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Abstract—In this paper, we jointly optimize the time allo-
cation, beamforming, and antenna’s locations to maximize the
total throughput of all users in pinching antenna (PA)-assisted
downlink multiuser systems. The problem is constrained by the
limited power budget at the base station, the minimal distances
between the PAs, and the minimum throughput of each user.
The considered problem is inherently nonconvex due to the
complex channel structure and the couplings of variables in
the user throughput expressions. To address this, we propose
an alternating optimization method to separate the problem
into three subproblems that utterly depend on the fractional-
time allocation, beamforming, and PA locations, respectively.
These subproblems are then tackled by direct solutions, succes-
sive convex algorithm, and Armijo backtracking in augmented
Lagrangian expression. Simulation results validate the superior
performance of our proposed algorithm compared to the baseline
methods and highlight its potential for practical implementation.

I. INTRODUCTION

Pinching antenna systems (PASS) are emerging as a promis-
ing technology for reconfiguring the parameters of wireless
channels [1]. The flexibility of pinching antennas (PAs) along
the dielectric waveguides has brought many key advantages
compared to existing fixed deployment and flexible antennas.
In particular, the PA system is considerably more cost-effective
and easier to deploy than the other conventional antennas.
In addition, PAs are capable of repositioning their positions
to provide strong, reliable, and adjustable line-of-sight (LoS)
links for users, which leads to substantial improvements in
overall system performance. PASS can be implemented simul-
taneously with other transmission approaches, such as non-
orthogonal multiple access (NOMA), multiple-input multiple-
output (MIMO) and integrated sensing and communication
(ISAC) to further improve the performance of these network
models [2]-[5].

In specific, a PA-assisted downlink communication system
was investigated in [2], where multiple PAs are mounted on a
single waveguide to optimize PA locations. Another study [3]
investigated an equivalent system model, with the intention
to optimize the locations of PAs and power allocation of the
base station (BS) to maximize the total throughput of all
terrestrial users. Meanwhile, [4] addressed an ISAC system
assisted by PASS to maximize the total data throughput of
all users. The problem is formulated by jointly optimizing the
positions of PAs and the transmit power of mobile users. In [5],

the authors illustrated the system model in which the access
point is equipped with multiple waveguides attached to one
PA. The studied problem is to maximize the weighted sum-
rate of the users by optimizing the power budget and positions
of PAs, which can be solved via fractional programming and
block coordinate descent algorithm.

These aforementioned studies have successfully verified
the effectiveness of PASS integrated with other promising
approaches. However, to the best of our knowledge, none
of these existing works have investigated the integration of
the fractional-time method. This approach not only improves
the achievable throughput of all users but also enables the
system to support a greater number of users than the available
antennas at the base station [6], [7]. Hence, in this paper,
we apply the PA-assisted downlink multiuser communica-
tion combined with the fractional-time allocation approach to
maximize the total rate of all users. The problem is formed
by jointly optimizing fractional-time allocation, beamforming,
and positioning of PAs under maximum power, minimum
rate, and position constraints of PA. Since the investigated
problem is inherently nonconvex and challenging to solve, we
propose an alternating optimization (AO) method to split into
different subproblems, which are simplified and can be solved
via various inner convex approximations for beamforming,
combined with a closed-form analytical solution for fractional-
time allocation and a backtracking line search method to
guarantee a stationary point of the optimization problem.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this study, we consider a downlink (DL) communication
system assisted by PAs, as shown in Fig. 1. The terrestrial
network is designed in a 2D x 2D square and without loss
of generosity, we assume that the origin point lies in the
center of the area. A terrestrial BS connected to N waveguides
at height H is used to transmit the signal to 2K terrestrial
users. Let us denote N = {1,...,N} and K = {1,...,K}.
The waveguides have the same length 2D and are parallel
to the x-axis. The feed point of the waveguide n is set to

