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Abstract—Beamforming plays a crucial role in millimeter
wave (mmWave) communication systems to mitigate the severe
attenuation inherent to this spectrum. However, the use of large
active antenna arrays in conventional architectures often results
in high implementation costs and excessive power consumption,
limiting their practicality. As an alternative, deploying large
arrays at transceivers using passive devices, such as reconfig-
urable intelligent surfaces (RISs), offers a more cost-effective and
energy-efficient solution. In this paper, we investigate a promising
base station (BS) architecture that integrates a beyond diagonal
RIS (BD-RIS) within the BS to enable passive beamforming.
By utilizing Takagi’s decomposition and leveraging the effective
beamforming vector, the RIS profile can be designed to enable
passive beamforming directed toward the target. Through the
beamforming analysis, we reveal that BD-RIS provides robust
beamforming performance across various system configurations,
whereas the traditional diagonal RIS (D-RIS) exhibits instability
with increasing RIS size and decreasing BS-RIS separation—two
critical factors in optimizing RIS-assisted systems. Comprehen-
sive computer simulation results across various aspects validate
the superiority of the proposed BS-integrated BD-RIS over
conventional D-RIS architectures, showcasing performance com-
parable to active analog beamforming antenna arrays.

Index Terms—Beyond diagonal RIS, millimeter wave, bit error
rate, achievable rate, passive beamforming.

I. INTRODUCTION

THE growing demand for high-capacity and low-latency
communication has accelerated the development of

advanced wireless systems. To support emerging applica-
tions, higher frequency bands such as the millimeter-wave
(mmWave) spectrum have gained traction for sixth-generation
(6G) networks [1], [2], [3]. The wide bandwidth available at
mmWave frequencies enables high data rates, while the short
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wavelength supports large antenna arrays capable of forming
highly directional beams, which are essential for mitigating
severe path loss and facilitating spatial multiplexing [4], [5].

Despite these advantages, mmWave systems often require
costly and power-hungry hardware, especially when using
fully digital beamforming. Hybrid beamforming has been
widely recognized as a cost-effective alternative to fully digital
beamforming in mmWave systems. Numerous studies have
sought to reduce hardware costs and system complexity by
exploring scenarios such as angular-based precoding [6], three-
dimensional (3D) antenna array designs [4], and user grouping
strategies [5]. To further minimize hardware requirements,
fixed phase shifter architectures have been introduced [7].
However, massive MIMO deployments still demand a large
number of phase shifters, resulting in increased cost and power
consumption.

On the other hand, reconfigurable intelligent surfaces (RISs)
have emerged as a low-cost alternative that can dynamically
shape the wireless environment [8], [9]. While RISs are
traditionally viewed as auxiliary elements, recent studies have
explored their potential as primary beamformers at the base
station (BS) or user equipment (UE) [10]. This approach opens
the door to RIS-integrated transceivers that reduce circuit
complexity and power consumption, enabling fully passive
analog beamforming.

A. Related Works

Programmable metasurfaces have gained attention for their
passive nature and ability to enable low-cost arrays that direct
incident electromagnetic (EM) waves. Explored types include
passive RIS [8], active RIS [11], simultaneously transmitting
and receiving (STAR) RIS [12], stacked intelligent meta-
surface (SIM), and beyond diagonal (BD) RIS [13]. Some
studies propose RISs as primary beamformers at the BS or
UE to simplify massive MIMO deployment [9], [10]. Further-
more, integrating RIS directly within transceivers mitigates the
multiplicative path loss challenges typically associated with
conventional RIS-assisted systems [9].

User-side RIS integration has been explored as a means
to realize energy- and cost-efficient large-scale arrays [14],
[15]. In [16], the authors propose embedding an RIS within
the BS radome as an auxiliary passive array, enabling real-
time reconfiguration to enhance performance cost-effectively.
In [17], a hybrid beamforming approach is developed to
suppress sidelobes and optimize beam patterns using a least-
squares-based method, jointly adjusting BS beamforming and
transmissive RIS phases. A key advancement in this domain
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is SIM, which seamlessly integrates RISs within BS or UE
hardware to passively support advanced MIMO functionalities.
By leveraging multilayer meta-atom structures, SIM enables
scalable passive arrays at transceivers using low-cost compo-
nents [10], [18], [19], [20], [21].

BD-RIS represents an advanced evolution of RIS technol-
ogy, enabling control over both the phase and amplitude of
impinging signals without requiring active amplification or
attenuation [13], [22], [23]. Unlike diagonal RIS (D-RIS),
BD-RIS incorporates inter-element connectivity, allowing
amplitude adjustments across elements and enhancing beam-
forming capabilities. This makes BD-RIS a compelling
candidate for transceiver integration, where its ability to per-
form passive analog beamforming can replace conventional
phase shifters, thereby simplifying transceiver design while
maintaining high performance. In addition, other non-diagonal
RIS architectures have been investigated, including non-
diagonal scattering-based RIS designs [24], group-connected
designs [25], and joint-sector-based configurations [26],
aiming to enhance performance while reducing hardware
complexity. As shown in [27], BD-RIS can outperform
D-RIS under rich-scattering conditions where the BS-RIS
and RIS-UE elements exhibit linear independence. However,
this performance advantage diminishes in sparsely scattered
environments.

Initial studies have explored the potential of BD-RIS
integration at the BS. In [28], a reflective BD-RIS in the
sub-6 GHz band is shown to effectively mitigate inter-
user interference in multi-user systems. The work in [29]
examines BD-RIS for integrated sensing and communica-
tion (ISAC), but models the mmWave channel using rich
scattering, which does not fully capture the sparse nature
of mmWave propagation. Nevertheless, the adoption of a
multi-user setup enriches the channel and enhances BD-RIS
performance over D-RIS. In [30], a single-layer SIM with BD-
RIS outperforms all SIM designs based on D-RIS, highlighting
BD-RIS’s potential in RIS-integrated systems. However, the
RIS-UE channel is again modeled using Rayleigh fading.
Finally, [31] demonstrates that integrating a linear BD-RIS
at the BS enhances beamforming gain compared to D-RIS,
though the study is limited to linear arrays and localization
estimation.

Integrating BD-RIS within the BS seamlessly incorporates
it as part of the BS, rendering it indistinguishable as a separate
unit from the perspective of the UE. Consequently, a funda-
mental step in designing such a structure involves evaluating
system performance under varying BS design parameters, such
as array size and BS-RIS separation. In this context, the BS-
RIS channel assumes a pivotal role in the design process,
as it is directly influenced by these parameters and remains
entirely under the service provider’s control. While initial
studies [28], [29], [30] have explored the concept of BS-
integrated BD-RIS, they fall short of analyzing the impact of
these design parameters on the proposed architecture. Notably,
the primary advantage of BD-RIS over D-RIS lies in its ability
to adjust the amplitude of impinging signals [13]. Given the
close proximity of RIS to the active antenna at the BS, the
amplitude variations of signals emitted by the active antenna

across different RIS elements become significant. Thus, it is
reasonable to anticipate that BD-RIS would outperform D-
RIS without factoring environmental scattering conditions in
RIS-UE channel. Furthermore, employing a Rayleigh channel
model for the RIS-UE link or extending the analysis to
multi-user scenarios, as partially considered in [28], [29], and
[30], introduces additional amplitude variations across the RIS
elements, further amplifying the performance gains of BD-RIS
over D-RIS.

B. Motivations and Contributions

The primary motivation for deploying large arrays and
massive MIMO in high-frequency communication systems
is forming narrow beams toward intended targets, effec-
tively mitigating severe path loss and high attenuation. The
influence of BS-integrated BD-RIS on beamforming gain,
however, remains unexplored in the aforementioned studies.
Moreover, the mmWave communication environment is char-
acterized by spatially sparse scattering, making the assumption
of a rich-scattering Rayleigh channel model unrealistic and
disconnected from practical scenarios. With this in mind,
the main contributions of this paper are summarized as
follows:
• BS-Enabled Passive Beamforming. We investigate a BS-

integrated BD-RIS system model that facilitates passive
beamforming at the BS by emulating a multiple-input
single-output (MISO) configuration through a single-
input single-output (SISO)-assisted BD-RIS. Utilizing the
widely adopted geometric cluster-based channel model,
which effectively captures the spatially sparse scattering
typical of mmWave environments, we demonstrate that
BD-RIS can form narrow beams with beamforming gains
comparable to those of traditional active antenna arrays.
In contrast, D-RIS performance is limited, particularly
when a large number of elements are deployed in shorter
distances to the active BS antennas. This critical aspect
has not been explored in [28], [29], and [30].

• Geometric Grouping Strategy. We demonstrate that the
internal geometry of the BS-integrated BD-RIS plays a
crucial role in reducing the circuit complexity of the
proposed system. Importantly, achieving beamforming
gains close to those of active antenna arrays does not
require a fully-connected BD-RIS architecture. Instead,
by organizing BD-RIS elements into groups that are
symmetric with respect to the active antenna, high beam-
forming performance can be maintained. This is because
the channel amplitude variations of the BS-RIS link
within each group remain consistent with those observed
across the entire BD-RIS. To the best of our knowledge,
such a geometry-aware, group-connected BD-RIS design
in a BS-integrated configuration has not been previously
investigated.

