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ABSTRACT In the recent past, Pinching Antenna Systems (PASS) have gained popularity because
of their flexible deployment strategies and efficient link gain performance. This study presents a novel
integrated sensing and communication (ISAC) system assisted by multiple flexible RF feedlines (or tracks)
and multiple active Reconfigurable Intelligent Surfaces (RIS) to optimize real-time monitoring and data
transmission across automated production lines. The proposed ISAC system includes a communication
energy efficiency maximization problem subject to the sensing Signal-to-Noise Ratio (SNR) and power
budget constraints. The resulting optimization problem is solved by employing an alternating optimization
strategy to reformulate the original problem into three tractable sub-problems: the PASS antennas
optimization problem, the digital beamforming problem, and the active RIS reflection matrix problem.
The three original problems are then solved by utilizing methods that involve Fractional Programming, the
Penalty Function Method, and the Element-wise Optimization strategy, respectively. Simulation outcomes
show a significant improvement in both energy efficiency and sensing performance for the novel strategy
compared to the Multiple-Input Multiple-Output (MIMO) and the Passive RIS-Assisted PASS system.
Specifically, the proposed scheme achieves up to 166.7% higher energy efficiency than the conventional
MIMO-ISAC baseline under identical power budgets and interference constraints.

INDEX TERMS Integrated Sensing and Communication (ISAC); Pinching Antenna System (PASS);

Multiple Active Reconfigurable Intelligent Surfaces (RIS); Energy Efficiency Optimization.

I. INTRODUCTION

A. BACKGROUND

With the advancement of sixth-generation (6G) wireless
networks, Integrated Sensing and Communication (ISAC)
has emerged as a pivotal technology for driving the digital
transformation of the industry through the deployment of
intelligent, fiber-integrated sensing fabrics. From a spec-
trum perspective, improvements in communication capacity
and sensing performance are both contingent upon larger
bandwidth availability, which further exacerbates the pres-
sure on limited spectrum resources. Consequently, how to
effectively improve spectral efficiency under bandwidth-
constrained conditions has become a critical issue that
urgently needs to be addressed. In recent years, novel recon-
figurable wireless technologies, including Reconfigurable
Intelligent Surfaces (RIS) [1], Movable Antennas (MAs) [2],
and Fluid Antennas (FAs) [3], have garnered extensive atten-
tion from both academia and industry. These technologies
can significantly improve channel conditions by proactively
shaping the wireless propagation environment, effectively
enhancing spectral efficiency within smart systems where
conductive fibers and fabric structures influence signal in-
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teraction.

B. RELATED WORK

Reconfigurable Intelligent Surfaces consist of a large num-
ber of active or passive programmable reflecting elements,
which reshape the wireless propagation environment by
adjusting their phase responses, thereby demonstrating sig-
nificant advantages in enhancing channel capacity, extending
coverage range, and reducing power consumption. In recent
years, extensive research efforts have been devoted to RIS-
assisted Integrated Sensing and Communication (ISAC)
systems [4—6]. In this context, the work in [7] addressed
scenarios where the direct link is obstructed by leveraging
RIS to establish controllable reflection paths for restoring
communication link quality, and further designed optimiza-
tion strategies to enhance the sensing performance of the
system. The study in [8] incorporated RIS into multi-user
ISAC architectures, optimizing the reflection coefficients to
suppress multi-user interference while preserving the desired
sensing beampattern characteristics. It is noteworthy that
the aforementioned works are all based on passive RIS
architectures. In contrast, [9] embedded active amplifiers
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within the reflecting elements and revealed the advantages
of active RIS over passive RIS in terms of link gain under
multiplicative fading environments. Furthermore, studies in
[10] and [11] have validated that deploying active RIS in
ISAC systems can significantly enhance both communica-
tion and sensing performance. However, these investigations
primarily focused on system designs involving a single
active RIS, while systematic exploration of the cooperative
mechanisms among multiple RIS and their potential gains
in ISAC remains insufficient.

Il. SYSTEM MODEL

A. LOCATION MODELING

As illustrated in Fig. 1, this paper investigates an Inte-
grated Sensing and Communication (ISAC) downlink sys-
tem jointly assisted by a Pinching Antenna System (PASS)
and multiple Reconfigurable Intelligent Surfaces. Formally,
a PASS is defined as a reconfigurable antenna array in-
tegrated with a metallic waveguide, where the “pinching”
mechanism allows for the dynamic adjustment of antenna
positions to optimize beamforming and interference nulling,
effectively acting as a form of liquid or movable antenna
(MA) system [2], [3] within a constrained physical track.

The Base Station (BS) transmits probing signals toward
sensing targets through movable antennas distributed along
the low-loss flexible feedlines, while simultaneously pro-
viding downlink communication services to single-antenna
communication users in the system. The system comprises
two categories of communication users: near-field users
and far-field users, where the boundary is determined by
the frequency-dependent Fraunhofer distance (Rayleigh dis-
tance) d = 2D?/\. This ensures that the categorization
is not a static geographic boundary but adapts to the
operational frequency and aperture size. Since the locations
of far-field users exceed the effective coverage area of PASS
and reside in the radiative far-field region, their downlink
transmission primarily relies on the reflection paths pro-
vided by active RIS deployed at the edge of PASS for
enhancement. The active RIS is specifically integrated to
compensate for the severe multiplicative fading experienced
by far-field users, which is not required for near-field links.
In contrast, near-field users are located within the Fresnel
coverage range of PASS and receive downlink signals from
the BS directly through PASS. The necessity of handling the
“near-field sensing target” solely via PASS stems from the
inherent high-resolution beam-focusing capabilities of PASS
in the near-field, which provides sufficient gain without the
added hardware complexity and thermal noise of an active
RIS.

