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Abstract—In this paper, we investigate the use of reconfig-

urable intelligent surfaces (RIS) to allow multiple user pairs

to communicate simultaneously over the same channel. We

propose a Riemannian manifold optimization approach to solve

the problem of configuring the RIS passive reflection coefficients

to minimize the total interference under constant modulus

constraints. We compare the proposed approach to the widely-

used semidefinite relaxation approach (SDR) for dealing with

the constant modulus constraints. We investigate, using extensive

numerical simulations, the effects of various system parameters,

such as the number of users, the number of RIS elements, and

the fraction of power received through the RIS. Our results

demonstrate that RISs can substantially minimize interference

allowing multiple user pairs to simultaneously communicate

over the same channel and that the proposed approach vastly

outperforms the semidefinite relaxation-based approach, which

fails to find satisfactory solutions.

I. INTRODUCTION

Reconfigurable intelligent surfaces (RISs) are envisioned
to be one of the main enabling technologies for beyond-5G
wireless communication systems [1], [2]. An RIS is comprised
of a large number of tightly-packed nearly-passive elements
capable of interacting with incident electromagnetic waves
in a controllable manner [3], [4]. By placing RISs in an
environment where wireless communication is taking place,
the propagation of the transmitted signals can be partially con-
trolled by changing the interaction of RISs with the ambient
electromagnetic waves giving rise to a smart radio environment
[1], in which the effective channels perceived by the wireless
transceivers can be controlled.

Motivated by the vast potential enabled by the ability to
control the wireless channel, researchers have set to inves-
tigate the use of RISs in various communications scenarios
ranging from traditional single-user and multi-user channels
to unmanned aerial vehicles (UAV) enabled networks [5].
Early research results have demonstrated the utility of RISs in
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various communications scenarios. Single-user scenarios have
been considered in [6]–[9]. In [6], beamforming at the base
station and the passive reflection coefficients at the RIS has
been optimized, either centrally using semidefinite relaxation
or in a distributed manner utilizing alternating optimization. In
[7], suboptimal algorithms based on alternating optimization
and successive convex approximation have been proposed for
RIS optimization in a wideband OFDM system. Moreover,
data-driven deep-learning-based approaches has been proposed
either based on partial channel information [8], or position data
[9].

Multi-user scenarios have been considered in [10]–[14]. In
[10], zero-forcing precoding is used at the base station to elim-
inate inter-user interference and simplify the RIS coefficient
optimization problem, which is solved using sequential frac-
tional programming to maximize the total energy efficiency. In
[11], the schemes in [6] are extended to multiuser scenarios. In
[12], suboptimal algorithms based on the alternating direction
method of multipliers (ADMM) have been proposed to solve
the problem of weighted sum-rate maximization in an RIS-
assisted downlink. A hybrid beamforming framework has been
proposed in [13] to jointly optimize the digital beamforming
at the base station and analog beamforming at the RIS to
maximize the achievable sum-rate. In [14], deep reinforcement
learning (DLR) has been applied to solve the joint optimization
of beamforming at the base station and the RIS, and found to
be competitive with alternating optimization techniques.

The use of the RIS to manage interference when multiple
use pairs are sharing the channel has been considered before
in [15], [16]. In [15], it has been experimentally demonstrated
that an RIS is capable of reducing the interference to a com-
municating pair from one transmitter by up to 30 dB, while in
[16], a cognitive communication system was considered, and
an RIS was exploited to maximize the rate achievable for the
secondary user (SU) given a signal-to-interference-plus-noise
ratio (SINR) constraint for the primary user (PU).

In this paper, we investigate a more general case of using
reconfigurable intelligent surfaces to allow simultaneous com-
munication among K different communicating pairs over an
interference channel. We formulate an optimization problem
to minimize the total interference between all communicat-
ing pairs. To deal with the non-convex constant modulus
constraints on the RIS reflection coefficients, we propose a
Riemannian manifold optimization approach that interprets
these constraints geometrically as restricting the feasible set
to be the surface of the complex circle manifold [17]. We use
extensive numerical simulations to evaluate the performance of
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the proposed manifold optimization method and investigate the
effects of changing various parameters such as the number of
users, the number of RIS elements, and the fraction of power
received through the RIS. Our results show that the proposed
approach can effectively minimize interference between the
users allowing simultaneous communications in the same
channel at rates close to what is achievable if the other users
did not exist. In contrast, the baseline semidefinite relaxation
approach fails to find adequate solutions for the formulated
problem.

