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ABSTRACT This paper proposes a two-stage approach for passive and active beamforming in multiple-input
multiple-output (MIMO) interference channels (ICs) assisted by a beyond-diagonal reconfigurable intelligent
surface (BD-RIS). In the first stage, the passive BD-RIS is designed to minimize the aggregate interference
power at all receivers, a cost function called interference leakage (IL). To this end, we propose an optimiza-
tion algorithm in the manifold of unitary matrices and a suboptimal but computationally efficient solution.
In the second stage, users’ active precoders are designed under different criteria such as minimizing the IL
(min-IL), maximizing the signal-to-interference-plus-noise ratio (max-SINR), or maximizing the sum rate
(max-SR). The residual interference not cancelled by the BD-RIS is treated as noise by the precoders. Our
simulation results show that the max-SR precoders provide more than 20% sum rate improvement compared
to other designs, especially when the BD-RIS has a moderate number of elements and users transmit with
high power, in which case the residual interference is still significant.

INDEX TERMS Beyond-diagonal reconfigurable intelligent surface, multi-antenna communications, inter-
ference leakage, interference channel, manifold optimization.

I. INTRODUCTION
A. BACKGROUND
The potential of reconfigurable intelligent surfaces (RISs) as
a PHY-layer 6G enabling technology that can improve cover-
age, transmission rates, energy efficiency, or network latency
is being recognized and assessed by academia and industry
alike. A general overview of this research topic and the main
applications of RISs in wireless communication systems can
be found at [1]. Relevant use cases, deployment scenarios,
and operational requirements for each identified use case are
reported in [2]. Initial studies and implementations of RISs
have been focused on passive lossless single-connected struc-
tures, leading to diagonal scattering matrices whose elements
are modeled as phase shifters. The joint optimization of the
precoders and the diagonal RIS in a multi-cell MIMO sys-
tem to maximize the weighted sum rate is proposed in [3].

Based on a realistic model for the RIS power consumption,
the problem of maximizing the energy efficiency is formulated
in [4], and an algorithm for optimizing the RIS elements and
the power transmitted to the users in a downlink channel is
proposed. The authors in [5] consider the optimization of
the active precoders and the passive reflective RIS to mini-
mize the power transmitted by an access point or base station
subject to individual quality of service (QoS) constraints for
users.

More recently, the concept of beyond-diagonal RIS (BD-
RIS) has been proposed as a generalization in which all RIS
elements can be connected by variable reactances to each
other, leading to fully-connected or group-connected (block-
diagonal) scattering matrices [6], with different trade-offs
between complexity and performance. Analyzing the BD-RIS
as a multi-port network, in [7] it is shown that the BD-RIS
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scattering matrix must be unitary and symmetric, which intro-
duces new challenges in its optimization.

B. RELATED WORK ON BD-RIS OPTIMIZATION
Over the last few years, different algorithms have been pro-
posed to optimize the BD-RIS elements to maximize, among
other cost functions, the received signal-to-noise ratio (SNR),
the rate, or the energy efficiency. Closed-form fully-connected
BD-RIS solutions that maximize the equivalent channel gain
exist for single-input single-output (SISO) and MISO/SIMO
channels [8], [9], [10]. In [11], [12], the authors consider a
multi-user multiple-input single-output (MU-MISO) down-
link channel assisted by a multi-sector BD-RIS in which the
RIS matrices of each cell are single-connected and therefore
diagonal. The optimization of multi-sector BD-RIS coeffi-
cients is performed on the complex sphere manifold. Li et al
proposed in [6] a manifold optimization algorithm to max-
imize the sum rate in BD-RIS-assisted MU-MISO systems
when the direct channels are blocked. A similar algorithm
is described in [13]. The successive convex approximation
technique has been used in [14] for optimizing the spectral
efficiency and energy efficiency of a multiple access system
assisted by a BD-RIS with a group-connected architecture of
group size two. An optimization framework for BD-RIS based
on the penalty dual decomposition (PDD) method [15] for the
optimization of different cost functions is proposed in [16].
Although this algorithm is rather general, it only considers
single antenna receivers (MU-MISO) and has a high computa-
tional cost. Moreover, the symmetry constraint of the BD-RIS
matrix is not explicitly considered in [16]. Geodesic man-
ifold optimization algorithms have recently been proposed
in [17], [18] to maximize the rate in BD-RIS-aided point-to-
point MIMO channels. While [17] only considers the unitary
constraint for the BD-RIS matrix, [18] also considers the sym-
metry constraint. In [19] a closed-form BD-RIS solution is
found by projecting the Maximum Ratio Transmission (MRT)
precoder (to maximize the signal power) or the zero-forcing
precoder (to cancel interference) into the set of symmetric
and unitary matrices. This relax-then-project (RtP) approach,
also used in [10], may cause a significant performance
degradation compared to solving the original constrained
problem. The method presented in this paper avoids the pro-
jection on the set of symmetric matrices, thus improving the
results.

C. MOTIVATION
Most of the aforementioned BD-RIS-assisted scenarios
mainly consider point-to-point or MU-MISO systems. How-
ever, works on the K-user MIMO interference channel (IC)
are more scarce and have been mostly limited to diagonal
RIS. To achieve the maximum degrees of freedom (DoF) of
the K-user IC, the interfering signals at each receiver must
fall into a reduced-dimensional subspace, a technique called
interference alignment (IA) [20]. The design of IA multi-
antenna precoders uses as optimization criterion the sum of

the power of the interference leaked in the receive subspaces
of all users, a cost function that is known in the literature as
interference leakage (IL) [21], [22]. Therefore, most studies
on RIS-assisted ICs aim at canceling or aligning the interfer-
ence, thus maximizing the channel DoFs.

The first work in this line is [23], where the ability of an
RIS to completely null the interference simultaneously on all
the receivers in an IC is studied for the first time. However,
the scenario discussed in [23] is rather limited, considering
only a SISO-IC with blocked direct channels. In [24], the
authors optimize an RIS to maximize the DoF of the K-user
MIMO-IC. In [25], the K-user MIMO-IC sum rate, includ-
ing mutual coupling effects, is maximized using a weighted
minimum mean squared error (wMMSE) approach. In [26]
the authors study the DoF of the K-user RIS-assisted SISO
IC with symbol extensions (i.e., for time-varying channels).
In [27] an algorithm for interference minimization in the
K-user MIMO-IC assisted by a passive lossless RIS was pro-
posed. An active (unconstrained) RIS to perform IA in the
K-user MIMO-IC has been considered in [28]. The active
diagonal RIS reduces the size of the interference subspace at
each receiver while zero-forcing precoders are used to null
the multiuser interference. In this work, we consider more
realistic passive architectures.

Certain important reasons justify minimizing the IL in
a BD-RIS-assisted K-user MIMO-IC. First, for the K-user
MIMO-IC the min-IL precoders attain (if the IA problem
is feasible) the maximum DoF of the channel. Second, if a
BD-RIS can sufficiently suppress interference, the users could
design their precoders independently treating the residual in-
terference as noise (TIN) [29]. Finally, the IL yields quadratic
functions that are usually easier to optimize than other cost
functions commonly used, such as the sum rate or the mean-
squared error (MSE). Motivated by these considerations, in
this paper we consider the IL as a suitable metric for the
BD-RIS design in MIMO-ICs. However, the literature has
not studied algorithms that optimize the IL using BD-RIS
architectures subject to different power constraints and using
various types of precoders. This is the problem that motivates
this work.

D. CONTRIBUTIONS
This paper proposes a two-stage approach for interference
management in the K-user MIMO-IC assisted by a BD-RIS.
The IL is minimized in the first stage by the BD-RIS, while
the precoder design takes care in the second stage of the
residual interference that the BD-RIS could not remove. The
contributions of this work can be summarized as follows:

1) Unlike most of the works on BD-RIS that considers
MU-MISO systems [6], [13], [14], [16], this paper fo-
cuses on the K-user MIMO-IC, which requires specific
precoding and interference management strategies such
as IA to achieve the maximum channel’s DoF.

2) For this scenario, we consider for the first time a
two-stage approach for designing the BD-RIS and the
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precoders. In the first stage, the BD-RIS minimizes the
IL to reduce the interference level below the noise level
thus facilitating the design of the precoders in the sec-
ond stage. The precoders are designed in the second
stage to optimize different criteria such as maximizing
the sum rate, the SINR, or minimizing the IL.

