IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 25, 2026

12129

Hybrid Pinching Antenna Systems: Architecture and
Beamforming Design

Kangjian Chen”, Graduate Student Member, IEEE, Chenhao Qi”, Senior Member, IEEE,

Octavia A. Dobre

Abstract—Pinching antennas (PAs), a special class of leaky-
wave antennas (LWAs), have recently emerged as a promising
technology to mitigate blockage and reduce large-scale path
loss. However, PAs suffer from performance limitations due to
their passive radiation characteristics and mechanical actua-
tion. To overcome these limitations, we introduce reconfigurable
LWAs (RLWAs), which enable RLWA beamforming through
electronic control of both radiation amplitudes and phases. By
integrating RLWAs into the existing PA systems (PASS), we
propose a hybrid PASS (H-PASS) architecture, which combines
mechanically reconfigurable PA beamforming with electronically
reconfigurable RLWA beamforming. Given that PAs in H-PASS
can be deployed in discrete-position or continuous-position
manners, H-PASS comes in two variants accordingly, and we
formulate weighted sum-rate maximization problems for them,
respectively. For the discrete-position case, we propose a penalty-
based two-loop joint analog and digital beamforming algorithm.
For the continuous-position case, we propose an alternating-
minimization-based joint position optimization and beamforming
algorithm. Simulation results demonstrate that H-PASS can
increase the sum-rate of the existing PASS by up to 33%, reduce
the performance loss caused by phase quantization in discrete-
position PAs by up to 69%, and mitigate the performance loss
caused by position errors in continuous-position PAs by up to
90%. Overall, H-PASS significantly improves the performance
of existing PASS by leveraging the strengths of RLWAs while
mitigating the limitations of PAs.

Index Terms—Leaky-wave antennas (LWAs), multiuser com-
munications, pinching antenna systems (PASS), reconfigurable
LWAs (RLWAs), sum-rate maximization.

I. INTRODUCTION

ECONFIGURABLE antennas, such as movable antennas
[11, [2], [3], [4], [5], fluid antennas [6], rotary anten-
nas [7], and flexible intelligent metasurfaces [8], [9], [10],
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[11], have recently attracted significant research interest due
to their adaptability in dynamic wireless environments. By
allowing real-time adjustments of antenna positions, these
technologies can enhance spatial diversity and improve signal
quality, thereby supporting more reliable and efficient wireless
communications [12], [13], [14], [15]. However, their position
adjustments are typically restricted to the wavelength scale,
which limits their effectiveness in addressing severe blockage
and alleviating large-scale path loss.

To overcome these limitations, a new type of reconfigurable
antenna, known as pinching antennas (PAs), has recently been
introduced [16], [17], [18]. PAs, which were first proposed
by NTT DOCOMO in 2022, are realized by pinching small
dielectric particles onto a dielectric waveguide to induce elec-
tromagnetic leakage at the pinched sites [19]. Each pinched
site serves as a transmit antenna that radiates passively due
to waveguide perturbation, and the radiation amplitude and
phase cannot be controlled for a fixed pinched site. By
dynamically adjusting the pinched sites along an extended
dielectric waveguide, the radiating positions can be flexibly
reconfigured over a large spatial range. This capability enables
the establishment of dynamic line-of-sight (LoS) links, thereby
mitigating severe blockage and reducing propagation losses. In
addition, the use of low-cost dielectric waveguides facilitates
large-scale deployment of pinching antenna systems (PASS).
Moreover, PAs can be selectively activated or deactivated
by simply pinching or releasing specific sites, which allows
the PASS to flexibly adjust the number of active antennas
according to communication requirements.

Motivated by the benefits of PASS, extensive studies have
been conducted from multiple perspectives, ranging from
system modeling and theoretical analysis to performance
optimization and beyond. Regarding system modeling, funda-
mental aspects of PAs, such as radiation mechanisms, signal
models, waveguide division architectures, and multiplexing
strategies, have been established in [16]. System-level designs
that consider communication models with varying numbers
of waveguides and PAs are further discussed in [17]. For
theoretical analysis, closed-form expressions for the ergodic
sum-rate of PASS are derived in [18], which demonstrates that
PAs can effectively establish strong LoS links and significantly
mitigate large-scale path loss. Similarly, outage probabil-
ity and average achievable rate, while accounting for both
free-space and waveguide losses, are characterized in [20],
where the results confirm that PASS can outperform conven-
tional antenna systems in terms of reliability and throughput.
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Performance optimization has also attracted significant atten-
tion. For example, a two-stage PA position optimization
framework for single-user downlink transmission is proposed
in [21], where large-scale path loss is minimized in the
first stage and constructive phase alignment is achieved in
the second stage. For more complex multiuser scenarios,
joint optimization of beamforming and antenna positions is
required. In this context, a globally optimal branch-and-bound
algorithm is developed in [22] to minimize transmit power
while satisfying user rate requirements. In addition to its
application in wireless communications, PASS has also been
extended to support wireless sensing. In [23], the Cramér-Rao
bound for multi-target sensing is derived and then minimized
through the joint optimization of the transmit waveform
and the positions of PAs. Beyond performance optimization,
several fundamental issues have also been explored. In par-
ticular, channel estimation under the unique ill-conditioning
and underdetermination of PASS channels is addressed in [24],
scalable hierarchical training schemes for PASS are developed
in [25], and the evaluation of non-orthogonal, frequency-
division, and time-division multiple access under a unified
framework is conducted in [26].

Despite these advancements, the performance of PAs is
inherently limited by their passive radiation and mechanical
actuation. First, due to the passive radiation, the radiation
amplitudes and phases cannot be controlled once the PAs are
activated, which fundamentally limits the degrees of freedom
available for beamforming. Second, mechanical actuation may
cause interference among closely spaced PAs and requires
complex adjustments, which hinders the scalability to mas-
sive antenna arrays. Third, the inherently slow response of
mechanical movement can lead to access delays, which ren-
ders existing PASS unsuitable for fast-varying channels. In
addition, the radiation phase of a PA is inherently determined
by its pinched position. In real deployments, due to the small
wavelength, even small positioning deviations can result in
severe phase errors. To alleviate the slow response and severe
phase errors, a commonly adopted approach in the literature
is to pre-deploy the PAs at several predetermined positions
and activate only a selected subset in operation. This idea has
been adopted in works such as [27], [28], [29], and [30] and is
referred to as two-state PASS in [29] and [30]. However, since
the radiation phase is related to the chosen pinched position,
discrete pre-deployed positions lead to phase quantization and
reduced beamforming flexibility.

To enable robust and reliable wireless communications, it is
essential to overcome the inherent limitations of existing PA
implementations. Note that PAs can be regarded as a special
class of leaky-wave antennas (LWAs), which are a family of
antennas that achieve radiation by converting guided waves
into leaky waves through periodic or aperiodic perturbations of
the guiding structure. In PAs, the perturbation is introduced by
pinching small dielectric particles onto a dielectric waveguide,
which locally modifies the boundary conditions and couples
part of the guided waves into leaky waves. Once formed, the
perturbation of each PA is static and cannot be electronically
controlled. Consequently, the overall PA radiation can only
be reconfigured by mechanically changing the pinched sites
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or by switching among a set of pre-deployed candidates,
e.g., two-state PASS. The resulting degrees of freedom are
limited, particularly in terms of scalability to massive arrays
and radiation flexibility. To address this constraint, it is critical
to investigate how the radiation characteristics of LWAs can
be controlled electronically. As demonstrated in [31], the radi-
ation characteristics of LWAs can be effectively controlled by
tuning the real and imaginary parts of the complex propagation
constant. Building upon this, subsequent works have developed
reconfigurable LWAs (RLWAs) that incorporate controllable
radio frequency (RF) components, such as PIN diodes and
varactors, into the waveguide to enable real-time tuning of the
radiation characteristics. For instance, a periodic unit cell with
four PIN diodes has been proposed, where diode switching
provides four discrete phase states for leaky waves [32]. In
addition, a substrate integrated waveguide RLWA employing
PIN diodes has been developed, where each unit cell can
independently control its on-off state [33]. Beyond discrete
switching, continuous amplitude control can also be achieved
by shaping the leakage rate along the waveguide through
surface-impedance modulation [34]. Moreover, simultaneous
and independent control of both phase and amplitude has been
demonstrated by employing a dual-slot unit with H-shaped
coupling slots and PIN diodes [35].