II. SYSTEM MODEL

We consider a scenario where K single-antenna transmitters
aim to communicate with corresponding K single-antenna
receivers assisted by an RIS that partially controls the prop-
agation between the nodes. The received signal at the k-th
receiver can be written as

yk = dk,ksk +
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where wk denotes the noise at the k-th receiver, dk,k is the
channel coefficient between the k-th transmitter and the k-
th receiver,  ` is the reflection coefficient applied at the `-th
element of the RIS, fk,` is the channel coefficient between
the k-th transmitter and the `-th element of the RIS, g`,k
is the channel coefficient between the `-th element of the
RIS and the k-th receiver, and sk is the symbol emitted by
the k-th transmitter. Hence, the first two terms constitute the
desired signal received via the direct channel and through the
RIS, respectively, and the last two terms constitute undesired
interference terms.

The signal model can be expressed in an equivalent matrix
form as

y = (D+ FQG) s+w,

y = He↵ s+w,
(2)

where y = [y1, y2, . . . , yK ], s = [s1, s2, . . . , sK ], D 2 CK⇥K

comprise the direct channel coefficients between the set of
transmitters and the set of receiver, F 2 CK⇥L comprises
the channel coefficients between the set of transmitters and
the elements of the RIS, G 2 CL⇥K comprises the channel
coefficients between the elements of the RIS and the set
of receivers, Q = diag ( 1, 2, . . . , L) denotes the RIS
interaction matrix, and He↵ , D+ FQG. Note that although
this model looks like a MIMO link, the sets of the trans-
mitters/receivers cannot cooperate to transmit/decode their
respective signals, which is a fundamental difference compared
to MIMO links. Similar to [10], [11], [14], it is assumed that
the RIS has knowledge of all the relevant channels which are
assumed to be Rayleigh distributed1.

1It is worth mentioning that obtaining channel knowledge at the RIS is a
daunting task because of the passive nature of the RIS elements; however,
some techniques have been proposed in the literature, e.g., [18].

Fig. 1. The system model. K different user pairs simultaneously communi-
cating assisted by an RIS to minimize interference.

The (i-th, j-th) element of the overall effective channel,
He↵ , between the set of transmitters and set of receivers can
be expressed as

[He↵ ]i,j = di,j +
LX

`=1

 `fi,`g`,j . (3)

The diagonal terms of the effective channel matrix, i.e.,n
[He↵ ]i,j

o

i=j
, constitute desired paths, and the off-diagonal

terms, i.e.,
n
[He↵ ]i,j

o

i 6=j
, constitute undesired interfering

paths. Our goal in this paper is to find configurations of
the RIS elements that minimize the undesired interfering
paths allowing simultaneous communications by all pairs at
satisfactory rates.

III. INTERFERENCE MINIMIZATION USING RIS
In this section, we present a manifold optimization-based

approach for RIS optimization for interference minimization.
The commonly used semidefinite relaxation (SDR)-based ap-
proach serves as a benchmark to judge the performance of the
proposed approach.

First, we reformulate the problem in the more familiar
quadratic form, which is also needed for the SDR-based
approach. We start by writing the vectorized form of the
overall effective matrix as

vec (He↵) = vec (D) + vec (FQG) ,

= vec (D) +
�
G

T ⌦ F
�
vec (Q) ,

(4)

where vec (·) denotes linear column-wise vectorization op-
erator, (·)T denotes the matrix transpose, ⌦ denotes the
Kronecker matrix product, and we have used the identity
vec (ABC) =

�
C

T ⌦A
�
vec (B).

Let C =
�
G

T ⌦ F
�
, and note that vec (Q) has only L non-

zero elements since Q = diag ( 1, 2, . . . , L). Hence, we
can rewrite (4) as

vec (He↵) = d+R , (5)

where d = vec (D), the `-th column of R 2 CK2⇥L is
given by the (L (`� 1) + `)-th column of C, and  =
[ 1, 2, . . . , L].