W, (—D,yn, H), where y, = D — 222 vn € N, to ensure

that each waveguide is equally spaced with each other.
Taking into account the terrestrial area, there are K users

located in a central zone, named Zone 1 or the inner zone,

and denoted as wuii(z1k, y1x,0),Vk € K. Similarly, K users,
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Fig. 1. An illustration of the joint fractional-time allocation and pinching
antenna location for the downlink communication network.

denoted as wugg(waog, Yok, 0),Vk € K are located in the other
zone, called Zone 2 or the outer zone. Each waveguide has
two separate PAs that can freely move to serve the users in
different zones. In particular, the inner zone can be served by
one PA in each waveguide in duration 7; and the service in
the outer zone can be provided by the other PAs in 75. The
coordinates of the two PAs attached in the waveguides can
be set as w1, and xa,,Vn € N, respectively. Accordingly,
the location of the PAs that operate in the inner zone and the
outer zone can be set as ¥, ,, = (2.1, Yn, H), where x;,, is
the x-coordinate of PAs and ¢ € {1,2}. The signal transmitted
between BS and user w;; in each zone can be expressed as

yir = hizwirsie + hit Y wijsi; + ok,
ik
Vie{1,2}  kek. )
Herein, s;;, is the information desired to transfer to user u;,
w;, € CNV*1 is the beamforming vectors associated with s;p,.
In addition, o, is the additive white Gaussian noise (AWGN)
and h;x = [hik.1,. .-, hikn]7 denotes the channel vector of N
antennas to the user w;x. Specifically, the channel coefficient
between the ground user w;; and the PA ¥, ,, can be given
by

h nEeolTn—Finll
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where c is the speed of light, f. denotes the carrier frequency
in the free space, A = ¢/ f. denotes the wavelength in the free
space environment and 1 = ¢?/(1672 f2). We also denote «
as the attenuation coefficient and A\, = A\/mnest is the guided
wavelength with 7, denoting the effective refractive index
of the waveguide. The achievable data rate for the pinching-
antenna system at user u;; can now be formulated as

e
Zj;tk Hhﬁwiﬂf + 0%

Here, ¥ 2 {¥x,},Vn € N, X € {1,2}, 7 £ {r,n},
and w £ {Wl,Wg},Wl £ {Wlkz}kelc and Wy £ {W2k}k€IC
are the beamforming vectors for Zone 1 and Zone 2, respec-
tively. Note that the positions of the PAs in each waveguide
must be synchronized so that the power allocated to each
PA can be suitably calculated. The maximum power the BS
can provide to these waveguides can be indicated as Py ax.
Following [8], [9], the maximum power used by PAs can be
approximately given by

Rir (¥, 15, w) = 7; log, (1 +

P, = PpaxFsin®(kL), (4)

where F' is the coupling efficiency between the waveguide
and the dielectric PA,  is the coupling efficiency and L is the
coupling length. From (4), we can control the power used by
each PA by adjusting the coupling length L. For simplicity, we
assume that the coupling efficiencies between the waveguides
and the PAs attached to them are identical. We also assume
that 1 ,, < x3,, indicating that within each waveguide, PA 1
first consumes power to serve users located in the inner zone,
while PA 2 utilizes the remaining power to support users in
the outer zone. The maximum available power for the first PA
is written as

lwi|* < FPra. )

Then, the maximum available power for the second PA is
given by

[wi[%). (6)

The goal of this paper is to maximize the sum data rate
of the DL network by jointly optimizing the locations of the
PAs, fractional-time allocation, and beamforming vectors. The
optimization problem can be expressed as follows:

||W2||2 < F(Pmax -

gax Roa(¥,7,w) & > R(¥,7,w)  (Ta)
(i,k)eL
S.t. Rik(\IlvTiaw) Z Emina (7b)
—D<uz,<DN¥neN,iec{1,2}, (7¢)
A

xQn_xan §,V7’LEN, (7d)
0<7‘1,7’2<1, (76)

T+ 72 < 1, (71)
HW1H2 < FPmaX7 (7g)
[wa|* < F(Puax — w1, (7h)

where £ = {(i,k)]i € {1,2},k € K}. The sum rate maxi-
mization objective is formed in (7a). The first constraint (7b)
represents the minimum throughput requirement for each user
of the terrestrial network. Constraints (7c) and (7d) char-
acterize the location of the PA and require the minimum
distance of two PAs on the same waveguide to avoid mutual
coupling. Notably, the wavelength spacing is required to be



sufficiently large to prevent coupling between PAs mounted
on different wavelengths. Constraints (7e) and (7f) denote
the time allocation constraints. The last two constraints (7g)
and (7h) set the limitation of the power used in each PA.