Near-field region: This region comprises K communi-
cation users and a target user designated for sensing task
execution. The set of communication users is denoted as
Khear and the sensing target is denoted as m. Let Ij
represent the position of the k-th near-field communication
user, and I,,, denote the position of the near-field sensing
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user m. Their respective positions in the two-dimensional
plane are given by

Ik = [.’Ek,yk,O}T, Vk € Icncara (l)
L = [24, 90, 0] )

Far-field region: Due to the inherent difficulty for far-
field users to acquire reliable signals directly from the
base station or PASS waveguide, the system deploys an
active reconfigurable intelligent surface (RIS) comprising R
elements for each far-field user to enhance communication
coverage. This active RIS serves to receive the signals radi-
ated from the base station, amplify them, and subsequently
reflect them directionally toward the designated user.

To mitigate self-interference between the transmit and
receive links, the system employs a separated waveguide
architecture: downlink communication and sensing signals
are transmitted through N transmit RF tracks, while the
echo signals reflected from the target are collected by an
independent receive track. To ensure real-time movement
and impedance matching, each track incorporates a non-
contact sliding feed mechanism (e.g., capacitive coupling),
allowing antennas to shift positions without compromising
the RF feed integrity. Each transmit waveguide is equipped
with M pinching antennas, where A/ and M denote the
index sets of transmit waveguides and pinching antennas,
respectively. The input ports of all transmit waveguides are
connected to the base station radio frequency chain through
an in-phase feeding network, thereby ensuring phase and
amplitude consistency of the fed signals across all waveg-
uide ports.

All waveguides are assumed to extend along the z-axis
direction, positioned at a height of d;, and arranged in a
linear array along the y-direction with an inter-waveguide
spacing of y,. The feeding point position of the n-th
waveguide is expressed as

I, =[D,yn.dn)", neN, 3)

while the position of the m-th pinching antenna (PA) on the
waveguide is given by

I, = [‘Tn,maymdh]T, neN, meM 4)

To avoid mutual interference between adjacent PAS, the x-
axis positions must satisfy

0 S Tn,m S L; xn,m — Tpm—1 Z 0 (5)

where L denotes the waveguide length and § represents the
minimum inter-antenna spacing. Accordingly, the set of z-
coordinate positions for all transmit PAS can be expressed
as

X = {xn,m | 0< Tn,m < L7 Tnm — Tn,m—1 > 67 Vn7m}

(6)

The receive waveguide comprises M receive PAS, whose
corresponding positions are denoted as
im,r - [‘rrv Yr, dh]T
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where the set of positions constituted by X, is defined as
P2 o

B. CHANNEL MODELING
The wireless channel between the PA on the n-th waveguide
and the k-th near-field user can be expressed as

T
n (QH )_1 e ek g7 IReTk 2 e_J”uTk,M-‘
k — c n I n Yty n
Tk Tk,2 Tk, M J
(N
where k. = 27 f./c = 2 /A, denotes the wavenumber, and
% m = ||T, —Ik||2 represents the distance between the m-th
PA on the n-th waveguide and user k.
Furthermore, the overall wireless channel vector between

all PAS and user k can be expressed as

by = [(b)7, (02)7,..., (M) e CMN<1 (8)

Similarly, the channel vector between PA and the target on
the N-th waveguide is
e_j“cT;L,l e—jﬁcrlﬁz
h!" = (2x.)"" — — —
Tt Tt2 Ty M

- n
e IfeTt, m

7

9
where 77, = [|I;, — I;||2. The channel between all PAS
and the sensing user can be formulated as [12]

By = ()7, (W), )T e CMN (1)

Since the propagation loss within the RF feedline is
substantially lower than the attenuation experienced during
free-space propagation, this paper neglects the power at-
tenuation inside the feedline and considers only the effect
of propagation delay. Consequently, the internal waveguide
channel matrix can be expressed as

F = Bdiag(fy, f5,...,fy)T € CV*MN (11)

where f, = [f&, f2, ..., fy]T € CM*1. The element f7
denotes the phase difference between the output signal and
the input signal of the m-th PA on the n-th waveguide,
which is specifically given by

n pzbeﬂ'ﬁgd% (12)

m

where k, = 2m/\, denotes the waveguide propagation
wavenumber, A\, = \;/n. represents the guided wavelength,
n. is the effective refractive index of the waveguide, d), =
[T, —I7,||2 denotes the distance between the feeding point
of the n-th waveguide and its m-th PA, and p}, represents
the power allocation coefficient of the corresponding PA.

To simplify the analysis, an equal power allocation strat-
egy is assumed within each waveguide. Under this assump-
tion, the overall equivalent channel between the base station
and the k-th user, as well as the equivalent channel between
the base station and target m, can be expressed as

h,=Fh, e CV*' h,,, =Fh, e CV*'  (13)
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Similarly, the equivalent channel from the sensing target to
the base station can be expressed as

h,,, =f2 h,,, e CN (14)

rm

where flr)m and f, ,, represent the channel from the user
to the receive waveguide and the internal channel vector
of the receive waveguide, respectively. In the BS-RIS link,
let the PASS-RIS matrix be denoted as Hris. Then the
overall channel from the base station to the r-th RIS can
be expressed as

H, = FHpg € CV*E (15)

C. SIGNAL MODEL

In the downlink ISAC scenario, the PAS simultaneously
transmit communication and sensing signals to concurrently
serve all communication users and perform target detec-
tion. The transmitted signal from the base station can be

expressed as
s = Wc + Wyc, (16)

where W = [wq, wWs, ..., Wk 1] denotes the beamforming
matrix, w, € CN*! represents the beamforming vector
allocated to the k-th communication user, W, € CN*1
is the sensing beamforming matrix, and Wyc, denotes
the transmitted signal dedicated to the sensing function,
where ¢, € CNV*! is the corresponding communication
symbol. The communication symbols of different users are
mutually independent and satisfy the normalization con-
dition E[ccf] = Ix,p with ¢ = [e1,¢2,...,crn]t €
C(K +L)x1