• Mathematical Analysis and Simulation Insights. We eval-
uate the beamforming gain of the proposed BS-integrated
BD-RIS configured as a uniform planar array, bench-
marking its performance against traditional D-RIS and
active analog beamforming antenna arrays. Through the
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TABLE I
COMPARATIVE SUMMARY OF EXISTING BS-INTEGRATED BD-RIS WORKS AND THE PROPOSED SYSTEM, HIGHLIGHTING KEY FEATURES IN TERMS OF

ARCHITECTURE, SCATTERING CONDITIONS, PERFORMANCE METRICS, AND SYSTEM-LEVEL INSIGHTS

introduction of a novel metric, channel amplitude varia-
tions, we highlight and address the fundamental limitation
of BS-integrated D-RIS systems. We provide a formal
mathematical proof indicating that integrating BD-RIS
instead of D-RIS inside the BS guarantees a minimum
performance gain, which is independent of the scattering
conditions and is fully determined by the BS design
parameters, i.e., array size and BS-RIS separation. We
further demonstrate that a substantial part of the gain
originates from the BS design parameters rather than
the environmental scattering conditions. To the best of
our knowledge, this aspect was unknown in the previous
works. Our findings also reveal that the proposed BS-
integrated BD-RIS achieves a beamforming gain and
beam pattern comparable to the performance of active
analog beamforming antenna arrays. In contrast, D-RIS
exhibits limited beamforming capability and wider beam
patterns. Besides, we conducted various simulations to
evaluate the average bit error rate (ABER) and validate
the results with the theoretical upper bound, along with
a comprehensive achievable rate analysis across various
parameters under various conditions.

To highlight our contributions in comparison to related
works in the literature, Table I provides a detailed summary of
the considered BS-integrated BD-RIS-based architectures, key
system models, channel characteristics, performance metrics,
and unique insights offered by each study.

The paper is organized as follows: Section II introduces the
system, channel, and signal models. Section III outlines the
BD-RIS architecture and its configuration algorithm for fully-
connected and group-connected modes. Section IV highlights
key differences between BD-RIS and conventional D-RIS,
discussing the impact of design parameters on performance.
Section V presents simulation results, comparing the proposed
BS-integrated BD-RIS with benchmarks. Finally, Section VI
concludes the paper.

II. SYSTEM, CHANNEL, AND SIGNAL MODEL

In this section, we begin by presenting the system model,
outlining the architecture of the proposed BS-integrated BD-
RIS, the arrangement of its passive elements, and its role in
enabling passive beamforming for efficient directional com-
munication in the mmWave environment. Next, we detail
the channel model, capturing the interaction between the
active antenna and the BD-RIS, as well as the propagation
characteristics of the wireless channel between the BD-RIS
and the UE. We then describe the signal model, explaining

Fig. 1. System model: (a) Communication model showcasing the BS-
integrated BD-RIS and single-antenna UE, illustrating the LOS path and
NLOS clusters with multipath components; (b) 3D view of the BS structure,
highlighting the BD-RIS geometry, BS-RIS separation (dc), and the active
antenna-to-RIS element distances (dm); (c) Side view of the BS structure,
demonstrating the BD-RIS operation in transmissive mode, where Sector 1
receives the incident wave, and Sector 2 transmits the steered beam toward
the UE.

the transmission of symbols, passive beamforming by the BD-
RIS, and the formulation and detection of the received signal
at the UE.

A. System Model

Fig. 1 illustrates the proposed system model and the BS
structure designed for deployment in a mmWave environment.
Building upon the motivations discussed in Section I, we
consider a point-to-point (P2P) SISO system where the BS
is equipped with a single active antenna and a passive BD-
RIS integrated into the BS as depicted in Fig. 1(a). This
configuration enables passive beamforming, effectively form-
ing the beams to combat the severe path loss and attenuation
characteristic of the mmWave spectrum [1], [9], [32]. Fig. 1(b)
provides a 3D view of the BD-RIS side facing the active
antenna, with the opposite side, which faces outward, having
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an identical structure. Each side of the BD-RIS is referred
to as a sector, as illustrated in Fig. 1(c). For the proposed
application, the BD-RIS operates exclusively in the transmis-
sive mode (signals are sending to sector 2), with its reflective
mode deactivated [22]1.

Notation: Bold uppercase and lowercase letters are used to
denote matrices and vectors, respectively. The operators (·)T,
(·)∗, (·)H, ‖ · ‖, | · |, ∠, diag(·), and blkdiag(·) denote trans-
pose, conjugate, Hermitian, norm, absolute value, phase of a
complex number, diagonalization, and block-diagonalization,
respectively. C represents the set of complex numbers while �
denotes the Hadamard (element-wise) product. The operators
EX [·] and VX [·] indicate the expectation and variance taken
over the random variable X , while P(·) represents the prob-
ability of an event. The operators ∪ and ∩ denote set union
and intersection, respectively, while ∅ denotes the empty set.
The notation [·]i refers to the i-th element of a vector, while
v[i:j] defines a sub-vector containing elements from position
i to j. Furthermore, [a : ∆ : b] denotes a discrete sequence
ranging from a to b with increments of ∆. CN (µ, σ2) denotes
a complex Gaussian distribution with mean µ and variance
σ2, L($, ς) refers to a Laplace distribution with location
parameter $ and scale parameter ς , and U(a, b) denotes a
uniform distribution within the interval [a, b]. The Q-function
is defined as Q(x) = 1√

2π

∫∞
x

exp
(
−u

2

2

)
du. In denotes the

n× n identity matrix, and  =
√
−1 represents the imaginary

unit.
To facilitate exclusive transmissive operation, the passive

elements on each side are organized into a uniform planar
array with Mx columns and My rows. Each back-to-back
pair of passive elements from the two sectors of the BD-
RIS constitutes a single cell, enabling seamless coordination
between the two sectors. This arrangement comprises a total
of M = Mx × My cells, allowing the integrated BD-RIS
to effectively steer the EM wave radiated by the active
antenna toward the UE. To maintain focus on the proposed
system model, the details of the BD-RIS circuit are provided
separately in Section III-A.

The spacing between adjacent columns along the x-axis is
dx, while the spacing between adjacent rows along the y-
axis is dy . The m-th cell (0 ≤ m ≤ M − 1) is located at
the intersection of the my-th row (0 ≤ my ≤ My − 1) and
mx-th column (0 ≤ mx ≤ Mx − 1), where the index m is
given by m = myMx +mx. The active antenna is positioned
along an axis perpendicular to the RIS plane, passing through
the geometric center of the RIS surface at a distance of dc,
as shown in Fig. 1(b). Additionally, the distance between the
active antenna and the m-th cell is denoted as dm and defined
as follows:

dm =
√
d2
c + d′2m, (1)

1The feasibility of implementing a transmission-mode BD-RIS without a
dedicated mode-switching bias line has been demonstrated in [33], using a
design based on 2-bit phase-reconfigurable RF antennas realized through RF
switches. While these switches still require a small DC bias, the overall design
supports a hardware-efficient implementation consistent with the system
assumed in this work.

where d′m represents the distance between the m-th element
and the center of the BD-RIS, defined as:

d′m =
1

2

√
(dx|2mx −Mx + 1|)2 + (dy|2my −My + 1|)2.

(2)

B. Channel Model

In the proposed system, the channel between the active
antenna and the BD-RIS plays a critical role in shaping
the performance of passive beamforming. The integration of
the BD-RIS within the BS introduces unique propagation
characteristics, as the EM wave emitted by the active antenna
interacts with each BD-RIS cell, arriving with distinct ampli-
tudes and phases. To capture this interaction, the channel
coefficient vector g ∈ CM×1 from the active antenna to the
BD-RIS is derived using the Rayleigh-Sommerfeld diffraction
theory for near-field propagation [21], [34], [35], [36], [37] as
follows:

[g]m =
Adc
d2
m

(
1

2πdm
− 

λ

)
e2πdm/λ, (3)

where A represents the area of each passive element, and λ
represents the wavelength of the carrier signal2.

