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Abstract—In terahertz communications, aiding elements (AEs)
such as reconfigurable intelligent surfaces and relays can enhance
connectivity by establishing alternative paths. However, massive
user access and dynamic network conditions make user associa-
tion highly complex and time-varying, imposing significant real-
time computational burden. Moreover, the lightweight method
that minimizes the AE-user distance may still cause large
cascaded path loss due to multiplicative fading. To overcome these
challenges, we propose an AE association strategy that restricts
the candidate AEs to a specific region and transforms the com-
putationally intensive real-time optimization of regional shape
parameters into an efficient codebook-based search process.
Specifically, we first derive the association distance distribution
and achievable rate under the proposed strategy. Secondly,
the optimal shape parameters are precomputed under different
network conditions by solving the achievable rate maximization
problem with a metaheuristic algorithm. Meanwhile, the network
conditions and their corresponding optimal shape parameters
are stored pairwise in a codebook. Under dynamic network
conditions, rather than performing computationally intensive re-
optimization, shape parameters are efficiently retrieved from the
codebook using a lightweight lookup to maximize the achievable
rate under the current network conditions. Simulation results
demonstrate that the region-constrained association strategy can
further enhance the achievable rate, and the offline codebook
with online lookup mechanism enables efficient determination
of the shape parameters under dynamic network conditions.
Moreover, the proposed strategy also reduced the computational
requirements of edge nodes and lowered the hardware costs.

Index Terms—Terahertz networks, dynamic user association,
spatial association regions, codebook design, heuristic algorithm.

I. INTRODUCTION

ERAHERTZ (THz) communication has emerged as a

promising technology to meet the ever-increasing de-
mand for ultra-high data rates and massive bandwidth in future
wireless networks [1]-[3]. By leveraging the vast spectral
richness of the THz band, THz communication is capable of
delivering unprecedented throughput levels, enabling transfor-
mative applications such as immersive extended reality, ultra-
high-definition holographic video, and real-time environment
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sensing and imaging [4]-[6]. These applications require not
only large data capacity but also extremely low latency and
high reliability, making THz technology a fundamental enabler
for future communication systems.

Despite its advantages, THz communication faces severe
propagation challenges that limit practical deployment. Its very
high frequency causes strong free-space path loss, atmospheric
molecular absorption, and limited diffraction [7], [8], resulting
in greater attenuation than microwave and millimeter wave
(mmWave) bands and making long-distance communication
difficult. THz signals depend heavily on line-of-sight (LoS)
propagation and are easily blocked or scattered by obstacles
like buildings, foliage, and human bodies, causing coverage
gaps and reduced link reliability in dynamic environments.
To tackle these issues, massive multiple-input multiple-output
systems have been widely recognized as an effective tech-
nique, leveraging large-scale antenna arrays to achieve signif-
icant array gains and highly directional beamforming. Such
beamforming concentrates energy towards intended receivers,
mitigating path loss and enhancing the link budget [9]-[12].
Beyond the deployment of large-scale antenna arrays for
beamforming, assisting elements (AEs) such as reconfigurable
intelligent surfaces (RISs), relays, and unmanned aerial ve-
hicles (UAVs) have been proposed to establish alternative
paths, thereby enhancing coverage and mitigating blockage
effects. By utilizing programmable meta-surfaces with passive
elements, RISs dynamically control reflection, refraction, and
polarization of electromagnetic waves, thereby creating virtual
LoS paths and enhancing signal quality with low power con-
sumption [13]-[18]. Moreover, distributed RIS deployments
with balanced RIS and base station (BS) densities have been
shown to outperform centralized schemes in both coverage
and energy efficiency [19]-[22]. Complementarily, UAVs offer
flexible mobile platforms that carry RIS panels or serve as
relays, optimizing coverage and avoiding blockages [23]-[28].

AEs have proven effective in enhancing coverage and link
quality in THz networks [29]-[34], yet several critical chal-
lenges remain that limit the practical effectiveness of existing
AE selection strategies. In particular, user mobility, environ-
mental dynamics, and time-varying network deployments will
cause frequent changes in LoS conditions and serving devices
availability. Consequently, user association decisions become
highly dynamic, requiring rapid adaptation to network state
variations. Conventional dynamic association and AE selection
strategies that rely on real-time computations therefore incur
considerable communication and hardware overheads, limiting
their practicality in highly dynamic environments. Moreover,



existing AE selection methods typically consider only the
distance between the user and the AE, while neglecting the
distance between the AE and the serving BS. In high-loss THz
bands, this can lead to the selection of AEs that are near the
user but far from the serving BS, resulting in severe cascaded
path loss due to multiplicative fading.

These challenges underscore the importance of develop-
ing efficient and scalable association strategies for practical
ultra-dense THz networks. In this paper, a codebook-based
association approach is proposed that systematically reduces
computational overhead by shifting high-cost real-time opti-
mization into an efficient codebook search. Meanwhile, AE
selection regions are designed to balance the distances from
AEs to both users and serving BSs, preventing the selection
of AEs that are near users yet far from serving BSs, thereby
reducing the likelihood of severe cascaded path loss. This
paper aims to enable resource-limited edge devices to rapidly
make near-optimal access decisions in dynamic THz networks,
thereby effectively reducing hardware costs and enhancing the
economic efficiency of large-scale network deployments.

The main contributions of this paper are as follows:

e We analyze how the geometric relationship among the
serving BS, assisting AE, and user affects the cascaded
path loss. Inspired by this, a prioritized selection region is
designed, where the AE closest to the user is first selected
within the region; if none exist, the nearest AE outside
the region is chosen. Within this framework, we derive
closed-form expressions for association probabilities, dis-
tance distributions, and achievable rates.

e We optimize the shape parameters of the selection region
to maximize the achievable rate, solving the problem with
a metaheuristic algorithm and comparing both solution
quality and objective function evaluations against exhaus-
tive search (ES). The resulting optimal parameters are
precomputed for representative communication scenarios,
including different deployment densities and BS-user
distances, and stored in a codebook for efficient retrieval
in real-time network operations.

e The relative importance of different network variables
on the optimal shape parameters is analyzed through
the average mutual information (AMI), which is further
incorporated as weighting factors in the Euclidean dis-
tance calculation during the codebook search process.
Furthermore, the proposed strategy is validated for its
effectiveness in scenarios with only BS-user distance
variation as well as in more complex scenarios involving
simultaneous changes in multiple network conditions.

e Simulation results rigorously validate the theoretical anal-
ysis and confirm the effectiveness of the proposed asso-
ciation region design. More importantly, by integrating
offline pre-computation with a codebook and a weighted
K-nearest neighbor scheme for efficient online retrieval,
the proposed strategy enables reliable user association
in dynamic networks. This proposed strategy offers a
practical and computationally efficient solution, allowing
resource-constrained edge devices to make fast access
decisions with minimal latency.

The paper is organized as follows. Section II surveys the
related works. Section III introduces the system model. Section
IV details the proposed association strategies and derives the
achievable rate. Sections V and VI cover the codebook design
and dynamic optimization of the AE selection region. Section
VII presents numerical results.

II. RELATED WORKS

In recent years, user association in wireless communication
systems has attracted considerable research attention. Existing
studies have primarily focused on the design of association
strategies and the stochastic geometry-based performance anal-
ysis of wireless systems under given association strategies. To
more clearly present the innovation and contribution of our
work, we provide a comparative table that summarizes the
differences between our work and existing related works, as
shown in Table I. Moreover, a detailed review of representative
works in these areas is provided below.

A. Design of the User Association Strategies

User association strategies have been widely studied to
enhance connectivity and resource utilization. For instance,
a user association scheme was proposed in [35], where iter-
ative updates of association variables with active and passive
beamforming improved sum-rate performance over traditional
methods. Similarly, mobility-aware association in [36] en-
hanced long-term capacity and reliability under dynamic links
while reducing channel estimation overhead. Additionally,
for frequency-selective RIS-assisted cellular networks, the
authors in [37] developed a joint BS-RIS—user association
and beamforming optimization using lp-norm approximation
and fractional programming to boost sum-rate. UAV platforms
have also been studied due to their flexible deployment and
strong LoS connectivity. Specifically, a game-theoretic user
association and computation offloading framework was in-
troduced in [38] for UAV-assisted systems, enabling energy-
efficient distributed decisions under task and resource limits.
Considering the high communication energy cost of UAVs,
energy-efficient RIS-assisted cooperative relaying was adopted
in [39], where UAV altitude, relay selection, and user associ-
ation were jointly optimized to improve system efficiency.