The signal received by near-field users can be uniformly
modeled as

Yy = hil;s + o (17)

Waveguide feed array signal ~ Receiving end noise

The signal received by the waveguide located at the receiv-
ing position is given by

H H
Ym = Brmamhft Woe,+ by na,hft We
[ A—

Interference of communication signals

Target echo

+ Ny

~~
Receiving end noise
(18)
Here the first term represents the echo reflected from the
sensing target carried by the dedicated sensing signal, and
the second term denotes the echo component reflected from
the target carried by the communication signal. In the ISAC
framework, since the communication signal is known at the
receiver (BS), it serves as a dual-purpose waveform that
contributes to the total sensing energy rather than acting
as interference. Furthermore, n, and n both follow the
complex Gaussian distribution CN(0,02) representing the
ad ditive white Gaussian noise (AWGN) at the receiver.
Additionally, «.,, denotes the reflection coefficient of the

sensing target.

2516



JOURNAL
¢ ORG

AE

Yu et al.

Rx-PASS

v

Tx-PASS

«

Tx-PASS

Active-RIS

FIGURE 1. System configuration of the reconfigurable antenna system and multi-RIS assisted ISAC downlink network.

Let h; € CE*! denote the channel vector between the
[-th RIS and user . The reflection matrix of the [-th RIS is
expressed as

L
O, = diag (al,lejq5

1 IR

,...,al’R€j¢ ) (19)

The signal received by user [ can be expressed as

T T H T T H
ys5 = h; O H wig + E h; O H; w;c;
— . ——
effective signal reflected by RIS il signal interference of
T ~ i communication user interference
+ h;y ® lH W()C 5
l l s
~—_———
perceived signal interference
+ hiez + (20)
N—_—— ~—~

RIS thermal noise  user-end receives noise

where z; € C®*! represents the active thermal noise of the
RIS, which follows the distribution CA (0, 0&5IR).

D. SYSTEM PROBLEM MODELING
The received signal-to-noise ratio (SINR) of the perceived
target echo at the base station can be defined as

[t |? || B hf, Wo ||

t,m
2
levn|? ||Brm b, W™ + o7

The signal-to-interference-plus-noise ratio (SINR) of the k-
th near-field communication user is given by

SINR,, = 1)

SINR}™ =
Dizk

H )
hu,k’wl
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The SINR of the [-th far-field communication user is given
by

~ 2
far ‘hf@lH{IWl’
~ 2
Apr =" nf e w,
i#l

5 2
+ [pF @B Wo|| + ofis [1f O + oF

The corresponding sum rates of the near-field communica-
tion users and far-field users can be defined as

K

Quear = Y _ log, (1 + SINRZ®™) (24)
c=1
L

Qrar = Y log, (1 + SINR%r) (25)

=1
The total power consumption of the system can be
expressed as

Piotal = {Tr (WoW£’ + WWH) + &ris, Pris,
+ Pﬁx + Pmove (X7 Xr) (26)
where ¢ denotes the power amplifier efficiency of the
base station. Tr(W WX + WWH) represents the total
power transmitted by the base station for communication

and sensing signals, which constitutes the most significant
variable power term in energy efficiency optimization. The
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term Ppove(X,X,.) represents the dynamic power con-
sumption required for the mechanical repositioning of the
pinching antennas along the waveguides. In industrial textile
environments, this component is non-negligible and depends
on the displacement of the antennas during the optimization
process.

The power consumption of the RIS comprises three
components: the static circuit power of each reflecting
element P.(R), the DC biasing power Pp¢, and the power
consumption of the active RIS amplifier {ris,q Pout (©). The
output power of the [-th RIS can be expressed as

~ 2 ~ 2
i) - [ouiw]* s oiw)
+a7 (@ @7)

Furthermore, the fixed power consumption term Pgy en-
compasses the static circuit power of the base station, the
hardware power consumption of each user terminal, the
biasing and driving power of the PAS, as well as the
control and tuning circuit power, among others. Since these
components are independent of the optimization variables,
they are typically treated as constants in energy efficiency
analysis [13]. Unlike traditional models that treat all non-RF
power as a constant, this study acknowledges the mechanical
energy requirements of PASS as a significant variable in the
energy efficiency analysis, ensuring a more realistic evalu-
ation of the system’s performance in automated production
lines.

The energy efficiency (EE) of the communication user is
then defined as

_ Qnear + Qfar

Ptotal

EE (28)
In this work, our objective is to maximize the sum energy
efficiency. While the objective function treats Qpear and
Qtar as a sum, their underlying channel models and power
dependencies are distinct. Specifically, the optimization of
Qtar 18 tightly coupled with the active RIS reflection matrix
O, whereas Qpea; is predominantly influenced by the PASS
antenna deployment X. This mathematical separation in
the constraints and channel vectors ensures that the unique
physical requirements of each region are preserved during
the joint optimization process. Accordingly, the problem can
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max EE (29a)
W, Wo,{0®}L . X,X,
s.t. SINR,, >, (29b)

ETr (WoW{ + WWH) < Pgg,

(29¢)
Prisg <Py, Vi=1,...,L
(29d)
lag,| < max, [=1,...,L, r=1,
(29¢)
X]pm€X, n=1,...N,
m=1,...,.M
(291)
Xlnm € X, n=1...,N,
m=1,...,M
(299)

Here (29b) represents the threshold constraint on the re-
ceived sensing echo. Constraints (29¢) and (29d) impose
the power limitations on the base station and each active
RIS, respectively. Constraint (29¢) characterizes the physical
constraints of the active RIS reflecting elements. Constraints
(29f) and (29g) specify the deployment position constraints
for each pinching antenna on the receive and transmit
waveguides, respectively.