After traversing the BD-RIS, the signal propagates through
the wireless channel between the BD-RIS and the UE. In
the mmWave environment, such channels are characterized
by significant propagation challenges, including penetration
loss, severe path loss, and attenuation, which create a sparsely
scattered propagation environment. To capture these conditions
accurately, the widely recognized clustered geometric channel
model is employed. This model accounts for the combined
effect of a line-of-sight (LOS) path and multiple non-LOS
(NLOS) clusters, as illustrated in Fig. 1(a). Specifically, the
channel between the BD-RIS and UE, denoted as h ∈ CM×1,
is modeled as a superposition of these paths and is expressed
as follows [1], [32], [38], [39]:

h =

√
M

CL+ 1

αaH(ϕ0, ϑ0)︸ ︷︷ ︸
hT

0

+

C∑
c=1

L∑
`=1

βc,`a
H(ϕc,`, ϑc,`)︸ ︷︷ ︸
hT

c


T

=

√
M

CL+ 1

 h0︸︷︷︸
LOS component

+

C∑
c=1

hc︸ ︷︷ ︸
NLOS component

 , (4)

where C represents the number of NLOS clusters and L
denotes the number of NLOS paths in each cluster. The param-
eters α ∼ CN (0, σ2

α), ϕ0 ∼ U [−π, π], and ϑ0 ∼ U
[
0, π2

]
denote the complex path gain, azimuth angle of departure
(AOD), and elevation AOD for the LOS path, respectively [1],

2In this work, we adopt the unilateral approximation, assuming negligible
electrical interaction between the BD-RIS and the active antenna, following
the modeling framework in [30]. This choice is further supported by the typical
antenna–RIS spacing (≥ λ/2), which, as in conventional array architectures,
ensures weak mutual coupling.
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[32]. For the `-th path in the c-th cluster, the corresponding
parameters are βc,` ∼ CN (0, σ2

β), ϕc,` ∼ L(ϕc, ςc), and
ϑc,` ∼ L(ϑc, ςc), representing the complex path gain, azimuth
AOD, and elevation AOD, respectively [1], [32], [40]. Here,
ϕc ∼ U [−π, π] and ϑc ∼ U

[
0, π2

]
are the mean azimuth

and elevation AODs while ςc denotes the angular spread in
both the azimuth and elevation dimensions for the c-th cluster
[1], [32], [40]. The variances of the LOS and NLOS path
gains are defined by σ2

i = 10−0.1PLi(d), i ∈ {α, β}, where
PLi(d) represents the path loss between the BD-RIS and
UE, and d denotes the distance between them. In addition,
a(φ, θ) ∈ CM×1 represents the array response (steering)
vector at the BD-RIS transmit terminal, indicating that the
corresponding path is directed toward the azimuth angle φ and
elevation angle θ. The mathematical expression for a(φ, θ) is
given as follows:

a(φ, θ) =
1√
M

[ek
Tp0 , ek

Tp1 , . . ., ek
TpM−1 ]T, (5)

where k represents the wave-number vector, which char-
acterizes the direction of the corresponding path, and pm,
0 < m < M − 1, denotes the position vector of the m-th
cell, specifying its location on the BD-RIS. These vectors are
mathematically expressed as:

k =
2π

λ
[sin θ cosφ, sin θ sinφ]T, (6)

pm = [mxdx,mydy]T. (7)

Notably, in (4), the channel model is decomposed into the
LOS sub-channel, represented by h0, and the summation of
NLOS sub-channels,

∑C
c=1 hc.

C. Signal Model

This paper focuses on P2P communication, where a single
stream of information bits is transmitted to a single-antenna
UE. The transmitted symbol s is chosen from an M-ary
constellation set of order M and transmits to the BD-RIS
through the transmission channel g. As a result, the system’s
spectral efficiency is defined as η = log2M bits per channel
use (bpcu). The BD-RIS applies a non-diagonal configuration
scattering matrix Ω ∈ CM×M to the incoming EM wave
from the active antenna, effectively steering it toward the UE
through the mmWave channel h. The BD-RIS configuration
strategy is detailed in Section III-B. The received signal at the
UE can be expressed as:

y =
√
PhTΩgs+ n =

√
PhTζs+ n, (8)

where P is the BS transmitted power, and n ∈ CN (0, σ2
n)

is the additive noise component at the UE. Here, we define
ζ ∈ CM×1 as ζ = Ωg, representing the effective passive
beamforming at the transmit terminal of BD-RIS.

A maximum-likelihood (ML) detector is employed in the
UE to extract the transmitted symbols from the received signal
y. The detection process is expressed as:

ŝ = arg min
s
|y −

√
Pheffs|2, (9)

where ŝ denotes the estimated M-ary symbol and heff =
hTΩg represents the effective SISO channel gain. It is

Fig. 2. (a) A simplified example of the circuit structure for a fully-connected
BD-RIS with two cells, illustrating inter-element connections for amplitude
and phase manipulation. (b) A visualization of the group-connected structure
with M = 36, G = 9, and M̄ = 4, showing the division of cells into groups
for balancing performance and circuit complexity.

worth mentioning that channel state information (CSI) can be
acquired using existing channel estimation methods developed
for SIM and holographic MIMO systems [10], [18], [21], [41],
[42]. Moreover, recent works [43], [44] propose lightweight
and learning-aided strategies for semi-passive RIS systems,
which can be adapted to support efficient CSI acquisition in
dynamic environments.

By following the straightforward steps outlined in [1] and
[45], the unconditional pairwise error probability (UPEP) can
be calculated as follows:

P(s? → ŝ) = EC

[
Q

(
|
√
PhTΩg(s? − ŝ)|√

2σn

)]
, (10)

where s? denotes the correct symbol considered for trans-
mission, and C = {α,ϕ0, ϑ0, βc,`, ϕc,`, ϑc,`},∀c, `, is the set
of channel parameters. Ultimately, by utilizing union-bound
approach, we can set a theoretical upper bound on ABER as
follows:

ABER ≤ 1

ηM
∑
s?

∑
ŝ

dH(s?, ŝ)P(s? → ŝ), (11)

where dH(s?, ŝ) represents the Hamming distance between the
binary representations of s? and ŝ.

III. BD-RIS STRUCTURE AND CONFIGURATION

In this section, we explore the circuit structure and config-
uration strategy of the BD-RIS, concentrating on its design to
enable efficient passive beamforming. A simplified example
of the circuit structure for the fully-connected BD-RIS is
presented in [22] and illustrated in Fig. 2(a). As detailed
in Section II-A, the BD-RIS elements are divided into two
sectors: sector 1, facing the active antenna, captures the
incident EM wave, while sector 2, facing outward, transmits
the directed signal toward the UE. Each pair of back-to-back
elements from the two sectors forms a single cell, as depicted
in Fig. 2(a).

A. Group-Connected Architecture and Circuit Complexity

To enable manipulation of both the amplitude and phase of
the impinging EM wave, inter-element connections are crucial
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Fig. 3. Relative circuit (solid curves) and algorithm (dashed curves) complex-
ity of the group-connected BD-RIS with respect to fully-connected BD-RIS,
D-RIS, and active antenna arrays as a function of the number of groups G,
with total RIS size fixed at M = 100.

TABLE II
CIRCUIT COMPLEXITY FOR DIFFERENT RIS ARCHITECTURES

[13], [22]. Extending the two-cell structure in Fig. 2(a) to an
M -cell fully-connected BD-RIS significantly increases circuit
complexity. To balance performance and circuit complexity, a
G-group-connected structure can be adopted by dividing the
M cells into G groups, with each group containing M̄ = M/G
cells. In this configuration, full connectivity is implemented
within each group, while no connections exist between dif-
ferent groups [22]. For simplicity, we assume that all groups
consist of an equal number of cells M̄ .3 The set of cell indices
for the q-th group is defined as Gq = {(q−1)M̄+1, . . ., qM̄},
where each group contains M̄ consecutive cells. This grouping
approach is referred to as the linear permutation throughout
this paper. To aid visualization, Fig. 2(b) illustrates a BD-RIS
configuration with M = 36, G = 9, and M̄ = 4. Two notable
special cases arise from this framework:
• When G = M , the structure corresponds to a traditional

transmissive RIS with a diagonal configuration scattering
matrix, allowing only phase manipulation of the imping-
ing signal, limiting its passive beamforming capabilities.

• Conversely, when G = 1, the configuration transitions to
a fully-connected BD-RIS, offering the highest degree of
freedom for designing the configuration scattering matrix
and enabling superior passive beamforming performance.

Table II summarizes the circuit topology complexity asso-
ciated with various antenna array architectures, including
active antenna arrays equipped with a single phase shifter

3It is worth noting that varying grouping strategies with dynamic group
sizes can lead to different trade-offs between performance and circuit com-
plexity [46], [47]. However, investigating these strategies and their impact on
passive beamforming performance lies beyond the scope of this paper and is
deferred to future work.

per antenna, traditional D-RIS structures, fully-connected BD-
RIS configurations, and group-connected BD-RIS designs, as
discussed in [22] and [30]. To offer a clearer understanding
of how circuit complexity scales across these architectures,
the solid curves in Fig. 3 illustrate the relative complexity of
the group-connected BD-RIS as a function of the number of
groups G, with the RIS size fixed at M = 100. As shown
in Fig. 3, the relative complexity with respect to the fully-
connected BD-RIS, denoted CGBD/CFBD, decreases notably
as G increases, dropping to approximately 0.1 for G = 10 and
below 0.05 for G = 20. Even at G = 2, the group-connected
architecture achieves a significant complexity reduction of
about 50% compared to its fully-connected counterpart.