Some studies formulate user association jointly with power
allocation and other system variables. For example, a dynamic
hierarchical game combining evolutionary and Stackelberg
games was proposed in [40] to model user-BS association
and resource pricing. In RIS-assisted mmWave systems, joint
user association, power allocation, and passive beamforming
were formulated in [41], where a forward-reverse auction
mechanism was used for efficient association. Resource and
energy-efficient user association has also been widely studied.
For instance, distributed message-passing was developed in
[42] for joint user association and time allocation to maximize
fairness in wireless powered networks. Energy-saving policies
were explored in fully-decoupled radio access networks, de-
signing user association and uplink BS sleeping via many-to-
many swap matching [43]. In two-tier heterogeneous networks
(HetNets), energy-efficient association and power allocation



TABLE I: Comparison with Representative Works in User Association
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of multi-dimensional
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were jointly optimized through an iterative algorithm [44]. Ad-
ditionally, multi-attribute decision-making coordinated beam-
forming and energy trading in smart-grid-powered systems to
reduce cost and emissions while maintaining quality of service
(QoS) [45].

In addition, related studies have addressed load balancing,
decentralized decision-making, and other aspects. A minimum
rate ratio-based user association was proposed in [46] for inte-
grated mmWave access and THz backhaul networks, aiming to
maximize served users while efficiently allocating resources.
Similarly, a statistical optimization method was proposed in
[47] adjusting bias factors per BS tier in HetNets to improve
throughput fairness and load balancing. In [48], a central-
ized probabilistic user association was introduced for cell-
free Industry 4.0 networks, maximizing users meeting QoS
without relying on short-term channel state information (CSI)
and adapting to varied factory scenarios. Software-defined
networking-based user association schemes for wireless local
area networks were designed in [49] to solve sticky user
problems by considering signal quality and multicast delivery
to boost throughput and resource use. Decentralized meth-
ods using multi-agent actor-critic learning [50] and dynamic
minimum delay association [51] were developed to enhance
load balancing and latency in dense networks. Furthermore,
a distance-dependent relay selection scheme was proposed in
[52] balancing covertness and reliability, and vehicular net-
works improved capacity and security via similar association
methods compared to relay-based ones [53].

Existing user association strategies often optimize the asso-
ciation based on performance metrics such as system through-
put or sum-rate. These problems are typically modeled as
0-1 integer programming to represent the binary decision
of whether a user associates with a particular access point.
This approach accurately captures association decisions, offers
flexible objective functions and constraints, and benefits from

mature solvers to obtain near-optimal solutions and facilitate
performance comparison. However, integer programming has
high computational complexity, limiting its scalability to large
networks. Moreover, existing models are often static and sim-
plified, making it difficult to adapt to scenarios with multiple
dynamic parameters. In addition, most existing association
strategies rely on high-complexity iterative algorithms, which
are challenging to meet the real-time association requirements
in future multi-tier heterogeneous and dynamic networks.
Additionally, existing association schemes typically ignore the
multiplicative fading effect of cascaded links in AE-assisted
systems, where minimizing the AE-user distance alone is
insufficient to minimize the cascade path loss.

B. Performance Analysis of User Association Strategies

Stochastic geometry-based performance analysis has been
widely used to evaluate coverage probability, achievable rates,
and outage under various user association policies. For ex-
ample, joint 6G THz/mmWave systems were analyzed in
[54], where multi-connectivity and user association consid-
ered unique propagation, revealing blockage density’s impact
on optimal association. In [55], a maximum instantaneous
signal-to-interference-plus-noise ratio (MISINR) user associa-
tion scheme for dense urban HetNets was studied, with closed-
form coverage and average rate expressions showing superior
performance. In addition, energy efficiency gains were shown
in wireless-powered full-duplex HetNets via downlink-uplink
decoupled association based on received power [56]. More-
over, the performance of multi-BS networks with distributed
RISs was analyzed in [57], focusing on balancing signal and
interference to maximize SINR. Similarly, uplink performance
comparisons of association strategies in millimeter-wave net-
works with clustered users were presented in [58], [59],
deriving tractable SINR coverage and transmission success
probabilities. To address channel uncertainty, the authors in



[60] analyzed a UAV-based multiuser downlink system assisted
by multiple RISs, deriving RIS selection probability and SNR
distribution under outdated CSI, and evaluating coverage and
bit error rate impacts on association and network performance.

Extensive research has also focused on HetNets, highlight-
ing the influence of user association on coverage and data
rates. For example, coverage probabilities and the effects of
drone height, bias factor, and BS density were analyzed in
[61]. Similarly, the impact of user association in multi-tier
networks integrating UAVs, THz small cells, and macro BSs
with wireless backhaul was evaluated in [62]. A downlink
framework combining UAVs, RISs, and ground users in cell-
free massive MIMO systems was proposed in [63], where
joint optimization of power allocation and RIS phase shifts
enhanced communication quality and QoS. In addition, a hy-
brid HetNets utilizing partial CSI and dual association schemes
were proposed in [64] to reduce overhead and initial access de-
lay, thereby improving network efficiency. To further explore
network deployment effects, the influence of BS density and
height on user association and sensing performance within air-
ground integrated networks was examined in [65], providing
valuable insights into optimal infrastructure design. Moreover,
closed-form expressions for user association probabilities in
two-tier HetNets combining hybrid caching and full duplex
relaying were derived in [66], demonstrating notable gains in
overall system performance and spectral efficiency.

Other studies have focused on analyzing reliability, inter-
ference, and security performance. For instance, two methods
were proposed to characterize instantaneous SNR probability
density functions (PDFs), deriving closed-form sum-rate ex-
pression along with analyses of optimal UAV location [67]. In
addition, a framework for RIS networks with non-identical
interferers was developed in [68], simplifying high-SINR
outage expressions and exploring multi-RIS deployments. Ur-
ban aerial networks were analyzed in [69], modeling spatial
correlation and interference nulling to evaluate conflict and
coverage under building blockage. Moreover, security in aerial
relay-assisted systems was addressed in [70], providing closed-
form approximations for ergodic secrecy rate. Channel mod-
eling for RIS-assisted systems analyzed how aerial platform
attitude fluctuations affect array aperture and SNR perfor-
mance [71]. Furthermore, cooperative strategies and caching
mechanisms have been investigated. In [72], the downlink
performance under BS cooperation was analyzed using meta
distribution and delay to assess cooperation level and BS
density effects. Additionally, the achievable rate in cache-
enabled cellular networks was analyzed in [73], incorporating
BS association and probabilistic caching while accounting for
both access and backhaul links to guide deployment.

Existing studies on performance analysis of user association
typically rely on classical criteria such as nearest distance
or maximum received power to derive network coverage
probability and achievable rate. However, there is a lack of
research that derives system performance under newly pro-
posed association strategies. Moreover, most analyses do not
establish a unified framework that integrates user association
optimization with theoretical performance evaluation. Addi-
tionally, the analysis of the impact of AEs’ spatial positions
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Fig. 1: System model of the AE-assisted architecture with a
restricted selection region.

on cascaded path loss and user association has generally been
overlooked.

C. Limitations of Existing Works and Our Novelty

Existing user association schemes suffer from several fun-
damental limitations. First, user association is commonly for-
mulated as a high-complexity binary optimization problem,
which limits its real-time applicability in large-scale and
dynamic networks. Second, most existing approaches ignore
the multiplicative fading nature of cascaded links in AE-
assisted systems, where minimizing a single link distance does
not necessarily lead to an optimal association decision. Third,
association optimization and performance analysis are often
treated separately, lacking a unified modeling framework.

From the perspective of multiplicative fading, this paper im-
proves the accuracy of user association decisions by imposing
constraints on the association region. Based on this region-
constrained association, the system performance is analytically
characterized, and an efficient codebook-based optimization
method for the association region is developed. This paper
first analyzes the impact of the geometric relationship among
the serving BS, the assisting AE, and the user on the cascaded
path loss. Based on this analysis, a novel association region is
designed to incorporate the spatial positions of AEs into the
user association process, aiming to avoid selecting AEs that
induce high cascaded path loss. Furthermore, the achievable
rate of the system under the proposed association region
constraint is derived, and theoretical analysis demonstrates
the existence of a set of optimal association region shape
parameters that result in achievable rate gains compared to the
approach without association region constraints. Additionally,
an offline codebook construction combined with an online fast
matching mechanism is proposed to efficiently support real-
time association under dynamic scenarios involving simulta-
neous variations of multiple network parameters.

