximum outage probability of

P̄out = 0.01 is required for all served users. For the proposed

algorithm, the initial interval for bisection search over R̄ is

set as R̄up = R̄U given in (31) and R̄low = 0, and the search

accuracy is specified by ǫ = 10−4.

For the non-uniform user distribution, the average number

of users λ̂b in each bin b ∈ B is configured to capture the

realistic distributions of both background and hotspot users.

Specifically, λ̂b is defined as the sum of the average number of

background users (that are assumed to be uniformly distributed

in all bins of the cell) in each bin and the average number of

users contributed by all hotspot areas in bin b, given by

λ̂b = λ̂bg +

Nhot
∑

i=1

λ̂hot,iI(b ∈ Hi), b ∈ B, (38)

where λ̂bg denotes the average number of background users

per bin, Nhot denotes the number of hotspot areas, and

λ̂hot,i denotes the additional average number of users per bin

contributed by hotspot area i ∈ {1, · · · , Nhot}. The indicator

function I(b ∈ Hi) equals 1 if bin b falls within the coverage

of hotspot area i, and 0 otherwise, where Hi denotes the set

of bin indices covered by hotspot area i, corresponding to its

span and location. For hotspot area i, its starting bin index

and span are denoted as ωhot,i ∈ B and Lhot,i, respectively.

The set of bins covered by hotspot area i is thus defined as

Hi ={b ∈ B | b = (ωhot,i + l) mod B,

l = 0, 1, · · · , Lhot,i − 1}, i = 1, · · · , Nhot.
(39)
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Fig. 3. Validation of Theorem 1 with R̄ = 0.7 bps/Hz.

We set the total average number of users in the whole coverage

area of the BS as λsum = 100, and consider Nhot = 3 hotspot

areas with the average number of background users per bin

specified as λ̂bg = 1. The additional average numbers of users

contributed by the three hotspot areas follow the ratio λ̂hot,1 :
λ̂hot,2 : λ̂hot,3 = 1 : 2 : 4, and their starting bin indices

and spans are set as [ωhot,1, ωhot,2, ωhot,3] = [0, 3, 15] and

[Lhot,1, Lhot,2, Lhot,3] = [3, 4, 6], respectively.

In addition to the proposed joint antenna allocation and

sector rotation optimization scheme, three benchmark schemes

are defined for performance comparison as follows:

• Antenna allocation optimization only with fixed sector

rotation: This scheme considers a fixed sector rotation

r = 0, and applies the simplified algorithm described in

Special Case 1 of Section IV-C to optimize the antenna

allocation across sectors only.

• Sector rotation optimization only with fixed antenna

allocation: This scheme considers a fixed and equal

antenna allocation over sectors, i.e., Nm = ⌊N/M⌋,
∀m ∈M, and applies the simplified algorithm described

in Special Case 2 of Section IV-C to optimize sector

rotation r only.

• Fixed antenna allocation and sector rotation: This

scheme considers the conventional fixed-sector BS sys-

tem, where antennas are equally allocated across sectors,

i.e., Nm = ⌊N/M⌋, ∀m ∈ M, and sector rotation is

fixed and set as r = 0.

B. Validation of Analytical Results and Algorithm Effective-

ness

Fig. 3 presents a comparison between the total average

transmit power for a representative sector m derived in The-

orem 1 and that obtained via Monte Carlo (MC) simula-

tions with a uniform user distribution, i.e., Nhot = 0 and

λm = λm′ , ∀m,m′ ∈ M,m 6= m′. Since all sectors are

statistically equivalent under this setting, the transmit power

performance for one sector is representative of the entire

system. The MC simulations are performed as follows. For

each value of the average number of users in sector m, λm,
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Fig. 4. Maximum achievable common throughput versus total transmit power
for different algorithms with M = 3.

we generate 107 independent realizations. For each realization,

the actual number of users in this sector, Km, is sampled

from Km ∼ Poisson (λm). The user locations are randomly

generated within this sector according to the spatial distri-

bution specified in Section II-D. For each user, the required

transmit power to achieve the fixed common throughput R̄ is

computed according to (7). The total transmit power for this

sector is then obtained as the sum of transmit power for all

users, and the sample mean over all realizations is computed as

the MC result. As shown in Fig. 3, the analytic curves from

Theorem 1 perfectly match with the MC simulation results,

which verifies the accuracy of the derived expressions. In

addition, it is observed that p̄m increases exponentially with

λm (in the top sub-figure) as a result of serving a larger number

of users simultaneously, and decreases inversely with Nm (in

the bottom sub-figure) due to the increasing array gain.