Moreover, the curves for CGBD/CD and CGBD/CA remain
above 1 across all G, indicating that while group-connected
BD-RIS significantly reduces internal circuit complexity, it
still entails higher circuit complexity compared to D-RIS and
active analog arrays.4

B. BD-RIS Configuration and Precoding Assumptions

The configuration scattering matrix of the q-th group,
Ωq ∈ CM̄×M̄ , is a full matrix that satisfies the unitary
constraint ΩH

qΩq = IM̄ , ensuring that each group operates
without power loss5. The BS maintains direct access to the
BD-RIS, enabling the transmission of control signals to an
embedded controller for configuring the BD-RIS. To obtain
BD-RIS scattering matrix, we employ Takagi’s decomposition,
as outlined in [48]. Hence, utilizing the BS-RIS channel g, the
effective beamforming vector b ∈ CM×1 corresponding to the
RIS-UE channel, and employing singular value decomposition
(SVD) technique, the BD-RIS configuration for the general
case of G groups is detailed in Algorithm 1.

The computational complexity of Algorithm 1 can be
analyzed per group of size M̄ . Vector normalization, phase
extraction, and diagonal operations scale linearly or quadrati-
cally with M̄ , while cubic terms arise from the SVD, Takagi’s
decomposition, and matrix multiplications. Since the proce-
dure is repeated across all G groups, the overall complexity is
on the order of O(GM̄3) = O(M3/G2). This indicates that
Algorithm 1 scales cubically with the total number of RIS
elements M , but decreases quadratically with the number of
groups G. The dashed curves in Fig. 3 illustrate the relative
algorithm complexity of the group-connected BD-RIS with
respect to the fully-connected BD-RIS, i.e., C̃GBD/C̃FBD, and
with respect to the diagonal RIS, i.e., C̃GBD/C̃D, for a fixed
number of RIS elements M = 100. Compared to circuit
complexity, it is evident that the group-connecting strategy
achieves a more substantial reduction in algorithm complexity.

A critical factor influencing the BD-RIS configuration and
overall system performance is the stochastic nature of the

4It is worth noting that the proposed grouping strategy also contributes
to reducing control complexity. Specifically, by decreasing the number of
configured elements, the grouping approach lowers the computational and
signaling burden required for BD-RIS configuration during operation.

5In line with general BD-RIS modeling frameworks [22], [30], we do not
impose the symmetry condition, as it is not required for transmissive BD-RIS
configurations. Nevertheless, incorporating symmetry may still offer practical
advantages in implementation, such as reducing the number of control lines
by enabling joint control of symmetric impedance pairs.
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Algorithm 1 BD-RIS Configuration for Linear Permutation
1: Determine the beamforming vector b from the RIS-UE

channel, utilizing one of the possible approaches, such as
those outlined in this Section.

2: for each group of cells q ∈ {1, . . ., G} do
3: Constitute aq = b[(q−1)M̄+1:qM̄ ].
4: Constitute gq = g[(q−1)M̄+1:qM̄ ].
5: Calculate uq = gq/‖gq‖.
6: Compute vq = aq/‖aq‖.
7: Derive the symmetric matrix Aq = vqu

H
q + (vqu

H
q )T.

8: Decompose Aq using SVD as Aq = U qΣqV
H
q .

9: Calculate νq = diag(UH
qV
∗
q).

10: Determine ρq = ∠νq/2.
11: Compute Qq = U q diag(e(ρq)).
12: Takagi’s decomposition: Aq = QqΣqQT

q .
13: Scattering matrix for the q-th group: Ωq = QqQT

q .
14: end for
15: Assemble the overall BD-RIS scattering matrix as Ω =

blkdiag(Ω1, . . .,ΩG).

RIS-UE channel. To ensure effective performance, the BS
must access the efficient beamforming vector b ∈ CM×1

which aligns with the RIS-UE channel during each time block.
Obviously, the availability of CSI (full or partial) is crucial for
deriving such an effective beamforming vector. In this paper,
we evaluate the performance of the proposed system under
three different cases based on CSI availability:

1) Case 1 (Full CSI is available at the BS). The BS,
equipped with a large antenna array, can estimate the
RIS-UE channel by processing pilot signals transmit-
ted by the UE during the uplink phase [21], [41],
[42]. The optimal unconstrained beamforming vector
for the channel h is determined as b = v1, where
v1 ∈ CM×1 represents the first column of the unitary
matrix V ∈ CM×M [40]. This matrix is obtained via
the ordered SVD of the channel, expressed as hT =
ΣV H, where Σ is a 1 ×M vector of singular values
with non-negative elements. The beamforming vector v1

encapsulates the optimal complex weights—comprising
both phase and magnitude—for the BD-RIS elements
to maximize beamforming gain. However, in systems
with constant modulus constraints, such as BS-integrated
D-RIS or active analog beamforming antenna arrays
utilizing analog phase shifter networks, only the phase
information from v1 can be exploited.

2) Case 2 (Full CSI is available at the UE). In general, the
UE may handle channel estimation;6 however, feeding
back the full CSI to the BS, particularly in systems
with massive MIMO, is often impractical and can result
in significant overhead [40]. To address this, the UE
can utilize the spatially sparse precoding (SSP) scheme
proposed in [40]. With this approach, the UE identifies

6Although this work focuses on an emulated MISO system, extending it
to an emulated MIMO system with an additional BD-RIS integrated at the
UE is straightforward. In such scenario, the UE would also be capable of
performing channel estimation.

the best match for the channel’s dominant eigenmode
v1 from a predefined codebook. As the codebook is
shared between the BS and UE, the UE only needs to
transmit the index of the selected codeword, significantly
reducing feedback overhead. In this paper, we utilize a
codebook consisting of beams corresponding to equally
spaced angles [40], defined as follows:

B =
{
a(φ, θ)|φ ∈

[
−π :

π

36
: π
]
, θ ∈

[
0 :

π

36
:
π

2

]}
.

(12)

The optimal beam alignment with v1 is determined by
identifying the beam index that maximizes the correla-
tion, computed as:

{i?, j?} = arg max
i,j
|aH(φi, θj)v1|, (13)

where φi and θj represent the i-th and j-th quan-
tized azimuth and elevation angles within the ranges
φ =

[
−π : π

36 : π
]

and θ =
[
0 : π

36 : π2
]
, respectively.

Subsequently, the UE transmits the indices {i?, j?} to
the BS via a limited feedback link, allowing the BS to
compute the beamforming vector as b = a(φi? , θj?).

3) Case 3 (Partial CSI is available). In certain scenarios,
full CSI may be unavailable, or obtaining partial CSI
is preferred to minimize channel estimation overhead
[5], [6]. Angular channel information can be extracted
using AOD estimation algorithms [49], allowing the
identification of an effective transmission direction7.
Subsequently, the effective channel heff, required for
detection, can be readily estimated.

IV. CHANNEL AMPLITUDE VARIATION: A KEY DESIGN
METRIC FOR BS-INTEGRATED RIS PERFORMANCE

In this section, we take a closer look at the design param-
eters of the BS-integrated BD-RIS and analyze how these
parameters impact system performance compared to traditional
structures. Specifically, we focus on the BS-RIS channel, a
deterministic component of the BS’s internal architecture,
shaped by the BS’s design parameters.

According to the Rayleigh-Sommerfeld diffraction theory
for near-field propagation, as presented in (3), the amplitude
of the channel coefficient corresponding to each element is
inversely proportional to d3

m, emphasizing a rapid decay in
channel gain amplitude with increasing distance. Unlike tradi-
tional D-RIS, which is limited to phase compensation, BD-RIS
can adjust both phase and amplitude variations. Consequently,
when the signal emitted by the active antenna reaches the BD-
RIS, it achieves alignment in both phase and amplitude across
RIS elements. The primary performance degradation in BS-
integrated BD-RIS compared to active antenna arrays arises

7In order to emulate this process, we search across the available LOS
and NLOS directions to maximize the transmitted signal in the target
sub-channel while minimizing the leakage power into unintended sub-
channels. Mathematically, the optimal direction c? is determined by solving
c? = arg maxc=0,...,C |hT

ca(ϕc, ϑc)|/|
(∑

i6=c h
T
i

)
a(ϕc, ϑc)|; hence,

the effective beamforming vector can be obtained as b = a(ϕc? , ϑc? ). It
is worth noting that the direction of the c-th NLOS cluster is assumed to
align with its best effective path, as defined in [1, equation (13)].
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from the multiplicative path loss due to the BS-RIS distance.
In contrast, D-RIS, with its phase-only adjustment capability,
cannot align the amplitude variations across RIS elements.
This limitation introduces additional performance degradation
beyond the multiplicative path loss, as amplitude misalignment
further reduces system efficiency. This enhanced capability of
BD-RIS provides greater flexibility in beamforming design,
whereas the performance of D-RIS remains fundamentally
constrained by its limited adjustment capabilities.

