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Abstract—In this paper, we investigate an uplink communication
scenario in which multiple users communicate with an access
point (AP) employing non-orthogonal multiple access (NOMA). A
pinching antenna, which can be activated at an arbitrary point
along a dielectric waveguide, is deployed at the AP to dynamically
reconfigure user channels. The objective is to maximize the system
sum rate by jointly optimizing the pinching-antenna’s position
and the users’ transmit powers. Two scenarios are considered:
one without quality-of-service (QoS) guarantees, and the other
with QoS guarantees. In the former case, users transmit at full
power, and the antenna position is determined using the particle
swarm optimization (PSO) algorithm. In the latter, an alternating
optimization approach is adopted, where a low-complexity solution
is derived for power allocation, and a modified PSO algorithm is
applied to optimize the antenna position. Numerical results show
that the proposed pinching-antenna-assisted system significantly
improves the sum rate compared to the conventional fixed-antenna
architecture. Furthermore, the NOMA-based approach consistently
outperforms its TDMA-based counterpart. Finally, the proposed
PSO-based method achieves near-optimal performance, particularly
when the QoS constraints are moderate.

Index Terms—Pinching-antenna, uplink, NOMA, and sum rate
maximization.

I. INTRODUCTION

Recently, flexible-antenna systems, such as fluid-antenna sys-
tems, have received significant attention due to their capability
to dynamically reconfigure wireless channels [1]. By optimizing
antenna positions, flexible-antenna systems have demonstrated
superior performance compared to conventional fixed-location-
antenna counterparts [2], [3]. However, the physical displacement
of antennas in these systems is typically constrained to only a
few wavelengths, which limits their ability to establish line-of-
sight (LoS) links. This limitation is particularly critical in high-
frequency bands, such as the millimeter-wave and terahertz spec-
trum, where the absence of LoS links severely degrades system
performance [4]-[10]. Addressing this challenge, the concept of
pinching-antenna systems was introduced by NTT DOCOMO [4].
In their experimental demonstration, a plastic pinch was applied
to a dielectric waveguide to enable the radiation of radio waves.
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By strategically positioning the pinch, strong LoS links can be
established for users previously constrained to non-line-of-sight
(NLoS) conditions, thereby significantly enhancing overall system
performance.

In multi-user pinching-antenna systems, the signal transmitted
through a given dielectric waveguide is inherently a superposition
of the signals from all served users, thereby motivating the
adoption of non-orthogonal multiple access (NOMA) techniques
[6], [11], [12]. Specifically, the authors in [6] investigated NOMA-
assisted pinching-antenna systems with the objective of maxi-
mizing the sum rate. Analytical results in [6] demonstrated that
NOMA-assisted architectures outperform their orthogonal multi-
ple access counterparts in terms of sum rate performance. How-
ever, achieving optimal system performance relies on the ability
to activate pinching antennas at arbitrary positions along the
waveguide — a requirement that poses practical implementation
challenges. To address this, [11] proposed a low-complexity and
hardware-friendly approach, where pinching-antennas were pre-
installed at discrete, fixed locations prior to transmission. During
operation, a subset of these antennas can be selectively activated
to serve the users. In contrast to [6] and [11], which primarily
focused on the sum rate maximization, the study in [12] addressed
power minimization for NOMA-assisted pinching-antenna sys-
tems subject to each user’s minimum data rate requirement,
and proposed an iterative power allocation algorithm. Numerical
evaluations in [12] confirmed the efficiency and superior power-
saving performance of pinching antennas over conventional ones.