Fig. 4 shows the maximum achievable common throughput

R̄∗ versus total transmit power Pmax for different algo-

rithms. We compare R̄∗’s achieved by Algorithm 1, the low-

complexity algorithm proposed in Section V-C, and the ESM

which finds the globally optimal antenna allocation via exhaus-

tive enumeration. It is observed that Algorithm 1 achieves very

close performance to the ESM, but with lower complexity.

Specifically, for each value of sector rotation r, the number

of computations is in the order of M = 3 for Algorithm 1

to determine the optimal antenna allocation, while the ESM

requires evaluation over all possible antenna partitions, i.e.,

44551 combinations for N = 300 and M = 3. In addition,

as Pmax increases, the performance gap between Algorithm

1 and the low-complexity algorithm becomes larger. This is

because, with more available transmit power, the performance

becomes increasingly sensitive to the array gain and thus the

antenna allocation. Since the low-complexity algorithm does

not jointly consider antenna allocation when optimizing sector

rotation, its solution is suboptimal in high-power scenarios.

Nevertheless, it still offers satisfactory performance with low

complexity. We adopt Algorithm 1 for subsequent simulations

due to its favorable tradeoff between performance and com-

putational complexity.

C. Performance Evaluation with Non-uniform User Distribu-

tion

Fig. 5 shows a visual representation of the optimal sector

rotation obtained by Algorithm 1, and compares the maximum

common throughput achieved by the proposed joint optimiza-

tion scheme with three benchmark schemes. In Fig. 5(a),

the black solid lines indicate the sector boundaries under the

conventional fixed-sector BS scenario. The red solid lines cor-

respond to the sector boundaries determined by the proposed

joint optimization scheme. It is observed that, under the con-

ventional setting, the user distribution across sectors is highly

imbalanced with λ(0) = [64, 26, 10]T and Var(λ(0)) ≈ 769.

In contrast, the optimal sector rotation effectively shifts the

sector boundaries such that the average number of users

across sectors becomes much more balanced with λ(6) =
[38, 22, 40]T and Var(λ(6)) ≈ 97. This significant reduction

in user distribution imbalance enables more efficient antenna

allocation. As shown in Fig. 5(b), the scheme with antenna

allocation optimization only provides marginal performance

improvement over the fixed-sector BS scheme. This is because

the exponentially growing power requirement for the sector

with a large number of users limits system performance. In

this case, allocating additional antennas cannot sufficiently

overcome this limitation, as the array gain remains constrained

by the power budget. In contrast, the joint optimization scheme

achieves the highest common throughput, demonstrating that

adaptively adjusting sector rotation to balance user distribution

is substantially more effective than solely optimizing antenna

allocation when dealing with the non-uniform user distribution

in the case of OMA.

D. Average Performance Comparison with Benchmark

Schemes

In this subsection, to evaluate the effectiveness of the pro-

posed schemes across random hotspot location configurations,

we investigate the average achievable common throughput

over Nspl = 103 independent realizations. Specifically, for

each realization, the starting bin indices of all hotspot areas

ωhot,i, i = 1, · · · , Nhot, are independent and uniformly se-

lected from the set of bins B, i.e., ωhot,i ∼ Unif{0, 1, · · · , B−
1}. The average achievable common throughput over all real-

izations is approximated by E[R̄∗] ≈ 1
Nspl

∑Nspl

i=1 R̄∗
i , where

R̄∗
i denotes the maximum achievable common throughput

obtained in the i-th realization.