The prior efforts reveal that, in contrast to PAs, RLWAs
can electronically control the amplitudes and phases of
leaky waves. This capability enables more flexible and pre-
cise beamforming, supports dense integration for massive
antenna arrays, adapts to fast-varying channels, and exhibits
robustness against position errors. Note that both RLWAs
and PAs are waveguide-based radiators that operate via
leaky-wave mechanisms. Given this fundamental similarity,
it is natural to examine RLWAs and PAs within a unified
framework.! Specifically, RLWAs enable electronically recon-
figurable beamforming by controlling the radiation amplitudes
and phases of the leaky waves on a pre-deployed and
fixed-position structure, whereas PAs enable mechanically
reconfigurable beamforming by switching the positions of the
pinched sites along the dielectric waveguide. Motivated by the
strengths of RLWAs, a natural question arises: Can RLWAs
be incorporated into the PASS framework to overcome the
limitations of PAs? To answer this, we extend the existing
PASS into a hybrid PASS (H-PASS) architecture by integrating
RLWAs. This architecture supports both mechanically and
electronically reconfigurable beamforming.> We then evaluate
the performance improvements of H-PASS over the existing

'Note that RLWAs and PAs can be unified under a generalized PASS
architecture [36]. From this viewpoint, an RLWA is an extension of a pre-
deployed PA (i.e., two-state PASS), where radiation amplitude and phase of
each element can be electronically controlled. Given that existing studies on
generalized PASS are relatively limited, to avoid potential confusion, we retain
the term “RLWA” in this work.

2The term H-PASS highlights its capability to simultaneously support
mechanically and electronically reconfigurable beamforming. This feature
enables H-PASS to mitigate the limitations of conventional PASS while
preserving its inherent strengths. In this work, RLWAs are employed for
electronically reconfigurable beamforming because they share the same
waveguide-based foundation as PAs, which allows seamless integration into a
unified system. However, the definition of H-PASS is not restricted to RLWAs.
It represents a more general architecture that can incorporate other antenna
technologies capable of electronically reconfigurable beamforming.
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PA-only designs, which we term PA-beamforming PASS
(P-PASS). The contributions of this work are summarized as
follows.

e We present a systematic overview of reconfigurable
LWAs (RLWAs), establish a per-antenna radiation model
with independently controllable amplitude and phase, and
clarify their differences from PAs. Building on these
insights, we first integrate RLWAS into the existing PASS
and propose a hybrid PASS (H-PASS) architecture, which
enables both mechanically and electronically reconfig-
urable beamforming.

e Then, we investigate multiuser communications enabled
by H-PASS. Given that the PAs in H-PASS can be
deployed in discrete-position or continuous-position man-
ners, H-PASS comes in two variants depending on
how the PAs are deployed. Accordingly, we formulate
weighted sum-rate maximization problems for H-PASS
with discrete-position PAs and H-PASS with continuous-
position PAs, respectively. To solve the problem for the
discrete-position case, we propose a penalty-based two-
loop joint analog and digital beamforming (PT-JADB)
algorithm. To solve the problem for the continuous-
position case, we propose an alternating-minimization-
based joint position optimization and beamforming
(AM-JPOB) algorithm.

e Finally, we conduct extensive simulations to evaluate
the effectiveness of H-PASS. The results show that:
(i) H-PASS increases the sum-rate of P-PASS by up
to 33% owing to the massive-deployment capability
of RLWAs; (ii)) H-PASS reduces the performance loss
caused by phase quantization in discrete-position PAs
by up to 69% thanks to the beamforming flexibility
of RLWAs; (iii) H-PASS reduces the performance loss
caused by position errors in continuous-position PAs by
up to 90% benefiting from the beamforming flexibility
of RLWAs; and (iv) the abilities of P-PASS to address
blockage and large-scale path loss reduction are pre-
served in H-PASS. In summary, integrating RLWAs into
the existing PASS to develop H-PASS can significantly
improve system performance by leveraging the strengths
of RLWAs while mitigating the limitations of PAs.

The remainder of this paper is organized as follows. The
system and channel models are presented in Section II.
Multiuser sum-rate maximization for H-PASS is addressed in
Section III. The simulation results are provided in Section IV.
Finally, the paper is concluded in Section V.

The notations in this paper are as follows: Lowercase and
uppercase bold symbols denote vectors and matrices, respec-
tively. [A], ., [A]. », and [A],, ,, denote the mth row, the nth
column, and the entry on the mth row and the nth column of
a matrix A. [a],, denotes the nth entry of a vector a. (-)T and
() denote the transpose and conjugate transpose (Hermitian
transpose), respectively. || - |2 and || - ||r denote the ¢5-norm
and Frobenius norm, respectively. oc denotes proportionality,
which omits irrelevant or constant terms that are independent
of the variable of interest. CA/(-) and U(-) denote the complex
Gaussian distribution and uniform distribution, respectively.
C and R denote the sets of complex and real numbers,
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respectively. Iy denotes the N x N identity matrix. E{-}
denotes the expectation operator. @ denotes the Kronecker
product.

II. SYSTEM AND CHANNEL MODELS

In this section, we present the system and channel models of
the PASS. First, we introduce the implementation and model of
RLWAs. Then, we integrate the RLWASs into the existing PASS
and propose the H-PASS. Finally, we establish the system and
channel models for the H-PASS.

A. Overview of RLWAs

Usually, LWAs generate radiation by converting guided
waves into leaky waves through engineered perturbations of
the guiding structure [31]. These perturbations can be imple-
mented through various methods, including slots or apertures
in metallic waveguides, periodic impedance modulation on
printed transmission lines, bending of dielectric waveguides,
or externally pinching a small discrete dielectric body onto a
dielectric waveguide. From a wave propagation perspective,
these perturbations modify the effective surface impedance
boundary conditions, thereby altering the complex propaga-
tion constant of the leaky mode. Consequently, controlling
the perturbation characteristics enables adjustment of the
complex propagation constant and manipulation of radiation
characteristics.

To enable real-time control of radiation characteristics,
RLWAs integrate controllable RF components, e.g., PIN
diodes, varactors, or gap-capacitor switches, into the guiding
structure to electronically adjust the perturbations. Biasing
these components dynamically alters the effective surface
impedance experienced by the traveling wave, which modifies
both the phase and leakage strength of individual radiating
elements. Fig. 1 presents some representative realizations of
RLWAs, including the groove gap waveguide RLWAs with
2-bit phase control in Fig. 1(a) [32], the substrate integrated
waveguide RLWAs with on-off control in Fig. 1(b) [33], and
the groove gap waveguide RLWAs with simultaneous and
independent phase-amplitude control in Fig. 1(c) [35].

Based on the properties of RLWAs, in this work, we model
each RLWA as a radiator with independently controllable radi-
ation amplitude and phase. We emphasize the key properties
of RLWAs in the following aspects.

1) Beamforming Flexibility: RLWAs can electronically
control the amplitude and phase of each antenna, which
enables flexible and precise beamforming. By contrast, PAs
adjust phase indirectly through mechanical repositioning of
pinched sites along the dielectric waveguide. Once a site is set,
the phase is essentially fixed. In addition, amplitude control
is challenging for PAs because it is inherently determined
by the material and geometrical properties of the pinched
dielectric particles. This distinction naturally leads to electron-
ically reconfigurable RLWA beamforming and mechanically
reconfigurable PA beamforming.

2) Antenna Positioning: RLWA units (comprising slots
and associated bias circuitry) are fabricated at predetermined
positions along a metallic waveguide. It is challenging to
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(a) 56-element RLWAs with 2-bit phase control

Fig. 1. Representative realizations of RLWAs.
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Fig. 2. Illustration of the H-PASS.

change these physical deployments once fabricated. Thus, the
positions of RLWAs are fixed once deployed. In contrast,
PAs created by pinching small dielectric particles onto a
dielectric waveguide can mechanically reposition the radiating
sites along the waveguide.

3) Array Scalability: Since RLWA units use readily inte-
grated RF components, they can be packed densely. For
instance, 80 elements are deployed within a 227.5 mm waveg-
uide length [35]. This compact integration capability allows
deployment of numerous RLWAs within constrained spaces,
providing substantial beamforming gains for enhanced com-
munication performance. Conversely, PAs may not be packed
densely in practice, since each pinched site occupies significant
physical space and requires complicated mechanical actuation,
which prevents scaling to massive arrays.