III. SYSTEM MODEL
A. Network Model

The locations of the BSs and AEs are modeled using
independent Poisson point process (PPP) ®p and ®, with



density \g and )\, respectively'. Each BS and AE is equipped
with a UPA, where the BS has Ny elements and the AE has
N, elements. A typical user is equipped with a single antenna
is considered in this paper. The large-scale fading mainly
captures the impact of path loss and molecular absorption,
which become particularly severe at THz frequencies due to
the strong frequency-dependent attenuation. Specifically, the
path propagation loss function for large-scale fading from a
LoS link and an non LoS (NLoS) link to the typical user is
given by

l(r) = Broove KU (D)

where = (ﬁfc)Q, c is the light speed, f. is the frequency,
v € {L,NL} indicates the LoS link and NLoS link, re-
spectively, r is the transmission distance, and K (f.) is the
molecular absorption coefficient. ¢, is the path loss exponent,
namely «, = o, for the LoS link and «, = ani, for
the NLoS link. Moreover, this paper adopts the Nakagami-m
fading model to capture the key properties of THz channels,
including significant path loss, molecular absorption, and
blockage effects. The model’s parameter m" offers flexibility
to represent a range of fading conditions encountered in the
THz band. Specifically, the PDF of the small-scale fading gain
can be given as [74]

B (mv)mvumv—l —mY
i) = St e (T

where I'(m?) is the gamma function, and Q is the mean fad-
ing power. The spatial distribution of environmental obstacles
plays a fundamental role in determining the characteristics of
link states. In our analysis, we assume that the probability of
a link being LoS at a given transmission distance d is denoted
by pL(d). A widely accepted and commonly used exponential
model characterizes this probability as pr,(d) = e~%%, where
the parameter [, captures the effects of the density and average
size of environmental blockages [75]. Furthermore, this paper
assumes that the user is associated with its nearest BS, and that
the serving BS-user link is completely blocked by obstacles,
as shown in Fig. 1, making direct communication impossible
and requiring AE assistance for connectivity.

”),u>o, @)

B. Antenna Model

Since the BS and AE use UPA with similar beamforming
patterns, we take the BS as an example to discuss the antenna
gain of the UPA. The antenna gain of the BS, denoted
by Gg(0%,6°, 0% ©°), is a complicated function of azimuth
angles 0%, ¢ € [0,27] and elevation angles 6°, ©¢ € [0, 7],
where 0%, 0¢ are the desired beam directions related to the
transmit array response vector, and ¢“, ¢° are the observed
directions. Considering the normalized flat-top antenna model

IThis paper considers a two-dimensional (2D) network topology to ef-
fectively capture key spatial characteristics and cascaded path loss effects
relevant to user association. While three-dimensional (3D) modeling can
provide more spatial detail, the 2D approach effectively captures the dominant
spatial relationships that primarily influence user association and coverage
behavior. Such an approach provides a practical and insightful abstraction that
aligns well with the work’s objectives and facilitates analytical understanding.
This allows for tractable system-level analysis without compromising essential
insights.

in [76], the main-lobe of the beam has a half-power beamwidth

(HPBW) of ¢g = \/% in the azimuth and a HPBW of

in the elevation, which provides constant main-

- V3
B \/@

lobe gain G)' within the HPBW and constant side-lobe gain

Gg outside it. Therefore, we characterize the main-lobe by the

azimuth angle over O = [0 — §7 0%+ %] and the elevation

angle over ©°¢ = [0° — %5, 0¢ + %5] Thus, the antenna gain
function for the BSs can be approximately expressed as
GM if ¢ € ©% and ¢° € ©°,

GS , otherwise,

GB(eavgevgoa?SDE) = { (3)

\/ﬁg*TﬁNB sin( V3 )
E s

\/m—%fsm(%)
lobe and side-lobe beamforming gain of the BS, respec-
tively. Similarly, we can obtain the main-lobe and side-
lobe beamforming gain of the AE are G) = nN? and
nNQ—ﬁnN2sin( V3
GS _ A 27 A 2 "INAQ
A W_T@sin(72 f:T?)

loss coefficient of the AE duAring reflection [77].

%

where GY = Ng, G§ = are the main-

, respectively, with 7 is the

IV. USER ASSOCIATION STRATEGY AND PERFORMANCE
ANALYSIS

This section introduces the design of AE selection region
and derives the probability that the assisting AE of a typical
user is located in each subregion, as well as the corresponding
distance distributions, outage probabilities, and achievable
rates. In addition, the optimization problem is formulated,
and the key performance metric is constructed to evaluate the
effectiveness of the proposed scheme.

A. Geometric Analysis of Cascaded Path Loss

Fig. 2 illustrates the impact of the geometric relation-
ship among the serving BS, the assisting AE, and the user
on the cascaded path loss. Specifically, xp, yo and zy de-
note the BS-user, AE-user and BS-AE distances, respec-
tively, while ¢y denotes the geometric angle between the
BS-user and AE—user connections, and zg is given by zo =
Vg 4+ yZ — 2x0yo cos do. It can be observed that, for fixed
o and yg, the cascaded path loss varies significantly with
different values of ¢q, indicating that the spatial position of
the assisting AE is an important factor during the selection
process. Moreover, as x( decreases, the influence of ¢
becomes more pronounced, emphasizing the importance of
considering the geometric relationship among the BS, AE, and
user in THz networks, where the transmission distance g is
typically short due to the high carrier frequency.

B. User Association

Fig. 3 illustrates the specific geometric shapes of the AE
selection region, which consists of the forward sector region
(FSR), the backward sector region (BSR) and the auxiliary
region (AR). Specifically, the region consists of two sectors
centered at the typical user, with radii ngxo and nrpzg, and
central angles Y and g, respectively. For convenience, we
collectively refer to = = [ng,nr, s, Jr| as the selection
region parameters (SRPs).
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1) AE Selection Inside the BSR and FSR: When at least
one AE exists within the BSR or ASR, the AE closest to the
user is selected to assist the communication, based on which
Lemmas 1 and 2 are derived.

Lemma I: Under the given distance x, the probability of
associating with an LoS/NLoS AE within the BSR and FSR
area can be given as

A o) =

IBZ0

Ny (y)exp (—AAwB + 9)

oS,

) dy, )

nBTo 2
Aptro) = [ Madeum e (AAwaF)y) &y )
0

2
NEZTo T 2 ] 2
+ / Aatrypy (y)exp (—AA (193 (nBQO) + F2y )) dy.
nBZTo
Proof: See Appendix A.

Lemma 2: The conditional probability distribution function
(PDF) of the distance between a typical user and its assisting
LoS/NLoS AE within the BSR and FSR can be derived as

MIBYP(Y) (954 00) 2

Fa(z09) =1y < mawo) =2 00 . ©
AOrYDy B 2
fe(wo,y) = M(l(y < npwo)e MrtiR)i
A (20) o

o (v zmgel? 2 )
+ 1(nero <y < Mrxo)e )

Proof: The probability distributions of the distance y under
different conditions are derived in detail in Appendix A and
are therefore omitted here for brevity.

2) AE Selection Inside the AR: When there is no AE present
in the BSR and FSR, we will select an AE within the AR that
is closest to the user.

O, : Typical user O, : Serving BS O :AEs
@ : Candidate AEs @ : Assisted AEs

Fig. 3: Illustration of the AE selection region.

Lemma 3: Under the given distance x, the probability of
associating with an LoS/NLoS AE within the AR is

AZ(UEO):
o A (27— (95 +0r)) L
Aypo () (2m— (Dp+0g) ) M= nte) 5 gy
0
NFTo — (27r—79F)y2+79F(77Fﬂ°0)2
+/ Aypo(y) (27 —VIr)e ( ’ ’ >dy
nBTo
+ / 21 Ay, (y)e M dy. ®)
NrTo

Proof: See Appendix B.

Lemma 4: The conditional PDF of the distance between a
typical user and its assisting LoS/NLoS AE within the AR can
be derived as

AayPy
R (r0.) = el

2
% (1y < mpwo)(2m — (49 e =t

@r—9p)y? | Ip(pzg)?
2F + F g 0 )

+1(npxo < y < npwo)(2m—Vr)e A<
+1(y = mpwg)e ). ©)

Proof: The probability distributions of the distance y under
different conditions are derived in detail in Appendix B and
are therefore omitted here for brevity.