III. PROPOSED SOLUTIONS

It can be seen that problem (7) is a nonconvex problem due
to the nonconcavity of the objective (7a) and constraint (7b).
In addition, antenna positioning W plays a crucial role in
phase variations and channel coefficients due to its complex
structure within channel components. Therefore, the proposed
problem (7) is very challenging to tackle. As such, we adopt an
AO method along with inner convex approximation algorithm
to effectively solve this problem. The problem will be divided
into three subproblems in beamforming, fractional-time allo-
cation, and positioning of PAs to solve iteratively while the
other variables are fixed.

A. Beamforming subproblem

The beamforming subproblem is constructed by keeping
other variables fixed, that is, ¥ = O and 7 = 7). By
applying these modifications, the original problem (7) can be
reformulated as

S Ru(¥Y, 7 w) (82)
(i,k)eL

st Rip (00 70 w) > R, (8b)

[Will* < F Prax, (8¢)

[wal? < F(Prax — [w1]?). (8d)

It can be seen that the constraints (8c) and (8d) are already
convex, but the problem remains nonconvex due to the noncon-
cavity of Rik(lIl(t)ml(t w). Therefore, to address this issue,
we first reformulate the user throughput according to [10] as

o
ik

2
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The aforementioned reformulation can only be held if the
trusted region for R{ (hf)Pw;, } is satisfied. This constraint
can be specifically written as

R{(hH)Ow,, )

J#k || hﬁ

%{(hﬁ)“)wik} > 0. (10)

Following these developments, we approximate the prob-
lem concerned using a lower convex approximation for
R (¥ 7 w) as [11]

n(12) 215 2) 2 22 SE ey
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where , y are real positive constants and x, y are real positive
variables. By employing (11) into the transmission rate of each
user, we derive the lower bound approximation as

;o an

Rip(@9 70 w) > Ry (w7 w), (12)

where R (¥®, Ti(t), w) is constructed as

Rin(®Y, 70 w) = al) + b(tm{(h?;{g)(”wm}
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ONS (t)( (t)) /y (t) In2), b(t) 9 (t) (f)/(y k) In2) and
7

EZ) = Tz(t)( (t)) /[yﬁ)(( (t)) —l—y(l,tC )ln 2]. Since the lower

bound approximation of the transmission rate is found, we

can rewrite the beamforming subproblem as follows:

> Ra(®, 7 w) (142)
(i,k)eL

st Rin(TD 7 w) > R, (14b)

[w1l* < FPrax, (14¢)

[wall* < F(Puax — [wil*). (14d)

This reformulated problem is now a convex problem due
to the concavity of Rk(\Il(t) ) ,w). Hence, it can be
addressed efficiently by applying a tradltional convex program
as CVXPY. The procedure is outlined in Algorithm 1.

Algorithm 1 Proposed Algorithm for Optimizing w(*+1)

1: Initialization: Set epeam as a small error tolerance and Max
as the maximum number of iterations. Set m = 0 and create a
feasible point w() = w(*

R(o[al(‘l'(t)«'r(t)aw(tvn))_R(o[al(‘P(t)%T(”

,w(tmfl))

2: while ’ R (T, (1) o Em—1)y 2 Epean
and m < Mmax do

3: Update m = m + 1;

4: Find the optimal point w™* by solving (14).