lll. PROBLEM-SOLVING
To solve the original optimization problem containing non-
convex coupling terms, the alternating optimization (AO)
framework is employed to decompose the problem into
multiple subproblems, which are then updated iteratively.
To address the non-convexity introduced by the logarithmic
terms and fractional structure in (29a), the fractional pro-
gramming (FP) method from [14] is adopted to perform
equivalent transformations on the relevant terms, thereby
decoupling the coupled variables and enabling the separate
optimization of each variable within the AO framework.
Within the Dinkelbach iterative framework, the parameter
1 is updated at each iteration according to the following rule:

(t+1) _ Qnear + Qfar
N 2
total
After fixing the auxiliary variable u, the objective function
in (30) still contains logarithmic terms and a fractional
structure, rendering the overall problem non-convex.

max Qnear + Qrar — 1Potal (30)
W, Wo,{0:},X,X,

To further separate the numerator and denominator in the
SINR expressions and transform the logarithmic-form rate
function into a more tractable structure, two sets of auxiliary
variables p = {piear pfar}l and v = {vpear pfr} are
introduced to eliminate the coupling in the logarithmic and
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fractional terms, respectively. Based on these variables, the
equivalent reformulation can be expressed as

A. OPTIMIZATION OF BEAMFORMING

With (X, X,., ®) fixed, the beamforming optimization sub-
problem can be reformulated as the following equivalent
form, where the relevant auxiliary vectors and matrices are

f (V[/a WOa 67 P, U, Xa XT) =g (W W07 97 P, U, X7 X’r‘)_:u’Ptotal defined as follows:

(€1}
where g (W, Wy, 0, p,v, X, X,.)

= Z [ln (1+ pp™™) —

K
— e (Z w4 [ Wol 1 + a§> ]

k'=1

L
+ Z [ln(l + o) — P 20 /1 4 pER{(VP) I @, Hiw; } Brar = (biar 15 - -

— |l <Zh ©,H,wy |? +ao>
k'=1

— [ (I @ Wo | + b ©.|his) | 32)

Equation (32) presents the equivalent rate formulation ob-
tained after applying the quadratic transform and Lagrangian
dual transform, where the numerator-denominator coupling
in both the near-field and far-field communication terms has
been eliminated. For given (W, Wy, ©®), the optimization
with respect to the auxiliary variables p and v constitutes
unconstrained problems, whose optimal solutions can be
obtained by setting the partial derivatives to zero, i.e.,

gf =0, gf = 0. According to the derivation, we obtain:
P v

)
P =k <L§€') +1/ ()2 +4> (33)

near __ \ 1+ pneathkWu k (34)

Sicy bl wil? + B! W2 + of

. £/14 phth@kI:Ika

near+2\/1+pnear§R{( near) thwk}

[ Wo,1 WgN}Tv
T
Wnedr - [ Wi, WK]
Wear = [WK+17"'7WK+L}T7

neark—Qm near huk,

bfar,k =9 /1 + pfar( far) hk @ka ’

Bnear - [bncar,17 e 7bncar,K )

H
) bfar,K+L]7

K
2 H
Anear - IK+L & ( § |Vnear,k‘ hu,khu,k> )
k=1

K+L
Afar = Ik ® Z |Vfar,k|2(hk®kaH)H(hk®kH;€I):| ,
k=K+1
K
Cncar == IN ® (E |Vnear,k|2hu,khuH,k> B
k=1
K+L : ~
Crar =IN® | Y |vrar k> (e O L) (h O, F )} ;
k=K+1
L ~ ~
D=1k ® (Z(&Hf? )¥(e,.HY )) ,
r=1
~ L ~ ~
D=Iy® (Z(GTHE)H(@TH%) :
r=1

S = I @ ((©8)"(©,H/)),
S=Iy® ((erﬁf’)H(erﬁf)) .

Based on the above variable definitions, the objective func-
tion can be further equivalently reformulated as

H H
max %{Bncarwnear + Bfarwfar}

Wnear, War, W0

where (-) € {near, far}, and

nedr o m{ near *thWk} (36)
Lﬁfr =R {(V,f;r)*th@kI:Ika} (37)

Upon obtaining the closed-form solutions for the auxiliary
variables (p*,v*), the objective function can be further
simplified to the following equivalent form:

max__ f(W,Wp,©,X,X,) s.t. (25b)—

259).
W, W(,0,X,X, (259)

(38)
At this point, the original energy efficiency maximization
problem has been transformed into an equivalent optimiza-
tion formulation with respect to pu, p, v, W, Wy, ®, which
can be iteratively solved to achieve convergence through
alternating updates of each set of variables.

2519

b @, Hy W2 + |[hE © 2085 + Y5, [ O Hywi|? + 02
(35)

- WH (Anear + Afar)w - V7"(};_I(Cl1eaur + Cfar)wo
_ Hoye _H = _H - _H—
— pw Dw — pwg Dwg — puwg wo — uw’ w,

(39
where w = [wWl W& |7 is defined. The active-RIS and

base-station power constraints can be written as

wlSw + Wl Swg + 07(|©,||> < Ppa, (40)
wiw + wilwy < Pgs. 41)
where W = [Wyear, Weay| is defined. To handle the non-

convex term in constraint (29b), an identity transformation
is first employed to equivalently reformulate it, yielding the
following separated form:

‘am|2 HhT,th WOH
- <|am|2 ||h7',m t.m

Subsequently, by applying a first-order Taylor expansion at
the current iteration point Wy to convexify the first term

W’ +o2) =0 @
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with respect to Wy, the non-convex constraint (29b) can be
transformed into the following tractable form:

| P W DWo — y|am > W Dw — y0?
+ 2l PR { W D (wo — Wo) | 43)

Based on the above transformation, the original problem is
transformed into maximizing (39) subject to (40), (41), and
(43).