3) For a fully-connected BD-RIS architecture we propose
a new optimization algorithm in the manifold of
unitary matrices. Unlike existing alternatives in the
literature, the proposed manifold optimization (MO)
algorithm incorporates the symmetry constraint in the
solution by taking advantage of the reparametrization
of any symmetric and unitary matrix through Takagi’s
factorization.

4) We propose a relax-then-project (RtP) algorithm that
provides a suboptimal solution with lower computa-
tional complexity than the MO algorithm. The RtP
method first solves a relaxed version of the problem by
replacing the unitary constraint on the BD-RIS matrix
with a constraint on its trace. The relaxed problem incor-
porates the symmetry constraint of the BD-RIS into the
problem through the commutation matrix. We believe
this contribution might be useful in other problems in-
volving symmetric BD-RISs. After solving the resulting
convex problem, the relaxed solution is projected on
the set of unitary matrices using the method proposed
in [10], [30].

5) To reduce the computational and circuit complexity as-
sociated with the fully connected BD-RIS architecture,
we adapt the IL minimization algorithm to a group-
connected architecture [6], [7]. The group-connected
algorithm sequentially optimizes each group using ei-
ther the MO algorithm or the RtP method.

6) A theoretical analysis for unconstrained BD-RIS (prob-
ably using active components), allows us to estimate
the minimum number of elements needed to cancel the
interference simultaneously at all receivers, thus gener-
alizing previous results for diagonal RIS.

7) Simulation results compare the performance of the
proposed two-stage approach in terms of interference-
to-noise ratio (INR) levels and achievable rates for
different BD-RIS locations and precoder designs. A
fully-connected BD-RIS with a moderately high num-
ber of elements and optimally positioned significantly
reduces interference levels. The group-connected BD-
RIS optimized with the MO algorithm and with
group size Mg = 8 provides a reasonable tradeoff be-
tween performance and complexity. The precoders
take care of the residual interference through proper
design. The max-SR precoders provide more than
20% sum rate improvement compared to other de-
signs, especially when the BD-RIS has a moderate
number of elements and users transmit with high
power, in which case the residual interference is still
significant.

E. PAPER OUTLINE AND NOTATIONS
The rest of the paper is organized as follows. Section II
presents the IL minimization problem in the K-user MIMO-IC
and briefly introduces the two-stage optimization framework.
Section III describes Stage I, where the BD-RIS is opti-
mized to minimize the IL. We present a manifold optimization
algorithm based on Takagi decomposition [31] for the fully-
connected architecture, and a relax-then-project suboptimal
solution. Optimization algorithms for the group-connected
BD-RIS and the conventional diagonal RIS are also described
in Section III. Section IV describes Stage II of the method,
where the users’ precoders are optimized according to differ-
ent criteria, such as minimizing the IL, maximizing the SINR,
or maximizing the sum rate. An alternating optimization (AO)
algorithm to jointly design precoders and BD-RIS minimizing
the IL is also described in Section IV. Section V compares the
performance of the different BD-RIS and RIS designs in terms
of the INR and the sum rate achieved in several scenarios. This
work’s main conclusions and future directions are described in
Section VI.

Notation: In this paper, matrices are denoted by bold-faced
upper case letters, column vectors are denoted by bold-faced
lower case letters, and scalars are denoted by light-faced lower
case letters. The superscripts (·)T , (·)∗, and (·)H denote trans-
pose, conjugate, and Hermitian conjugate, respectively. The
trace and determinant of a matrix A will be denoted, respec-
tively, as tr(A) and det(A). In denotes the identity matrix of
size n, CN (0, 1) denotes a complex proper Gaussian distri-
bution with zero mean and unit variance, and x ∼ CN n(0, R)
denotes a complex Gaussian vector in C

n with zero mean and
covariance matrix R. E[·] denotes mathematical expectation
and Re(a) denotes the real part of a. In addition, � denotes
Hadamard product and ⊗ denotes Kronecker product. The
diag operator of a matrix, diag(A), extracts the elements of
the main diagonal of the square matrix A and stores them in a
column vector, and vec(A) denotes the vectorization operator
which converts the M × M matrix A into an M2 × 1 column
vector by stacking the columns of A on top of one another,
unvec (a) undoes this operation, returning an M × M matrix
from an M2 × 1 vector a. ∇QJ denotes the gradient of the
matrix-valued function J evaluated at Q. Finally, O(·) is the
big-O notation for representing the computational complexity
of algorithms.

II. BD-RIS-ASSISTED MIMO-IC
A. SIGNAL MODEL
As illustrated schematically in Fig. 1, we consider a K-user
MIMO-IC assisted by a BD-RIS designed to suppress the
aggregate interference power at all receivers. The kth link has
NTk transmit antennas, NRk receive antennas, and transmits dk

streams. The BD-RIS has M elements and all Txs and Rxs are
in the reflection space of the BD-RIS. According to the com-
monly used notation, we denote the MIMO-IC in abbreviated
form as (NTk × NRk , dk )K [21], [32]. The equivalent MIMO
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FIGURE 1. BD-RIS-assisted K-user MIMO IC. Dashed lines represent the
direct Tx-Rx links; solid lines represent the channels through the BD-RIS.

channel from the lth transmitter to the kth receiver is

H̃lk = Hlk + Fk�GH
l , (1)

where Hlk ∈ C
NRk

×NTl is the (l, k) MIMO-IC, Gl ∈ C
NTl

×M

is the channel from the lth transmitter to the BD-RIS, Fk ∈
C

NRk
×M is the channel from the BD-RIS to the kth receiver,

and � is the M × M BD-RIS scattering matrix. The kth user
transmits a precoded signal xk = Vksk , where Vk ∈ C

NTk
×dk

is a precoder scaled to satisfy the total power constraint and
sk contains the information symbols, sk ∼ CN (0, Idk ). The
precoders determine the beamforming directions or beams
and the allocated powers to the dk streams. Therefore, the
total power transmitted by user k is Ptk = tr(E[xkxH

k ]) =
tr(VkVH

k ). The signal received by the kth user is

yk = H̃kkxk +
K∑

l=1,l �=k

H̃lkxl + nk, (2)

where the second term is the interference caused by other
users and nk ∼ CN (0, σ 2INRk

) is the additive white Gaus-
sian noise (AWGN). The kth user applies a unitary decoder
Uk ∈ C

NRk
×dk to obtain

zk = UH
k H̃kkVksk︸ ︷︷ ︸

Signal

+ UH
k

⎛⎝ K∑
l=1, �=k

H̃lkVl sl

⎞⎠
︸ ︷︷ ︸

Interference

+ UH
k nk︸ ︷︷ ︸

Noise

.

As the noise is Gaussian and isotropically distributed, nk ∼
CN (0, σ 2INRk

), and the decoder is unitary, UH
k Uk = Idk , then

UH
k nk ∼ CN (0, σ 2Idk ) [33, App. D]. In certain cases, we will

find it useful to absorb the precoders and decoders into a new
equivalent channel from the lth transmitter to the kth receiver
as

UH
k H̃lkVl = UH

k HlkVl + UH
k Fk�GH

l Vl

= Hlk + Fk�G
H
l , (3)

TABLE 1. Symbols Used Frequently and Their Definitions

where Fk = UH
k Fk is the dk × M equivalent channel from the

BD-RIS to the receiver after decoding, Gl = VH
l Gl is the

dl × M equivalent channel from the transmitter to the BD-RIS
after precoding, and Hlk = UH

k HlkVl is the dk × dl equivalent
channel matrix after precoding-decoding. Table 1 shows the
most frequently used symbols and their definitions.

B. PROPOSED TWO-STAGE OPTIMIZATION FRAMEWORK
Any cost function optimized on the K-user MIMO-IC re-
quires the joint optimization of the precoders/decoders and
the BD-RIS scattering matrix, a procedure usually carried out
through AO algorithms with a high computational cost. We
adopt a different approach that decouples the problem in two
stages. The passive BD-RIS is designed in the first stage to
reduce the total aggregate interference power at the receivers
(a cost function in which the direct channels do not intervene).
For the second stage, the (active) precoders and decoders are
designed in the second stage, optimizing another cost function
that improves the quality of the equivalent direct channels
for each user. Two-stage optimization procedures have been
recently proposed in BD-RIS assisted MU-MISO communi-
cation networks in [10], [19]. However, this work is the first
to propose a two-stage approach for the K-user MIMO-IC.