Note that the aforementioned studies [6], [11], [12] primarily
focused on downlink transmission in pinching-antenna systems.
To the best of our knowledge, only a limited number of works —
namely [13], [14] — explored uplink transmission. However, none
of these uplink-focused studies have investigated the integration
of NOMA into pinching-antenna systems. To address this gap,
this paper considers a NOMA-assisted uplink scenario incorpo-
rating a single activated pinching antenna, with the objective of
maximizing the system sum rate through a joint optimization
of user transmit power and antenna positioning. Two scenarios
are considered: without quality-of-service (QoS) guarantees and
with QoS guarantees. In the first case, users transmit at maximum
power, and the antenna position optimization problem is reformu-
lated into a generalized bell-shaped membership function, which
is inherently non-convex. To effectively solve this problem, we
employ the particle swarm optimization (PSO) algorithm due to
its ability to handle non-convex optimization tasks. In the second
case, we apply an alternating optimization approach, where a low-
complexity solution is first derived for power allocation, and a
modified PSO algorithm is then used to determine the antenna
position. Simulation results show that the proposed pinching-
antenna-assisted system delivers a significant improvement in sum
rate when compared to the conventional fixed-antenna architec-


https://arxiv.org/abs/2505.00549v2

ture. Furthermore, the NOMA-based approach consistently out-
performs its TDMA counterpart. Finally, the PSO-based method
is demonstrated to achieve near-optimal performance, particularly
when the QoS requirements are not overly restrictive.
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Fig. 1. Ilustration of the considered uplink pinching-antenna
system.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model

As illustrated in Fig. 1, we consider an uplink transmission
scenario in which M users communicate with a base station (BS)
equipped with a single dielectric waveguide. We consider that a
single pinching antenna is activated on the dielectric waveguide
to establish LoS links with the users. Denote the user set by
M ={1,---,M}. To model the spatial configuration, we adopt
a three-dimensional Cartesian coordinate system. Without loss of
generality, the waveguide is assumed to have a length of L and
is positioned parallel to the z-axis at a fixed height d, as shown
in Fig. 1. The users are randomly distributed within a rectangular
region lying in the x — y plane, with dimensions D, and D,,. Let
@Pin — (2Pn (0, d) denote the location of the pinching antenna,
while ®,,, = (%, Ym,0) denote the coordinate of the m-th user,
subject to x,, € [0, D,] and y,, € [-Dy/2, D, /2],Ym € M.

In this work, we consider a scenario in which all users are
served simultaneously based on the principles of NOMA. At
the BS, successive interference cancellation (SIC) is employed
to mitigate inter-user interference. Without loss of generality, we
assume that the users’ signals are decoded in an ascending order.
Then, the achievable data rate of the mth user is given by:
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where n = ﬁ, with ¢ and f. denoting the speed of light and
the carrier frequency, respectively. Additionally, P, represents
the transmission power of the mth user, satisfying P,,, < P,
with P8 denoting the maximum power constraint. o2 represents
the power of additive white Gaussian noise at the BS.

B. Problem Formulation

In this paper, we aim to maximize the sum rate of the
aforementioned uplink NOMA system by jointly optimizing the
transmit power of the users and the position of the pinching

antenna. The resulting optimization problem can be formulated
as follows:

M
NOMA
m=1
s.t. 2P € [0, L], (2b)
P, < PR, Vm, (20)

where (2b) limits the pinching antenna to the dielectric waveg-
uide, while (2¢) constrains the transmit power of each user to its
maximum power.

III. PROPOSED SOLUTION

Problem (2) is non-convex due to the non-convex objective
function (2a). To address it, we re-formulate (2a) as follows:
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where the final equality follows from the fact that the terms within
the brackets in the sum-rate expression constitute a telescoping
product [15].

On this basis, problem (2) can be re-written as
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s.t. 2P € [0, L], (4b)
P,, < P Vm. (4¢)

It can be readily verified that the objective function in (4a)
is a monotonically increasing function of each user’s transmit
power. Therefore, to maximize the system sum rate, it is optimal
for each user to transmit at its maximum power level, i.e.,
P, = PM** ¥m € M. With this rationale, the only remaining
optimization variable is the position of the pinching-antenna,
denoted by 2", To facilitate further analysis, we remove the
log(-) function from the objective, leveraging its monotonicity,
and reformulate the problem as:

M
max Pin |2
max Z PR /|, — @ (52)
m=1
s.t. 2" € [0, L. (5b)

It is evident that problem (5) shares the same optimal solution
as the original formulation in (4), due to the monotonic nature
of the logarithmic function. Furthermore, by substituting the
expressions for ®,, and ®"" with its corresponding coordinates,
the objective function (5a) can be re-expressed as
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where z,,, and y,, are the coordinates of the mth user in the x-
and y-axis, which are assumed known.