C. Performance Analysis
The received SINR by the typical user from the assisting

AE is

PGy G gy o 9 Lo(yo)lu(20)

10
g . a0

Y (o, Yo, ¢o) =

where 012\1 is the noise power, x is the transmission distance,
20 = /2% + Y2 — 2z0Y0 cos(dg) with ¢y is the angle between
the AE-user link (yp) and the BS-user link (zp) in the
horizontal plane. The interference from BSs to the typical user
can be given as

I = Zietbs\{io} PeGy (07,07, 01 07) g7 Lo ().

Y



Note that we focus on interference from BSs and neglect AE-
induced interference. Specifically, interference from other AEs
is given by

IA = Zi€<1>g ZSE‘I)A PBngAgzsg:lv (Zi,s)lv (ys)a

where ¢ # i,, S # 5o, S, denotes the assisting AE, z; ¢ is
the distance from the i-th BS to the s-th AE, and y; is the
distance from the s-th AE to the typical user. This AE-induced
interference is negligible for two reasons: (i) interfering AEs
configure their phase shifts toward their intended users, and the
beams of interfering BSs are also aligned with their target AEs
or users, so Gg and G, are likely to be sidelobe gains g§ and
Gy, respectively, which are typically much lower than the main
lobe gains; (ii) the reflected signals undergo multiplicative
attenuation. For example, with z; ; = 5 m, ys = 2 m, and
o, = 2.5, the cascaded path loss can reach approximately
400 dB at 0.3 THz.

The cascaded small-scale fading on the BS-RIS-user link
can be modeled as the product of two independent Nakagami-
m random variables, g; .~ Nakagami(mg,,) and g¢ ~
Nakagami(my,€2). Let X* = g7 g¢. The moment-
matching method is used to approximate X" as a single
Nakagami-m variable g. ~ Nakagami(m?,(.). Specifically,
the expectation and variance of X" can be expressed as

= Elg;, 5,1 Elgs,]

12)

]E[XU] = Qa Qb = QC7 (13)

Var[X*] = E[(X")?] — (E[X"])* = E[(¢¢ . 9" )% — Q2

a 1 1 1
@ 2 (1+) <1+> Q2 =Mt Ty
mY my mymy

a b a’'"b

Where (a) comes from E[gfg}so] = Var[g;’mso]Jr (IE[gfwsv])2 =
%t 02
the Nakagami-m definition Var[X"] =
Nakagami parameters are

and the same reasoning applies to gy . Using

, the equivalent
TYL

2 V0V
Q2 memy

me = ~ Var[X"V] B my +my +1°

Qe = Qo (15)

Since m{ may not be a positive integer, the conditional
coverage probability of the BS-AE-user link can be given as

P[’Y:(xoa Yo, (ZSO) > ’YO]
Q(m“é’ ) )]

1 e v
=——Ez, / tme et dt
F(mg) o [ ag(Zs+02)

L /OO tmelemtF t 2) dat
= c e — —0C
F(mg) apo? Tolwo aq ’

where W3 = muyo(Q PBQQAQW o)l (f (@0, 40, 60)))
B = (m)T ag = B Qar) = T de-
notes the regularized upper 1nc0mp1ete gamma function with
Ly(a,z) = [Fte~le7tdt, and Fr,),,(u) is the cumulative
distribution function (CDF) of the Zy under the zy. By
using the inverse Bromwich transform, the F,,,(u) can be

= EIB\IO

(16)

written as Fz, |, (u) = E‘l{h%“e(s)}(u). The Lz,4,(s) =
E[e~*%] is the Laplace of the interference form BSs, given
by

L7120 (8) = E[GXP<—SZ PBngflv(x,»)ﬂ

1€Pp\ i

© exp(—27r)\3 /:0(1 — A(s,r))rpv(r)dr),

0

a7

where (c) comes from the Campbell’s theorem [78], and
A(s,) can be given as

2 v
me m¢
A(s,r) = ij((sPnglu(T) T mg)) )

Jj=1

(18)

where py = 2% po =1 —p;, G, = G, and G = GS.

Corollary 1: When interference is not considered, the con-
ditional coverage probability can be expressed as

. ., miBUUYa?
]P)I:’YA ($0,y07¢0) > ’YO] = Q(mc) (22)
1 o0 v | (m”, a002)
= e et Qg = ¢~/ 19
T(my) / ‘ D(my) 1

Lemma 5: Under the given distance z(, the coverage
probability and the achievable rate when the assisting AE is
located in the BSR or FSR can be given as

nBTo

v 7T+197B
= Z A%(:O) / o F(wo,y, #)dydg
v T—=> J0 (20)

v ﬂTF NFTo
L Ai(zo)
053 ,‘9717 0

P'(0)

‘FF (1’07 Y, ¢)dyd¢7

. NBZTo_
R'(2o) = y, 9)dyde
’ @1
.A“ z L

19< 0) / o fb($07y7¢)dyd¢7
F F 0

where Fy (20,y,0) = Py} (zo,y,¢) > 70]fy(20,y), and

Fx(xo,y,0) = fx(li;’y) I Ph"(xfﬁwx}dt with x €

{F, B, A} indicates that the assisting AE is located in the FSR,
the BSR, and the AR, respectively.

Proof: See Appendix C.

Corollary 2: The coverage probability and the achievable
rate when the assisting AE is located in the BSR or FSR are

/P To fB(l‘Q)dxo, R /R o fB(xo)dxo,
(22)
where fg(zo) = 2mApzoe ™% denotes the PDF of the
distance between the typical user and its serving BS.
Lemma 6: Under the given distance xg, the coverage
probability and the achievable rate when the assisting AE is
located in the AR can be given as

0= dao) [, / Falwo,y,0)dyds, (23)



2

/0 Falvo.y, o)dydp.  (24)

9g
ZAl CL’O /F ’

AQ (x
where Aj(xg) = 2:_(37%.

Proof: See Appendix D.
Corollary 3: The coverage probability and the achievable
rate when the assisting AE is located in the AR are

— [ PO (a0) folwo)dzo, RO = / R®(w0) fo(0)dzo. (25)
0 0

Then, the coverage probability and achievable rate under x
of the BS-AE-user link can be given as

P(x0) = Ar(x)PH(z0) + (1 — Ar(z0))P°(20),  (26)
R(zo) = An(z0)R'(x0) + (1 — Ar(20))R°(x0),  (27)

where Ar(z0) = >, e w1y (AR (20) + A (20)) denotes the
probability that a typical user is associated with an AE within
the BSR or FSR under x(. Therefore, the coverage probability
and achievable rate of the BS-AE-user link can be given as

P:/P(xo)fB(Io)d%a R:/R(fco)fs(zo)dxo- (28)
0 0

D. Traditional AE Association without Region Constraints

In this paper, the conventional AE selection scheme based
on the nearest association criterion without any spatial restric-
tion is adopted as the baseline for comparison. Specifically,
under this scheme, the typical user is always associated with
the nearest AE regardless of its location or the surrounding
environment. Specifically, the probability that the typical user
is associated with an LoS/NLoS AE and the corresponding
distance distribution are given

2 Aaypo (y)

A :/271'/\ Do e~y g C flly) = =
| 2mape(y) v ) = = o

Under the given distance g, the coverage probability and
the achievable rate when the assisting AE is LoS/NLoS AE
can be given as

~ 1 2T poo ~
Pla) =Y 5| [ Pi(e0..0)> 0 o, G0

_ 27 [e’e}
R(zo) = Z %/0 /0 Fo(wo,y, ¢)dydd,

where Fo(z9,y, ) = fhfé") foo i (Jo’y’¢)>t] dt.

Corollary 4: The coverage probablhty and the achievable
rate when the assisting AE is LoS/NLoS AE can be given as

. (29)

3D

_ / B0) fa o) o, R— / R(ao) falao)dzo.  (32)
0 0

To provide further insight, we clarify how prioritizing AE
selection within the dual-sector region enhances the achievable
rate. By confining AE association to geometrically balanced
locations, the proposed region constraint mitigates cascaded
link imbalance and effectively suppresses excessive atten-
uation in the multiplicative path loss. Owing to the con-
trolled BS-AE and AE-user distances, the conditional rate
satisfies Ri(zg) > R(zo), while R°(z¢) < R(zo) generally
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Fig. 4: Framework of codebook-based user association region
optimization.

holds for AEs outside the region. Consequently, the overall
achievable rate R(z) exceeds R(xg) when the condition
Ag(20) (R (w0) — R(w0)) > (1 — Ar(z0))(R(0) — R°(20))
is satisfied, indicating that the performance improvement
is primarily driven by two key factors: a sufficiently high
probability of selecting AEs within the dual-sector region
and a significant rate enhancement achieved under balanced
cascaded link conditions.