The proposed two-stage framework entails a reduction in
complexity, owing to the decoupling of passive and active
beamforming problems. Another motivation is the architec-
tural evolution from 5G to 6G systems, whereby the BD-RIS
infrastructure provider might be different from the radio ac-
cess network (RAN) operator in charge of the users’ resource
allocation strategies.

III. STAGE I: BD-RIS DESIGN TO MINIMIZE
INTERFERENCE
A. PROBLEM STATEMENT
The BD-RIS is a passive multiport network, so the scat-
tering matrix � is modeled as a symmetric and unitary
M × M matrix, �T = � and �H� = IM . This architecture,
in which tunable impedances connect all pairs of ports, is
known as fully-connected BD-RIS [7]. Despite having a high
implementation complexity, the fully-connected BD-RIS ar-
chitecture provides the greatest flexibility in optimizing the
various cost functions.
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In the first stage, the BD-RIS minimizes the IL [21], defined
as the sum of the squared Frobenius norms of all ICs. The
BD-RIS optimization problem is1

(P1) : min
�

K∑
k=1

K∑
l=1,l �=k

‖Hlk + Fk�GH
l ‖2

F (4a)

s.t. �T = �, �H� = IM . (4b)

The IL cost function (4a), minimized in Stage I by the BD-
RIS, is independent of the precoders and decoders to be
designed in Stage II and can be interpreted as a worst-case for
the interference power observed with a given set of precoders
and decoders.

B. UNCONSTRAINED BD-RIS
Although this paper focuses on passive BD-RIS, it may be
illustrative to analyze the problem with an unconstrained,
probably active, BD-RIS. When the number of elements is
sufficiently large, an unconstrained BD-RIS can make the
IL cost function in (4a) zero, thus perfectly neutralizing the
interference at all receivers. The following lemma presents
this result.

Lemma 1: Consider a generic2 K-user MIMO-IC (NTk ×
NRk , dk )K assisted by an unconstrained BD-RIS, �, optimized
to minimize the IL cost function in (4a). The only assumption
is that M ≥ max(NTk , NRk ) ∀k. An unconstrained BD-RIS can
make the IL zero if the number of elements satisfies M2 ≥∑

l �=k NRk NTl .
Proof: It is a simple algebra exercise to show that the IL

cost function can be rewritten as the following quadratic func-
tion

IL(r) = tr(T) + rH�r + 2Re(rH s), (5)

where r = vec(�), s = vec(
∑

l �=k FH
k HlkGl ), � =∑

l �=k GT
l G∗

l ⊗ FkFH
k , and T = ∑

l �=k HH
lkHlk . Notice

first that s ∈ colspan(�) and � is an M2 × M2 positive
semidefinite (psd) matrix. The matrices FH

k Fk and GT
l G∗

l are,
respectively, rank-NRk and rank-NTl psd matrices. Then, � has
rank min(M2,

∑
k �=l NRk NTl ) [34]. This means that without

a power constraint on the BD-RIS elements, the IL can
always be made zero regardless of the precoders or decoders
with a BD-RIS with M2 >

∑
k �=l NRk NTl active elements. If

the BD-RIS is symmetric but otherwise unconstrained, we
only have to replace M2 by M(M + 1)/2 in the inequality,
as M(M + 1)/2 is the dimension of the space of M × M
symmetric matrices. �

Remark 1: When all users have the same number of anten-
nas and the links are NR × NT MIMO channels, the condition
in Lemma 1 reduces to M2 > K (K − 1)NRNT , thus general-
izing the zero IL condition for unrestricted (active) diagonal

1To simplify the notation of the remainder of the paper we will denote the
double summation

∑K
k=1

∑K
l=1,l �=k simply as

∑
l �=k .

2Meaning that all channels are independent of each other and their entries
are also independently drawn from a continuous distribution.

RIS-assisted MIMO ICs derived in [27] and [28], which is
M > K (K − 1)NRNT . The condition for the K user SISO-IC
M2 > K (K − 1), was derived in [23]. In addition, when the
precoders and decoders have been designed in a previous
step and the unconstrained BD-RIS is designed afterward,
the number of elements needed for zero IL relaxes to M2 >∑

k �=l dkdl . When all users transmit d streams, the condition

becomes M2 > K (K − 1)d2.

C. MANIFOLD OPTIMIZATION ALGORITHM
The IL minimization problem P1 is non-convex and requires
an iterative algorithm to find a (probably suboptimal) solution.
In this subsection, we propose an iterative algorithm on the
manifold of unitary matrices similar to that in [18] to maxi-
mize the capacity in a point-to-point MIMO link.

The main idea of the algorithm proposed in [18] is to apply
Tagaki’s factorization [8], [31], [35], which proves that any
complex symmetric matrix A can be factored as A = Q�QT ,
where Q belongs to the manifold of complex unitary matrices
denoted here as U (M ), and � is a diagonal matrix containing
the singular values of A along its diagonal. The BD-RIS scat-
tering matrix, �, is symmetric and unitary. Therefore, all its
singular values are one and it can be factored as � = QQT .
We use this fact to formulate the IL minimization problem as
follows3

(P1a) : min
Q∈U (M )

∑
l �=k

‖Hlk + FkQQT GH
l ‖2

F . (6)

To solve (P1a), we perform the optimization on the unitary
group [36]. The tangent plane at a point Q ∈ U (M ), denoted
as �Q, comprises all M × M matrices such that QH�Q is
skew-Hermitian. The complex matrix derivative of (6) with
respect to Q∗ is

∇Q∗J =
∑
l �=k

FH
k

(
FkQQT GH

l + Hlk
)

Gl Q
∗. (7)

The projection of the unconstrained gradient onto the tangent
space at Q is πT (∇Q∗J ) = QBskew, where

Bskew = (
(∇∗

QJ )H Q − QH (∇Q∗J )
)
/2 (8)

is skew-Hermitian. Finally, to update the unitary matrix we
move along the geodesic starting at Q (the value at the current
iteration) with direction ∇Q∗J = QBskew as

Q = QeμBskew , (9)

where eA denotes here the matrix exponential. The learning
step size, μ > 0, can be conveniently chosen and adapted
using a line search procedure. A summary of the min-IL MO
algorithm is shown in Algorithm 1.

a) Computational complexity: The complexity per iteration
of the MO algorithm for a (NT × NR, d )K MIMO-IC is as fol-
lows. The computation of the M × M unconstrained gradient

3The same formulation would be valid for a given set of precoders and
decoders by replacing the matrices (Hlk, Fk, Gl ) by (Hlk, Fk, Gl ).
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Algorithm 1: Min-IL MO BD-RIS.

in (7) has complexity O(K (K − 1)N2
RN2

T M3). The compu-
tation of the skew-Hermitian matrix in (8) and the matrix
exponentiation in (9) both have O(M3). Hence, the overall
complexity is O((K (K − 1)N2

RN2
T + 2)M3) per iteration.

D. A RELAX-THEN-PROJECT SUBOPTIMAL SOLUTION
The computational complexity of the proposed MO algorithm,
which is cubic on the number of BD-RIS elements per it-
eration, may be excessive for large M. Therefore, it is of
interest to explore other suboptimal solutions that may be
computationally more efficient. In this subsection, we solve
a relaxed version of the problem (4a) that replaces the unitary
constraint �H� = IM with a convex constraint on the trace
tr(�H�) ≤ M. The solution of the relaxed problem on the set
of complex and symmetric matrices admits a closed solution
as a regularized least squares problem. The relaxed solution
is then projected onto the set of unitary matrices to obtain the
final suboptimal solution using the approach proposed in [10],
[30]. We denote this algorithm as relax-then-project (RtP).
The relaxed convex optimization problem is

min
�

∑
l �=k

‖Hlk + Fk�GH
l ‖2

F (10a)

s.t. �T = �, tr(�H�) ≤ M. (10b)

Now we describe how to incorporate the symmetry constraint
into the problem and transform it into a standard Quadrat-
ically Constrained Quadratic Program (QCQP) problem. As
described in the proof of Lemma 1, the MinIL cost function
can be expressed as a quadratic function of the vectorized
BD-RIS coefficients r = vec(�)∑

l �=k

‖Hlk + Fk�GH
l ‖2

F = tr(T) + rH�r + 2Re(rH s),

where T, s, and � are defined as in (5).
The linear symmetry constraint �T = � in (10b) can be

written in terms of r through the M2 × M2 commutation ma-
trix4 P, which transforms vec(�) = r into vec(�T ) = r,

r = Pr. (11)

This expression implies that the vectorization of any sym-
metric BD-RIS matrix belongs to the nullity of the matrix
IM2 − P. The rank of IM2 − P is M(M − 1)/2 and the rank
of its null space is M2 − M(M − 1)/2 = M(M + 1)/2, which

4A Matlab snippet to generate P is A = reshape(1 : M ∗ M, M, M);
v = reshape(A′, 1, []); P = eye(M2); P = P(v, :).