Since amplitude variations across RIS elements play a
crucial role, we focus on this aspect in the remainder of this
section. As previously mentioned, the amplitude of the channel
gain corresponding to the m-th element is inversely propor-
tional to d3

m. The variations in dm are significantly affected by
two key factors: the array aperture and the BS-RIS separation
(dc). The array aperture is directly proportional to the number
of RIS elements; larger RIS arrays incorporate more elements,
resulting in greater variations in dm and, consequently, more
pronounced discrepancies in channel amplitudes across the
elements. In contrast, as the BS-RIS separation (dc) increases,
the relative variations in dm decrease, leading to reduced
differences in channel amplitudes across RIS elements.

To quantify and visualize the relative spread of channel
amplitude variations between the active antenna and the RIS
elements, we introduce a novel metric called channel ampli-
tude variation (CAV). CAV quantifies the variability in channel
amplitudes relative to their mean and is specifically defined
for the BS-RIS channel vector g. Mathematically, CAV is
computed as the standard deviation of the channel amplitude
components normalized by their mean, expressed as

CAV =
σ|g|

µ|g|
, (14)

where σ|g| denotes the standard deviation of the amplitudes
of the channel gains, formally expressed as

σ|g| =

√√√√ 1

M

M∑
m=1

(|[g]m| − µ|g|)2, (15)

and µ|g| is the mean amplitude of the channel gains, given by

µ|g| =
1

M

M∑
m=1

|[g]m|. (16)

The normalization by the mean ensures that the CAV metric
provides a dimensionless and scale-invariant representation
of amplitude variability, making it suitable for comparisons
across different system configurations and BS-RIS separations.

Fig. 4 depicts the CAV as a function of both the array
size and the BS-RIS separation (dc). As discussed, the CAV
increases with larger array sizes and smaller dc. Note that
the primary motivation for integrating RIS within the BS is to
enable the implementation of larger arrays to achieve narrower
beams, thereby reducing cost and power consumption. Addi-
tionally, minimizing the BS-RIS separation (dc) is crucial to
mitigate the impact of multiplicative path loss. Consequently,
designing a system that aligns with these two characteristics
is critical, underscoring the necessity of adopting BD-RIS
to effectively manage amplitude variations. Notably, as dc

Fig. 4. CAV for different array sizes and BS-RIS separations.

decreases, placing the RIS closer to the active antenna, the
CAV exhibits greater sensitivity, further underlining the impor-
tance of advanced designs like BD-RIS to mitigate these
effects.

In the following, we analyze the received SNR of both BD-
RIS and D-RIS integrated systems to theoretically characterize
the performance gain of BD-RIS over D-RIS. Additional
discussion can be found in [27]. From the signal model in
(8), the SNR is proportional to |hTΩg|2. This expression can
be specialized for different RIS architectures as follows:

i) D-RIS, phase-only adjustment. In this case, the optimal
scattering matrix is given by

Ω∗ = diag(eω
∗
1 , eω

∗
2 , . . ., eω

∗
M ), (17)

where ω∗m = − arg([h]m[g]m). After aligning the
phases through the RIS, the resulting SNR is propor-
tional to

SNRD−RIS ∝

(
M∑
m=1

|[h]m| |[g]m|

)2

. (18)

ii) BD-RIS, joint phase-amplitude adjustment. In this case,
applying the Cauchy–Schwarz inequality yields

|hTΩg|2 ≤ ‖h‖2‖Ωg‖2 a
= ‖h‖2‖g‖2, (19)

where a follows from the unitary property of the scat-
tering matrix, i.e., ΩHΩ = I . From (19), the maximum
SNR is achieved with appropriate selection of Ω. There-
fore, the maximum SNR in this case is proportional to

SNRBD−RIS ∝ ‖h‖2‖g‖2. (20)

Proposition 1: For the proposed BS-integrated BD-RIS, the
minimum guaranteed SNR gain of BD-RIS over D-RIS is

Gmin = 10 log10

(
1 + CAV2

)
. (21)
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Proof: See Appendix A. �

Corollary 1: The SNR gain floor in (21) arises when the
RIS-UE channel consists of a single path, where the RIS-
UE channel coefficients associated with all RIS elements have
identical amplitudes. In this case, phase alignment alone is
sufficient to compensate for the phase variations of the RIS-
UE channel. Consequently, the BD-RIS gain over D-RIS is
confined to compensating for CAV.

Proposition 2: For the proposed BS-integrated BD-RIS,
when the RIS-UE channel is subject to rich scattering (i.e.,
Rayleigh fading), the SNR gain of BD-RIS over D-RIS
asymptotically converges to

Gmax = Gmin + 10 log10

(
4

π

)
. (22)

Proof: See Appendix B. �

Corollary 2: The asymptotic gain in (22) arises when the
RIS-UE channel experiences rich scattering (i.e., Rayleigh
fading). In this case, BD-RIS provides an additional fixed gain
of 10 log10(4/π) ≈ 1.05 dB beyond the floor in Proposition
1, stemming from its ability to compensate for amplitude
diversity in the RIS-UE channel.

Ultimately, as discussed in Section III-A, adopting a group-
connected architecture offers an effective means to reduce the
BD-RIS circuit complexity. Propositions 1 and 2 have already
established that both the floor and ceiling performances are
governed by the CAV. Consequently, as long as a group-
connected strategy preserves the CAV, these bounds remain
unaffected despite modifications to the circuit structure. The
next proposition formalizes this by showing that a symmetric
grouping strategy ensures the CAV remains unchanged.

Proposition 3: Let A = {|[g]m| : m = 1, . . .,M} be the
set of channel amplitudes between the active antenna and
the RIS elements. Suppose that A can be partitioned into
K disjoint symmetric subsets A1, A2, . . ., AK , where each
subset contains entries (corresponding to different RIS element
indices) having identical numerical values. Then, the CAV
defined in (14) satisfies

CAV(A) = CAV(A1) = · · · = CAV(AK). (23)

Proof: See Appendix C. �

V. SIMULATION RESULTS AND SYSTEM EVALUATION

This section presents the computer simulation results for
the proposed BS-integrated BD-RIS, offering a comparative
evaluation against considered benchmarks. The simulation
setup is first outlined for a realistic mmWave street canyon
environment. Next, the beamforming performance is assessed,
demonstrating the potential of the BD-RIS to outperform the
traditional D-RIS structure and closely rival the performance
of active analog beamforming antenna arrays. ABER and
achievable rate analyses are conducted under diverse circum-
stances to comprehensively evaluate the system’s performance
from multiple perspectives. Finally, it is shown that dividing
the BD-RIS cells into groups according to their geometric
symmetry around the active antenna allows for a reduction
in circuit complexity while maintaining system performance.

TABLE III
SIMULATION PARAMETERS

A. Simulation Setup

We consider a P2P scenario in the street canyon environ-
ment where the distance between the BS-integrated BD-RIS
and UE is considered d = 20 m [38]. We consider a carrier
frequency of fc = 28 GHz; hence, we have a mmWave envi-
ronment with a spatially sparse-scattered channel described in
(4). Due to the highly dynamic nature of urban environments
and the susceptibility of mmWave signals to blockages, the
presence of a LOS path cannot be consistently guaranteed.
To comprehensively evaluate the system’s performance under
varying conditions, we consider two distinct scenarios:
• Scenario 1. A dominant LOS component is present along-

side several NLOS clusters.
• Scenario 2. The LOS is blocked, and communication

relies on NLOS clusters, ensuring connectivity in chal-
lenging scenarios, such as complex urban environments.

The path loss model for i ∈ {LOS,NLOS} path is defined
as follows [38]:

PLi(d) [dB] = ai + 10 bi log10(d) + ξi, (24)

where ai represents the reference path loss at the reference
distance, bi is the path loss exponent that determines the rate of
signal attenuation with distance, and ξi ∼ N (0, σ2

ξ,i) models
the effect of shadowing, with σξ,i indicating the shadow
fading severity. The parameters ai, bi, and σξ,i, summarized
in Table III, are selected based on the experimental campaign
conducted in a dense urban environment in New York City
[38]. The noise power spectral density (PSD) is assumed to
be −174 dBm/Hz [1], [45], and the system bandwidth (BW)
is set to B = 100 MHz [1], [45]. Consequently, the noise
power is calculated as σ2

n = PSD+10 log10(B) = −94 dBm.
The number of NLOS clusters and paths is set to C = 8
and L = 10, respectively, following the parameters in [1] and
[40]. The angular spread of the NLOS clusters is assumed
to be ςc = 7.5◦ as specified in [1]. Additionally, a binary
phase shift keying (BPSK) signaling scheme is employed
for ABER analysis. Unless specified otherwise, the default
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TABLE IV

BEAMFORMING PERFORMANCE METRICS FOR DIFFERENT
BS STRUCTURES

BD-RIS configuration in all simulations is fully-connected,
showcasing the maximum potential of BD-RIS. A summary of
the default system parameter values, carefully selected based
on established works in the literature, is presented in Table III.