5: Update the parameters: w''™) = w*;

6: end while

7: Return: Optimal beamforming vector wtth) — w(tm)

B. Antenna positioning subproblem

The subproblem of maximizing the total throughput of all
users by arranging PAs positions can be expressed as follows:

x> Ru(®, 7", w) (152)
(i,k)eLl
s.t. Rik(xp,ﬁ”,w(t)) > Ronins (15b)
- D <z, <DVneN,ic{l1,2}, (15¢)
A
Top — Tin > §,Vn€./\/'. (15d)

Due to the nonconcavity of R (¥ T(t), w(®), (15) remains
nonconvex and challenging to solve. However, for each PA,
the coordinate V¥, ,, is based on x; ,,; therefore, we will use a
projected gradient descent method to maximize the following
objective. Since the problem has constraint (15b), which is
computationally intractable, we have to create a penalty term
before calculating the gradient values with respect to the



PA positions ;. The subproblem can be reformulated as
ming — > per Rip(®, 79 w®) such that (15b), (15c)
and (15d) are satisfied. Then, the augmented Lagrangian
objective can be constructed as

Rea(®) == Y R(®, 7, w)
(i,k)eL
+ Z )\m( min — Rk (‘I’vTi(t)yw(t))> (16)
(i,k)eL
o 2
+ Z %(Rmin7Rik(q’77—1}(t)7w(t))) 9
(i,k)eL

where \;; and p;; are the Lagrange multipliers associated
with the constraints (15b) and the penalty parameters for the
quadratic terms. The problem now is to minimize R, (¥)
with convex constraints (15¢) and (15d) due to real variables.
To calculate the gradient values of thal(\Il) we first rewrite
this objective as

Rap(®, 719, wt)) =

7P log, (1 +eO®)), am
t t t t t
where @) = ¥, wi) (wi)H, S5 (w) = [Infw(|P%
t t t

T (®) = (hE)O@fh) and oO(®) = S{(w)/
(T(t) (¥) + 02,). Moreover, to further simplify the intractable
form of h;i, we can rephrase the channel coefficient from PA
W, , to user u;; in (2) as

n%e—a(wim,-&-D)

\/(Z‘z n xik)Q + Ai,n
% 6—1(2% (-ti,n—ﬂ%k)2+Az:,n+%(m,n+D))7

hik,n =

(18)

where A; , £ (Yi.n — yir)? + H?2. Then, we can calculate the
gradient values of Rik(\Il,Ti(t),w(t)) with respect to z;,, by
the chain rule as follows:

ORY (W) OR, (T, 7 w(t))
at;.] _ Z Ml(’z)(‘ll)k(ax—
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2m/Ag). Then, the PA position variables z; , are updated
through the backtracking line search method combined with
the Armijo condition. The updated results are then pro-
jected into the convex set defined by constraints (15¢)
and (15d) to ensure feasibility. Let x £ {@;n}ic(1,2}nen
and V Rtotal( ) [8Rt\1’0tal(‘P;E)t))/al’i,ﬂ}g;gﬁg}’ngj\[' The
proposed two- stage projected gradient descent (PGD)-based
method is demonstrated in Algorithm 2, which guarantees
convergence to a stationary point.

Algorithm 2 Two-stage PGD-based Method and Backtracking
for Optimizing NG
1: Initialization: Set p = 0, maximum update itera-
tion Ppax, maximum backtracking iteration Q,.x; gen-
erate the initial feasible points () = w® x 2
{Niktikyec, p {pir} (i kyec, Armijo parameter g,
initial step length ay and small convergence parameter

s (1) (1) (0 A 1) G
o | Row(TL 70w — R (7 wlt
2: while (2 Rm(ql;t)lm_(t;fwi); ) = €pos and
p< Pmax
3:  Calculate gradlent g, =V Rmta](\Il](f));
4 Set o =qp and g = 0;
5 while ¢ < Q.x do A
6: Compute projected point: \IIP“’J = Proj[\IlZ(f) — agpl
7 if Rt‘(l)ltal(‘IleJ) < Ry (¥ (t)) — pal|gy |3 then
3 ‘II;J)r] _ lIIPmJ
9: Apt1 = O
10 break
11: else
12: a=a/2;
13: g=q+1
14: end if