V. CODEBOOK CONSTRUCTION OF SRPS UNDER
REPRESENTATIVE SCENARIOS

The framework of the proposed codebook-based user as-
sociation region optimization is illustrated in Fig. 4. For
clarity of illustration, Fig. 4 considers only three network
variables, namely x(, Ag, and . This section first formulates
the optimization of SRPs with the objective of maximizing the
achievable rate and solves it using a cuckoo search (CS)-based
framework. The optimal SRPs are then obtained for several
representative network conditions and stored in a codebook.
Furthermore, the computational complexity and solution qual-
ity of the CS algorithm are analyzed and compared with those
of the ES algorithm.

A. Optimization Problem Formulation and Heuristic Solution

Building on the analytical results derived in the previous
sections, this part focuses on optimizing the proposed AE
selection scheme to maximize the achievable rate of a typical
user. Specifically, the objective is to determine the optimal set
of SRPs, denoted by =* = %, n%, U5, V5], that yields the
maximum achievable rate and thus fully reveals the perfor-
mance potential of the proposed strategy.

Under a given network configuration, the optimization prob-
lem can be expressed as

Py mngS(E), st.0<nmg <np,0 <Ig <Vp <m, (33)

where R%(Z) denotes the achievable rate in (27) under the
proposed AE selection strategy, and s denotes the network
configuration®. The constraints ensure that both the radius
and central angle of the BSR are less than or equal to

2The network configuration s mainly includes variables such as BS and AE
deployment densities, BS transmit power, system bandwidth, and the path loss
exponent. Note that these parameters are not optimization variables in this
paper. Instead, we aim to optimize the SRPs under each fixed configuration
s. Additionally, the configuration s also includes the distance xo between the
user and its serving BS, so that an optimal SRPs can be determined for each
given xg, which is particularly relevant in user mobility scenarios.



Algorithm 1 Cuckoo Search Algorithm for SRPs Optimization

Require: {s,,}M_,, Ncs, Tmax

Ensure: {=; 1M _,
1: Feasible domain C: 0 <np < np, ¥ <Ip <7
2. form=1,---,M do

3 Initialize nests G(©) = {=,, ;}N¢s

4 Evaluate R®(Z,,;) fori=1,---, Ncs

5: Er, ¢ argmaxgo) R*(Em,i)

6: fort =1, - ,Thax do

7 for:=1,---, Ncg do

8 Randomly choose j # i

9 Generate Lévy step A=, ; ~ Lévy(()
10: E;}’LL — Em’i + AEm,z . (Em,z — Em,j)
11 E;m — HC(E;N-); evaluate RS(E;”)
12: Emyi ¢ s i R3(Z,) > R (Emyi)
13: end for

14: fori=1,---, Ncg do

15: if rand() < p, then

16: Reinitialize =, ; within feasible domain
17: Emi — (B, ); re-evaluate R3(=,, ;)
18: end if

19: end for

20: Let =y, best <— arg maxg R (Ep,,i)

21: = Empest if R (Empest) > R3(EE,)
22: end for

23: end for

24: return {=F }M_,

those of the FSR. This is because AEs located within the
FSR are more likely to be simultaneously closer to both
the user and the serving BS, thereby offering better support
for improving communication performance. To avoid overlap
between the BSR and FSR, the central angle of each region
is constrained to a maximum of 7, ensuring non-interference
between their angular domains. The performance improvement
of the proposed AE selection strategy over the conventional
scheme is quantified by the achievable rate gain, defined
as AR(R:(),R*) = %, where RS represents the
achievable rate under the conventional scheme without associ-
ation region restrictions. It is worth noting that the interference
is explicitly considered in the achievable rate analysis to ensure
accurate performance characterization. However, the resulting
expression is computationally intensive. To enable efficient
offline optimization of the SRPs, an interference-free closed-
form expression is adopted during the codebook construction
stage. The effectiveness of the resulting association region is
further validated through evaluation under interference condi-
tions in the simulation results.

The objective function R%(E), with E = [np, nr, I8, U5,
is strongly coupled, as the achievable rate depends jointly
on the radius and angle parameters. This interdependence
renders independent optimization infeasible and creates a non-
separable landscape. While exhaustive search guarantees the
global optimum, its complexity is prohibitive. To address this,
the CS algorithm is employed for its global search capability,
simplicity, and robustness [79]. Note that the SRP parameter
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Fig. 5: Convergence comparison between the CS and ES
algorithms.

optimization corresponds to a low-dimensional, non-convex
problem without explicit gradient information. The CS algo-
rithm is adopted due to its simplicity and effectiveness in such
settings, enabling efficient offline codebook construction. We
emphasize that the proposed framework is algorithm-agnostic,
and CS is adopted as a practical instantiation rather than a
restrictive choice. Inspired by cuckoo brood parasitism, CS
maintains a population of solutions and generates new can-
didates via Lévy flights, enabling long-range exploration and
escape from local optima [80]. Its discovery-and-replacement
mechanism preserves diversity, preventing premature conver-
gence, while few hyperparameters facilitate implementation.
These features make CS well-suited for optimizing the multi-
parameter, non-separable objective.

In the CS algorithm, new solutions are generated by per-
forming Lévy flights, which enable a balance between local
exploitation and global exploration due to their heavy-tailed
characteristics. Specifically, for a given nest position pz(-t) at
iteration ¢, the new solution is

p"™ = p" + Lévy(¢),

where Lévy(() represents a step vector drawn from a Lévy
distribution with stability index ¢ € (1,2]. In practice, the
Lévy-distributed steps are generated using Mantegna’s algo-
rithm, where each step length Lévy(¢) can be given as

Lévy(() = C1|<2|_%, S1 ~ N(Oa031)7 2 ~N(0,1), (35)

(34)

1
(F(1+C)Sm§));_ Lévy
(T2 2 )¢
steps are applied independently to each dimension of the
solution vector, enabling occasional large jumps that escape
local optima, with a typical parameter choice of ¢ = 1.5. This
improves the global search capability compared to Gaussian-
based random walks. Algorithm 1 details the procedure for
obtaining the optimal SRPs using CS, where I1¢ (=, ;) denotes
the Euclidean projection onto the feasible set C, and rand()
generates a uniform random number in [0, 1].

Fig. 5 illustrates the convergence behavior of the CS algo-
rithm relative to the ES benchmark. CS is executed for 100
iterations, and the gap to the ES optimum decreases from

and the o, is obtained by o, =



1.53 to 0.26 when Az = 0.008 m™2, p = 5, and zy = 3
m. This progressive reduction in gap demonstrates that the
stochastic Lévy-flight steps and probabilistic replacement in
CS gradually focus the population of nests onto the high-
quality regions identified by ES. While ES guarantees the
exact global optimum by exhaustively evaluating every dis-
cretized grid point, CS employs a finite population and heavy-
tailed jumps. Although there remains a performance gap of
approximately 0.2 between CS and ES, this level of difference
is acceptable for the purpose of optimal SRPs. In fact, the
significant reduction in computational complexity offered by
CS justifies this modest performance trade-off.

B. Generation of the Codebook

To support fast and effective online decision-making, we
construct a codebook that stores optimized SRPs correspond-
ing to a set of representative network scenarios. These scenar-
ios are generated by varying several key network and channel
parameters, while other parameters remain fixed for clarity
of analysis. Specifically, each scenario is characterized by a
network configuration vector s = [z, A, 0, Ps, Na, W, 1],
which represents essential system attributes such as BS-user
distance, BS density, and BS transmit power. Although the
actual network and channel conditions involve more param-
eters, this study focuses on these representative ones that
have the most significant impact on system performance. In
practical deployments, user mobility is typically the dominant
source of network dynamics, while the BS locations remain
relatively fixed. Consequently, the BS—user distance x( varies
more frequently than other parameters. To ensure that the
codebook contains sufficiently diverse and representative xg
samples, we generate them according to the corresponding
PDF of z( under each BS density Ag. This strategy allows the
constructed codebook to better capture the spatial variability
of realistic networks and enhance its generalization capability
across different deployment scenarios.