4) Response Characteristics: As RLWAs realize phase and
amplitude control electronically, their response time is on the
order of nanoseconds to microseconds. This rapid response
capability supports per-frame or even per-slot beamforming in
millimeter-wave communication systems. In contrast, mechan-
ical repositioning in PAs requires milliseconds to seconds,
potentially introducing access delays in rapidly varying chan-
nel conditions.

B. System Model of H-PASS

Due to the advantages of RLWAs, we integrate them into
the existing PASS and propose the H-PASS. As shown in

(b) 54-element RLWAs with on-off control
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(c) 80-element RLWASs with phase-amplitude control

Fig. 2, we consider an H-PASS that employs Ngrr waveguides
to serve K users. Each waveguide is solely connected to a
dedicated RF chain, and these RF chains are then connected
to a beamformer W € CVrr XK for baseband processing. The
position of the feed point for the mth waveguide is denoted
by a,,. Each user employs a single antenna for simplicity.

For each waveguide, a hybrid case is considered, where
RLWAs and PAs are simultaneously employed. We assume
that each waveguide employs IV, RLWAs. Then, the H-PASS
employs NrpN, RLWAs in total and the position of the
nth RLWA is denoted as p,,, = [Trn,Yrn:2rn) . for
n = 1,--- , NgpV;. For PAs, we consider two deployment
strategies to enable activation at different positions. In the first
strategy, a large number of candidate PAs are deployed, and a
subset of them is activated for communication. Each candidate
PA is implemented with a dielectric particle that can operate in
the pinched or released state [27], [28], [29], [30]. If it works
in the pinched state, the candidate PA is activated; otherwise,
it is deactivated. The numbers of candidate and selected PAs
in each waveguide are denoted as N. and N, respectively.
For Nrr waveguides, the position of the nth candidate PA is
denoted as p, ,, = [Tens YensZen] s for n=1,---  NrpNe.
In the second strategy, a series of dielectric particles are
deployed and moved to activate PAs at desired positions
[18]. Here, the number of activated PAs in each waveguide
is also denoted as N,. For Nrr waveguides, the position
of the nth PA is denoted as p,,, = [Zpn;Yp.n:Zpn) - fOr
n = 1,---,NrrpNp. To distinguish the two deployment
strategies, we refer to the PAs deployed with the first strategy
as the “discrete-position PAs” and those deployed with the
second strategy as the “continuous-position PAs”. Note that the
positions of RLWAs (p, ,,) and those of candidate PAs (p, ,,)
remain fixed after deployment, whereas the positions of dielec-
tric particles (p,, ,,) can be reconfigured to achieve favorable
channel conditions. For the considered H-PASS, the overall
beamforming consists of beamforming implemented at the
waveguide and the beamforming implemented at the baseband.
Following the conventions in millimeter-wave communications
[37], we term the former as “analog beamforming” and the
latter as “digital beamforming”.

Note that PAs can be deployed using a discrete-position
or a continuous-position strategy. To provide a comprehensive
investigation of the PASS, this work examines both deploy-
ment strategies. Then, we present the system model for an
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H-PASS with discrete-position and continuous-position PAs,
respectively.

1) H-PASS With Discrete-Position PAs: In H-PASS with
discrete-position PAs, activated PAs are selected from N, pre-
deployed candidate PAs. Therefore, the analog beamformer for
the discrete-position PAs can be denoted as a selection matrix

T = blkdiag{t, s, -, tnge s (1

where t,, € Z™e denotes the selection vector for the mth
waveguide and each entry satisfies

tmln € {0,1}. )

If the nth candidate PA of the mth waveguide is selected, then
[tm]n = 1; otherwise, [t,,], = 0. By combining the analog
and digital beamformers, the overall beamformer for PAs can
be expressed as

F,=TW. 3)

For the RLWAs on the mth waveguide, we denote the analog
beamformer as g,, € CNr. We stack the analog beamformers
for Ngr waveguides into a block-diagonal matrix and obtain
the analog beamformer

G = blkdiag{g,, g, + Gy }- S

Then, the overall beamformer for the RLWAS can be expressed
as
F,.=GW. (®)]

The received signal at the kth user is the superposition of
those from PAs as well as RLWAs, and can be expressed as

Y = by Frx + hl Fox + ny, (6)

where & € CK is the transmit signals of K users and ny ~
CN(0,0?) is the additive white Gaussian noise at the user.
h, ;. and h are the channels between the kth user and the
RLWAs and the candidate PAs, respectively.

2) H-PASS With Continuous-Position PAs: For continuous-
position PAs, adjusting the positions of the PAs only changes
the propagation channels and does not affect the analog
beamformer. Since N, Nrr PAs are activated in total, the
analog beamformer for the PAs is fixed and can be written
as

Q = Inge ®1n,. (7

Combining the analog and digital beamformers yields the
overall beamformer for the PAs as

F, = QW. ®)

Since the configuration of the RLWAs is identical to that
in the discrete-position case, the overall beamformer for the
RLWAs, F',, follows (5).

Similar to (6), the received signal at the kth user can be
expressed as

Y = hEkFrw + hpk(pp’n)HFpa: + ng, 9)

where hy, (p,, ,,) is the channel between the IV, continuous-
position PAs and the kth user.

Remark 1: A practical question is how to construct an
H-PASS in practice. Typically, RLWAs are realized using
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metallic waveguides due to their superior field confinement
and ease of integrating RF components for independent
amplitude and phase control. In contrast, PAs are usually
implemented with dielectric waveguides to facilitate radiation
through passive pinching. To construct an H-PASS, metal-
lic and dielectric waveguides need to be combined within
the same system. To achieve this, two well-established RF
solutions are available. The first approach employs transi-
tion structures to seamlessly connect metallic and dielectric
waveguides into a single waveguide system, as demonstrated
in [38] and [39]. The second approach first deploys metallic
waveguides for RLWAs and dielectric waveguides for PAs
separately, and then incorporates additional power dividers
[40] to generate two physically separate signal paths to feed
them. Note that a recent tutorial has also discussed hybrid
mechanical-electronic realizations of PASS [36]. Interested
readers are referred to [36] for more details.

C. Channel Model of H-PASS

According to the widely-adopted Saleh-Valenzuela model,
the channel between the kth user and the BS is composed of
multiple paths, with the number of paths denoted by Lj. The
position of the radiation source on the [th path is denoted as
;% = [Tk, Y11 Z0k] T - The signal propagation from the nth
RLWA to the radiation source consists of two components,
including the guided-wave propagation and the subsequent
free-space propagation. The guided-wave propagation intro-
duces a phase shift, expressed as

¢n = _27T||pr,n - T)r,n”2/>\g’ (10)

where A4 is the wavelength in the waveguide. p, ,, denotes the
reference point used to measure the guided-wave propagation
distance for the nth RLWA element and is set to the feed
point of its associated waveguide/RF chain. Specifically, if an
RLWA belongs to the mth waveguide, we set p, , = an,.
Moreover, electromagnetic waves experience attenuation when
propagating along the waveguide [20]. Such waveguide losses
are characterized by the attenuation coefficients x; and x> for
the metallic and dielectric parts, respectively. Let d. ,, and d, ,,
denote the propagation distances in the metallic and dielectric
sections, respectively. Then, the waveguide loss factor for the
nth RLWA is given by

Cn — e*der,n*X2gr,n )

(1)

The free-space propagation introduces another phase shift,
expressed as

‘2/)\07

where ). is the carrier wavelength. These two wavelengths
are related via the effective refractive index of the dielectric
waveguide, i.e., Ay = Ac/neg. Accordingly, the spatial channel
coefficient between the nth RLWA and the radiation source is
modeled as

wn = _27(Hpr7n —d; (12)

|2, (13)

where the numerator accounts for the total phase shift as well
as the waveguide loss and the denominator represents the

E(pr,n’ ql,k) = Cnej(d)n—‘rwn)/”pr,n - ql,k
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TABLE I
SUMMARY OF KEY SYMBOLS AND PARAMETERS

Symbol Description

Ny Number of RF chains/waveguides

Ny Number of RLWAs per waveguide

N¢ Number of candidate PAs per waveguide

Np Number of activated PAs per waveguide

K Number of users

Ly Number of propagation paths of user k

am Position of the feed point of the mth waveguide
DPr,n Position of the nth RLWA

Dc,n Position of the nth candidate PA (discrete-position)
Pp,n Position of the nth activated PA (continuous-position)
Ac Carrier wavelength