15:  end while
16: Update \;; < max {0, Aik + pik (Emin — Rik(q';{g).ln },
V(i k) € L;

17:  Update p=p+ 1;

18: end while

19: Output: Optimal antenna positions 1) =

(1)
‘I,p

C. Time allocation subproblem

The next subproblem is to maximize the total transmission
rate from the BS to the ground users by optimizing the time
allocation at each PA. The following problem can be solved
by setting ¥ = ¥ and w = w(®) as

x Y Ry (89 5, wi) (20a)

(1, k)eﬁ
st. R (W 7, w®) > Riin, (20b)
0< 1,2 <1, (20c)
4T <1 (20d)

Since (20) is a closed-form problem with two variables, we
can directly attain the solution of this subproblem. It can be



clearly seen that constraint (20d) must hold to the equality due
to the maximizing condition. In addition, constraint (20c) can
be tightened using constraint (20b). As other variables remain
unchanged, the minimum value of 7; can be derived as

-1
7i > 7/ £ max {Rmm {Cfi)(\lﬂ”,w(”)} } .

Here, C\))(¥") w(®) is the maximum transmission capac-
ity from BS to user u;;. The formulation of C’i(,?(\ll(t), w(b)
can be expressed as

ot o2

, (22)
Zj;&k H(hg)(z)wx)HQ + U?k)

where (hg)(t) is constructed by the fixed antenna position
U The objective (20a) of the interested subproblem can be
rewritten as

(@™, w®) = log, (1 +

R = 11CY +7CY),

where Cs(f) 2 ek C&)(\I,(t)’ w(®) and CS(;) £
D okek C’é?(‘l’m, w(®). Since the maximization of (23) with
respect to (21) admits a closed-form solution, the optimal time
allocation is directly given as

A4 _ {{1 — i pin - if 08 > o)

(23)

. ) 24
frpin 1=y, e ) <. Y

D. Proposed AO Algorithm

Denote § = {w, ¥, 7}, 6 = {w w® 03 Ewy =
{w,®, 7"} and 58 = {w() w®) O Throughout
the subproblems developed above, the algorithm proposed to
tackle (7) is given in Algorithm 3. This algorithm uses two
different AO loops for optimization, where the first AO loop is
used to derive the optimal solution to the problem (7) and the
second AO loop is used to optimize the beamforming w(*+1)
and PA positions WY in jteration ¢ of the first AO loop.
Specifically, in the second AO loop, the optimal beamforming
w(t+1) and PA positions W+ are first conducted in iteration
t. Then, using the direct solution in (24), the optimal time
allocation 7(+1) is derived using w(+1) and ¥V The
counting index is updated in both AO loops and continues to
operate until convergence is reached.

IV. SIMULATION RESULTS AND DISCUSSIONS
A. Simulation Settings

In this section, the performance of the proposed algorithm
and other benchmarks is evaluated via numerical simulations.
In the network model, the number of waveguides used is N =
4 to serve K = 3 users in each zone and D = 10m. The
height of the wavelengths is set to H = 3m. The attenuation
coefficient is set to @ = 0.08 dB/m, the carrier frequency is
set to f. = 28GHz and the effective refractive index of the
waveguide is set to Mpesr = 1.4 [1]. The maximum power used
by the BS is Pax = 40dBm, the noise power at the receiver is

Algorithm 3 Proposed AO Algorithm for solving (7)

1: Initialization: Set ¢ = 0, 4 = 0, maximum number of
iteration N} N2_ . convergence thresholds £1,e2 and
generate the initial feasible points (w(®), w(©) +(0))

Rioa (8)) — Rigta (8

. -1 1
2: while Rlo‘z,(,()(i(t*1>) - )1)§ €1 ort> Ny, do
Rlota ) _Rlola W
3:  while ](if”)(s(m,]l(f)(t) ) <e ort> N2, do
total (t)

4 Implement Algorithm 1 to obtain the optimal beam-

forming w(ti+1);
5: Implement Algorithm 2 to achieve the optimal PA

positions \Il(ti“);
Update i =i + 1;
end while
Result: Optimal beamforming w(**1) = w(*i+1) and
PA positions P+ — gtivn)
9:  Using (24) and w1 W) (o attain the optimal
time allocation 7(*+1)
10: end while
11: Output: Optimal solution §* = {w(® ¥® 71}

02 = —90dBm and the coupling efficiency is set to F' = 0.9.
The position of the users are randomly selected in the network
area 2D x 2D. The simulations are implemented in a Python
environment using matplotlib package, and the CVXPY
package is used to solve the beamforming subproblem (8).