To assess the performance of the proposed BS-integrated
BD-RIS, we consider two benchmarks as outlined below:
• Benchmark 1 (D-RIS). A traditional transmissive RIS

integrated at the BS [10], [14], [15], [17], [20], [22],
[34], [35], [36], [50], [51] features a diagonal phase shift
matrix as its defining characteristic. This architecture is
functionally equivalent to a transmission-only STAR-RIS
configuration [12] and also corresponds to a single-layer
SIM [10]. In this benchmark, the phase shift matrix is
given by Ω = diag

(
e− arg(g�b∗)

)
.

• Benchmark 2 (Active Analog Beamforming Antenna
Array). The BS is configured with a planar active ana-
log beamforming antenna array comprising Mx × My

elements connected to a network of analog single phase
shifters [7]. In this configuration, the analog beamforming
vector is directly applied to the phase shift network. It
is important to note that the analog phase shift network
imposes a constant modulus constraint on the beam-
forming weights. Consequently, when employing SVD,
a phase-only beamforming vector is used, calculated as
b = e arg(v1). The signal model corresponding to this
benchmark can be expressed as:

y =
√
PhTbs+ n. (25)

B. Beamforming Performance Analysis

This subsection evaluates the beamforming performance
of the proposed BS-integrated BD-RIS under various system
configurations, serving as a foundation for understanding the
system’s behavior from other perspectives. As stated in (8),
ζ = Ωg represents the effective beamforming vector at
the RIS’s transmit terminal. Here, the matrix Ω not only
defines the RIS type (D-RIS or BD-RIS) but also specifies the
grouping strategy employed in the BD-RIS configuration. To
simplify the analysis, we consider a directional beam focused
at φ = θ = 0 as the beamforming vector for configuring the
BD-RIS/D-RIS, defined as b = a(0, 0).

Fig. 5 presents the beamforming gain of the proposed BS-
integrated BD-RIS compared with the benchmarks, i.e., the
D-RIS and the active analog beamforming antenna array.
Overall, increasing the array size results in sharper beams with
higher directivity across all structures. However, the D-RIS
exhibits lower directivity and wider beams compared to its
counterparts, while the BD-RIS achieves a beamforming per-
formance comparable to that of the active analog beamforming

Fig. 5. Beamforming performance of different array structures, highlighting
the identical beam pattern of the BD-RIS and active analog beamforming, in
contrast to the notably degraded beamforming gain of the D-RIS: (a) beam
patterns for M = 5× 5 array, (b) beam patterns for M = 10× 10 array.

TABLE V

BEAMFORMING PERFORMANCE METRICS FOR DIFFERENT BS-RIS SEPA-
RATIONS

antenna array. This superior performance of the BD-RIS is
attributed to its fully-connected structure, which enables it to
effectively compensate for the CAV. The numerical metrics,
including peak point directivity (PPD), half-power point direc-
tivity (HPPD), and half-power beamwidth (HPBW), extracted
from Fig. 5 for various BS structures, are summarized in
Table IV.

Fig. 6 illustrates the beamforming gain of the BS-integrated
BD-RIS and D-RIS for varying BS-RIS separations (dc).
Thanks to its ability to adjust both phase and amplitude,
the BD-RIS maintains a consistent beam pattern regardless
of dc, while the D-RIS demonstrates reduced directivity and
increased HPBW as dc decreases. As shown in Fig. 4, the CAV
increases as dc decreases, posing a challenge for D-RIS since
it cannot compensate for the elevated CAV. The beamforming
metrics for these configurations are summarized in Table V. It
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Fig. 6. Beamforming performance comparison between BS-integrated BD-
RIS and D-RIS for varying BS-RIS separations (dc): (a) BD-RIS with dc =
0.5λ, λ, 1.5λ, indicating the robustness of BD-RIS beamforming gain with
changing BS-RIS separation, while (b) D-RIS with dc = 1.5λ, (c) D-RIS with
dc = λ, and (d) D-RIS with dc = 0.5λ, demonstrating that placing D-RIS
closer to the active antenna leads to degraded beamforming performance.

Fig. 7. SNR gain of BD-RIS over D-RIS for different numbers of NLOS
clusters, illustrating the transition from sparse to rich scattering conditions. A
single path per cluster is assumed in all NLOS scenarios (L = 1), and the RIS
is configured according to Case 1 described in Section III-B. The simulation
results are tightly bracketed by the theoretical bounds: the guaranteed floor
in Proposition 1 and the asymptotic limit in Proposition 2.

is crucial to highlight that as dc increases, the multiplicative
path loss becomes more pronounced, which detrimentally
affects the overall system performance. Therefore, ensuring
a high beamforming gain while minimizing dc is essential for
optimizing performance, as elaborated in Section V-E.

C. SNR Performance Analysis

Fig. 7 illustrates the SNR gain of BD-RIS over D-RIS,
defined as 10 log10 (SNRBD-RIS/SNRD-RIS), across varying
scattering conditions, ranging from a sparse-scattering regime
(with a single NLOS path) to a rich-scattering environment
(approximated by Rayleigh fading). As shown, the SNR gain
is at its minimum under sparse-scattering conditions; however,

Fig. 8. ABER performance of the BS-integrated BD-RIS compared to D-RIS
and active analog beamforming antenna array under varying LOS conditions
and precoding schemes, with theoretical validation.

Fig. 9. Achievable rate analysis and its interaction with CAV for the proposed
BS-integrated BD-RIS and benchmarks: (a) achievable rate analysis for all
considered scenarios and precoding strategies over varying transmit power
levels, (b) achievable rate analysis and its interaction with CAV under Scenario
1 (LOS) and Case 3 (partial CSI) for different array sizes, (c) achievable rate
analysis and its interaction with CAV under Scenario 1 (LOS) and Case 3
(partial CSI) for varying BS-RIS separation (dc).

as the scattering environment becomes richer, BD-RIS demon-
strates increasing performance gains over D-RIS. These results
tightly follow the theoretical bounds derived in Proposition 1
and Proposition 2, which establish a gain floor and an asymp-
totic ceiling, respectively. For the assumed parameters in
Table III, the CAV is approximately 1.25 (also reflected in
Fig. 9), yielding a theoretical floor of Gmin ≈ 4.07 dB and an
asymptotic ceiling of Gmax ≈ 5.12 dB. The simulation curve
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in Fig. 7 aligns closely with these bounds, confirming both the
guaranteed minimum gain due to CAV compensation in the
BS-RIS link and the additional fixed ∼1.05 dB improvement
under rich-scattering conditions.

D. ABER Analysis

This subsection analyzes the ABER performance of the
proposed BS-integrated BD-RIS across different LOS avail-
ability scenarios and three distinct precoding schemes. The
results are benchmarked against D-RIS and active analog
beamforming antenna arrays. Furthermore, as illustrated in
Fig. 8, the theoretical bound derived in (11) provides a tight
upper limit, validating the accuracy of our ABER simulations.

As shown in Fig. 8, the BD-RIS achieves performance close
to that of the active analog beamforming antenna array across
all evaluated scenarios and cases, demonstrating its robustness
in delivering efficient beamforming gain under varying condi-
tions. As outlined in Algorithm 1, the beamforming vector b
is employed in the BD-RIS configuration as a representation
of the channel h. Notably, in Case 1, b incorporates both the
amplitude and phase variations. However, only the BD-RIS
can fully utilize these amplitude and phase variations, whereas
the benchmarks, including the active analog beamforming
antenna array, are restricted to exploiting only the phase
components of b. This capability provides the BD-RIS with
one more advantage in Case 1, resulting in ABER perfor-
mance that is closer to that of the active analog beamforming
antenna array compared to other cases. In Scenario 2, where
the channel h is entirely composed of NLOS components,
the amplitude variations across the RIS elements are more
pronounced. This further improves the ABER performance of
the BD-RIS in Case 1, narrowing the gap with the active
analog beamforming antenna array even more compared to
Scenario 1. In other cases, the performance gap between the
BD-RIS and the active analog beamforming antenna array
is solely attributed to the multiplicative path loss caused by
the physical distance between the active antenna and the RIS
elements.

On the other hand, the D-RIS, constrained to phase-only
manipulation of the impinging signal, exhibits greater ABER
performance degradation across various scenarios and cases
due to both multiplicative path loss and reduced beamforming
gain. As illustrated in Fig. 5 and summarized in Table IV,
the D-RIS generates wider beams, leading to increased signal
leakage into unintended paths. Consequently, as a portion of
the signal experiences higher fading in these unintended paths,
the ABER increases for the D-RIS configuration.

These results highlight the limitations of D-RIS and under-
score the significant advantages of BD-RIS in achieving
efficient beamforming gain and improved ABER performance.

E. Achievable Rate Analysis

This subsection provides a detailed analysis of the achiev-
able rate performance as a function of transmit power, array

size, and BS-RIS separation (dc). The achievable rate is
calculated as follows:

R = Eh

[
log2

(
1 +
|
√
PhTζx|2

σ2
n

)]
, (26)

where x ∼ CN (0, 1) is the transmitted symbol following a
complex normal distribution with unit variance, allowing the
analysis to be generalized for any potential constellation.