For each configuration s, the SRP vector Z =
[7B, nF, 9B, ¥r] is optimized offline via the CS algorithm to
maximize the achievable rate, i.e., = = arg maxs R°(Z). The
resulting optimal pairs (s, Z*) are stored in a codebook, which
serves as a mapping from network conditions to near-optimal
SRPs. For example, if there are M representative scenarios in
total, the codebook can be expressed as K = {s,,, =, }M_,.
During real-time operation, the system can query this code-
book to obtain high-quality SRPs with minimal computational
overhead, thus avoiding online optimization.

C. Complexity Analysis

For the ES method, each variable is discretized with a
specified interval, and the objective function R(Z) is evaluated
over all combinations satisfying the linear constraints ngp > np
and J9r > Up. Let K1, K5, K3, and K4 denote the number
of discretized values for the four variables ng,ng, Vs, Jr,
respectively. Then, the total number of valid evaluations in
the exhaustive search is given by

Ky (2Ky — Ky +1) K3 (2K, — K3+ 1)

QES = 2 2 )

(36)
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Fig. 6: Comparison of the number of objective function
evaluations between the CS and ES algorithms.

and the overall complexity of this method scales as O(Qgs).
For instance, when the discretization levels for ng and np are
both set to K1 = Ko = 50 (6 = 0.1, )max = 5), and those
for ¥p and Jp are K3 = K4 = 31 (§ = 0.1, Ypax = 7), the
total number of function evaluations required by ES is approx-
imately Ogs = 6 x 10°. Such a large number of evaluations
implies that performing ES to find the optimal SRPs for each
network configuration would result in a tremendous computa-
tional burden. Furthermore, if the discretization intervals of the
optimization variables are increased to achieve finer resolution,
the number of evaluations would increase significantly, leading
to even greater computational complexity.

In contrast, the CS algorithm maintains a population of Ncg
nests and iteratively updates them over 77,,x generations using
Lévy flight-based steps and partial random replacement. Each
nest is evaluated once per iteration, resulting in a total of
Qcs = Ncs X Thax Objective function evaluations throughout
the search. Hence, the overall computational complexity is
O(Qcs). Since Qcs is typically much smaller than Qgs,
the CS algorithm significantly reduces the computational cost
while maintaining the potential to discover near-optimal solu-
tions compared to the exhaustive search. Fig. 6 compares the
number of objective function evaluations and illustrates that
the ES algorithm demands a significantly larger number of
evaluations compared to the CS algorithm. While Qg can be
reduced by increasing J, such a coarse discretization severely
limits the algorithm’s ability to find the optimal solution.

VI. CODEBOOK-BASED ADAPTIVE SRPS MATCHING

In this section, we first analyze the impact of key network
parameters on the optimal SRPs using the AMI, which quan-
tifies the relative importance of each parameter. Based on this
analysis, relevant samples are retrieved from the codebook for
each new network configuration, and the SRPs yielding the
highest achievable rate are selected. Finally, a typical scenario
where only the BS—user distance z( varies is considered, and
the effect of prediction errors on SRP matching accuracy is
evaluated.



A. Impact Assessment of Network Parameters on SRPs

In multi-input regression tasks, it is important to assess
each input variable’s influence on the output. Traditional
permutation-based methods with models such as support vec-
tor regression estimate importance by measuring changes in
root mean square error when variables are permuted [81].
However, their reliability depends on the model’s ability to
capture input-output relationships and may be misleading if the
fit is poor. To mitigate this, we compute the AMI between each
variable @ and the output. AMI is an information-theoretic
measure that captures both linear and nonlinear dependencies
[82]. A higher AMI indicates that the variable shares more
information with the SRPs, reflecting a stronger impact. This
approach evaluates the influence of each input in s on the
codebook independently of any predictive model, providing
robust importance scores.

1) Definition of Mutual Information: For two continuous
random variables U and V with joint density Pyy(u,v) and
marginals Py(u), Py(v), the mutual information can be given
as [83]

PU V(u V)
I(u;v) Pyv(u,v)logy ————"— dudyv,
- [ povtuoons ST
which satisfies I(U; V) > 0 and vanishes if and only if U and
V are 1ndependent.

(37)

2) Empirical Estimation by Discretization: Given M sam-
ples {(sm,Z5,)}M_,, we partition the range of w € s
and @ € Z* into B bins with edges {eF,...,ef} and
{e&,...,eF}. The joint histogram probability can be given
as

~ 1 7B
P(w’iij):ﬂ‘{wie[ez 1761) w E[] €, }|7 (38)
where P(w;, @;) represents an estimate of the joint probabil-
ity that the input variable w falls into the é-th bin [e e, eq)
and the output variable o falls into the j-th bin [eZ @ e ).
| - | denotes the number of elements of the set. Therefore the

plug-in estimator of mutual information can be expressed as

B B
P(w;, @;)
I P( 1
(w@@) =YY Plw:, @) b 2P (e, Ty )
=1 j=1
where
B B
P(w;, @)=Y P(w;, @;),P(w@,@;)=» P(w; ;). (40)
j=1 i=1

3) Calculate AMI: For each input variable @ € s, compute
its estimated mutual information with every output @ € =7,
denoted I(w;w). Let w; denote the AMI between the f-th
variable in the s and the output Z*. The w¢ and the normalized
values w can be given as

~ wy
v I”*I Y Hwp®), iy = —52—
weE* Zf:l wy

where w¢ denotes the f-th variable in s, and we define W =
diag(wy,wa, ..., wr) as the weight matrix with F' being the
number of variables in s.

(41)

Algorithm 2 wKNN-Based SRPs Matching

Require: New network configuration Spey,
Codebook with M samples {(S;,,Z:)},
Variable importance weights W, number of candidate
samples NN,

Ensure: Selected SRPs =, for Spey

1: Compute variable-wise mean g and standard deviation o

from {sm}%=1

2: Normalize all s, and sy using Z-score:
3: Sm (Sm - NJ)/O" Snew (Snew - [L)/O’
4: Initialize an empty list D + 0

5: for m =1 to M do

6: Compute weighted Euclidean distance:
7 dm, — \/(énew - ém,)TW(gnew - ém,)
8: Let D(m) < dp,

9: end for

10: Sort D by ascending d,,

11: Select top-INV. indices Zy, from sorted D
12: Initialize Rpax < —00

13: for each i € Iy, do

14: Compute achievable rate R; + RS (Z;)
15: Rmax < Ri, Sy < Zi if Ri > Rmax
16: end for

17: return =7,

B. Weighted K-Nearest Neighbors-Based SRPs Matching

In this subsection, we employ a weighted k-Nearest Neigh-
bors (WKNN) approach to determine the optimal SRPs for
a new network configuration s, by querying the codebook.
The core idea is to identify the top-/N, most similar historical
samples {s;}N¢, from the codebook and select the SRPs
from the candidate yielding the highest achievable rate, thus
circumventing the need for complex re-optimization.

A pivotal challenge is the accurate and efficient selection of
these candidate samples. To prevent variables of larger scales
from dominating the similarity measure, we first apply Z-
score normalization to all variables. For a variable s,, from
any sample, its normalized value is given by §,, = =&,
Subsequently, the similarity between the new configuration
Snew and a historical sample s; is quantified by a weighted
Euclidean distance. The distance incorporates the AMI of
each variable as its weight, emphasizing more influential
factors d,,, < \/ (Snew — Sm) T W (Spew — Sin)- The algorithm
then sorts all historical samples by this weighted distance in
ascending order, selecting the top-N,. samples as candidates.
For each candidate sample x;, we evaluate the achievable rate
R; achieved by its associated SRPs under the new configura-
tion spew. The final selected SRPs is the one corresponding
to the candidate with the maximum achievable rate, i.e.,
1 = argmaX;c(1,.. N,} Ri. Overall, the wKNN-based frame-
work efficiently leverages historical knowledge, incorporating
normalization, variable weighting, and a performance-driven
selection criterion to deliver a practical and low-complexity
solution for adaptive SRPs matching.




C. SRPs Matching under Dynamic BS-User Distance

This section focuses on SRPs matching in scenarios where
the BS-user distance x is the only varying parameter. This
approach is exceptionally well-suited for user trajectory pre-
diction. By forecasting the user’s future position and deriving
the corresponding z¢, the system can proactively identify and
configure the optimal SRPs ahead of the user’s actual move-
ment. Inevitable inaccuracies in the predicted user positions
lead to deviations in the estimated distance to the serving BS,
causing discrepancies between predicted and actual distance
values. Constructing a tractable error model and analyzing
its statistical properties is therefore essential to understand
the impact of these deviations on system performance and to
enable robust design under mobility uncertainties.