Algorithm 2: RtP MinIL BD-RIS.
1 Input: Initial Hlk, Fk, Gl , ∀k �= l

Output: Final BD-RIS �

2 Calculate s = vec(
∑

l �=k FH
k HlkGl ), and

� = ∑
l �=k GT

l G∗
l ⊗ FH

k Fk ;

3 Calculate the M2 × M2 commutation matrix P;
4 Calculate a basis N for the nullity of IM2 − P;
5 Solve problem P2 to obtain � = unvec(Nx);
6 Compute uni(�) projecting � into the set of unitary

matrices

is the dimension of the space of symmetric M × M matrices.
Let N ∈ C

M2×(M(M+1)/2) be a basis for the nullity of IM2 − P.
Then, any symmetric solution of the min-IL problem is of the
form

r = Nx, (12)

where x ∈ C
(M(M+1)/2)×1. Therefore, the relaxed min-IL

problem (10a) can be rewritten as the following QCQP prob-
lem

(P2) : min
x

xH NH�Nx + 2Re(xH NH s) (13)

s.t. xH x ≤ M, (14)

whose solution is

x = −(NH�N + λIdm )−1NH s, (15)

where dm = M(M + 1)/2 and λ ≥ 0 is a parameter selected
to meet the power constraint. This regularization parame-
ter can be found by bisection. Alternatively, we could use
CVX to solve P2. Once the solution for x has been found,
the optimal value of r is r = Nx. The BD-RIS obtained as
� = unvec(r) is symmetric but not unitary. The final solution
is obtained by projecting � into the set of unitary matrices
as described in [10], [30] and repeated here for completeness.
Compute the SVD of the symmetric solution as � = U�VH ,
and partition the U and V matrices as U = [Ud , UM−d ] and
V = [Vd , VM−d ], where d denotes the rank of �. The unitary
and symmetric solution is uni(�) = [Ud , V∗

M−d ]VH .
Remark 2: An equivalent way to derive the optimal unitary

projection is through Takagi’s factorization [31]. The symmet-
ric matrix � can be factorized as � = Q�QT , where Q is
unitary and � is diagonal. Then, the optimal unitary projection
is uni(�) = QQT .

A summary of the RtP BD-RIS algorithm is shown in
Algorithm 2.

a) Computational complexity: To get the relaxed symmetric
BD-RIS it is necessary to solve a QCQP problem of size
M(M + 1)/2, whose complexity is O((M(M + 1)/2)3.5) [37],
and a SVD of an M × M matrix for the unitary projection,
with complexity O(M3). Therefore, the total complexity of
the RtP method is (O((M(M + 1)/2)3.5) + O(M3)), which is
dominated by the first term.
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E. GROUP-CONNECTED BD-RIS
To reduce the computational and circuit complexity of the
fully-connected BD-RIS architecture, a group-connected ar-
chitecture was proposed in [6], [7]. The M reflective elements
of a group-connected BD-RIS are partitioned into G groups,
each of Mg = M/G elements. The elements of each group
are fully connected but disconnected from the other groups.
For a group-connected architecture, the min-IL optimization
problem is

(P1b) : min
�

∑
l �=k

‖Hlk + Fk�GH
l ‖2

F (16a)

s.t. � = blkdiag(�1, . . . ,�G), (16b)

�T
g = �g, �H

g �g = IMg. (16c)

If the direct channel is blocked it is easy to check that the
cost function (16a) decouples into G independent problems,
each involving an Mg × Mg BD-RIS matrix. However, when
the direct channel is not blocked the problem remains coupled
among blocks, which makes it difficult to find a non-iterative
solution.

The proposed procedure follows an iterative approach in
which the blocks are optimized one at a time. For the opti-
mization of the rth block �r , the blocks g = 1, . . . , r − 1, r +
1, . . . , G are considered to be fixed. This procedure decouples
the optimization of the different blocks, which are now solved
individually. The optimization problem for the rth block, �r ,
is

min
�r

∑
l �=k

‖Ckl + Fkr�rGH
lr‖2

F (17a)

s.t. �T
r = �r, tr(�H

r �r ) ≤ Mg, (17b)

where Ckl = Hlk +∑G
g=1,g�=r Fkg�gGH

lg denotes the fixed
part of the equivalent channel, and Fkg, Glg are, respectively,
NRk × Mg and NTl × Mg matrices formed by extracting the Mg

columns of Fk and Gl acting on the gth BD-RIS block. To
solve Problem (17), we can use either the MO algorithm de-
scribed in Section III-C (cf. Algorithm 1), or the RtP version
described in Section III-D (cf. Algorithm 2). The procedure is
initialized to a feasible unitary and symmetric solution such
as � = IM . All groups are sequentially optimized at each
iteration and the optimization stops when the IL difference in
two successive iterations falls below a threshold. Note that the
IL decreases or remains constant after optimizing each group;
therefore, the convergence of the algorithm is guaranteed. A
summary of the iterative algorithm for group-connected BD-
RIS is shown in Algorithm 3.

a) Computational complexity: Taking the optimization of
each group by the RtP method as an example, the computa-
tional cost per iteration to optimize a group-connected BD-
RIS with G groups of Mg elements each is G(O((Mg(Mg +
1)/2)3.5). The number of iterations to reach convergence is
usually small (less than 20 iterations in all the simulations
described in Section V). As Mg << M the complexity to

Algorithm 3: Group-connected MinIL BD-RIS

optimize a group-connected architecture can be significantly
lower than that of a fully-connected BD-RIS.

F. MIN-IL PASSIVE LOSSLESS RIS
It may be of interest to compare the results obtained for a
BD-RIS with those of a diagonal RIS � = diag(r) where
r = (r1, r2, . . . , rM )T and rm is the mth reflecting element.
The IL cost function for a RIS has the same quadratic expres-
sion as for a BD-RIS

IL(r) = tr(T) + rH�r + 2Re(rH s),

where now r = diag(�), � = ∑
l �=k GT

l G∗
l � FH

k Fk and s =
diag(

∑
l �=k FH

k HlkGl ). Interestingly, the IL minimization
problems for RIS and BD-RIS are structurally identical. Note
however that the dimensions of the quadratic problem, and
hence the computational complexity to solve it, are of the
order of M for an RIS and of the order of M2 for a fully-
connected BD-RIS.

The minimization problem is

(P2) : min
r

rH�r + 2Re(rH s) (18a)

s.t. |rm| = 1,∀m. (18b)

This is a unit-modulus quadratic programming problem. The
function to be minimized is convex but the constraint is not.
There are several iterative algorithms in the literature to solve
P2 [38], [3], [39], [27]. The block coordinate descent (BCD)
algorithm in [27] is used in this paper. At each step of the
BCD algorithm, all values of r but the mth rm = e jθm are
fixed. Denoting m = {1, . . . , m − 1, m + 1, . . . , M}, the IL as
a function of rm can be written as

IL(rm) = β + 2Re(r∗
m(sm + �H

m rm)), (19)

where β is a constant, �m denotes the mth column of � with
the mth element removed, and

rm = (r1, . . . , rm−1, rm+1, . . . , rM ).