Fig. 9(a) illustrates the achievable rate as a function of
transmit power across various scenarios and precoding cases.
In all simulations, the BD-RIS demonstrates performance
close to that of the active analog beamforming antenna array.
Notably, in Scenario 2, where LOS is unavailable, and under
Case 1, the BD-RIS achieves an achievable rate comparable
to the active analog beamforming antenna array. As discussed
in the previous subsection, the BD-RIS’s ability to manipulate
both the phase and amplitude enables it to leverage the optimal
phase and amplitude provided by v1. In contrast, the active
analog beamforming antenna array is limited to utilizing only
the phase information from the dominant eigenmode v1. This
additional capability of the BD-RIS enhances its beamforming
performance, allowing it to compensate for the multiplicative
path loss and achieve comparable performance to the active
analog beamforming antenna array in Scenario 2. Similar to
the ABER performance, the reduced beamforming gain of the
D-RIS leads to degraded achievable rate performance across
all simulations.

It is worth noting that in the presence of a dominant LOS,
as in Scenario 1, the achievable rate is identical across all
precoding cases, as illustrated in Fig. 9(a). For the remainder of
this paper, we focus on simulations conducted under Scenario
1 using Case 3, the less complex beamforming method.
Fig. 9(b) presents the achievable rate (scaled on left y-axis) as
a function of the array size, alongside the corresponding CAV
(blue curve scaled on right y-axis), comparing the performance
of the proposed BS-integrated BD-RIS against benchmark
schemes. For a small RIS array of size 2×2, the BD-RIS and
D-RIS exhibit identical performance. This is because, in this
configuration, the distances between the active antenna and
all RIS elements (dm) are equal, resulting in uniform channel
gain amplitudes across the elements; hence CAV = 0 and
there is no need for amplitude compensation. However, as the
array size increases, the channel gain amplitudes across the
RIS elements start to vary, as explained in Section IV. As
shown in Fig. 9(b), larger array sizes lead to increased CAV,
introducing greater discrepancies in channel gain amplitudes
across RIS elements and emphasizing the need to compensate
for these variations. Since the D-RIS cannot address amplitude
variations, the performance gap between the D-RIS and the
active analog beamforming antenna array widens with increas-
ing array size. In contrast, the BD-RIS, with its ability to
compensate for both amplitude and phase variations, maintains
a constant performance gap compared to the active analog
beamforming antenna array as the array size increases. As
previously discussed, this constant gap is attributed to the
multiplicative path loss.

The BS-RIS separation (dc) is another critical factor influ-
encing the CAV, as outlined in Section IV. To provide better
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Fig. 10. Achievable rate and beam pattern comparison of the BS-integrated
BD-RIS under different group configurations: (a) Achievable rate performance
for varying numbers of groups; (b) beam pattern comparison for fully-
connected BD-RIS (G = 1) and group-connected BD-RIS (G = 2);
(c) beam pattern comparison for group-connected BD-RIS configurations with
G = 10 and G = 20.

insight, the CAV is plotted on the right y-axis in Fig. 9(c),
alongside the achievable rate (left y-axis) for varying BS-RIS
separation distances. As shown in Fig. 9(c), at sufficiently large
separations, a reduction in dc generally leads to an increase
in the achievable rate due to reduced multiplicative path loss.
However, as dc decreases further, the D-RIS begins to exhibit
noticeable performance degradation compared to the BD-RIS.
This behavior arises because the increasing CAV at smaller
dc values is more pronounced and demands compensation
to maintain effective beamforming gain. While the BD-RIS,
with its inter-element connections, can effectively mitigate
amplitude variations, the D-RIS lacks this capability. As shown
in Fig. 9(c), when dc falls below a certain threshold (dc < 1.5λ
in the configuration considered here), the achievable rate per-
formance of the D-RIS starts to decline with further decreasing
dc. According to Fig. 6, the beamforming performance of
the D-RIS deteriorates with decreasing dc, resulting in wider
beams and reduced directivity. This suboptimal beamforming
performance for dc < 1.5λ leads to a decrease in the
achievable rate for the D-RIS, as the negative impact of poor
beamforming gain outweighs the positive effect of reduced
multiplicative path loss. In contrast, the BD-RIS consistently
demonstrates enhanced performance as dc decreases, attributed
to its ability to effectively compensate for significant CAV and
sustain robust beamforming. This enables the BD-RIS to fully
capitalize on the reduced multiplicative path loss associated
with smaller dc.

F. Group-Connected BD-RIS Structure

In this subsection, we examine the impact of the group-
connected BD-RIS, which features a less complex circuit

Fig. 11. Grouping configurations of the BD-RIS: (a) a fully-connected
structure transitioning to a 2-group-connected structure (G = 2) without
performance loss; (b) a 10-group-connected structure transitioning to a 20-
group-connected structure (G = 20) while maintaining performance integrity.

architecture compared to the fully-connected structure, on the
achievable rate performance and beamforming gain of the
proposed system. Fig. 10(a) illustrates the achievable rate
performance for different numbers of groups. As the number
of groups increases, the inter-element connections within each
group decrease, as each fully-connected group comprises
fewer elements. While reducing inter-element connections
leads to lower circuit complexity, it also limits the available
degrees of freedom for effectively compensating CAV, which
in turn degrades the achievable rate. Nonetheless, specific
cases illustrated in Fig. 10(a) deviate from this general trend.
In particular, the performance remains almost unchanged
between G = 1 and G = 2, as well as between G = 10
and G = 20.

The reason for this behavior is illustrated in the beam
patterns in Figs. 10(b) and (c). For G = 1 and G = 2
(Fig. 10(b)), the beam patterns are identical, and a similar
observation holds for G = 10 and G = 20 (Fig. 10(c)). This
phenomenon can be attributed to the geometric symmetry in
the group configurations, as shown in Fig. 11. The blue circle
in Fig. 11 denotes the location of the active antenna array,
which is positioned at the back of the RIS at a distance dc from
its center. In Fig. 11(a), a fully-connected structure is depicted,
capable of compensating for CAV across the entire BD-RIS.
However, this fully-connected structure can be divided into
two groups for a 2-group-connected configuration, where one
group is highlighted with solid colors, and the other is rep-
resented with cross-hatches. These groups exhibit geometric
symmetry around the active antenna. Hence, it is evident that
the set of [g]m values for each group is identical, leading to an
equivalent CAV value for both groups, as proven in Proposition
3. Furthermore, based on this proposition, when these two sets
are combined, the CAV of the entire BD-RIS remains equal to
the CAV of each individual group. Consequently, a 2-group-
connected BD-RIS structure with linear permutation suffices
to effectively compensate for CAV across the entire BD-RIS8.
Similarly, Fig. 11(b) illustrates a 10-group-connected structure,

8Clearly, the 2-group-connected structure can be further divided into a 4-
group-connected structure while maintaining identical CAV values due to the
symmetry around the active antenna. However, achieving this requires more
advanced permutations beyond the linear approach, which will be explored in
our future work.
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where the elements in each row are assigned to the same group.
This structure can be further divided into two symmetric
sub-groups around the active antenna, ensuring that the CAV
values for each sub-group remain identical and equivalent to
the original group. Consequently, inter-element connections
can be minimized without compromising performance in such
symmetric configurations.

It is worth noting that, as depicted in Fig. 11(b), the
10-group-connected structure incorporates inter-element con-
nections exclusively along one dimension (the x-axis), with
no connections along the y-axis. This configuration leads to a
narrow HPBW in the elevation dimension while maintaining
a broader beam in the azimuth dimension, as demonstrated in
Fig. 10(b).

VI. CONCLUSION

This paper studied a novel array architecture that enables
passive beamforming at the BS, achieving beamforming gains
comparable to those of active analog beamforming antenna
arrays. By integrating the BD-RIS into the BS and leveraging
its superior passive beamforming capability, a SISO system
can emulate MISO performance. Our analysis demonstrated
that the beamforming gain of the BS-integrated BD-RIS is
robust to variations in RIS dimensions and BS-RIS separation,
owing to its inter-element connection structure. In contrast, the
performance of traditional D-RIS is highly sensitive to these
critical design parameters. Consequently, the only notable
performance degradation in the BS-integrated BD-RIS arises
from the multiplicative path loss, which can be minimized
by reducing the BS-RIS separation without concerns about
beamforming degradation at short separations. To address
circuit complexity, we proposed a simple grouping strategy
that reduces the number of inter-element connections while
maintaining equivalent beamforming performance by grouping
the elements symmetrically around the active antenna. Com-
prehensive simulation results validated the efficiency of the
proposed BS-integrated BD-RIS architecture and demonstrated
its superiority over traditional D-RIS systems. Furthermore,
it was shown that the proposed architecture achieves perfor-
mance levels close to those of active analog beamforming
antenna arrays, offering an affordable alternative in terms
of cost and power consumption. Future work will focus on
extending the proposed system model beyond the unilateral
approximation by incorporating EM interactions between the
active antenna and RIS elements.