B. OPTIMIZATION OF ACTIVE RIS REFLECTION MATRIX
With (X, X, W, W) fixed, the optimization variable is re-
duced to the active RIS reflection matrix ® only. For ease of
manipulation, we define ®; = [pl,lej‘ghl,...,plyRejel’R]H.
Through the identity transformation diag(®”) = @,, the
equivalent channel from the RIS to user [ can be rewritten
as
h{’ = hf'©,H; = ®{'diag(h;")H,

Based on this, the following auxiliary matrices are intro-
duced:

E; =24/1+ pﬁarl/far*diag(hf{)lzliwi,

M=

F, = v 2 diag(h ) Hiwewi HY diag(h;),
k=1
K

G, = Z i [ diag(hf ) H;wi,wy HY diag(h,),
k=1
N

Ji = [ [Pdiag(h{")diag(hy),
k=1
K+L

0O, = diag(I:IfIwk)diag(I:Iink)H + UfIR.

e
Il
-

According to the above definition, the active RIS optimiza-
tion sub-problem can be equivalently written as

L L
ex > @E—®/(Fi+G;+3,)®;,-> u®/'0;®;,
=1 4=1 i=1

(44)

®70,;®; < Pppr, i=1,...,L, (45)

P r<amax, r7=1,...,R, t=1,...,L. (46)

C. OPTIMIZATION OF PASS ANTENNA POSITIONS

With (W, W, ©) fixed, the optimization is performed with
respect to X and X,. First, the equivalent channel matrix
between the m-th antenna on all transmit waveguides and
the sensing target is expressed as

M
hypm =Y hyyeCV (47)

m=1

where ljlt’m represents the subchannel contribution of the
m-th pinching antenna across all waveguides to the sensing
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target. Furthermore, the equivalent channel between the
PASS and all RIS is expressed as

M
H; 1) = Z H,,, ¢ CN*EL

m=1

H; = [I:Ii,laI:Ii,Qa e
(48)

For the m-th antenna on the waveguide, the corresponding
auxiliary matrices q,, and Q,, are defined, and Q,,, is parti-

tioned according to the m-th antenna across all waveguides
to each RIS as follows:

Qm = [Ql,m7 QQ,WH ERE) QL,m]7

The auxiliary channel vector from the PASS to the [-th RIS
is denoted as

Vm=1,...,M (49)

M
Qui=Y Qum, 1=12... L (50)

m=1
Based on the above definitions, the transmit auxiliary matrix
for the PASS-sensing target link, as well as the overall
auxiliary matrix from the PASS to all RIS, can be obtained

as
M

Aor = D Qm € CVY, (51)

m=1

M
Q=[Qu1,Qua:- -, Quirl =Y Qm e CVM (52)
m=1
Similarly, the link from the m-th antenna on the receive
waveguide to the sensing target is denoted as flT,m, and
its corresR/([)nding receive auxiliary vector is defined as
dr = D ,—19r,m- On this basis, the original optimiza-
tion problem can be restated as the following constrained
formula:

max W, W,,0,X,X,), 53

x X f( 0 ) (53)
) M

St Qm =him, Qr =Y qm, mEM, (54)
m=1

Qn

M
I:Ii,ma Q = Z Qma Vm € M7 (55)

m=1

M
qQr,m = hr,m7 qr = Z qr,m, ME M (56)
m=1

la)? | arqs, r Wol|?

>T7, (57)
|Olk:‘2||qrqs,TWH2 + O-I%

1©1Qu W + ©1Qu Wl + o7 |©]]° < P, (58)

Xlnm € X, [Xilnm € X (59)
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Subsequently, by introducing consistency constraints From the above content, the following convex constraint

through the penalty function method, the above problem
is further relaxed as
2

M
max (50) - — Q - Z Qm - Z HQ7 m rm”
Xsz{Qm}i‘le m=1 m=1
as, s {dm s
a{arom}h—

2

2
i,mHF

772”Qm7ﬁ

ml

- Z “qm ht m”

m=1

qu*ZQm

m=1

- Z qr,m

m=1

F
2

F

(60)

1) Update of Auxiliary Channel Matrix Variables
With (X, X, Qu, Qm, dr,m ) fixed, the optimization is per-
formed with respect to Q, q,, and qs 7.

M 2 1 M
min - — — + — llas,7 —
Q.. 7dr Q mz::l Qm P2 q.s,T mz::l qm
M 2
- > arm (61)
m=1 F

s.t. (57), (58), where (61) and (58) are convex functions
with respect to Q, q,, qs,7, While (57) constitutes a non-
convex constraint containing coupling terms, which can be
expressed as:

|ak|

||qTQS TWOH |ak|2 ||qrcls,TVV||2 +U]%~ (62)

The couphng term ||q,qs,7W]||? in this constraint simulta-
neously depends on both the receive-side variable q, and
the transmit-side variable qs 7, rendering the subproblem
non-convex. To address this, we employ a first-order Taylor
approximation to convexify this term. With q, fixed, the
non-convex term —|a|?|q,qz.» W||* can be expanded at
the poi (t) .

point q 7 as follows:

a9, )TWH

con{ [ty ww] (s -al) |
(63)

Thus, the constraint (57) can be convex approximated as:

~ Jon |

\Oékl

a9, TWH

+ 2R { |2l qrqgst,)TWWH} (2w - qit)T)}
(64)

larasr Wol* ~ Jaxf? |

2521

problems can be obtained:

M 2

Quin -~ Q- z:: Qm + ; s, — Z::lqm )
2
m=1 P

s.t. (58), (64).
2) Update of Per-Antenna Auxiliary Vectors

Wwith (X, X, Q,qs1,4q,) fixed, the updates are performed
for Q,,, dm, and q,,,. This step corresponds to the
following optimization problem:

2

1 M

- ‘Q_ZQm

P1 m=1 F
1 M

+— Arm —
P3mZ:1” o

min
Qm,Qm,Ar,m

M

~ 1 ~
hr,m||2 + E Z HQm -H

2
imll7

m=1
] M 2 | M )
+ — |9s,7 — Z Am| + — Z lam — ht,m”%‘
P2 oo F P2 =
2

(66)