The optimization problem for the mth RIS coefficient is then

min
rm

Re(r∗
m(sm + �H

m rm)) (20)

s.t. |zm| = 1, (21)

which has the following closed-form solution

θ∗
m = ∠

(
sm + �H

m rm
)− π. (22)
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IV. STAGE II: PRECODER DESIGN
Once the BD-RIS has been optimized to minimize the IL,
the optimization of the precoders and decoders can be per-
formed according to any of the criteria already considered
in the classical MIMO literature. This section summarizes
the selected criteria and the algorithms used. Although the
optimization problems in this section have been studied for
the MIMO-IC without BD-RIS, it is convenient to provide
a summary of them for the completeness of the paper, as
well as to understand the complexity analyses and simulation
results in Section VI. To simplify the notation in this section
we consider all users to have N × N symmetric MIMO links.
In addition, remember that the equivalent channels of the
BD-RIS-assisted MIMO IC after Stage I are H̃lk (see (1)).

a) Interference oblivious SVD-based precoders [40]: Each
user independently optimizes its precoder by considering only
the receiver noise and disregarding the residual interference
not eliminated by the BD-RIS. If the BD-RIS designed in
Stage I reduces the interference significantly below the noise
level, the MIMO-IC channel decouples into K parallel MIMO
Gaussian channels and the SVD-based precoders are capacity-
achieving [40]. This typically requires a very large number
of BD-RIS elements. There will always be residual interfer-
ence with a more limited number of elements, therefore the
SVD-based solution may be rather suboptimal. For a fixed
BD-RIS, the interference oblivious SVD-based transmit co-
variance matrix for user k is Rxx,k = VkPkVH

k , where Vk is
the left eigenspace of the equivalent MIMO channel H̃kk and
P = diag(p1, . . . , pd ) is a diagonal matrix where pi denotes
the optimal power allocated to the ith stream given by the
water-filling strategy to satisfy the power constraint

∑
i pi =

Ptk .
b) Min-IL precoders [21], [22]: The precoders and de-

coders are designed to minimize the residual IL that the
BD-RIS may not have eliminated. This approach can be con-
sidered as an altruistic design of the precoders in which each
user tries to generate the least interference to other users. In
contrast, SVD-based precoders can be considered a selfish
design in which each user tries to maximize the rate over its
direct channel without considering the interference it causes
to (or receives from) other users. The optimization problem is
to find precoders, Vk , and decoders, Uk , to minimize

IL({Vk}, {Uk}) =
∑
l �=k

‖UH
k H̃lkVl‖2

F . (23)

This problem can be solved by applying the AO method de-
scribed in [21] that optimizes the decoders for a fixed set of
precoders and then the precoders for a fixed set of decoders.
Each step has a closed-form solution. Let us take the decoder
of the kth user as an example. The N × N covariance matrix
of the interference at the kth receiver is

Sk =
K∑

l=1,l �=k

Skl =
K∑

l=1,l �=k

H̃lkVl V
H
l H̃H

lk,

where H̃kl is the equivalent MIMO channel in (1) and Skl =
H̃lkVl VH

l H̃H
lk is the interference covariance matrix from trans-

mitter l to receiver k. The decoder Uk is thus obtained as the
eigenvectors of Sk corresponding to their dk smallest eigenval-
ues. To design the min-IL precoders, the channel reciprocity
is exploited by exchanging the roles of transmitters and re-
ceivers, and transmitting along the directions where each
transmitter generates less interference. Let us recall that [41]
shows that there is still channel reciprocity for RIS-assisted
wireless networks unless the RIS uses active nonreciprocal
circuits or has structural asymmetries [42]. We will refer to
the precoders designed in this way as min-IL precoders.

c) Max-SINR precoders [21], [43]: The min-IL precoders
designed to minimize (23) do not consider the direct channels.
An alternative approach that obtains a better sum rate than
min-IL precoders designs the precoders and decoders to max-
imize the SINR [21], [43]. The max-SINR algorithm follows
an AO procedure similar to the min-IL precoders. Details can
be found in [21], [43].

d) Max sum-rate precoders [44], [45]: If interference is
sufficiently reduced by the BD-RIS designed in Stage I,
treating interference as noise (TIN) is the optimal decoding
strategy to maximize the sum rate [46]. Utilizing TIN, the
achievable rate of user k is

rk = log det

⎛⎜⎝IN +
⎛⎝σ 2IN +

K∑
l=1,l �=k

Skl

⎞⎠−1

Skk

⎞⎟⎠ , (24)

where Skl = H̃lkVl VH
l H̃H

lk . Thus, the sum rate maximization
problem can be written as

max
{V1,...,VK }

∑
k

rk s.t. tr
(
VkVH

k

) ≤ Ptk , ∀k, (25)

which is non-convex. To solve (25), we employ the
majorization-minimization (MM) iterative approach, pro-
posed in [44], [45]. To this end, we first obtain surrogate
functions for the rates by leveraging the inequality in the
following lemma.

Lemma 2 ([47]): Consider arbitrary N × N matrices � and
�̄, and N × N positive definite matrices ϒ and ϒ̄. Then, we
have:

ln det
(
IN + ϒ−1��H ) ≥ ln det

(
IN + ϒ−1�̄�̄H )

− tr
(
ϒ̄−1�̄�̄H )+ 2Re

{
tr
(
ϒ̄−1�̄�H )}

− tr
(
(ϒ̄−1 − (�̄�̄H + ϒ̄)−1)H (��H + ϒ)

)
(26)

The lower bound in Lemma 2 allows us to obtain a concave
lower bound for rk as presented in the following lemma.

Lemma 3 ([45]): A concave lower bound for rk is given by

rk ≥ r̄k = ak + 2
∑

l

Re
{
tr
(
AlkVH

l H̃H
lk

)}

− tr

(
Bk

(
σ 2IN +

K∑
l=1

H̃lkVl V
H
l H̃H

lk

))
, (27)
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where

ak = ln det
(
IN + Rk (V̄l )H̃lkV̄kV̄H

k H̃H
lk

)
− tr

(
Rk (V̄l )H̃lkV̄kV̄H

k H̃H
lk

)
,

Alk = Rk (V̄l )H̃kkV̄k,

Bk = Rk (V̄l ) −
(

σ 2IN +
K∑

l=1

Sk (V̄l )

)−1

,

Rk (V̄l ) =
⎛⎝σ 2IN +

K∑
l=1,l �=k

H̃lkV̄l V̄
H
l H̃H

lk

⎞⎠−1

,

Sk (V̄l ) = H̃lkV̄l V̄
H
l H̃H

lk,

and V̄l is the initial value of Vl for all l = 1, . . . , K .
Substituting rk by r̄k yields the convex problem

max
{V1,...,VK }

∑
k

r̄k s.t. tr
(
VkVH

k

) ≤ Ptk , ∀k. (28)

Iteratively solving (28) and updating {V̄1, . . . , V̄K } converges
to a stationary point of (25).

Remark 3: Note that the SVD-based and max-SR pre-
coders optimize the number of transmitted streams. However,
this number is fixed and predetermined,

∑K
k=1 dk , for the

min-IL and max-SINR precoders.
e) Computational complexity: Computing the SVD of the

direct MIMO links dominates the computational complexity
of designing SVD-based precoders and therefore is cubic in
the number of antennas O(KN3). The design of min-IL or
max-SINR precoders using AO involves O(2KN3) floating-
point operations at each AO iteration due to the computation
of SVDs for optimizing the K precoders and K decoders.
Finally, each iteration of the MM procedure to design the
max-SR precoders involves an outer iteration to compute the
surrogate function for the rates, whose computational com-
plexity is dominated by the matrix inversion in Lemma 3,
KO(N3), and an inner iteration in which a convex problem
has to be solved. The number of Newton iterations to solve
a convex problem is proportional to the square root of the
number of constraints [48], and hence it grows with

√
K . To

solve at each Newton step, the calculation of the surrogate
function is O((K + 1)N2). In summary, the computational
complexity for designing max-SR precoders per MM iteration
is O(KN3 + √

K (K + 1)N2).

A. JOINT MIN-IL PRECODER AND BD-RIS DESIGN
The proposed two-stage optimization approach has clear
computational advantages over the joint optimization of the
BD-RIS and the precoders. However, it is relatively straight-
forward to implement an AO algorithm that jointly optimizes
the BD-RIS and the precoders. As an example, we consider
the joint optimization of precoders, decoders, and BD-RIS to

Algorithm 4: Joint min-IL design.

minimize the IL cost function

IL({Vk}, {Uk},�) =
∑
l �=k

‖UH
k HlkVl + UH

k Fk�GH
l Vl‖2

F .