Each term in the objective function corresponds to a general-
ized bell-shaped membership function, which exhibits a symmet-
ric bell-shaped profile [16]. These functions are concave in the
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Fig. 2. One realization of the objective function with randomly
generated values of x,,, y,, and d, when M = 5. The red

circles denote the corresponding x,,, values.

vicinity of their peak (i.e., near the center), convex in regions
further from the center, and not globally convex [16].

As shown in Fig. 2, the sum of multiple symmetric bell-
shaped functions may exhibit multiple local maximums, making
it challenging to derive a closed-form or analytical solution.
Notably, multiple local maximums can occur even within the
interval between two adjacent users along the z-axis. This char-
acteristic renders traditional methods, such as the bisection algo-
rithm, unsuitable for reliably identifying the maximum between
two adjacent users. Given that the problem involves a single
optimization variable, a one-dimensional exhaustive search can
always be employed to find the global optimum. However, the
computational complexity of this approach increases with the
search resolution (granularity).

As an alternative to the exhaustive search, we propose the use
of PSO — a heuristic optimization technique that has demon-
strated strong performance in identifying near-optimal solutions
for non-convex problems [17]. The implementation of PSO in our
context is as follows: We first convert the original maximization
problem into a minimization problem by negating the objective
function. Let I denote the total number of particles in the swarm.
The position of the ith particle at iteration ¢ is represented
by zP"(¢), and each particle is also associated with a velocity
denoted by vf"(t). The particle positions are iteratively updated,
where the new position of each particle at the next iteration is
computed as:

P14 1) = (1) 4 (4 1), g

Simultaneously, the velocities of the particles are updated accord-
ing to the following rule:
PN (1) = wol™ () +erry (pbest’ —aFM (1)) Feara (ghest—aF™ (1)),
®)
where r; and 7y are random variables in the range [0,1];
w € [0, 1] denotes the inertia weight, which controls the influence
of a particle’s previous velocity; and c¢; and cy are known as the
cognitive and social acceleration coefficients, respectively. These
parameters collectively govern the balance between exploration
(global search) and exploitation (local refinement). The term
pbest’ represents the personal best position discovered by the

ith particle, while gbest is the global best position found by
any particle in the swarm. Both are updated simultaneously at
each iteration to reflect the best solutions encountered thus far.
The algorithm terminates when either the maximum number of
iterations is reached, or the relative change in the global best
objective function values of two consecutive iterations falls below
a predefined tolerance threshold. In the context of our problem,
the search space for 2" is bounded. Specifically, the lower
bound is set to min(z,,), and the upper bound is given by
min(max(z,,), L), since the values of 2¥" outside this interval
are guaranteed to yield suboptimal results due to their distances
from all user positions.

The computational complexity of the PSO algorithm is given by
O(I xT x Cy), where T and C denote the number of iterations
and the computational cost of evaluating the objective function
once, respectively.

IV. GUARANTEED QOS FOR EACH USER

The previous section addressed sum rate maximization in
a pinching-antenna-aided multi-user scenario without enforcing
individual rate constraints. In this unconstrained (greedy) setting,
each user transmits at maximum power, which may lead to signif-
icant disparities in QoS among users. To address this limitation,
we now consider a more fair formulation that maximizes the sum
rate while ensuring a minimum rate requirement for each user.
The resulting problem can be formulated as follows:

M
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Py, < P Y, (9¢)
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where (9d) ensures the minimum rate for each user.

In this problem setting, transmitting at maximum power may no
longer yield an optimal solution, as it can result in some users fail-
ing to meet their minimum rate requirements. Therefore, power
control must be jointly considered alongside pinching antenna
position optimization. However, the joint optimization of user
transmit power and antenna position is inherently challenging due
to the coupling between these variables. To tackle this complexity,
we adopt an alternating optimization approach, where power
allocation and antenna positioning are optimized iteratively, as
detailed below.