APPENDIX A
PROOF OF PROPOSITION 1

Consider the limiting case where the RIS-UE channel
exhibits identical amplitudes across all elements. This situation
naturally arises in a single-path channel, where the impinging
wavefront preserves constant magnitude across the RIS ele-
ments (see [27]). Hence, |[h]m| = β, where β is a constant
equal to the path-gain amplitude. Substituting this into (18)
and (20), the SNR expressions for D-RIS and BD-RIS become

proportional to β2
(∑M

m=1 |[g]m|
)2

and Mβ2
∑M
m=1 |[g]m|2,

respectively; thus, exploiting (16), the SNR ratio is given by

SNRBD−RIS

SNRD−RIS
=

1
M

∑M
m=1 |[g]m|2(

1
M

∑M
m=1 |[g]m|

)2 =
1
M

∑M
m=1 |[g]m|2

µ2
|g|

.

(27)

From (15) and (16), we have

1

M

M∑
m=1

|[g]m|2 = σ2
|g| + µ2

|g|. (28)

Substituting (28) into (27) yields

SNRBD−RIS

SNRD−RIS
= 1 +

σ2
|g|

µ2
|g|

= 1 + CAV2. (29)

Converting to dB, the minimum guaranteed SNR gain is
Gmin = 10 log10

(
1 + CAV2

)
, which completes the proof

of Proposition 1.

APPENDIX B
PROOF OF PROPOSITION 2

For the Rayleigh fading case, each RIS-UE channel
entry follows a complex Gaussian distribution, i.e., [h]m ∼
CN (0, σ2

h). Consequently, |[h]m| is Rayleigh distributed with
mean, second moment, and variance given by

E[|[h]m|] =

√
π

2
σh, (30)

E[|[h]m|2] = σ2
h, (31)

V[|[h]m|] =
(

1− π

4

)
σ2
h. (32)

By taking the expectation of both sides of (18), we obtain

E[SNRD−RIS] ∝ E
[(∑M

m=1 |[h]m||[g]m|
)2
]

. To evaluate

this, we use the identity

E[X2] = (E[X])2 + V[X], (33)

where X =
∑M
m=1 |[h]m||[g]m|. The mean term simplifies as

E[X] = E

[
M∑
m=1

|[h]m||[g]m|

]
=

M∑
m=1

E [|[h]m||[g]m|] . (34)

Because the BS-RIS channel g is deterministic, it follows that

E[X] =

M∑
m=1

|[g]m|E [|[h]m|] . (35)

Substituting (16) together with (30) into (35), we get

E[X] = M

√
π

2
σhµ|g|. (36)

Similarly, with independent channel coefficients [h]m and
using (28), the variance term can be expressed as

V[X] =

M∑
m=1

|[g]m|2V [|[h]m|] = Mσ2
h(σ2
|g| + µ2

|g|)
(

1− π

4

)
.

(37)
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By substituting (36) and (37) into (33), we obtain

E[SNRD−RIS] ∝ E
[
X2
]

=
π

4
M2σ2

hµ
2
|g| +Mσ2

h

(
σ2
|g| + µ2

|g|

)(
1− π

4

)
. (38)

Similarly, taking expectation of (20) yields

E [SNRBD−RIS] ∝ E
[
‖h‖2‖g‖2

]
= E[‖h‖2]

M∑
m=1

|[g]m|2.

(39)

From (31), it follows that

E[‖h‖2] =

M∑
m=1

E[|[h]m|2] = Mσ2
h. (40)

Substituting (28) and (40) into (39) gives

E [SNRBD−RIS] ∝M2σ2
h(σ2
|g| + µ2

|g|). (41)

The SNR ratio between BD-RIS and D-RIS then simplifies to

E [SNRBD−RIS]

E [SNRD−RIS]
=

M2(σ2
|g| + µ2

|g|)

π
4M

2µ2
|g| +M

(
σ2
|g| + µ2

|g|

) (
1− π

4

) .
(42)

For sufficiently large RIS sizes (M � 1), retaining only the
leading-order contribution in M yields:

E [SNRBD−RIS]

E [SNRD−RIS]
≈
σ2
|g| + µ2

|g|
π
4µ

2
|g|

=
4

π

(
1 + CAV2

)
. (43)

Thus, the asymptotic gain in dB is Gmax = Gmin +
10 log10

(
4
π

)
.

APPENDIX C
PROOF OF PROPOSITION 3

We first consider the case of two subsets and later generalize
the result to the K-subset case. Let A = A1 ∪ A2 with A1 ∩
A2 = ∅, where each subset contains N elements. From (15)
and (16), it is straightforward to show that the sample mean
and variance of each subset are identical, i.e., µA1 = µA2 and
σA1

= σA2
. Hence, CAV(A1) = CAV(A2).

For simplicity of notation, we define Aj = {x1, . . ., xN},
where xi = |[g]i|. For the union set A, which contains 2N
elements, the sample mean is

µA =
1

2N

∑
x∈A

x =
1

2N

(∑
x∈A1

x+
∑
x∈A2

x

)

=
1

2N
(NµA1

+NµA2
) = µA1

. (44)

Similarly, the sample variance is

σ2
A =

1

2N

∑
x∈A

(x− µA)2

=
1

2N

(∑
x∈A1

(x− µA1)2 +
∑
x∈A2

(x− µA2)2

)

=
1

2N

(
Nσ2

A1
+Nσ2

A2

)
= σ2

A1
. (45)

Hence, µA = µA1
and σA = σA1

, which implies CAV(A) =
CAV(A1) = CAV(A2).

Generalization: Now suppose that A is partitioned into K
disjoint symmetric subsets A1, A2, . . ., AK , each of size N ,
such that all subsets have identical statistics (µAk

= µA1
,

σAk
= σA1

for all k). Then, the sample mean of A is

µA =
1

KN

K∑
k=1

∑
x∈Ak

x =
1

KN

K∑
k=1

NµA1
= µA1

. (46)

Similarly, the sample variance is

σ2
A =

1

KN

K∑
k=1

∑
x∈Ak

(x− µA1
)2 =

1

KN

K∑
k=1

Nσ2
1 = σ2

A1
.

(47)

Hence, CAV(A) = CAV(A1) = · · · = CAV(AK).
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[41] Ö. T. Demir, E. Björnson, and L. Sanguinetti, “Channel modeling
and channel estimation for holographic massive MIMO with planar
arrays,” IEEE Wireless Commun. Lett., vol. 11, no. 5, pp. 997–1001,
May 2022.

[42] M. Cui and L. Dai, “Channel estimation for extremely large-scale
MIMO: Far-field or near-field?,” IEEE Trans. Commun., vol. 70, no. 4,
pp. 2663–2677, Apr. 2022.

[43] M. A. Haider, Y. D. Zhang, and E. Aboutanios, “Channel estimation and
prediction in wireless communications assisted by semi-passive RIS,” in
Proc. IEEE Int. Conf. Acoust., Speech Signal Process. (ICASSP), Apr.
2024, pp. 8601–8605.

[44] C. Peng, H. Deng, H. Xiao, Y. Qian, W. Zhang, and Y. Zhang, “Two-
stage channel estimation for semi-passive RIS-assisted millimeter wave
systems,” Sensors, vol. 22, no. 15, p. 5908, Aug. 2022.

[45] M. Raeisi, I. Yildirim, M. C. Ilter, M. Gerami, and E. Basar,
“Plug-in RIS: A novel approach to fully passive reconfigurable intel-
ligent surfaces,” IEEE Trans. Wireless Commun., vol. 23, no. 10,
pp. 14776–14789, Oct. 2024.

[46] M. Nerini, S. Shen, H. Li, and B. Clerckx, “Beyond diagonal reconfig-
urable intelligent surfaces utilizing graph theory: Modeling, architecture
design, and optimization,” IEEE Trans. Wireless Commun., vol. 23,
no. 8, pp. 9972–9985, Aug. 2024.

[47] H. Li, S. Shen, and B. Clerckx, “A dynamic grouping strategy for
beyond diagonal reconfigurable intelligent surfaces with hybrid transmit-
ting and reflecting mode,” IEEE Trans. Veh. Technol., vol. 72, no. 12,
pp. 16748–16753, Dec. 2023.

[48] I. Santamaria, M. Soleymani, E. Jorswieck, and J. Gutiérrez, “SNR
maximization in beyond diagonal RIS-assisted single and multiple
antenna links,” IEEE Signal Process. Lett., vol. 30, pp. 923–926, 2023.

[49] A. Koc, A. Masmoudi, and T. Le-Ngoc, “3D angular-based hybrid
precoding and user grouping for uniform rectangular arrays in massive
MU-MIMO systems,” IEEE Access, vol. 8, pp. 84689–84712, 2020.
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