Let the true position of the user be u € R2, the location
of the serving BS be b € R2, and the actual distance
between them is then zo = |lu — b||. In practical systems,
the user position is estimated or predicted, resulting in a
predicted location 1 and a corresponding predicted distance
Zo = |/ — b||. Due to measurement noise and prediction
inaccuracies, o generally deviates from xy. We model this
deviation by 2y = xg+€, where € > 0 denotes the magnitude
of the estimation error and > € {—1, 41} is a discrete random
variable that accounts for the possibility of overestimation
or underestimation. The position error itself is defined as
Au =1 — u = [Auy,, Auy}T, which is assumed to follow a
bivariate Gaussian distribution with zero mean and covariance
matrix 021y, i.e., Au~ N (0,021;). Under this assumption,
the resulting magnitude of the distance error Au follows a
Rayleigh distribution with PDF f.(r) = 5 exp (—%) T >
0. This provides a tractable model of geSmetric unceertainty,
capturing the likelihood of radially symmetric deviations from
the true position. The PDF of the predicted distance o can
be expressed as a mixture distribution that accounts for the
random sign s, i.e.,

faol@) = 5 Jeli = 0) + 3 fe (e —8), 820, (@)

which reflects whether the prediction error increases or de-
creases the true distance. This mixture formulation provides
a more realistic representation of the uncertainty in the pre-
dicted distance, which is essential for accurately evaluating
the impact of prediction errors on system performance. Based
on the predicted distance Z, the predicted SRPs 2 can be
expressed as = = argmaxzcx R (Z). Due to prediction
errors, the SRPs selected based on o generally differ from
those corresponding to the true distance zo. As a result, the
effective achievable rate experienced by the user is given by
R (é) Accordingly, the achievable rate gain under the dis-
tance prediction errors can be given as AR(R (2), RP) =
R¥0(Z) — R, which explicitly captures the performance
impact of SRP mismatch caused by inaccurate distance pre-
diction. Since this section only considers variations in g, we
define g(#) = AR(R%(Z), R*(Z)). Then we have

Fya)(v) = P(9(#) < v) = / foo(2)de,  (43)
{z:g(x)<v}

TABLE II: Parameters Values

Parameters Value

Density the BS (\g) 0.0005 ~ 0.02 m—2

Ratio of AE density to BS density (o) 5 ~ 100
Transmit power of the BS (Fs) 4 ~ 22 dBm
Number of antenna elements of the BS (Ng) [64 ~ 4096]
Number of antenna elements of the AE (V) [64 ~ 4096]
Reflection loss coefficient of the AE (7)) 0.85

Carrier frequency (fc) 0.3 THz
Bandwidth (W) 0.1 ~1 GHz
Molecular absorption coefficient (K (fc)) 0.0l m—!
Environment-dependent attenuation factor (3,) 0.05

Noise figure (Ng) 10 dB

Noise power (o3;) —170 + Ny dBm
Path loss exponent for LoS/NLOS link (ag,; ant,) 2.5~ 3; 3.5

Shape param. for LoS/NLoS Nakagami (m®; mNL) 3; 1

Scale param. for LoS/NLoS Nakagami QY oNLy 1:1
Max iterations in the offline stage (Tmax) 50
Population size in the offline stage (Ncg) 30
The discovery probability (pq) 0.25
Number of bins (B) 16
Number of candidate samples (N.) 2~ 20

which provides a formal expression for the cumulative distri-
bution of the achievable rate gain as a function of the pre-
dicted distance. Taking the derivative with respect to v yields
Joy(v) = ;—VF_,]@)(V), which represents the corresponding
probability density function.

Due to the complexity of the function g(&), both the
integration in |, (wg(z)<v} 0 () dz and the subsequent deriva-
tive with respect to v are generally intractable analytically.
Therefore, in this work, we resort to Monte Carlo simulations
to obtain the relevant statistics. By generating a large number
of realizations of Z( according to its PDF and computing
the corresponding rate gains, we can empirically estimate
the distribution of AR. The resulting data are then used to
generate figures that clearly illustrate how prediction errors
in the BS-user distance influence the achievable rate gain in
the considered trajectory prediction scenario, providing insight
into the performance trends under realistic conditions.

VII. NUMERICAL RESULTS

In this section, we present numerical simulations to validate
the theoretical analysis and demonstrate the effectiveness
of the proposed AE selection strategy. The key simulation
parameters are summarized in Table II. We evaluate the per-
formance metrics under various network settings and compare
the proposed strategy with the traditional method to highlight
the improvements achieved. Unless otherwise specified, we set
Py = 18dBm, W = 1 GHz, and oy, = 2.5 [84]. It should be
noted that we assume m; = m; and {2, = {2, and therefore
Table II lists only m", mN" and €2. Unless otherwise specified,
the antenna array size is set to 64 x 64. This configuration is
primarily adopted to validate the effectiveness of the proposed
method, rather than to optimize performance for a specific
array extreme.

Fig. 7 depicts the normalized AMIs between key network
parameters and the optimal SRPs, quantifying the sensitivity
of the SRPs to each network parameter. It can be observed
that zg is the key parameter influencing the optimal SRPs,
highlighting the need to determine separate SRPs for each x.



Fig. 7: Normalized AMIs between key network parameters
and the optimal SRPs.
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Fig. 8: Achievable rate gain of the proposed region-constrained
association strategy under varying deployment densities and
BS-user distances.

The relatively high normalized AMI of the Ag arises from its
direct influence on the distribution of x(. These results indicate
that during the offline codebook construction, SRPs should
be determined with finer granularity for zy and Az, while
coarser granularity can be applied to the remaining parameters.
Incorporating the normalized AMIs as weighting factors in the
codebook search emphasizes influential parameters, ensuring
that the N, most similar samples prioritize critical variables
and improve the accuracy of retrieved candidates.

Fig. 8 illustrates how the achievable rate gain varies with
the service distance =y under different BS and AE deployment
densities. Within the typical zy ranges corresponding to each
BS density, the rate gain remains positive, and there exists an
optimal x( at which the rate gain is maximized. For high BS
densities, the typical service distance xg is relatively small.
In this regime, the BS—user distance is sufficiently short such
that the AE-related link quality becomes the dominant factor.
Consequently, higher AE densities lead to noticeably larger
rate gains, as shown in the left subfigure of Fig. 8. In contrast,
for low BS densities, users tend to be farther from their serving
BSs, resulting in larger values of xy. Under this condition,
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Fig. 10: Performance of the interference-ignorant optimal
solution evaluated in interference scenarios, where Az =
0.02m™2, o =30, and zyp = 2.8 m.

the cascaded path loss is primarily dominated by the long
BS—user distance, which limits the effectiveness of increasing
AE density on further improving the achievable rate. More-
over, a denser AE deployment can significantly boost the
performance of the traditional unrestricted association strategy,
thereby reducing the relative advantage of the proposed region-
constrained scheme, which narrows the performance gap and
causes the rate gain of the proposed scheme to slightly
decrease as AE density increases, as observed in the right
subfigure of Fig. 8.

Fig. 9 illustrates how the achievable rate gain AR of
the proposed strategy varies with the scale parameter o,
of the Rayleigh-distributed prediction error in dynamic BS-
user distances. This experiment evaluates the sensitivity and
robustness of the scheme under different levels of trajectory
uncertainty. The boxplots (bottom and left axes) show the
distribution of AR for each o, € [0,2.5], while the overlaid
curves (top and right axes) present the corresponding empirical
PDFs, with negative values clipped to zero. As o, increases,
both the median and mean of AR exhibit a gradual downward
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Fig. 11: Comparison of achievable rate gain between wKNN
and KNN under different numbers of candidate samples N..
The parameters \g € [0.0005 m~2,0.02 m~2], o € [10,100],
and z € [1,15] m were randomly varied in the simulations.

trend. However, even in high-error scenarios, the proposed
scheme continues to offer meaningful rate gains in a non-
negligible portion of cases. This is clearly indicated by the
persistent long tail of the PDF curves, which demonstrates that
the method can still identify advantageous configurations de-
spite degraded trajectory accuracy. Furthermore, the narrowing
interquartile range suggests that while extreme gains become
less frequent, the strategy maintains consistent behavior and
avoids severe performance drops. Overall, these results high-
light that the proposed strategy not only delivers significant
improvements under accurate predictions but also retains a de-
gree of effectiveness under substantial prediction errors. Based
on user trajectory prediction models, future user locations can
be anticipated in advance, enabling the precomputation of the
corresponding SRPs, thereby significantly reducing real-time
computational overhead and facilitating proactive association
adaptation.