A. Power Allocation

Under given pinching antenna position, the power allocation
subproblem is given by

M M Pin |2
Py /| Py — P

max Z log, <1 + L= er | ) (10a)
™ m=1

s.t. By, < P Vm, (10b)
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where it is assumed that the users channels are arranged in a
descending order. Denote h,, = m as the effective
channel. Thus, we have h,, > h,,Vm < n.



By removing the log(-) function from the objective, as done
previously, and reformulating the QoS constraints into linear
expressions, we obtain the following problem:

M
max Z P, h, (11a)
m m:1
s.t. P, < P Vm, (11b)

M
Pphy, > (280" — 1)( > Puhg+ 1),vm. (11c)

n=m-+1

The above problem is clearly a linear programming (LP)
problem, and its optimal solution can therefore be efficiently
obtained using standard LP solvers. To gain further analytical
insight into the structure of the solution, we proceed to derive
analytical results as follows.

We begin by assigning the minimum required transmit power to
each user such that its QoS constraint is just satisfied. This process
can be performed sequentially, starting from the last user, i.e.,
user M, who experiences no interference. In this case, we have:
Pin = (283" — 1) /hyr. Then, we move to user M — 1, whose

power is given by P}C}ifl = (233?31 -1) <P}J}i“hM—|—1) Jhy—1 =

2RX/IUH

min

X (2"M-1 — 1) /hpr—q. Likewise, for any user m, we have

P:T‘in — 9l B (QR?%“' —1)/hym. (12)

Note that if Pmin > Pmax \/m the power allocation subprob-
lem becomes infeasible. In the following analysis, we focus on
the feasible case where all users can meet their minimum rate
requirements within their respective power budgets.

After allocating the minimum required power to each user,
there may be residual power available, which can be utilized to
further improve the overall sum rate. This residual power can
be allocated sequentially, starting from the first user (i.e., user
1). Examining the objective function reveals that the sum rate
increases more significantly with the power allocated to users
having stronger channel gains. Furthermore, due to SIC, users
decoded earlier do not introduce interference to those decoded
later. Therefore, it is optimal to allocate the remaining power in
ascending order of user indices.

We begin with user 1. Since increasing P; directly improves the
sum rate and does not affect the achievable rates of other users due
to SIC, the optimal power allocation for user 1 is P1O Pt — pax,
Next, we consider user 2. To preserve the QoS of user 1, the
power allocated to user 2 must satisfy the following condition
according to (11c):

M
praxp, > (2™ _q) <P§’P‘h2 +> PMh, + 1) (13a)

n=3

M
Pmaxh .
1 11 — > Prith, =1 [ha. (13b)
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QRN

P — P{naxhll - M pming,, 1) /ha to preserve the
QoS of user 1. Moreover, the whole power allocation procedure
terminates, as further power allocation to other users will lead to
QoS violation of user 1. Otherwise, if the above condition is not

satisfied, we set on Pt — Ppax and proceed similarly to user 3.

Rmin

This iterative process continues either until an early termination
condition is met or until all users have been considered.

B. Pinching Antenna Position Optimization

Under given power allocation, the pinching antenna position
optimization subproblem can be simplified as

M
Pin 2
mmax ﬂPm/\cDm — P (14a)
s.t. 2P e [0, L, (14b)
RNOMA > pmin v/, (14¢)

The only difference between the above problem and problem
(5) lies in constraint (14c). Therefore, the proposed PSO-based
algorithm remains applicable for solving problem (14), with
appropriate modifications. To enforce the QoS requirements, we
incorporate a penalty term into the objective function to penalize
any violation of the minimum rate constraints. The modified
objective function is given by:

M M
> P /| = 07 =AY LR~ BT, (1)
m=1 m=1

where A\ denotes the penalty factor, which is a large positive
constant used to heavily penalize any violation of the QoS
constraints. The function 1(-) is the indicator function, which
equals 1 if the condition inside the parentheses is true, and
0 otherwise. Based on this penalized objective, the previously
proposed PSO algorithm can still be applied.