Ag Waveguide wavelength

X1 Attenuation coefficient of metallic waveguide

X2 Attenuation coefficient of dielectric waveguide

hy i Channel from all RLWAs to user k

he Channel from all candidate PAs to user k&

hy, 1 (Pp,n) Channel from activated continuous-position PAs to user k

Digital beamformer

Analog beamformer for RLWAs

Analog beamformer for discrete-position PAs
Analog beamformer for continuous-position PAs
Overall RLWA beamformer (GW)

Overall PA beamformer (TW or QW)
Maximum transmit power

IHMONQS

large-scale path loss due to free-space propagation. In addition,
the signal propagation from the radiation source to the kth user
is denoted by the channel gain 7, ;. Then, the channel between
the kth user and the RLWAs h, ;, € CVrrNr g given by

Ly

[hr,k]n = Z 'Yl,kE(pr,m ql,k)'
=1

(14)

Similarly, we can obtain the channel between the kth user
and N, candidate PAs, h.; € CNrrNe and the chan-
nel between the kth user and N, continuous-position PAs,
hp,k(pp,n) € (CNRFNP'

Remark 2: This work focuses on a narrowband regime,
where the relative delay differences among radiating elements
are assumed negligible compared with the symbol duration. In
wideband systems, however, the enlarged bandwidth and the
expanded array aperture of PASS may render such delay dif-
ferences non-negligible, resulting in inter-symbol interference
(IST) [41]. Under this condition, we can consider orthogonal
frequency-division multiplexing (OFDM)-based transmission
with a cyclic prefix as a guard interval [41]. In addition, the
electronic nature of RLWAs facilitates the incorporation of
true-time-delayers (TTDs) to mitigate inter-element delay mis-
alignment in wideband regimes [42], [43]. These OFDM-based
and TTD-assisted wideband H-PASS designs are promising
directions for future work.

Finally, we summarize the key symbols and parameters
involved in the system model in Table I.

III. SUM-RATE MAXIMIZATION FOR H-PASS

In this section, we formulate weighted sum-rate maximiza-
tion problems for H-PASS with discrete-position PAs and
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H-PASS with continuous-position PAs, respectively. To solve
the problem for the discrete-position case, we propose a
PT-JADB algorithm. To solve the problem for the continuous-
position case, we propose an AM-JPOB algorithm.

A. Problem Formulation

In this part, we formulate the sum-rate maximization prob-
lem for an H-PASS. Note that PAs can be deployed using
a discrete-position or a continuous-position strategy, yielding
discrete and continuous variables, respectively. Accordingly,
we present the problem formulation for an H-PASS with
discrete-position and continuous-position PAs, respectively.

1) H-PASS With Discrete-Position PAs: In this part, we aim
to maximize the weighted sum-rate of H-PASS with discrete-
position PAs, subject to the hardware and power constraints.

We first address the objective. From (6), the signal-to-
interference-plus-noise ratio (SINR) of the kth user can be
expressed as [44]

H H
| g fon + herforl

K H H ’
it iz e Foi + e foil? + 02
where f,, £ [F.].x and f ;. = [Fp).x. Let oy denote the

nonnegative weight assigned to user k. Then, the weighted
sum-rate of K users can be expressed as

15)

T, =

K

Sq = Z Qg 1Og2(1 + Tk).
k=1

(16)

We then address the constraints. Since a total of N, PAs
are selected on each waveguide, we have

Intm =Ny, m=12 Ner. (17)
In addition, g,,, controls the amplitudes and phases of the
leaky waves for the RLWAs, and each entry is subject to the

per-antenna power constraint

[gm)nl® < 6. (18)

Generally, the transmit power is limited to the maximum
transmit power Fy. Therefore, we have

| F:llf + |1 Fpllf < Po. (19)

Combining the objective in (16), the hardware constraints
in (2), (3), (5), (17), (18), and the power constraint in (19), the
sum-rate maximization problem for the H-PASS with discrete-
position PAs can be formulated as

(P1)

max Sq
F.,F,, T,G,W

s.t. (2), 3), (5), (17), (18), (19).

2) H-PASS With Continuous-Position PAs: Then, we con-
sider the H-PASS with continuous-position PAs. In this case,
the SINR of the kth user in (15) is updated as

T, = A e+ P (Pyn) ™ i @n
= —% = )
Zi:l,z’;ﬁk |hp o fri + R k(Pp )R Sl + 02

(20)
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The weighted sum-rate of K users is expressed as
K

S, = Zak log2(1 +7k) )
k=1

(22)

The positions of N, PAs can be adjusted within the feasible
region. Let C,, denote the feasible set of positions for the nth
PA. Then, we have

Pp.n € Ca (23)

To avoid the coupling effects between PAs, the spacing
between two PAs should be no less than a threshold D, i.e.,

||pp,n_pp,m||2 > D,m,n =1,--- aNRFva m 7& n. (24)

For the H-PASS with continuous-position PAs, the analog
beamformer for the PAs is fixed, and the communication
performance is determined by jointly optimizing the PA posi-
tions and the RLWA beamformers. In this setting, we aim to
maximize the multiuser weighted sum-rate by optimizing the
PA positions, the analog beamformer of the RLWAs, and the
digital beamformer, which can be formulated as

(P2) (18), (19), (23), 24). (25)

max S, s.t.
Py n: G,

Note that (P1) and (P2) correspond to two independent
H-PASS models with discrete-position and continuous-
position PAs, respectively, and are solved separately for
different hardware realizations.

Although the two problems in (P1) and (P2) share the
same optimization objective and exhibit similar structures,
they differ fundamentally in the determination of the PA
positions. Specifically, (P1) involves discrete-position PAs,
where the activated positions are selected from a set of pre-
deployed candidates. In this case, the position optimization
reduces to the determination of the binary selection variables
T. Meanwhile, the analog beamformer of the RLWAs and
the digital beamformer involve continuous-valued variables.
Therefore, (P1) is a mixed discrete-continuous optimization
problem. In contrast, (P2) involves continuous-position PAs,
where the activated antennas are positioned by directly moving
dielectric particles within their feasible regions. As a result,
(P2) is formulated as a purely continuous optimization prob-
lem. Due to their distinct characteristics, we propose two
tailored algorithms to solve them. In Section III-B, we propose
a PT-JADB algorithm to solve (P1). In Section III-C, we
propose an AM-JPOB algorithm to solve (P2).

B. PT-JADB Algorithm for (P1)

Note that the beamforming structures for RLWAs and PAs
in (P1) are similar. For notational convenience, we define the
unified channel vector, beamforming vector, and beamforming
matrix as hp = [h;{k, th,k]T, fk £ [f}jk, fgk]T, and
F £ [FrT, F;ﬂT. With these definitions, (3) and (5) can be
compactly written as

F = BW, (26)

where B £ [GT,TT]T. The total power constraint in (19)
becomes

|F||3 < Pp. 27)
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Correspondingly, the SINR of the kth user is rewritten as
7H7
b £i?

K TH—= ’
Zi:u;ék by fil? + 02
With (26)-(28), (P1) can be converted to

(P1.1)

1 = (28)

“max  Sq s.t. (2), (17), (18), (26), (27). (29)
F.,B,W

g}

Note that (P1.1) is a weighted sum-rate maximization prob-
lem with total power constraint in (27), and the hardware
constraints of PASS in (17), (18), and (26).

To tackle (P1.1) effectively, we first leverage Proposition 3
(Full Power Property) from [45] which states that for the
weighted sum-rate maximization under a total power con-
straint, any nontrivial stationary point must utilize the full
transmit power. This allows us to absorb the power constraint
in (27) into the objective as

(P1.2)  max Sq s.t.(2), (17), (18), (26),

F.B.W

(30)

where
o, Fi|”
Efiu;&k ‘55?7,‘2 + 0| F|%/Po

K
Ed = Zaklog 1+
k=1

Note that reformulating (P1.1) as (P1.2) removes the explicit
power constraint and simplifies the problem structure. In
addition, the solution of (P1.2) and (P1.1) can be connected
via a simple scaling factor. After solving (P1.2), the solution
of (P1.1) can be obtained by normalizing the solution.