Fig. 10 shows the achievable rate gain when SRPs opti-
mized without interference are applied in scenarios with BS
interference. The solid lines represent SRPs obtained via the
CS algorithm under different BS transmit powers without
interference, while the dashed lines show the corresponding
gains when interference is present. Although interference is
not considered during optimization, applying the resulting
SRPs still leads to positive gains and sometimes even higher
gains. As BS transmit power increases, the rate under no
interference keeps rising, while in the presence of interference
it increases initially but gradually saturates due to the growing
interference. The gain tends to stabilize at high power levels
and is more noticeable at low power levels, which matches
the characteristics of THz systems where power is typically
limited. Monte Carlo simulations confirm the accuracy and
robustness of the proposed analytical framework. Note that
SRPs can also be optimized using achievable rate calcula-
tions that consider interference, while ignoring interference
simplifies computation for low-power edge devices. Moreover,
the achievable rate gain is a relative metric that depends on
the baseline rate level. Plotting both the achievable rate and

its relative gain together provides a clearer view of absolute
performance and relative gain.

Fig. 11 compares the achievable rate gain performance of
the wKNN method and the conventional KNN method under
different N, in scenarios where multiple network parameters
vary simultaneously. As the number of candidate samples
increases, both methods exhibit higher average rate gains,
while the probability of a negative gain gradually decreases.
This is because a larger candidate set improves the chance of
selecting SRPs better suited to the new network configuration.
Moreover, wKNN consistently outperforms KNN in terms of
rate gain, indicating that different configuration variables have
varying impacts on the optimal SRPs. This aligns with the
earlier AMI-based analysis of variable importance. In contrast,
KNN treats all variables equally without weighting, making
it less effective in identifying suitable SRPs for new network
configurations. The figure also shows the probabilities that the
rate gain of wKNN exceeds or falls below that of KNN. Across
all tested sample sizes, WKNN outperforms KNN with higher
probability, further confirming the effectiveness of AMI and
the superiority of the wKNN-based method.

VIII. CONCLUSION

This paper proposed a region-constrained association strat-
egy for THz networks, combined with an offline codebook
with online lookup mechanism to determine SRPs under dy-
namic network conditions. Constraining the association region
took into account the geometric relationship among the serving
BS, assisting AE, and user, thereby avoiding AEs that could
cause high cascaded path loss. The results revealed several
important insights. First, the proposed region-constrained as-
sociation strategy effectively improved the achievable rate
performance. Second, different network parameters exhibited
varying sensitivities to the association region parameters, sug-
gesting that codebook construction and search could prioritize
the most influential variables. Third, the offline codebook con-
struction and online codebook search mechanism enabled fast
determination of the association region in dynamic scenarios
without resorting to complex optimization procedures. Finally,
by leveraging user trajectory prediction or similar models,
the optimal association region parameters could be preloaded
in advance, further enhancing real-time responsiveness. From
an engineering perspective, the proposed strategy reduced the
computational burden at edge devices by shifting association
region optimization to an offline codebook construction stage,
while enabling real-time adaptation through lightweight online
lookup, instead of computationally intensive optimization.
Future work will extend the proposed framework to a 3D
system model to further investigate the impact of AEs’ altitude
characteristics on user association and system performance.

APPENDIX A: PROOF OF LEMMA 1

The event that an assisting AE located at a distance y
from the typical user is within the BSR and is an LoS/NLoS
AE occurs if the following two conditions are simultaneously
satisfied

PP[No AE within distance y in BSR and FSR|

— oM tr) Y “H

Y



]P’[Exactly one LoS/NLoS AE exists in [y, y + dy]

within the BSR] W AOByp, (y)dy e M0BvPe WAy (45)

W20 2\ OBype (y)dy,

where (a) follows from the probability mass function of
the number of points within a specified area under the PPP
distribution, i.e., PN = k] = OSXe=2S = 0,1,2,---.
When the assisting AE is within the BSR, the value range of
y is [0, nxo]. Integrating y over this interval yields (4).

The event that an assisting AE located at a distance y
from the typical user is within the BSR and is an LoS/NLoS
AE requires consideration of two cases, i.e., y < npxg and
npro < y < mpxg. When y < npxg, the derivation is
similar to that for the case where the assisting AE is located
in the BSR. When npxy < y < npxg, it iS necessary to
simultaneously satisfy the following three conditions

(npz0)?

PP [No AE within BSR] = e /22— (46)

2
P [No AE within distance y in FSR] = e~ = , (47

]P’[Exactly one LoS/NLoS AE exists in [y, y + dy]

within the FSR] = Adpyp, (y)dy e Wrome W 4,
d 0
20 N Ieyp. (y)dy.

Integrating y over the intervals [0,7npxo] and [npzo, Npxo]
yields (5). Therefore, the proof is completed.

APPENDIX B: PROOF OF LEMMA 3

The event that an assisting AE located at a distance y from
the typical user is within the AR and is an LoS/NLoS AE
requires consideration of three cases, i.e.,

Yy < BXo, MBTo < Y < NETo, Y > NFTo. (49)

The derivation follows that in Appendix A; therefore, here we
only state the null probability of AE corresponding to the three
ranges of y. Specifically, one can obtain

P[No AE in AR within distance y]

_ e—AA(gw—(ﬂBwF))% (50)

i

P[No AE in region outside FSR with
a (277—19F)y2+'01:\(7]1:\:20)2 6n
Ty < Y < NEao] = e ( : 2 )

P[No AE in AR with y > npzo] = e~y (52)

Based on the above null probabilities and the probability of
having exactly one AE within a specified region, integrating y
over the intervals [0, npxo], [1BZ0, NFXo] and [nrpzo, 00) yields
(8). Therefore, the proof is completed.

APPENDIX C: PROOF OF LEMMA 5

Assume that the direction from the typical user to its serving
BS corresponds to the angle is zero in the polar coordinate
system, and let ¢ denote the angle between the line connecting
the typical user to the serving BS and the line connecting the
typical user to the assisting AE. Then, when the assisting AE is
located within the BSR and the FSR, the corresponding ranges
of ¢ are [m— 22, w7+ 22| and [4=, %], respectively. Moreover,
since ¢ is uniformly distributed over the respective intervals
mentioned above, the probability of ¢ can be expressed as i
and 3, respectively.

Based on the conditional coverage probability described
by expression (19), the conditional PDF of the y in the
Appendix A, and the distribution of the angle ¢, the coverage
probabilities under the xy when the assisting AE is located
within the BSR and FSR can be obtained by integrating over
the distance y and angle ¢.

The conditional achievable rate can be expressed as

RK(an Y, d)) = E[10g2(1 + 'Y};)(xo, Y, ¢))]

1 1 Yy (z0,y,9) 1
— Bl o o) = o | [T e
0

In2 1+4+1¢
In2 J, 1+t
1 [e’e) ]P; v t

_ 1 s (o, y, ¢) > ]dt. (53)

Similar to the coverage probability derivation, the achiev-
able rate expression (21) under the xy can be obtained by
integrating over the distance y and the angle ¢. Therefore, the
proof is completed.

APPENDIX D: PROOF OF LEMMA 6

Assume that the direction from the typical user to its
serving BS is aligned with the zero-degree reference in a
polar coordinate system. Let ¢ denote the angular displace-
ment between this reference direction and the line segment
connecting the user to the assisting AE. In this formulation, ¢
characterizes the relative spatial orientation of the BS—user and
AE-user links, which directly affects the effective cascaded
path geometry and subsequently influences key performance
metrics. When the assisting AE is located within the AR, the
corresponding ranges of ¢ can be written as ¢ € [%F,w —
%] U [+ 2,27 — %]

Since the two angular sub-intervals yield equivalent results
when applying the law of cosines to compute the distance
between the serving BS and the assisting AE, the integration
can be performed over range [%F,W - %B} only. Assuming
that ¢ is uniformly distributed, the PDF of ¢ can be expressed
as f¢(<.b). = m. Based' on the condition.al' coverage
probability described by expression (19), the conditional PDF
fR(xo,y) as defined in (9), and the the angular distribution
f#(®), the coverage probability under the zy when the assist-
ing AE is located within the AR can be obtained by integrating
over the distance y and angle ¢. In addition, the derivation of
the achievable rate under = follows the same procedure as in
Appendix C. Therefore, the proof is completed.
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