C. Alternating Optimization until Convergence

The two steps described above—power allocation and pinching
antenna position optimization—are performed iteratively in an
alternating manner until convergence is achieved. To ensure
convergence, the following stopping criterion is adopted: within
the PSO algorithm, if the newly obtained heuristic solution does
not improve upon the previous one, no update is made, and the
entire alternating optimization process is terminated.
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Fig. 3. Achievable sum rate versus the maximum transmit
power constraint at the users when R™"™ = 0.5 bps/Hz.



V. NUMERICAL RESULTS

Numerical simulations are carried out to evaluate the per-
formance of the proposed pinching-antenna system (denoted as
NOMA-PSO) against several benchmarks. First, it is compared
with a conventional fixed-antenna system (denoted as NOMA-
Fixed-Antenna), in which the antenna is placed at a fixed position
of (0,0,d) meters. Additionally, two benchmark schemes are
considered to assess performance bounds: (i) NOMA-Exhaustive,
representing the upper bound obtained by exhaustively search-
ing all possible positions of the pinching antenna, and (ii)
TDMA-Exhaustive, which denotes the optimal TDMA solution
for pinching-antenna system, also derived via exhaustive search.
The default simulation parameters are as follows [18]: carrier
frequency f. = 28 GHz, antenna height d = 3 m, and noise
power o2 = —90 dBm. The number of users is set to 3, randomly
deployed within a service area of D, = 60 m and D, = 20
m. Additionally, the length of the dielectric waveguide is set to
L = D,. All presented results are averaged over 10? independent
random realizations.

Figure 3 shows the achievable sum rate as a function of the
users’ maximum transmit power when R™® = 0.5 bps/Hz. As
expected, the sum rate increases for all schemes with rising
transmit power. The results clearly demonstrate that the pinching-
antenna system significantly outperforms the fixed-antenna coun-
terpart, benefiting from its capability to dynamically reposition the
antenna closer to the users. Among the pinching-antenna config-
urations, the NOMA-based scheme achieves a higher sum rate
than the TDMA-based one. Furthermore, the sum rate achieved
by the proposed PSO-based optimization closely matches that
obtained via an exhaustive search, confirming its near-optimal
performance.

Figure 4 illustrates the variation of the achievable sum rate
as a function of the minimum rate requirement R™?" at the
users. Not surprisingly, the sum rate decreases for all considered
schemes as R™" increases. A significant performance gap is
observed between the pinching-antenna-assisted schemes and the
conventional fixed-antenna scheme, further highlighting the ad-
vantages of the pinching antenna architecture. Among the evalu-
ated methods, the NOMA-based schemes consistently outperform
their TDMA counterpart, although this performance gap gradually
narrows with increasing R™". Notably, when R™" < 1.1
bps/Hz, the performance of NOMA-PSO closely aligns with
that of NOMA-Exhaustive. However, as R™" increases beyond
this threshold, a slight performance gap emerges, yet NOMA-
PSO continues to demonstrate strong performance, maintaining a
favorable trade-off between complexity and efficiency even under
more stringent QoS requirements.

VI. CONCLUSION

In this paper, we studied sum rate maximization in an uplink
NOMA system with a pinching antenna. For the case without
QoS constraints, we showed the antenna optimization problem is
non-convex and developed a PSO-based method to obtain near-
optimal solutions. With QoS guarantees, we proposed an alter-
nating optimization framework combining low-complexity power
allocation and a modified PSO algorithm for antenna positioning.
Numerical results demonstrated that pinching antennas signifi-
cantly outperform fixed architectures, and that NOMA consis-
tently outperforms TDMA. These results highlight the promise of
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pinching-antenna systems for enhancing spectral efficiency, with
future work directed toward extending the analysis to systems
with multiple pinching antennas and/or multiple waveguides.
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