Fig. 6 shows the average achievable common throughput

versus the total number of antennas at the BS under different

optimization schemes, along with the upper bound obtained

by jointly optimizing arbitrarily adjustable user distribution

and continuous antenna allocation, as given in (31). As ob-

served, the proposed joint optimization scheme outperforms

all benchmark schemes. However, there remains a performance

gap between the joint optimization and the upper bound, due

to practical limitations in sector rotation for balancing the user

distribution across sectors, as well as the loss resulting from

discrete antenna allocation. In addition, the improvement in

average achievable common throughput gradually saturates as

the total number of antennas increases, due to the inherent
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(a) Visual representation of the joint optimization results with r∗ = 6, and

the optimal antenna allocations n
∗ = [118, 5, 175]T .

(b) Maximum achievable common throughput versus total transmit power
for different schemes.

Fig. 5. Performance comparison under a typical non-uniform user distribution scenario with M = 3.
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Fig. 6. Average achievable common throughput versus total number of
antennas with M = 3.

logarithmic relationship between the throughput and the array

gain.

Fig. 7 shows the average achievable common throughput

versus the total average number of users in the whole coverage

area of the BS. It is observed that the average achievable com-

mon throughput decreases as the total average number of users

increases for all schemes. This is because, as more users are

served simultaneously, each user is allocated fewer orthogonal

resources in the case of OMA. To guarantee a target common

throughput for all users, the required transmit power increases

with the average number of users. Consequently, the system

becomes increasingly constrained by the transmit power limit,

resulting in a lower achievable common throughput.

Fig. 8 shows the average achievable common throughput

versus the total number of sectors M , with the total number

of bins fixed at B = 60, to ensure a consistent rotation step

for different values of M . It is observed that when M = 2, the

performance achieved by both the joint optimization scheme

and the scheme with sector rotation optimization only is very
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Fig. 7. Average achievable common throughput versus total average number
of users with M = 3.

close to the upper bound. This is because, with M = 2, it

is much easier to achieve balanced user distribution across

sectors via sector rotation. As M increases, it becomes increas-

ingly difficult for practical sector rotation to simultaneously

achieve balanced user distribution across all sectors, leading

to a growing performance gap between the practical schemes

and the theoretical upper bound. In addition, the gap between

the joint optimization scheme and the scheme with sector

rotation optimization only also becomes more evident as M
increases. This is because a larger number of sectors provides

more DoFs for antenna allocation, thus enabling more effective

compensation for residual user distribution imbalances that

cannot be addressed by optimizing sector rotation only.

In Fig. 9, we investigate the effect of user distribution non-

uniformity on the average achievable common throughput.

With the total average number of users fixed, it is observed

that as the user distribution becomes more uniform, i.e.,

the ratio of the average number of background users to the

total average number of users,
Bλbg

λsum
, increases, the average
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Fig. 8. Average achievable common throughput versus total number of sectors
with B = 60.
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Fig. 9. Average achievable common throughput versus ratio of total number
of background users with M = 3.

achievable common throughput improves for all schemes.

When users are uniformly distributed across all sectors, i.e.,
Bλbg

λsum
= 1, all schemes achieve the same performance which

nearly approaches that of the upper bound, with only a

negligible gap remaining due to the loss resulting from discrete

antenna allocation. These results confirm that, the optimal

user distribution across sectors for the common throughput

maximization should lead to equal average numbers of users in

all sectors. In addition, as the user distribution becomes more

non-uniform, the performance gain provided by optimizing

sector rotation over the conventional fixed-sector BS scheme

becomes more significant.

Fig. 10 illustrates the average achievable common through-

put versus the number of hotspot areas Nhot. For both the

joint optimization scheme and the scheme with sector rotation

optimization only, the average achievable common throughput

fluctuates over Nhot and exhibits local peaks when Nhot

is an integer multiple of the number of sectors M . This

is because, in these cases, sector rotation can more evenly

allocate hotspot areas across all sectors, thus leading to a more

balanced and sometimes even nearly equal user distribution

compared to cases where Nhot hotspot areas cannot be evenly
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Fig. 10. Average achievable common throughput versus number of hotspot

areas with M = 2, L = 20, λ̂bg : λ̂hot,i = 1 : 2, and Lhot,i = 1, ∀i.

divided among all sectors. In contrast, for the schemes without

sector rotation optimization, the average achievable common

throughput decreases as Nhot increases, as only optimizing

antenna allocation is insufficient to compensate for the increas-

ing user distribution imbalance, resulting in high performance

degradation.