(29)
The minimization of (29) may be carried out through a 3-step
AO process, where in each step a set of variables (decoders,
precoders, or BD-RIS) is optimized while the other variables
are held fixed:

1) Optimize {Uk}K
k=1 for fixed ({Vl}K

l=1,�).
2) Optimize {Vl}K

l=1 for fixed ({Uk}K
k=1,�).

3) Optimize � for fixed ({Uk}K
k=1, {Vl }K

l=1).
Steps 1 and 2 can be solved by applying the min-IL design

of the precoders described in Section IV, while Step 3 can
be solved with the MO algorithm of Section III. Algorithm 4
details the joint min-IL optimization procedure.

V. SIMULATION RESULTS
A. SCENARIO DESCRIPTION
We consider a (3 × 3, 2)3 MIMO-IC assisted by a BD-RIS
with M elements as represented in Fig. 2. For simplicity, all
the MIMO links have the same number of antennas, 3 × 3, and
transmit the same number of streams, d = 2. In this scenario,
IA is not feasible by optimizing only the precoders and de-
coders [32]. The system is strongly limited by interference and
it is necessary to assist the channel with a BD-RIS optimized
to minimize the interference. For this scenario, Lemma 1
states that an unconstrained (i.e., active) BD-RIS with M = 8
elements could achieve IL = 0, since in this case � in (5) is
a 64 × 64 matrix with rank min(M2,

∑
k �=l NRk NTl ) = 54. Of

course, a passive BD-RIS design will require a much larger
number of elements to achieve a significant interference re-
duction level.

The K = 3 transmitters and receivers are regularly located
in a square of 50 m. The coordinates (x, y, z) in meters [m] of
the kth transmitter and the kth receiver are (0, 50 (k−1)

(K−1) , 1.5)

and (50, 50 (k−1)
(K−1) , 1.5) k = 1, . . . , K , respectively. The BD-

RIS located at (x, y, 5) [m], where the (x, y) coordinates can
vary between 5 and 45 m. Since the BD-RIS is located higher
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FIGURE 2. Simulation setup for the beyond diagonal RIS-assisted
MIMO-IC.

than the transmitters and receivers with a direct line-of-sight
(LoS) to all of them, it is assumed that all transmitters and
receivers are in the reflection space of the RIS. The large-scale
path loss in dB is given by

PL = −28 − 10α log10 (r) ,

where r is the link distance, and α is the path-loss exponent.
The direct Tx-Rx links, Hlk , are assumed to be non-line-of-
sight (NLoS) channels, with path-loss exponent α = 3.75 and
small-scale Rayleigh fading. The Tx-RIS-Rx links, Fk and
Gl , are assumed to be LoS channels, with path-loss exponent
α = 2 and small-scale Rice fading with Rician factor γ = 3.
The noise variance is calculated as σ 2 = −174(dBm/Hz) +
10 log10 B(Hz) + F(dB), where B is the bandwidth that we
take in our simulations as B = 40 MHz and F is the noise
figure of the receiver that we take as F = 10 dB. A new set of
channels is generated in each simulation, but the positions of
Txs, Rxs, and BD-RIS are fixed. We average the results of 50
independent simulations. The power transmitted by all users
is Pt = 10 dBm.

As a figure of merit, we use the difference in dBs between
the IL ratios with and without BD-RIS, which is also the
difference in dBs between the INR with and without BD-RIS

�INR = 10 log10

(∑
l �=k ‖(Hlk + Fk�GH

l )‖2
F∑

l �=k ‖Hlk‖2
F

)
. (30)

Another figure of merit used in the simulations is the sum rate

FIGURE 3. �INR in dB as a function of the position of a BD-RIS with
M = 40 elements in a (3 × 3, 2)3 MIMO-IC.

of the MIMO-IC

R =
K∑

k=1

rk, (31)

where rk is the rate of user k given by (24).

B. OPTIMAL BD-RIS DEPLOYMENT
The position of the reconfigurable surface or its area of influ-
ence is an essential aspect in optimizing system performance,
as shown in [49], [50]. Therefore, we first evaluate the reduc-
tion in interference measured as in (30) achieved by varying
the position in the (x, y) plane of a fully-connected BD-RIS
with M = 40 elements. The positions in the (x, y) plane are
varied on a grid of 5 [m] along each coordinate while the
height remains fixed at z = 5 [m]. For the optimization of the
BD-RIS we use the MO algorithm described in Algorithm 1.
Fig. 3 shows the results obtained using a color map, where we
can observe two optimal positions or hot spots for the BD-RIS
at approximately (10, 25, 5) [m] and (40, 25, 5) [m], where
a reduction of about 10 dB in the interference level is achieved
with respect to a scenario without BD-RIS. Unless otherwise
stated in the remaining experiments on Scenario 1, we will
position the BD-RIS at coordinates (40, 25, 5) [m].

C. MO AND RTP CONVERGENCE
Fig. 4 illustrates the convergence of the MO algorithm used
to design a min-IL fully-connected BD-RIS with M = 40
elements. Each curve shows the convergence for a different
random initialization. The MO algorithm requires in this ex-
ample 500 iterations to reach convergence. Remember that
the complexity of each iteration is O(M3), which may rep-
resent a difficulty when optimizing a BD-RIS with many
elements. One way to reduce the computational and circuit
complexities of the fully-connected BD-RIS is to employ
a group-connected architecture. We study the computational
complexity of Algorithm 3 when each group is optimized
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FIGURE 4. Convergence of the MO iterative algorithm for a
fully-connected BD-RIS with M = 40 elements. Each curve shows the
convergence for a different random initialization.

FIGURE 5. Run time of the MO and RtP algorithms for the
group-connected BD-RIS architecture vs. M (total number of BD-RIS
elements).

either by the MO algorithm or by the RtP method. As the num-
ber of iterations for the convergence of the two methods can
be very different, we use the average run time in logarithmic
scale as a figure of merit. The results for a group-connected
BD-RIS with Mg = 4 and Mg = 8 for increasing values of M
are shown in Fig. 5 for the MO (solid line) and the RtP method
(dashed line). The computational cost of the MO algorithm
is several orders of magnitude higher than that of RtP. As
expected, for both the MO and RtP the computational cost
grows with Mg and with the total number of elements M and
therefore the number of blocks to be optimized G = M/Mg.

D. FULLY-CONNECTED VS. GROUP-CONNECTED BD-RIS
In this section, we compare the interference suppres-
sion capability of the fully connected and group-connected
architectures for various group sizes Mg. The BD-RIS is
located at (40, 25, 5) [m] and the interference suppresion
capability for the different architectures and optimization al-
gorithms is measured through the �INR defined in (30).
We employ either the MO algorithm or the RtP method

FIGURE 6. �INR in dB as a function of M for a fully-connected BD-RIS, a
group-connected BD-RIS with group sizes Mg = 2, 4, 8 optimized with
either MO or RtP, and a diagonal RIS.

to optimize the group-connected BD-RIS architecture. For
completeness, we include the results obtained for a diagonal
RIS, which can be considered a limiting case of the group-
connected architecture with Mg = 1. The results are shown in
Fig. 6. For instance, an RIS with M = 128 elements achieves
a reduction in interference of about 7.5 dB compared to the
no-RIS scenario. The interference suppression is improved by
about 0.7 dB, 3 dB and 8 dB for group-connected BD-RIS
of sizes Mg = 2, 4, 8 optimized with the MO algorithm; and
more than 11 dB when a fully-connected BD-RIS is em-
ployed. We observe that to achieve a significant interference
reduction at the receivers it is necessary to employ a BD-
RIS with many elements. The group-connected architecture
optimized with the MO algorithm with a group size Mg = 8
provides a reasonable tradeoff between performance and com-
plexity. Moreover, compared to fully-connected architectures,
group-connected architectures reduce not only the computa-
tional complexity of the optimization algorithms but also the
number of interconnections between elements.