B. Numerical Results and Discussions
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Fig. 2. Convergence behavior of the proposed AO algorithm demonstrating
stable performance under varying minimum rate constraints R, with
Pmax = 40dBm.

Fig. 2 illustrates the convergence behavior of the proposed
AO method under different minimum rate requirements for
users. It can be observed that for R, = 1.5 and Ryin = 2,
the algorithm reaches the optimal solution within only 7
iterations, while additional iterations are required for other
cases to achieve full convergence. On the other hand, the
proposed AO algorithm exhibits a significant decrease when
the requirement threshold R,,;, increases, reflecting the trade-
off between the achievable system throughput and the fairness
between users. This behavior is expected, as the fractional-time



PA system allocates a significant portion of the BS transmit
power to users in the outer zone to satisfy the minimum rate
demands. Consequently, the available power for users under
favorable channel conditions is reduced, leading to an overall
decrease in the achievable system throughput. The results
confirm that the proposed AO algorithm effectively balances
this trade-off, maintaining stable convergence properties and
consistent performance across different rate constraints.

Proposed AO
Fixed Position
—+— Fixed Beamforming

= = = = =
o N H [e)] (o]

Total Throughput (bps/Hz)

[ee]

[e)]

30 32 34 36 38 40
Maximum Power (dBm)

Fig. 3. Performance characteristics of the proposed AO algorithm evaluated
under different maximum transmit power Pmax, with the minimum rate
requirement set to R,,;j, = 0.5bps/Hz

Fig. 3 represents the performance behavior of the proposed
AO method compared to two other different schemes. In the
“Fixed Position” scheme, the PA positions are fixed at their
initial values, and the AO algorithm is used to iteratively
optimize the time allocation and beamforming variables. In
contrast, the “Fixed Beamforming” approach maintains the
initial beamforming configuration while optimizing the PA
positions and time allocation variables using the AO approach.
The comparison is carried out under different maximum
transmit power Py, .y, Where the rate threshold of each ground
user is set to Ry = 0.5bps/Hz. One can see that the total
throughput of all the considered schemes improves due to the
expanded power budget available P, ,x for user transmission.
However, the rate of improvement for the proposed AO
remains higher, reflecting its ability to utilize the available
resources. Meanwhile, other methods are constrained by their
fixed parameters, which limit their adaptability to changing
transmission power conditions. These results collectively il-
lustrate the robustness and scalability of the proposed AO
method, indicating that the integrated design of beamforming,
PA positions and time allocation can deliver higher throughput
and ensure stable convergence with adaptable performance in
various system settings.

V. CONCLUSION

In this study, we address the integrated challenge of max-
imizing the total data rate of ground users through the joint
optimization of fractional-time allocation, beamforming, and
the positioning of PAs. To tackle this problem, we develop
three distinct solution strategies that iteratively solve the

three subproblems within an AO framework. In particular, an
inner convex approximation is employed for the beamform-
ing subproblem, a closed-form expression is derived for the
fractional-time allocation, and the Armijo backtracking line
search method is utilized to optimize the positions of the PAs.
Numerical results have illustrated the superior performance of
the proposed approach compared to other benchmark schemes.
Moreover, the simulation results also highlight the effective-
ness of the proposed AO method in maximizing the total data
throughput under varying minimum rate requirements, as well
as the efficiency of the inner convex approximation method
in the beamforming subproblem. Future work may investigate
the integration of advanced transmission techniques, such as
MIMO and NOMA, to further improve the scalability and
robustness of wireless network models for supporting a larger
number of users.
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