VII. CONCLUSION

In this paper, we introduced a flexible-sector BS design

under the multiuser downlink communication setup. We first

characterized the channel model between the flexible-sector

BS and users served by different sectors, and derived the

achievable user rate by considering the impacts of sector

rotation and antenna allocation across sectors. Based on the

knowledge of users’ spatial distribution, we derived the closed-

form expression for the total average transmit power required

at each sector to achieve a given common throughput of all

users. Then, we solved the common throughput maximization

problem by jointly optimizing the sector rotation and the an-

tenna allocation across sectors. Our study was further extended

to the ideal setup with arbitrarily adjustable user distribution

across sectors, where we optimized the numbers of users in

all sectors jointly with, or under fixed, antenna allocation. We

showed that equal user distribution over sectors is optimal

for maximizing the common throughput and developed an

alternative low-complexity suboptimal solution for the sector

rotation by minimizing the variance of user numbers across

sectors. Simulation results validated the accuracy of our ana-

lytical results and the effectiveness of the proposed algorithms.

Compared to the conventional fixed-sector BS, the flexible-

sector BS was shown to significantly improve the achievable

common throughput by adjusting the user distribution across

sectors via sector rotation and allocating antennas over sectors

via antenna movement. Furthermore, the results revealed that

sector rotation adjustment is more effective in enhancing

throughput compared to antenna movement in our considered

setup. The flexible-sector BS can be broadly applicable to var-

ious wireless scenarios, e.g., multiuser sum-rate maximization

systems [30], cell-free/distributed massive MIMO systems,

and millimeter-wave/terahertz networks.
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APPENDIX A: PROOF OF THEOREM 1

Based on (3), (7), and (10), the total average transmit power

for sector m is expressed as

p̄m(r,Nm, R̄) =
σ2

τMNm

EPm

[

2Km(r)R̄ − 1

Km(r)β0

×
∑

k∈Km(r)

(

d2k +H2
)

α0
2

]

(a)
=

σ2

τMNm

EKm(r)

[

Ed

[

2Km(r)R̄ − 1

Km(r)β0

×
∑

k∈Km(r)

(

d2k +H2
)

α0
2 |Km(r)

]]

,

(40)

where d denotes the collective vector of horizontal user

distances from the BS, dk, k ∈ Km(r), and step (a) follows

from the law of total expectation.

For the distance distribution, as the users are independent

and uniformly distributed within each bin, the CDF of the

horizontal distance from user k ∈ K to the BS’s reference

position is calculated as the area of the ring with inner radius

Dmin and outer radius Dmax, divided by the area of the ring

with inner radius Dmin and outer radius of the user’s horizontal

distance, given by

F (d) =

{

d2−D2
min

D2
max−D2

min

, Dmin ≤ d ≤ Dmax,

0, otherwise.
(41)

By taking the derivative of CDF F (d) w.r.t. d, the probability

density function (PDF) of the horizontal distance from user

k ∈ K to the BS’s reference position is obtained as

f(d) =

{

2d
D2

max−D2
min

, Dmin ≤ d ≤ Dmax,

0, otherwise.
(42)

Thus, given Km(r) = n, the inner expectation over d in (40)

is given by

Ed

[

2nR̄ − 1

nβ0

n
∑

k=1

(

d2k +H2
)

α0
2

]

(b)
=

2nR̄ − 1

β0
Edk

[

(

d2k +H2
)

α0
2

]

=
2(2nR̄ − 1)

(D2
max −D2

min)β0

∫ Dmax

Dmin

(

d2k +H2
)

α0
2 dk ddk

= (2nR̄ − 1)ν0,

(43)

where step (b) follows from the fact that the users are inde-

pendent and uniformly distributed in the sector. Substituting

(43) into (40), we have

p̄m(r,Nm, R̄) =
ν0σ

2

τMNm

EKm(r)

[

2KmR̄ − 1
]

(c)
=

1

γm(Nm)
eγ̄λm(r),

(44)

where step (c) follows from the moment generating function

(MGF) of the Poisson distribution of Km(r) with t = R̄ ln 2,

which is given by

MGFKm
(t) = E

[

etKm(r)
]

= eλm(r)(et−1), m ∈M.
(45)

This thus completes the proof of Theorem 1.
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