E. SUM RATE PERFORMANCE
In this subsection, we study the sum-rate performance of the
K-user MIMO-IC assisted by a fully-connected BD-RIS. The
BD-RIS is optimized in Stage I to minimize IL with the MO
algorithm. In Stage II, we design precoders to optimize one
of the following criteria: SVD-based, min-IL, max-SINR, or
max sum-rate (labeled as max-SR in the figures). Addition-
ally, we evaluate the joint min-IL design of the BD-RIS and
the precoders as described in Algorithm 4. Fig. 7 shows the
sum rate vs. the transmit power curves. The MIMO-IC is
still interference-limited when the BD-RIS has only M = 16
elements and the transmitted power is high. Therefore, the
sum-rate curves for M = 16 tend to saturate at high Pt . This is
especially clear for the SVD-based precoders that do not take
interference into account. However, a joint design of the BD-
RIS and the precoders ensures that the MIMO-IC is limited
mainly by noise, even at high Pt . When the number of BD-RIS
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FIGURE 7. Sum rate vs. Pt for a BD-RIS assisted (3 × 3, 2)3 MIMO-IC with
different precoders. The BD-RIS has M = 16 (dashed lines) or M = 64
elements (solid lines).

FIGURE 8. Sum rate vs. M for a BD-RIS assisted (3 × 3, 2)3 MIMO-IC with
different precoders. The users transmit Pt = 10 dBm (dashed lines) or
Pt = 20 elements (solid lines).

elements increases to M = 64, the BD-RIS is much more ef-
fective in reducing interference, and hence the differences be-
tween the different precoders are less pronounced. Among the
different precoders, the max-SR design provides the best per-
formance, with the drawback of a higher computational cost.

Fig. 8 shows the sum rate obtained by different precoders
designed in Stage II as a function of the number of BD-
RIS elements for two transmission powers. When the power
transmitted by the users is Pt = 10 dBm, the interference
level is not very high. Therefore, a BD-RIS with a moderate
number of elements can eliminate much of this interference
thus transforming the MIMO-IC into K = 3 parallel MIMO
Gaussian channels. This is why the differences between max-
SR, max-SINR, and SVD-based precoders are negligible for
M ≥ 60. When the power transmitted by the users increases to
Pt = 20 dBm, the residual interference not eliminated by the
BD-RIS is higher and, therefore, the differences between the
performance of the precoders are more remarkable. The max-
SR precoders provide the best performance as expected. When

the precoders and BD-RIS are jointly designed to minimize
IL, a BD-RIS with M = 20 elements is capable of drowning
out interference below the noise level, and hence increasing
M does not translate into a sum rate improvement.

VI. CONCLUSION
This work proposed a two-stage passive and active beam-
forming scheme for a BD-RIS-assisted K-user MIMO-IC.
The passive BD-RIS, whose scattering matrix is unitary and
symmetric, is designed in the first stage to minimize the IL.
A geodesic MO algorithm on the manifold of unitary ma-
trices, which exploits Takagi’s factorization, is proposed to
optimize a fully connected BD-RIS. For a group-connected
BD-RIS architecture, a computationally simpler approach is
proposed that first obtains a symmetric BD-RIS solving a re-
laxed problem with a closed-form solution, and then projects
the relaxed solution onto the set of unitary matrices. The
(active) precoders are designed in the second stage accord-
ing to different criteria that treat the residual interference as
noise, such as SVD-based, min-IL, max-SINR, and max-SR
precoders. Max-SR precoders are particularly effective, espe-
cially when the BD-RIS has a moderate number of elements
and the residual interference is still greater than the noise
power. When the BD-RIS alone can reduce the IL below the
noise floor, the K-user MIMO-IC approaches K parallel Gaus-
sian MIMO channels, and the performance of the SVD-based
precoders approaches that of the max-SR precoders at a lower
computational cost. The study has focused on ICs assisted by
a single BD-RIS, which must be optimally located to optimize
its area of influence. A future line of study considers multiple
BD-RIS, which requires refined signal models accounting for
the double/multiple reflections and new optimization algo-
rithms. In addition, it would be interesting to study other
criteria for designing the precoders, such as minimizing the
transmit power under rate constraints.

REFERENCES
[1] M. Di Renzo et al., “Smart radio environments empowered by reconfig-

urable intelligent surfaces: How it works, state of research, and the road
ahead,” IEEE J. Sel. Areas Commun., vol. 38, no. 11, pp. 2450–2525,
Nov. 2020.

[2] “Reconfigurable intelligent surfaces (RIS); Use cases, deployment sce-
narios and requirements,” Reconfigurable Intell. Surfaces ETSI Ind.
Specification Group, Tech. Rep. DGR/RIS-001, 2023.

[3] C. Pan et al., “Multicell MIMO communications relying on intelligent
reflecting surfaces,” IEEE Trans. Wireless Commun., vol. 19, no. 8,
pp. 5218–5233, Aug. 2020.

[4] C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and
C. Yuen, “Reconfigurable intelligent surfaces for energy efficiency in
wireless communication,” IEEE Trans. Wireless Commun., vol. 18,
pp. 4157–4170, Aug. 2019.

[5] Q. Wu and R. Zhang, “Intelligent reflecting surface enhanced wireless
network via joint active and passive beamforming,” IEEE Trans. Wire-
less Commun., vol. 18, pp. 5394–5409, Nov. 2019.

[6] H. Li, S. Shen, and B. Clerckx, “Beyond diagonal reconfigurable in-
telligent surfaces: From transmitting and reflecting modes to single-,
group-, and fully-connected architectures,” IEEE Trans. Wireless Com-
mun., vol. 22, no. 4, pp. 2311–2324, Apr. 2023.

[7] S. Shen, B. Clerckx, and R. Murch, “Modeling and architecture
design of reconfigurable intelligent surfaces using scattering param-
eter network analysis,” IEEE Trans. Wireless Commun., vol. 21,
pp. 1229–1243, Feb. 2022.

1016 VOLUME 6, 2025



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

[9] M. Nerini, S. Shen, and B. Clerckx, “Closed-form global optimization
of beyond diagonal reconfigurable intelligent surfaces,” IEEE Trans.
Wireless Commun., vol. 23, no. 2, pp. 1037–1051, Feb. 2024.

[10] T. Fang and Y. Mao, “A low-complexity beamforming design for
beyond-diagonal RIS aided multi-user networks,” IEEE Comm. Lett.,
vol. 28, no. 1, pp. 203–207, Jan. 2024.

[11] H. Li, S. Shen, and B. Clerckx, “Synergizing beyond diagonal recon-
figurable intelligent surface and rate-splitting multiple access,” IEEE
Trans. Wireless Commun., vol. 23, no. 8, pp. 8717–8729, Aug. 2024.

[12] H. Li, S. Shen, and B. Clerckx, “Beyond diagonal reconfigurable
intelligent surfaces: A multi-sector mode enabling highly directional
full-space wireless coverage,” IEEE J. Sel. Areas Commun., vol. 41,
no. 8, pp. 2446–2460, Apr. 2023.

[13] A. Mishra, Y. Mao, C. D’Andrea, S. Buzzi, and B. Clerckx, “Transmit-
ter side beyond-diagonal reconfigurable intelligent surface for massive
MIMO networks,” IEEE Comm. Lett., vol. 13, no. 2, pp. 352–356,
Feb. 2024.

[14] M. Soleymani, I. Santamaria, E. Jorswieck, and B. Clerckx, “Optimiza-
tion of rate-splitting multiple access in beyond diagonal RIS-assisted
URLLC systems,” IEEE Trans. Wireless Commun., vol. 23, no. 5,
pp. 5063–5078, May 2024.

[15] Q. Shi and M. Hong, “Penalty dual decomposition method for non-
smooth nonconvex optimization- Part I: Algorithms and convergence
analysis,” IEEE Trans. Signal Process., vol. 68, pp. 4102–4122, 2020.

[16] Y. Zhou, Y. Liu, H. Li, Q. Wu, S. Shen, and B. Clerckx, “Optimizing
power consumption, energy efficiency, and sum-rate using beyond diag-
onal RIS- a unified approach,” IEEE Trans Wireless Commun., vol. 23,
no. 7, pp. 7423–7438, Jul. 2024.

[17] Y. Zhao, H. Li, M. Franceschetti, and B. Clerckx, “Channel shaping
using beyond diagonal reconfigurable intelligent surface: Analysis, op-
timization, and enhanced flexibility,” 2024, arXiv:2407.15196.

[18] I. Santamaria, M. Soleymani, E. Jorswieck, and J. Gutiérrez, “MIMO
capacity maximization with beyond-diagonal RIS,” in Proc. IEEE 25th
Int. Workshop Signal Process. Adv. Wireless Commun., Lucca, Italy,
pp. 936–940, 2024.