To further address the nonconvex objective function in
(P1.2), we leverage Lemma 1 (Principle Behind the WMMSE
Framework) from [45], which establishes the equivalence
between weighted sum-rate maximization and the minimiza-
tion of a weighted sum of mean-square errors (MSEs). This
equivalence enables us to reformulate the original nonconvex
problem into a more tractable form by introducing two sets
of auxiliary variables for each user k: the receive equalizers
ur € C and weight scalars vy, > 0. Specifically, applying
Lemma 1 in [45] to Sy yields

K

Z ay (vgeg — logvg)

k=1
s.t. (2), (17), (18), (26),

min

(P1.3)
Fruk,ve, B,W

where ey, denotes the MSE of user k, expressed as

K
ek= 3 |unhy £l |unhy, B — 1+ 2? | PR/ Po.
i=1,i#k

(32)
If the hardware constraints given in (2), (17), (18), and (26)
were removed, (P1.3) could be efficiently solved via block
coordinate descent, since the objective function is convex with
respect to each block variable when the others are fixed.
However, the presence of nonconvex hardware constraints
significantly increases the difficulty of directly optimizing
(P1.3).
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To tackle this difficulty, we propose a PT-JADB algorithm.
The key idea is to incorporate the equality constraint in (26)
into the objective function through a quadratic penalty term.
Specifically, the constraint F = BW is relaxed and penalized
in the objective, yielding the following penalized formulation

‘C(uka Uka?ka B7 W)
K 2
= ax (vper —loguy) + p||[F = BW| ., (33)

k=1
where p > 0 is the penalty parameter that controls the
enforcement strength. As p tends to infinity, the equality
constraint F' = BW is enforced. By substituting (33) into
(P1.3), we reformulate the problem as

(P1.4) min L(ug, vy, fr, B, W)
uk, vk, £, B,W
s.t. (2), (17), (18). (34)

The proposed PT-JADB algorithm solves (P1.4) via a two-
loop structure, inspired by the alternating direction method of
multipliers but with a simpler implementation. The two loops
are organized as follows.

Outer loop (penalty update): The penalty parameter p
is initialized with a small value (e.g., p = 1) to relax the
hardware constraint and allow the algorithm to start from
an approximate fully-digital solution. At each outer iteration,
p is gradually increased by multiplying it with a constant
factor 8 > 1, thereby progressively enforcing the constraint
F = BW. This strategy facilitates convergence and ensures
that the PASS hardware constraint in (26) is ultimately satisfied
without significantly degrading the objective value.

Inner loop (block-wise updates): For a fixed penalty
parameter p, (P1.4) is solved via block coordinate descent,
where the variable blocks uy, vy, ?k, B, and W are updated
alternately while keeping the others fixed. Each subproblem
has a closed-form or can be solved efficiently due to the
separable structure of the objective.

The detailed update rules for each variable block in the inner
loop are described as follows.

1) Optimization of ui: When fixing other variables and
optimizing uy, (P1.4) reduces to

i H— |2 H 2
min Y furhy £ urhy £ = 1 P0® [ FE/Po.
i=1,i#k

(35
By solving the corresponding first-order optimality condition

with respect to uy, the closed-form solution is expressed as

—H—
U = —— 7H7f k e : (36)
D ’h’k fz" + 02||F|I}/Po

2) Optimization of vi: When fixing other variables and

optimizing vy, (P1.4) reduces to

min wvier — log vg. 37
Uk

By taking the first-order derivative of the objective function
with respect to v and setting it to zero, the optimal solution
is obtained as

Ek = 1/€k- (38)
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3) Optimization of f): When fixing other variables and
optimizing f, (P1.4) reduces to

K
min Zaiviei +p Hf— BWHIQ:
f o

(39)

Taking the first-order derivative of the objective function with
—%
respect to f;, we have

Ll o BW) g, Do DT = el
afk i=1 a.fk afk
=¥f,.—mn, (40)

where

b, = Bwy,, wy, = [W].,

X " H o2
v = pl + QG0 | Uy 2 <hzhl -+ I> s
p ; Jus| o

1 = agvpuihy + pby. 41

By setting the first-order derivative to zero, the optimal solu-
tion of f, is obtained as

}k = ‘I’_ln-

4) Optimization of B: When fixing other variables and
optimizing B, (P1.4) reduces to

(42)

min | F - BW||§ st (2), A7), (18).  (43)
Recall that B is formed by concatenating G' and T', while F'
is formed by concatenating F'. and F',. Owing to this block-
wise structure, (43) can be decomposed into the following two
subproblems:

min || Fy — GW|i st.  (18).

), am.

(44)

min || F, ~TW|? st. (45)

We first focus on (44). From (4), G is block-diagonal with
each block given by g,, for m = 1,2,..., Ngr. Therefore,
(44) can be decomposed into Ny subproblems with the mth
subproblem expressed as

min [|Fym — g,,20 |12, s.t. (18), (46)
9m

where z, 2 [W]L and F,,, € C¥*X denotes the
corresponding mth row block of F',. Note that the optimiza-
tion of entries in g,,, is independent. Therefore, (46) can be
further divided into [V, subproblems with the nth subproblem
expressed as

min ”.fr,m,n - gm,nzmH%, s.t. |gm,n|2 <49, 47)

Im,n
where gm n £ [9m]ns Frmom £ [an];f,:. If we omit the
modulus constraint, (47) is a least squares problem and the
optimal solution can be expressed as
(48)

g:n,,n = zm r,m,n/”zm”%
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Algorithm 1 Penalty-Based Two-Loop Joint Analog and Dig-
ital Beamforming (PT-JADB) Algorithm

1: Input: N;, Np, Ngrr, K, ag, ﬁ, (5, Py, hrtk, and hc,k-

2: while the outer loop does not converge do

3: Update p as p < pp.

4 while the inner loop does not converge do

5: Update uy, via (36).
6: Update vy, via (38).
7
8
9

Update f) via (42).
Update G' via (49).
: Update T via (50).
10 Update W via (52).
11: end while
12: end while .
13: Output: G, T, and W.

Considering the modulus constraint, the solution of (47) is
expressed as

|Gn] < V3,

. (49)
otherwise,

g*

Imon =\ f5eiAlinn)
where A{-} denotes the phase of a complex number. By
stacking gm,n together, we can obtain the solution of (44)
as G.

We then focus on (45). Similar to (44), (45) can also be
divided into Ngp subproblems, with the mth subproblem
expressed as

min | Fpm — tmzn|E, st. (), (17), (50)
where f‘p,m is the corresponding mth row block of F',. Since
wy, is fixed, the objective function is separable across the
rows of F'j, ,,. For each row, setting [t,,], = 1 incurs a
loss of H}E — Zm||3, where }p,m,n = [ﬁ‘pm]}; while
[tm]n = O incurs a loss of ||}pmn||§ Therefore, the loss
difference between choosing [t,,], = 1 and [¢,,],, = 0 can be
evaluated independently for each candidate PA. By selecting
the IV, PAs with the largest loss reduction to set [¢,,], = 1 and
assigning zero to the remaining entries, we can minimize the
objective function under the given constraints. As a result, the
optimal solution ., is obtained in closed form via this row-
wise selection rule. By stacking tm together, we can obtain
the optimal solution of (45) as T'.

5) Optimization of W: When fixing other variables and
optimizing W, (P1.4) reduces to

p,m,n

. — 2
min ||F - BWHF. oy
Note that (51) is an unconstrained least-squares problem and
its closed-form solution can be expressed as

W = (B"B)'B"F. (52)

The inner loop iteratively optimizes Uk, Uk, fk, B,and W
until the objective function L(uy, v, fj, B, W) converges
and the outer loop gradually increases p until the difference
between F' and BW is less than a predefined threshold e.
The optimized analog and digital beamformers are denoted as
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@, IA’, and ﬁ\/ Finally, we summarize the proposed PT-JADB
algorithm in Algorithm 1.

Now, we analyze the computational complexity of the
PT-JADB algorithm. The PT-JADB algorithm adopts a two-
loop structure. In the outer loop, the penalty parameter is
updated by p + Bp, which is a scalar O(1) operation and thus
its computational complexity is negligible. In the inner loop,
PT-JADB minimizes (33) by alternately updating uy, vg, fp.
B, and W. The updates of u; and vy have simple closed-form
solutions with negligible computational complexity. Updating
. requires inverting W € CNrE(NetNo)XNre(NetNe) = A
direct inversion costs O(Ngp(Ne + N;)?). Since N can
be large, e.g., 200, the computational complexity is high.
By invoking the Woodbury identity, the cost is reduced to
O(NRF(NC + N)K 2). The matrix multiplications in (42)
incur O(NZp(Ne + N;)2K?). The update of B is divided
into Ngr(N; + N.) independent subproblems and each sub-
problem has a closed-form solution, yielding a computational
complexity of (Q(NRF(Nr + NC)). The update of W uses the
closed-form solution in (52), which only requires inverting
an Nrrp X Ngrp matrix; since Ny is typically small, the
inversion cost is negligible and the dominant cost is matrix
multiplication, ie., O((Ny + No)Nig). Let Loy and Iy
denote the numbers of outer and inner iterations, respectively.
The overall complexity is O(Ioutfin N3 (Ne + Ny)2K?). As
a possible extension, when long-term channel statistics are
available, statistics-driven bilinear updates may be leveraged
to avoid repeated matrix inversions and further reduce the
computational complexity [46].