M

- Z qr,m
m=1

This problem is an unconstrained convex quadratic opti-

mization problem. Considering the optimization of Q,,, the
objective function is denoted as

‘Q Z Qm
(67)

By setting the gradient of f with respect to any Q,, to zero,
the first-order optimality conditions can be obtained:

F

f(Qla"'7QM

1
1 F

M
Q-> Qu=Qu-H. (68)
Summing both sides over m yields
M M
M (Q -y Qm> => (Qm-Hm). (69
m=1 m=1

LetS = fo:l Q,,; then the above equation can be written
as

M
MQ-8)=S-> H. (70)
m=1
Substituting this result into the first-order condition of Q,,,

the closed-form optimal solution can be obtained as

. M
Q;, =H;, + ST (Q - ;le> . (71)
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Similarly, the closed-form solutions for q,, and grn are

given by st [Xplnm € Xr 81)

M
1
q;n = M—H(qS.T - Zl Ht,m’) t HL‘,m (72)
. 1 (0 i}
drm = M—H qr — Zl hr,m’ =t hr,m (73)
ms=

3) Update of the Transmit Antenna Position Variable X

With Q, er"flzl andgq,r, q,, fixed, the subproblem with

respect to the position variable X can be formulated as
max fW,Wo, X, X,) = % Z @ = Homll;

m=1

LS g~ onl
= Al (74)

m=1

st [X]pm € X. (75)

The optimization variables in (74) and (75) appear simul-
taneously in both the objective function and the constraint
terms, resulting in a strongly coupled update structure. To
reduce the computational complexity, this section adopts
a per-element update strategy: in each iteration, only the
position of the m-th movable antenna on the waveguide
is optimized while the remaining positions are held fixed.
Since the positions of all other antennas are fixed, the
feasible region of the m-th antenna can be confined to
a deterministic interval, thereby transforming the origi-
nal high-dimensional coupled problem into an independent
optimization of a one-dimensional position variable. The
corresponding optimization subproblem can be formulated
as

M
1
TV, Wo,8,X,X,) ~— D@m= ol
m=1

M
1 = 2
_Emzzlnqm - ht,m”,_- (76)
s.t. 0= XL <X —-6m=1 (77)
Xn,m—l +6< Xn,m < Xn,m+1 - 57 2<m< M -1,
(78)

Xnym-1+0< Xy <L, m=M. (79

The above problem is a one-dimensional bounded op-
timization, which can be efficiently solved through cell
search. Specifically, the continuous variable X, ,, is first
subjected to a coarse uniform search over () points within
the feasible region to identify the initial optimal position.
Subsequently, a local fine grid is constructed centered at
this point, which is partitioned into Qgqye grid points, and a
secondary search is performed over the fine grid to obtain
the local optimal solution.

4) Update of the Transmit Antenna Position Variable X,
With Q, {Q,,}}_,, and X fixed, the subproblem with
respect to the position variable X, can be formulated as

M
1 -
;fn;: - p_3 Z ”qr,m —hym “i (80)

m=1
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For the position optimization of the receive waveguide an-
tennas, the same adaptive one-dimensional search strategy as
employed for the transmit waveguide is adopted. Since the
receive waveguide features a single-antenna structure, the
one-dimensional position search can be performed directly
in sequential antenna order while keeping all other positions
fixed, seeking the position within the feasible interval that
maximizes the objective function.

IV. SIMULATION EXPERIMENT

A. SIMULATION PARAMETER SETTING

This paper considers a near-field and far-field integrated
ISAC system with cooperative assistance from PASS and
multiple RIS. The base station (BS) is located at (0,0),
operating at a carrier frequency of 28 GHz, and is equipped
with N’ receive antennas. The service coverage area of the
system is situated in the X-Y plane, where both commu-
nication users and sensing targets are uniformly distributed
within this region.

The PASS consists of N = 4 RF feedlines, with each
waveguide capable of accommodating up to M = 4 pinch-
ing antennas (PAS). The minimum inter-antenna spacing is
set to dnin = 10 meters, the effective refractive index is 7.,
and the available track length is Lwg meters. The vertical
height of the PASS is configured as 1, meters, maintaining
a horizontal distance of D Bs= 5 meters from the BS.

The system deploys L RIS, each comprising R active
reflecting elements, with their positions configured at (10, 6)
,(16,0), and (10, —6), respectively. These RIS are deployed
to provide reflection link enhancement for farfield com-
munication users located beyond the near-field coverage
range of the PASS. The transition between these regions
is dynamically calculated based on the system’s 28 GHz
operating frequency, ensuring the far-field users are strictly
located beyond the Rayleigh distance of the PASS aperture.

The system simultaneously serves multiple types of users,
including 4 near-field communication users, 3 far-field
communication users, and 1 near-field sensing target. The
receiver noise power for both communication users and the
BS is set to —90 dBm. The maximum transmit power for
both the BS and RIS is 30 dBm, and the power allocation
factor for the PA in the PASS is configured as 7. The
minimum SINR threshold required for the sensing target
is set to 7 = 10 dB.

B. BASELINE PROTOCOL

In order to evaluate the performance of the proposed joint
optimization system, some baseline schemes have been
designed for comparison purposes. In an attempt to provide
a fair level of comparison and ensure the statistical validity
of the presented results, each scheme has been evaluated for
a total of 100 runs on the same channel conditions.
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TABLE 1. Element-wise one-dimensional search procedure for optimizing the transmit waveguide antenna positions.