We are only concerned with elements of (5) that corre-
spond to the off-diagonal elements of He↵ , i.e., elements
corresponding to interfering paths, cf. (1) and (3). Define the
set I =

�
i : i 2 0, 1, . . . ,K2 � 1, i mod (K + 1) 6= 0

 
. Let
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vector u comprise the elements of d whose indices fall in I.
Similarly, let the matrix Z 2 C(K2�K)⇥L comprise the rows
of R whose indices fall in the set I. Hence, we can write the
problem of minimizing the interference as

minimize
 

ku+ Z k2 (6a)

subject to | i| = 1 8i = 1, 2, . . . , L. (6b)
This problem is non-convex because of the constant modulus
constraints and is NP-hard in general. There is no general
approach to solve (6) optimally in polynomial time. Neverthe-
less, we present two techniques to find a sub-optimal solution
efficiently.

A. Semidefinite Relaxation-based Benchmark

The non-convexity of the problem in (6) arises from the
constant modulus constraint on the RIS reflection coefficients.
The most commonly used technique in the literature to deal
with this problem is to relax it into a convex Semidefinite
program (SDP). First, we reformulate (6) to an equivalent,
still non-convex, quadratically-constrained quadratic program
(QCQP) given by

minimize
 

u
H
u+ 2uH

Z + H
Z

H
Z (7a)

subject to | i|2 = 1 8i = 1, 2, . . . , L, (7b)

where (·)H denotes the Hermitian transpose of a matrix.
The quadratic form in the objective function (7a) can be
made homogeneous by introducing an auxiliary variable. In
particular, we can write an equivalent problem as

minimize
v

v
H
C v (8a)

subject to |vi| = 1 8i = 1, 2, . . . , L, (8b)
where

C =


Z

H
Z Z

H
u

u
H
Z u

H
u

�
, v =


 
1

�
. (9)

Let tr(·) denote the matrix trace operator, and define V =
vv

H. Thus, by making use of the fact that v
H
Cv =

tr
�
v
H
Cv

�
= tr

�
Cvv

H
�
, we can recast (9) as the semidefinite

program given by
minimize

V
tr(CV) (10a)

subject to V`,` = 1 8` = 1, 2, . . . , L+ 1, (10b)
V ⌫ 0, (10c)

where the rank-one constraint on V has been relaxed to
make the problem convex. This SDP can be solved using any
standard semidefinite solver, e.g., SeDuMi [19]. If the solver
gets a rank-one solution V, the optimal v and subsequently  ,
can be directly extracted from it; otherwise, an approximate
sub-optimal rank-one solution can be extracted using various
techniques [6]. Note that the matrix C is highly rank deficient,
which has ramifications on the performance of the SDP
approach discussed later in Sec. V.

B. Proposed Manifold Optimization-based Technique

The unit modulus constraints on the RIS reflection co-
efficients can be geometrically interpreted as restricting the
solution to lie on the surface of a smooth Riemannian manifold

embedded in CL. In particular, each optimization variable,  `

lives on a continuous search space given by the complex circle
denoted by

S = {x 2 C : x⇤x = 1} . (11)

The complex circle, S , is a smooth Riemannian sub-manifold
of C. The feasible set of the L RIS reflection coefficients is
the Cartesian product of L complex circles, i.e.,

S ⇥ S ⇥ · · ·⇥ S| {z }
L times

. (12)

This product of smooth Riemannian manifolds is itself a
smooth Riemannian sub-manifold of CL known as the com-
plex circle manifold and formally defined as

SL =
�
x 2 CL : |x1| = |x2| = · · · = |xL| = 1

 
. (13)

Hence, if no other constraints exist, the problem of opti-
mizing the RIS reflection coefficients can be formulated as
an unconstrained problem on the surface of complex circle
manifold, SL, whereby gradient-based unconstrained manifold

optimization algorithms can be then be used to find a solution
efficiently. Encouraging results using this technique have been
reported in hybrid beamforming, e.g., [20], and single-user
RIS-assisted MISO links optimization [21].

An unconstrained manifold optimization problem [17] takes
the following form

minimize
 2M

f ( ) , (14)

where M is a Riemannian manifold and f : M ! R is some
smooth real-valued objective function to be optimized. Hence,
the problem in (6) can be cast in the form of (14), where M
is SL and f ( ) = ku+ Z k2.