C. AM-JPOB Algorithm for (P2)

Note that discrete-position PAs select part of pre-deployed
positions to activate for signal transmission. Therefore, a
penalty term can be included in (33), to relax the hardware
constraints and the optimization in (P1) is divided into several
tractable subproblems. However, for continuous-position PAs,
the antenna positions are directly adjusted by moving dielectric
particles within their feasible regions. It is challenging to deal
with the continuous-position optimization with penalty-based
methods similar to the PT-JADB algorithm. To this end, we
develop an AM-JPOB algorithm to solve (P2). For notational
consistency, f,c, F, wy, and z,, follow the definitions in
discrete-position case. For the continuous-position case, we
set B2 [G",Q"|T and hy = [h}, hpi(pyn) "]

First, similar to the transformation from (P1.2) to (P1.3),
we invoke Lemma 1 (Principle Behind the WMMSE Frame-
work) from [45] to transform (P2) into

K

(P2.1) uk,vk,gfﬁ,c, ; ay, (vreg — logvy)
s.t. (18), (19), (23), (24), (53)
where ey, is updated as
K
ey = Z |Ukh}r{7kfr7i + Ukhp,k(pp,n)pr,i|2+ |ug|*o?
i=1,itk
bt Fon + by k(P ) o — 17 (54)
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In (P2.1), the optimization involves multiple variables. A
straightforward way to solve (P2.1) is to alternately optimize
these variables. We next discuss the optimization of these
variables.

1) Optimization of ui: The optimization of u; follows the
same structure as in (P1.3). With updated expressions for
the channels and beamformers, the corresponding closed-form
solution becomes

H H
~ fr,kzh’r,k? + -fp,khp,k?<pp,n)
U = 3

- )
dic -fEihnk + fg,ihp,k(Pp,n) + o2

2) Optimization of vi: The subproblem with respect to vy
in (P2.1) maintains the same form as in (P1.3). Therefore,
the optimal solution is identical to (38).

3) Optimization of p, ,,: In this part, we fix other variables
and optimize p,, ,,. After discarding terms independent of p,, ,,,
the MSE term ej, can be expressed as

(55)

€r X hp»k(pp,n)HSkhp,k(pp,n)
+ thk(pp,n)HSk + sghpyk(pp,n%
= Ti(Py,n), (56)

where
K
2 H
Sk £ Z |k Joifpis

i=1

K
Sk = Z |Uk|2(f5ihr7k)fp,i - ukfp,k'

i=1

(7
Then, (P2.1) can be converted to

K
min Y oopJe(py,) st (23), (24). (58)

Pp.n —1

Note that problem (58) is nonconvex and challenging to solve,
due to the following two reasons. First, Jx(p,, ,,) exhibits a
highly nonlinear and nonconvex structure with respect to the
antenna position p,, ,,, arising from the propagation model
in (14). Second, the spacing constraints in (24) introduce
additional nonconvex feasibility constraints, which further
complicate the optimization. To tackle this problem, we
employ a sequential quadratic programming (SQP)-based con-
strained nonlinear optimization method [47], which iteratively
solves a sequence of quadratic subproblems to handle both
the nonlinear objective function and constraints efficiently.
Since this method is well-established and can be readily
implemented with standard software, such as MATLAB, we
omit the procedures and refer the interested readers to [47] for
more details.

4) Optimization of G: In this part, we fix other variables
and optimize G. To simplify the expressions, we define
a vector r = [g],g%,--- ,g%RF}T. Since G is a block-
diagonal matrix, its nonzero variables are fully contained in
r. Specifically, G and r can be connected via r = G1 .
After omitting irrelevant items, we have

ex < P Dyr + ridy, + dj'r, (59)
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where

K K
H
Dy = g Uil i di = E Wil — Ui o
i=1 i—1

lpi = up(diag{w;} @ In,)"h, 1,
Dhi = Uphp k(Pp )" Fpi- (60)

Then the objective function of (P2.1) can be converted to

err—FrHE—FEHr, 61)

where
K K

1~) = Zakkak, E = Zakvkdk.
k=1 k=1

(62)

Given the relationship between G and r, we have |GW |2 =
r(Z @ In,)r, where Z = diag{[[|z1]3, -, | znge 3] }-
Therefore, the power constraint in (19) can be rewritten as

rNZ @Iy )r < Py—|Fp3. (63)

In addition, the entry-wise power constraint in (18) can be
expressed as

I[P]nl® <6, n=1,2,---, Nrp N;. (64)
Considering (61), (63), and (64), (P2.1) reduces to
mrin i Dr + rlid + EH’!‘
s.t. (63), (64). (65)

Note that (65) is a quadratically constrained quadratic program
(QCQP). Since the corresponding matrices involved in the
quadratic terms of the objective function and constraint are
semidefinite, (65) is convex and can be efficiently solved using
standard convex optimization solvers such as CVX. We denote
the solution of (65) as 7 and the corresponding solution of G
as G.

5) Optimization of W : In this part, we fix other variables
and optimize W. After omitting irrelevant items, we have

K
e = Z |ukhg§wi|2 + |ukh§§wk — 1% + |ux|?c?,
i=1,i#k
K
ocZ|uk\2w?§Hﬁkﬁg§wi—ukﬁg§wk—uZwEEHﬁk.
i=1

(66)

Correspondingly, the objective function of (P2.1) can be
rewritten as

K
Z ay (vger — logvy)

k=1
K K - H

0.8 E akvk|uk\2 E wf{B hkth'wi
k=1 i=1

al H al H
— E apvgugh, Bwy — E akvkungB h;,
k=1 k=1

K
= E (wlUw;, — uflwy, — whuy)
k=1
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Algorithm 2 Alternating Minimization-Based Joint Position
Optimization and Beamforming (AM-JPOB) Algorithm

1: Input: N;, Ny, Nrr, K, ag, 6, Py, and h, .

2: while the AM-JPOB algorithm does not converge do

3: Update uy via (55).

4: Update vy via (38).

5. Update p;, ,, via the SQP method.

6

7

Update G via (65).

: Update W via (70).
8: end while R -
9: Output: f)p’n, G, and W.

= 10w — atlo — o, (67)

where

K
—H-— —H— —H-—
U4 E avi|ui|*B hih, B, u, £ apupui B hy,
i=1

U2Ix0U, v2w!, - wk|", a2l - uk]". (68)

Correspondingly, the power constraint in (19) can be rewritten
as

|+ I Fy 1 = [ BW[} = v"(Ix @ B B)v < .
(69)
Considering (67) and (69), the optimization of W can be
expressed as

H H

min v?Uv — @"v — vla

%

st. vi(Ix @B B)v <P, (70)

Note that (70) is also a convex QCQP and can be readily
solved with CVX. We denote the solution of (70) as ¥ and
the corresponding solution of W as W.

We iteratively perform the optimization steps described
in Sections II-C1-III-C5 to update ug, vg, Ppons G, and
W, until convergence is achieved. The resulting optimized
antenna positions, analog beamfo/r\mer, and digital beamformer
are denoted by ﬁp)n, G, and W, respectively. Finally, the
proposed AM-JPOB algorithm is summarized in Algorithm 2.