Algorithm 1: Per-Element Update Algorithm for Solving Problem (74), (75)

Tnput: Initial feasible PASS deployment variable set X ={x"® .Vm,n}, convergence
tolerance €, >0

Output: Optimized PASS antenna position set by
1: Initialize: Iteration index 7=0

2: repeat

3: for n=1to N do

4: for m=1to M do

5: Update x:,',("” by solving problem (76)

6: end for

7 end for

8: Obtain the updated variable set X pased on Steps 3-7, and set f=7+1

9:until X" -X® <¢,

10: return Optimized antenna position set X =X,

TABLE 2. Penalty-based iterative algorithm for optimizing the PASS antenna positions.

Algorithm 2: Penalty Function Method for Solving Problem (P3)

Input: Convergence tolerance € >0 for AO, convergence tolerance ¢ >0 for penalty
iteration, penalty factor p , update coefficient 4 <0

Output: Optimized variables Q°, Q;,, X", A7

1: Initialize: All feasible auxiliary matrices Q’, Q' and PA deployment variable set X,

X for m, iteration index =0

2: repeat

3 repeat

4 Given Q. @, g and X0, X, uwpdate QY qlF, g by
solving problem (65)

5 Given q'5", G and X©, X, update QU, q¥?, 7P based on
equations (71)-(73)

5 Given Q. q¥", ¢ and Q4. qf, g7, wpdate AV, XY by

solving problem (77) via Algorithm 1

7: tt+1
8 until The objective function increment of problem (P3) is less than €,
9 peup

10: until AO iteration progress is less than €,

11: veturn Optimized variables Q" =Q®, Q, =Q¥, X" =X®, A’ =x®

TABLE 3. Overall AO algorithm for joint optimization of beamforming, active RIS reflection, and PASS placement.

Algorithm 3: Overall AO Algorithm for Solving Problem (29)

Input: Convergence tolerance €, >0, PASS position convergence tolerance € >0
Output: Optimized variables W*, W;, X", X', @°

1: Initialize: PA deployment variable set X(O), Xf,o) , iteration index 7=0

2: repeat
3 Given W and W, update X", X via Algorithm 2
4 repeat
5 Given X®, X and O ,update W and W' by solving problem (P1)
- )
6 Given W, W and X X ypdate @ by solving problem (P2)
7: until The relative change of W WO(M), @ between two consecutive iterations is
less than €,
8: t<t+1

9: until The relative change of X", Xf_"‘) between two consecutive iterations is less than €

10: return Optimized variables W' =W, W, =W, X' =X, X =X", 0" =0"
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FIGURE 3. Communication energy efficiency versus the BS/RIS
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Conventional MIMO ISAC Scheme: In the traditional
MIMO ISAC scheme, the BS is equipped with a fixed-
position uniform linear array (ULA) with N = 4 transmit
antennas, replacing the flexible PASS waveguide structure.
The RIS configuration remains a 2 x 2 active element array
to ensure a fair comparison of the antenna deployment
gain. For signal processing, the MIMO baseline employs
joint beamforming for simultaneous radar-communication
but lacks the degrees of freedom provided by antenna
position optimization on the waveguides. The same total
power budget Ppg and active RIS power Pa are applied to
this scheme to validate the specific advantages of the PASS-

based ISAC architecture.
PASS Uniform Deployment Scheme: In the baseline

scheme, the pinching antennas are arranged along the
waveguides. The beamforming vector and reflection vector
algorithms are not changed.

Passive RIS-assisted scheme: A passive RIS is used to
substitute the RIS in the scenario of the far-field users in
this baseline scheme, leaving the optimization schemes of
the PASS and beamforming schemes unchanged.

Next, we examine the convergence speed of the proposed
algorithm. As shown in Fig. 2, the proposed joint PASS-RIS
optimization approach can achieve a very fast convergence
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FIGURE 4. Comparison of communication energy efficiency under
different fixed system transmit-power settings.

speed to a steady state within the first 15 iterations with
a final energy efficiency of about 160 bit/J, respectively,
demonstrating a huge performance gain over all the com-
peting methods. This clearly indicates the effectiveness of
the joint design among the positions of the waveguides,
the configurations of the PASS arrays, and the active RIS
gain components. Compared with the proposed joint ap-
proach using the PASS arrays in a uniform deployment
configuration and the passive RIS-based system employing
the assistance of the PASS arrays, we can see from the
convergence performance in Fig. 2 they can achieve a faster
convergence speed in the first few iteration cycles but with a
maximum energy efficiency of about 110 bit/J and 100 bit/J,
respectively. This is reasonable since these two systems
cannot search for the PA positions and offer active RIS am-
plification gains at the same time but can achieve improved
convergence speed mainly because of the simplicity of PASS
deployment configuration and passive RIS phase change
control assistance without the need for amplification gain
support for far-field users with very strong path-attenuated
signal components. The existing MIMO-Integrated-ISAC
scenario with a convergence value of about 60 bit/J can
be less effective in many aspects because the system does
not enhance the near-field regions with the transmission
assistance of the PASS arrays using the ISAC technique.
Furthermore, the effect of the transmit power constraint
on the energy efficiency of the proposed system is also
analyzed. As shown in Fig. 3, with the increase of the
transmit power from 20 dBm to 30 dBm, it is observed
that the energy efficiency of the proposed scheme and all
the baselines remarkably improves. This is due to the better
communication link quality offered by the higher transmit
power, thus improving the communication rate, which also
results in an increasing trend in the energy efficiency in
the initial stage with an increase in power. However, with
the further increase in transmit power from 30 dBm to
40 dBm, it is observed that the energy efficiency of all
schemes except the passive RIS-assisted one tends to be
saturated. The reasons are as follows: The proposed PASS-
RIS joint scheme, the PASS uniform deployment scheme,

2524



JOURNAL
¢ ORG

AE

Yu et al.

and the MIMO scheme are already at the approximately
optimal point in the EE vs. power curve around 30 dBm;
higher transmit power provides only marginal gains in
communication rate but substantially increases the energy
consumption, thus reaching a saturated point in the energy
efficiency gains. The passive RIS scheme is restricted by the
path-attenuation factor due to the lack of active gain; thus,
higher transmit power from the BS is needed to compensate
for the link loss in the communication between the RIS and
the communication users in the far-field region, thus gaining
some performance improvements in the high-power region.
The proposed scheme provides the supreme performance in
the energy efficiency performance based on the constraints
on various powers, particularly in the low-to-medium region
in the transmit power constraint regime.