[19] H. Yahya, H. Li, M. Nerini, B. Clerckx, and M. Debahh, “Beyond
diagonal RIS: Passive maximum ratio transmission and interference
nulling enabler,” IEEE Open Jour. Comm. Soc., vol. 5, pp. 7613–7627,
2024.

[20] V. R. Cadambe and S. A. Jafar, “Interference alignment and degrees of
freedom of the k-user interference channel,” IEEE Trans. Inf. Theory,
vol. 54, no. 8, pp. 3425–3441, Aug. 2008.

[21] K. Gomadam, V. R. Cadambe, and S. A. Jafar, “A distributed numerical
approach to interference alignment and applications to wireless interfer-
ence networks,” IEEE Trans. Inf. Theory, vol. 57, no. 6, pp. 3309–3322,
Jun. 2011.

[22] O. González, C. Lameiro, and I. Santamaria, “A quadratically con-
vergent method for interference alignment in MIMO interference
channels,” IEEE Signal Process. Lett., vol. 21, no. 11, pp. 1423–1427,
Nov. 2014.

[23] T. Jiang and W. Yu, “Interference nulling using reconfigurable in-
telligent surface,” IEEE J. Sel. Areas Commun., vol. 40, no. 5,
pp. 1392–1406, May 2022.

[24] M. Fu, Y. Zhou, and Y. Shi, “Reconfigurable intelligent surface for
interference alignment in MIMO device-to-device networks,” in Proc.
IEEE Int. Conf. Commun., 2021, pp. 1–6.

[25] A. Abrado, D. Dardari, M. Di Renzo, and X. Qian, “MIMO interference
channels assisted by reconfigurable intelligent surfaces: Mutual cou-
pling aware sum-rate optimization based on mutual impedance channel
model,” IEEE Wireless Comm. Lett., vol. 10, no. 12, pp. 2624–2628,
Dec. 2021.

[26] A. H. Abdollahi Bafghi, V. Jamali, M. Nasiri-Kenari, and R. Schober,
“Degrees of freedom of the K-user interference channel assisted by
active and passive IRSs,” IEEE Trans. Commun., vol. 70, no. 5,
pp. 3063–3080, May 2022.

[27] I. Santamaria, M. Soleymani, E. Jorswieck, and J. Gutiérrez,
“Interference leakage minimization in RIS-assisted MIMO
interference channels,” in Proc. 2023 IEEE Int. Conf. Acoust.,
Speech Signal Process., Rhodes, Greece, 2023, pp. 1–5,
doi: 10.1109/ICASSP49357.2023.10094656.

[28] W. Liu, A. Li, Y. Xu, Z. Zhang, Y. Zhang, and B. Jiang, “RIS-aided
interference subspace alignment for k-user MIMO interference net-
works,” IEEE Comm. Lett., vol. 28, no. 8, pp. 1919–1923, Aug. 2024.

[29] C. Geng, N. Naderializadeh, A. S. Avestimehr, and S. A. Jafar, “On the
optimality of treating interference as noise,” IEEE Trans. Inf. Theory,
vol. 61, no. 4, pp. 1753–1767, Apr. 2015.

[30] X. Zhou, T. Fang, and Y. Mao, “Joint active and passive beamforming
optimization for beyond diagonal RIS-aided multi-user communica-
tions,” IEEE Comm. Lett., vol. 29, no. 3, pp. 517–529, Mar. 2025.

[31] T. Takagi, “On an algebraic problem related to an analytic theorem of
carathéodory and fejér and on an allied theorem of landau,” Jpn. J.
Math. Trans. Abstr., vol. 1, pp. 83–93, 1924.

[32] Ó. González, C. Beltrán, and I. Santamaria, “A feasibility test for linear
interference alignment in MIMO channels with constant coefficients,”
IEEE Trans. Inf. Theory, vol. 60, no. 3, pp. 1840–1856, Mar. 2014.

[33] D. Ramírez, I. Santamaría, and L. Scharf, Coherence: In Signal Pro-
cessing and Machine Learning. Berlin, Germany: Springer, 2023.

[34] R. A. Horn and Z. Yang, “Rank of a hadamard product,” Linear Algebra
Appl., vol. 591, pp. 87–98, 2020.

[35] L. Autonne, “Sur les matrices hypohermitiennes et sur les matrices
unitaires,” Ann. Univ. Lyon, vol. 38, pp. 1–77, 1915.

[36] N. Boumal, An Introduction to Optimization on Smooth Manifolds.
Cambridge, U.K.: Cambridge Univ. Press, 2023. [Online]. Available:
https://www.nicolasboumal.net/book

[37] Z.-Q. Luo, W. K. Ma, A. M.-C. So, Y. Ye, and S. Zhang, “Semidefinite
relaxation of quadratic optimization problems,” IEEE Signal Process.
Mag., vol. 27, no. 3, pp. 20–34, May 2010.

[38] J. Tranter, N. D. Sidiropoulos, X. Fu, and A. Swami, “Fast unit-modulus
least squares with applications in beamforming,” IEEE Trans. Signal
Process., vol. 65, no. 11, pp. 2875–2887, Jun. 2017.

[39] C. G. Tsinos and B. Ottersten, “An efficient algorithm for unit-modulus
quadratic programs with application in beamforming for wireless sensor
networks,” IEEE Signal Process. Lett., vol. 25, no. 2, pp. 169–173,
Feb. 2017.

[40] R. S. Blum, “MIMO capacity with interference,” IEEE J. Sel. Areas
Commun., vol. 21, no. 5, pp. 793–801, Jun. 2003.

[41] W. Tang et al., “On channel reciprocity in reconfigurable intelligent
surface assisted wireless networks,” IEEE Wireless Commun., vol. 28,
no. 6, pp. 94–101, Dec. 2021.

[42] H. Wang, Z. Han, and S. A. L., “Channel reciprocity attacks using intel-
ligent surfaces with non-diagonal phase shifts,” IEEE Open J. Commun.
Soc., vol. 5, pp. 1469–1485, 2024.

[43] C. Wilson and V. Veeravalli, “A convergent version of the max SINR
algorithm for the MIMO interference channel,” IEEE Trans. Wireless
Commun., vol. 12, no. 3, pp. 2952–2961, Jun. 2013.

[44] M. Soleymani, I. Santamaria, and P. J. Schreier, “Improper gaussian
signaling for the K-user MIMO interference channels with hard-
ware impairments,” IEEE Trans. Veh. Technol., vol. 69, no. 10,
pp. 11632–11645, Oct. 2020.

[45] M. Soleymani, I. Santamaria, E. Jorswieck, R. Schober, and L. Hanzo,
“Optimization of the downlink spectral-and energy-efficiency of RIS-
aided multi-user URLLC MIMO systems,” IEEE Trans. Commun, early
access Oct. 15, 2024, doi: 10.1109/TCOMM.2024.3480988.

[46] V. S. Annapureddy and V. V. Veeravalli, “Gaussian interference net-
works: Sum capacity in the low-interference regime and new outer
bounds on the capacity region,” IEEE Trans. Inf. Theory, vol. 55, no. 7,
pp. 3032–3050, Jul. 2009.

[47] M. Soleymani, I. Santamaria, and P. J. Schreier, “Improper signaling
for multicell MIMO RIS-assisted broadcast channels with I/Q imbal-
ance,” IEEE Trans. Green Commun. Netw., vol. 6, no. 2, pp. 723–738,
Jun. 2022.

[48] S. Boyd and L. Vandenberghe, Convex Optimization. Cambridge, U.K.:
Cambridge Univ. Press, 2004.

[49] G. C. Alexandropoulos et al., “RISenabled smart wireless environ-
ments: Deployment scenarios, network architecture, bandwidth and
area of influence,” EURASIP J. Wireless Commun. Netw., vol. 2023,
2023, Art. no. 103.

[50] Z. Zhang et al., “Active RIS vs. passive RIS: Which will prevail in 6G?,”
IEEE Trans. Commun., vol. 71, no. 3, pp. 1707–1725, Mar. 2023.

VOLUME 6, 2025 1017

https://dx.doi.org/10.1109/ICASSP49357.2023.10094656
https://www.nicolasboumal.net/book
https://dx.doi.org/10.1109/TCOMM.2024.3480988


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