Now, we analyze the computational complexity of the AM-
JPOB algorithm. The algorithm minimizes (53) by alternately
optimizing uy, Vg, Pp.ns G, and W. The updates of uj and
vy, have closed-form solutions with negligible complexity. The
optimization of p, , in (58) is carried out using the SQP
method, which iteratively solves a quadratic programming
(QP) subproblem. Since the positions of N, Ngrp PAs are
optimized, and each position involves at most three variables in
the Cartesian coordinate system, the computational complexity
of solving each QP is O(NJNRy). With Ig iterations of
the SQP method, the total complexity of optimizing p,, ,, is
O(IsN3N3g). The optimizations of G and W' correspond to
solving the QCQPs in (65) and (70), respectively. Assuming
that interior-point methods are employed with I; iterations,
and noting that the numbers of variables involved in (65)
and (70) are NgrrN; and Nrp K, respectively, the respective
complexities are O(LNgpN2) and O(L; N3 K?). Suppose
the AM-JPOB algorithm performs I, alternating iterations.
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The overall computational complexity can thus be expressed
as O(IIN}%F(LNE + IiK3 + ISNpg))

IV. SIMULATION RESULTS

In this section, we conduct numerical simulations to evalu-
ate the effectiveness of the H-PASS. We adopt the coordinate
system shown in Fig. 2. The PASS operates at a carrier
frequency of 30 GHz, corresponding to a wavelength of
0.01 m. The service area is defined as a rectangular region in
the -y plane, with « € [0,30] m and y € [—5,5] m. Ngr =4
waveguides are deployed parallel to the y-axis at a height of
z = 3 m above the service area. They are uniformly positioned
along the x-axis at € {3.75,11.25,18.75,26.25} m. For
RLWAs, a half-wavelength spacing is employed to enable
dense deployment. In contrast, the spacing between adjacent
PAs is set to 0.04 m to avoid potential coupling effects. The
PASS serves K = 4 single-antenna users randomly located
within the service area. The channel between each user and
the PASS consists of one LoS path and five non-LoS (NLoS)
paths. For the NLoS paths, the scatterers are independently
and uniformly distributed within the service area. The average
power of the LoS path is 100 times greater than that of each
NLoS path. The noise power at each user is fixed at —80 dBm.
RLWAs are placed in the central portion of each waveguide,
and PAs occupy the remaining portion. For waveguide loss,
we set y1 = 0.07 [48] and x» = 0.01 [20].3

To evaluate the performance of the proposed H-PASS, we
consider six architectures including five PASS variants and a
conventional massive multiple-input multiple-output (MIMO)
baseline. All architectures employ hybrid beamforming with
analog and digital beamformers.

CM-MIMO: This baseline corresponds to conventional
massive MIMO with a half-wavelength-space antenna array.
The antennas are connected to the baseband using a partially
connected hybrid beamforming structure. To ensure the same
number of RF chains as in PASS, we set Nrr = 4.

R-PASS: This architecture implements RLWA-based beam-
forming PASS and consists of only RLWAs.

DP-PASS: This architecture corresponds to discrete-
position P-PASS and consists of only discrete-position PAs.

CP-PASS: This architecture corresponds to continuous-
position P-PASS and consists of only continuous-position PAs.

DH-PASS: This architecture corresponds to H-PASS with
discrete-position PAs and comprises discrete-position PAs and
RLWAs.

CH-PASS: This architecture corresponds to H-PASS with
continuous-position PAs and comprises continuous-position
PAs and RLWA:s.

Since the five PASS configurations are similar, we sum-
marize their structural and functional differences in Table II
for clarity. Note that R-PASS and P-PASS are special cases
of H-PASS, and each can be obtained by setting the number
of the other antenna type to zero. Consequently, the sum-
rate maximization problems for all five PASS configurations
can be solved using the proposed PT-JADB or AM-JPOB

3The simulation code for this paper is available at https:/github.com/
kjchen96/HybridPASS
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TABLE II
STRUCTURAL AND FUNCTIONAL COMPARISON OF CONSIDERED PASS ARCHITECTURES

Architecture Components

PA positioning Control type

Strength Limitation

R-PASS RLWAs Fixed Electronic o High beamforming flexibility e No spatial adaptability
. - . . e Low cost e Quantized phases
DP-PASS  Discrete-position PAs  Discrete Mechanical g quced path loss e Limited beamforming flexibility
CP-PASS Continuous-position PAs Continuous Mechanical e High spatial adaptability ° ngh. movement l'ate_ncy
e Sensitive to positioning errors
RLWAs and - . e Balanced flexibility .
DH-PASS Discrete-position PAs Discrete Hybrid e Good overall performance e Increased system complexity
RLWAs and . . e Best adaptability Lo . .
CH-PASS Continuous-position PAs Continuous Hybrid o Highest overall performance e High implementation complexity
40 —5—cmmmio),, ‘ ‘ P . —— % %
—B—RrpASs |40 /E/ B SR B 2 B
35 [| —¢—Dp-PASS 2% / L 23
—#— CP-PASS 22
30 [|—©—DH-PASS [23.5 /B‘/
~  ||—B—cH-Pass ~ 210 ,
N 23 N ——
Tost z | —&— CM-MIMO
Z 7 2% —P—R-PASS
\; ol \; 19 ——DP-PASS
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sl £ —E— CH-PASS
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] « 17
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0 ‘ ‘ ‘ . 48 5 52 14 L ‘ ‘
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Transmit Power (dBm)

Fig. 3. Comparisons of different architectures for varying transmit powers
(Po).

algorithm. For the CM-MIMO baseline, the analog and digital
beamformers are designed following [37].

In Fig. 3, we compare the six architectures for varying
transmit powers. For the CM-MIMO baseline, each subarray
contains 16 antennas. For R-PASS, we set N, = 16. For
DP-PASS and CP-PASS, we set N, = 16. For discrete-
position PAs, we consider N, = 250 candidate positions.
For DH-PASS and CH-PASS, we set N, = 8 and N, = 8.
Under these settings, all architectures employ the same number
of radiating elements. As shown in Fig. 3, all PASS-based
architectures outperform CM-MIMO across the considered
transmit power range. This gain arises because PASS can
reconfigure PA positions, thereby reducing large-scale path
loss. At low transmit power, e.g., Py = —10 dBm, large-scale
path loss dominates. Hence, CP-PASS achieves the highest
sum rate due to its greater position-design freedom compared
with DH-PASS and CH-PASS, and its higher flexibility than
DP-PASS. In contrast, at high transmit power, e.g., Py =
20 dBm, beamforming flexibility becomes the dominant factor.
Accordingly, R-PASS and CH-PASS outperform DP-PASS and
CP-PASS because the incorporated RLWAs provide greater
beamforming flexibility than PAs.

In Fig. 4, we compare the six architectures for different
numbers of candidate discrete-position PAs. The configura-
tions of all architectures are identical to those in Fig. 3, and
we set Py = 10 dBm. The number of candidate PA positions
for discrete-position designs, denoted by N, varies from 20 to
250. As shown in the figure, the performance of CM-MIMO,

Number of Candidate PAs (N,)

Fig. 4. Comparisons of different architectures for varying numbers of
candidate PAs (N¢).

R-PASS, CP-PASS, and CH-PASS remains unchanged because
these architectures do not depend on discrete-position PAs.
The sum rate of DP-PASS is low when N, is small. As V.
increases, the sum rate of DP-PASS improves substantially.
However, it still performs worse than its continuous-position
counterpart due to the quantization of candidate positions,
which induces phase quantization and reduces beamforming
flexibility. By introducing RLWAs and forming DH-PASS,
the achievable sum rate is markedly improved, and the per-
formance gap between DH-PASS and its continuous-position
counterpart (CH-PASS) is significantly reduced. This result
suggests that the limitations of discrete-position PAs can be
effectively mitigated by incorporating RLWAs to construct
H-PASS.

In Fig. 5, we compare the six architectures in the presence
of blockage, where we set Py = 10 dBm. The configurations
of all architectures are identical to those in Fig. 3. The
blockage probability (BP) is defined as the probability that
the RLWAs on a waveguide (or the CM-MIMO array) are
blocked. In Fig. 5(a), as BP increases, the performance of
CM-MIMO, R-PASS, DH-PASS, and CH-PASS degrades,
whereas DP-PASS and CP-PASS remain unchanged because
they do not rely on RLWAs. Moreover, the increasing perfor-
mance gap between R-PASS and H-PASS as BP grows indi-
cates that H-PASS is more robust to blockage. Fig. 5(b) shows
the cumulative distribution functions (CDFs) of the sum rate
when BP = 50%. CM-MIMO and R-PASS exhibit noticeably
larger CDF values in the low-rate region, e.g., sum rate below
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Fig. 5. Comparisons of different architectures in the presence of blockage.
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Fig. 6. Comparisons of different architectures for varying numbers of RLWAs.

10 bps/Hz, indicating a higher probability of severe per-
formance degradation due to blockage. In contrast, H-PASS
substantially reduces the probability of low sum rate. These
results suggest that the ability of P-PASS in addressing block-
age is preserved in H-PASS and the susceptibility to blockage
observed in R-PASS is mitigated.