Fig. 4 depicts the effect of fixed power consumption
on system EE. It can be seen that as an increasing value
of fixed power consumption, all algorithm schemes reveal
a decreasing trend for EE due to the reduced weightage
of effective RP to total power consumption, and the per-
formance difference among different schemes gradually
becomes smaller. When moving to the low fixed power
consumption area, effective power plays a larger role, and
hence, the performance gain provided by joint optimization
can be completely enjoyed by all schemes, which helps to
result in a substantial higher EE for our proposed scheme.
Observing that increasing fixed power consumption leads
to a slow decline among all schemes, as it continuously
counteracts the rising system overhead, hence, all schemes
are moving towards a converged level as compared to base
schemes. However, our proposed PASS-active RIS joint
optimization scheme all along maintains its superiority by
providing the highest EE, as our scheme has effective
access to both PASS’s ability to improve the link qual-
ity and active RIS gain to reinforce an effective channel
and stronger suppression to affiliated interferers, hence,
its superior performance advantages are well proven over
different levels of fixed power consumption conditions. The
base scheme without PASS performs poorly, especially for
low fixed power consumption, as its EE badly lags behind
other schemes, which clearly shows that it is impractical to
only leverage traditional BF to improve channel quality by
compensating path loss, but adding PASS helps to play a
vital support role to reinforce effective gain during adverse
channel conditions.

Fig. 5 shows the effect of the number of attachable
antennas per waveguide M on the system energy efficiency
for each of the three methods and the method without
PASS. From this figure, it can be noted that with the
increment of M, the EE of all three methods increases;
meanwhile, the EE of the method without PASS remains
constant. From the methods with PASS, the joint PASS-RIS
beamforming optimization approach always shows the best
performance with the maximum improvement margin. This
method combines the local gain control of PASS and the far-
field compensation gain of active RIS with the beamforming
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gain of the digital baseband.

Therefore, the optimal performance is realized with dif-
ferent values of M. Conversely, the performance of the
scheme with fixed PASS locations also experiences some
gains with the increase in M, but because of the lack of the
ability to change the locations using PASS, it experiences
a relatively small EE gap of improvement compared to the
optimizable case. The simultaneous optimization technique
using the passive RIS relies on the PASS optimization
technique, which has the capability of adaptively changing
the locations of the antennas with the rise in the number of
antennas to fully capture the passive reconfigurable gains
of PASS. Hence, it offers a better performance compared to
the original technique using fixed locations of PASS. The
traditional MIMO technique does not depend on the number
of antennas, and hence there is no EE gain derived from
using an increased number of antennas.

Fig. 6 above outlines the relationship graphics among
energy efficiency and the total number of waveguides N.
From the graphics, it is noted that increasing the total
number of waveguides /N will lead to a prominent improve-
ment in the EE for all four schemes. Of the four schemes,
the EE improvement for the joint optimal method remains
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the largest, with the improvement rate becoming faster
compared with the other three schemes with the increase
in the total number of waveguides. The reason lies in the
fact that the more waveguides there are, the more enhanced
the energy focusing capability will be in the service area,
leading to the expansion of the adjustment scope for PASS
and RIS, which will further lead to enhanced communication
quality and sensing quality during the adjustment process.
The passive RIS combined with PASS will benefit from the
increase in the total number of waveguides, with the EE
increasing steadily along with the rise in the total number
of waveguides. The method with fixed PASS locations will
improve EE as well. However, since the method has limited
spatial adjustment capability, the degree of improvement
remains moderate. The method without PASS will not
benefit from the increase in the total number of waveg-
uides. However, increasing the total number of waveguides
will bring changes to the total number of base substation
antennas, leading to improvement in EE with the smallest
improvement margin. It should be noted that compared
with the improvement margin caused by increasing the total
number of waveguides in Fig. 5, the improvement margin
by increasing M in Fig. 6 will become relatively small. This
is because increasing N expands

the overall controllable aperture of PASS and enhances
the spatial degrees of freedom, thereby significantly improv-
ing the equivalent channel. On the other hand, the increase
in the value of M merely optimizes the set of adjustable
discrete locations in a given waveguide, hence improving
the surrounding array gain but marginally improving the
overall channel. Additionally, the simultaneous increment of
the value of IV not only increases the dimensionality of the
digital beamforming vector in the base station but also gives
the system more spatial degrees of freedom. This enables a
faster improvement in the overall EE performance.

V. CONCLUSION

This study investigates a novel Integrated Sensing and
Communication (ISAC) downlink system that leverages the
cooperative synergy between Pinching Antenna Systems
(PASS) and multiple active Reconfigurable Intelligent Sur-
faces (RIS) to facilitate high-precision data acquisition and
connectivity across flexible, intelligent surfaces. By address-
ing the challenge of enhancing spectral and energy effi-
ciency (EE) in 6G wireless networks, the research proposes
a joint optimization framework to maximize communication
energy efficiency while adhering to strict sensing Signal-to-
Noise Ratio (SNR) and power budget constraints.

The complex optimization problem is effectively de-
coupled into three tractable sub-problems—PASS antenna
positioning, digital beamforming, and active RIS reflec-
tion matrix design—and solved using an alternating op-
timization strategy involving fractional programming and
penalty function methods. Simulation results demonstrate
that the proposed joint approach achieves a steady-state
energy efficiency of approximately 160 bit/J, significantly
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outperforming baseline schemes such as traditional MIMO
(60 bit/J), uniform PASS deployment (110 bit/J), and passive
RIS-assisted systems (100 bit/J).
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