In Fig. 6, we compare the six architectures for varying
numbers of RLWAs, where we set Py = 10 dBm. For
RLWA-irrelevant architectures, the configurations are identical
to those in Fig. 3. For architectures that involve RLWAsS,
the configurations are the same as in Fig. 3, except that the
number of RLWASs varies from 8 to 48. For CM-MIMO, since
deploying massive antenna arrays is practically feasible in this
architecture, we set the number of antennas in each subarray
equal to the number of RLWASs in a waveguide for a fair com-
parison. As the number of RLWAs increases, the performance
of RLWA-enabled architectures, including R-PASS, DH-PASS,
and CH-PASS, significantly improves, whereas architectures
without RLWAs remain unchanged. These results indicate
that leveraging the scalability of RLWAs to form massive
antenna arrays can substantially enhance the performance of
the existing PASS.

In Fig. 7, we compare the six architectures for varying
numbers of PAs. For PA-irrelevant architectures, the con-
figurations are identical to those in Fig. 3. For PA-relevant
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architectures, the configurations are the same as in Fig. 3,
except that the number of PAs varies from 2 to 16. As shown
in Fig. 7, increasing N, substantially improves the perfor-
mance of DP-PASS and CP-PASS, whereas the performance of
DH-PASS and CH-PASS increases at a much slower rate. This
observation indicates that, when a sufficiently large number
of RLWAs is available, further increasing the number of PAs
has a limited impact on the achievable sum rate. Considering
that PAs typically require mechanical implementation while
RLWAs can be controlled electronically, these results encour-
age the integration of a large number of RLWAs and a small
number of PAs to construct an H-PASS.

In Fig. 8, we compare the six architectures for varying
position error variances. The configurations of all architectures
are identical to those in Fig. 3, and we set Py = 10 dBm.
The position-error variance, denoted by €2, is on the order of
A2. As shown in Fig. 8, increasing €2 causes a pronounced
performance degradation for CP-PASS and CH-PASS due to
phase misalignment induced by PA positioning inaccuracies.
Nevertheless, CH-PASS can effectively mitigate this degrada-
tion by adaptively designing the electronically reconfigurable
RLWA beamforming based on the position errors of PAs,
thereby enhancing array gain while suppressing multiuser
interference. These results indicate that incorporating the
RLWAs to construct the H-PASS can mitigate the performance
loss caused by position errors of continuous-position PAs.

In Fig. 9, we evaluate how the number of RLWAs affects
the mitigation of PA position errors. The configurations of
all architectures are identical to those in Fig. 8, except that
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the number of RLWASs varies from 8 to 48. We set Py, =
10 dBm and the position error variance to ¢ = 5\2. For
CM-MIMO, the number of antennas in each subarray is set
equal to the number of RLWAs. As shown in Fig. 9, increasing
N, reduces the performance gap between CH-PASS with
adaptive beamforming under position errors and the idealized
CH-PASS without position errors. This trend indicates that
increasing the number of RLWAs strengthens CH-PASS’s
capability to compensate for PA position errors.

In Fig. 10, we illustrate the average convergence perfor-
mance of the proposed algorithms. Since R-PASS, DP-PASS,
and DH-PASS involve discrete-position PAs, their sum-rates
are maximized with the PT-JADB algorithm. In contrast,
CP-PASS and CH-PASS involve continuous-position PAs and
their sum-rates are maximized with the AM-JPOB algorithm.
The PT-JADB algorithm employs a two-loop structure and
the number of iterations is the count of the outer loop. The
optimization results of DP-PASS and DH-PASS are used for
the initialization of CP-PASS and CH-PASS, respectively.
Since discrete-position PAs are a special case of continuous-
position PAs, we initialize CP-PASS and CH-PASS with the
solutions of DP-PASS and DH-PASS, respectively. As a result,
CP-PASS and CH-PASS start from higher sum-rate values than
the other configurations. From the figure, the sum-rates of all
configurations increase with the increase of iteration and both
the PT-JADB algorithm and the AM-JPOB algorithm converge
within a reasonable number of iterations.

In Fig. 11, we compare the proposed algorithms with
representative baseline methods. Since existing studies have
not investigated H-PASS, we present results for DP-PASS and
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Comparison between the proposed algorithms and baseline

CP-PASS as examples. The simulation parameters are iden-
tical to those in Fig. 3. As benchmarks, we adopt the
matching-based antenna activation (MAA) algorithm [27] and
the fractional programming-based multiuser sum-rate max-
imization (FP-MSRM) algorithm [49] for comparison with
the proposed PT-JADB and AM-JPOB algorithms, respec-
tively. Because the original MAA and FP-MSRM methods
do not include digital beamformer optimization, we enhance
them with the state-of-the-art digital beamforming design in
[45]. The results show that PT-JADB and AM-JPOB consis-
tently outperform MAA and FP-MSRM, respectively, thereby
demonstrating the effectiveness of the proposed algorithms.
Finally, to clearly demonstrate the advantages of the pro-
posed H-PASS, we summarize the comparisons of the six
architectures in five typical scenarios in Table III. Based on
Table III, we draw the following observations: (i) in the
basic scenario with low transmit power, CH-PASS achieves
4.86 bps/Hz, outperforming CM-MIMO (3.23 bps/Hz) and
R-PASS (3.93 bps/Hz), which confirms that the PA-enabled
large-scale spatial reconfigurability for large-scale path-loss
reduction is preserved in H-PASS; (ii) in the basic scenario
with high transmit power, H-PASS outperforms P-PASS,
demonstrating that H-PASS effectively exploits the high beam-
forming flexibility of RLWAs; (iii) in scenarios with limited
candidate PAs, the discrete-to-continuous gap decreases from
5.49 bps/Hz in P-PASS to 1.66 bps/Hz in H-PASS, ie., a
69.76% reduction, indicating that introducing RLWAs can
largely alleviate the phase quantization loss of discrete-
position PAs; (iv) in scenarios with blockage, H-PASS
substantially outperforms CM-MIMO and R-PASS, verifying
that the blockage-mitigation advantage of PA beamforming
is retained in H-PASS; (v) in scenarios with massive antenna
arrays, scaling RLWAs boosts the sum-rate from 23.94 bps/Hz
in CP-PASS to 32.02 bps/Hz in CH-PASS, i.e., a 33.75%
increase, showing that H-PASS increases the sum-rate of
P-PASS owing to the massive-deployment capability of
RLWAs; and (vi) in scenarios with position errors, rela-
tive to the error-free scenarios with massive antenna arrays,
the sum-rate degradation of CH-PASS is only 1.59 bps/Hz,
whereas that of CP-PASS is 16.44 bps/Hz, yielding a 90.33%
reduction in degradation, which confirms that H-PASS mit-
igates the performance loss caused by position errors in
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TABLE III
AVERAGE SUM-RATE OF DIFFERENT ARCHITECTURES UNDER VARIOUS SCENARIOS (BPS/HZ)
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Basic scenarios Basic scenarios

Scenarios with

Scenarios with Scenarios with massive  Scenarios with

Architecture  (Low transmit power) (High transmit power) limited candidate PAs blockage antenna arrays position errors
Fig. 3, Py = —10 dBm Fig. 3, Py =20 dBm  Fig. 4, Nc =40  Fig. 5(a), BP = 50% Fig. 6, N, =48 Fig. 9, €2 = 5\2
CM-MIMO 3.23 27.80 17.00 11.42 22.37 22.37
R-PASS 3.93 36.72 23.50 15.93 30.09 30.09
DP-PASS 4.15 30.30 18.46 20.93 20.92 20.92
CP-PASS 5.21 33.22 23.95 23.95 23.94 7.50
DH-PASS 3.98 35.57 22.64 19.75 31.60 31.60
CH-PASS 4.86 36.50 24.30 21.99 32.02 30.43

continuous-position PAs by leveraging the beamforming flex-
ibility of RLWAs.

V. CONCLUSION

In this work, we have investigated RLWAs and integrated
them with PAs to form the H-PASS. We have formu-
lated weighted sum-rate maximization problems for H-PASS
under two practical deployment strategies and proposed two
tailored algorithms, including the PT-JADB algorithm and
AM-JPOB algorithm. Simulation results have shown that
H-PASS improves the sum-rate by approximately 33% com-
pared to PASS, substantially mitigates phase-quantization loss
in discrete-position deployments by up to 69%, and alleviates
the impact of passive-PA position errors in continuous deploy-
ments by up to 90%. Future work will continue to investigate
the effectiveness of H-PASS in wireless communications and
sensing. In future work, we will investigate wideband H-PASS
following the works in [41], [42], and [43].
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