Similar to Euclidean spaces, a gradient-descent algorithm
on Riemannian manifolds consists of two main steps. First, a
descent direction must be found; second, the length of the step
along the descent direction must be chosen. The solution is
updated iteratively by repeating these steps until convergence.
However, these steps are adapted to address the geometric
nature of the manifold and are explained next.

The tangent space at a point, xm, on the complex circle
manifold, xk, TxmM, is defined as the space of tangent
vectors of all smooth curves passing through xm and is given
by

TxmM =
�
v 2 CL : < (v � x

⇤
m = 0L)

 
, (15)

where < {·} and � denote the element-wise real-part of a
complex vector and the Hadamard element-wise multiplica-
tion, respectively. The direction of the greatest increase of
the objective function at a given point on the manifold, xm,
but restricted to its tangent space, is called the “Riemannian
gradient”, which is computed numerically by computing the
Euclidean gradient at this point then projecting it onto the
tangent space via a projection operator.

The projection operator from the ambient Euclidean space
onto the tangent space at a point xm on the complex circle
manifold, i.e., TxmM, is given by [17]

PTxmM (v) = v �< {v � x
⇤
m}� xm. (16)
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Hence, the Riemannian gradient of an objective function f on
the complex circle manifold can be expressed as
rMf (xm) = PTxmM (rf (xm))

= rf (xm)�< {rf (xm)� x
⇤
m}� xm.

(17)

For our problem, the Euclidean gradient, rf (xm), is given
by

rf (xm) = 2ZH (u+ Zxm) . (18)

At a given point, xm, on the manifold, a descent direction
⌘m in the tangent space TxmM can be found based on the
Riemannian gradient such that h⌘m,rf (xm)i < 0. However,
the solution cannot be simply updated via x̂m+1 = xm +
↵m⌘m, since x̂m+1 would lie in the tangent space TxmM
and not on the surface of the manifold. Hence, an additional
mapping is needed from the tangent space to the surface of the
manifold. This mapping is referred to as a retraction, which
for the case of the complex circle manifold can be defined as
[17]

R (v) = v ↵ |v| , (19)

where |·| and ↵ denote element-wise absolute value and
element-wise Hadamard division, respectively.

Equipped with the Riemannian gradient obtained via a
projection mapping and the retraction mapping, a steepest-
descent procedure can be used to find a locally optimal
solution for (14). However, the steepest descent algorithm is
known to be slow in practice. Hence, we use the Polak-Ribiére
conjugate gradient algorithm, which incorporates second-order
information and is known to converge superlinearly. The
manifold generalization of the Polak-Ribiére descent direction
at the (m+ 1)-th iteration is given by
⌘M
m+1 = �rMf (xm+1) + �PR�M

m+1 Txm 7!xm+1 (⌘m) , (20)

where �PR�M
m+1 is the manifold generalization of the Polak-

Ribiére’s conjugate parameter and Txm 7!xm+1 : TxmM 7!
Txm+1M is a vector transport operation needed to add/subtract
points on different tangent spaces. In the case of the com-
plex circle manifold, the vector transport operation can be
expressed as

Txm 7!xm+1 (v) = v �<
�
v � x

⇤
m+1

 
� xm+1, (21)

which is equivalent to an additional projection from the old
tangent space to the new tangent space, cf. (16), while the
Polak-Ribiére’s conjugate parameter is given by

�PR�M
m+1 = rf (xm+1)

H (rf(xm+1)�Txm 7!xm+1 (rf(xm)))
krf(xm)k2 .

(22)
Finally, we have everything we need to iteratively update

the solution using
xm+1 = R

�
xm + ⌧m⌘

M
m+1

�
, (23)

where ⌧m is the step size at the m-th iteration. The well-known
Armijo backtracking line search algorithm [17] can be used to
choose the step size, which ensures that the objective function
is non-increasing, i.e., f (xm+1)  f (xm) at each iteration.
The complete procedure is summarized in Algorithm 1.

Complexity Analysis: Before we conclude this section, we
briefly summarize the computational complexity of each itera-
tion of the proposed manifold optimization method. The com-
putation of Euclidean gradient, cf. (18), takes 4L

�
K2 �K

�

Algorithm 1: Manifold-based RIS Optimization for
Interference Minimization
Initialize iteration number m = 0;
Initialize x0 to any point on the manifold SL;
while |rMf (xm)| < ✏ do

Compute the Euclidean gradient rf (xm)
using (18);

Compute the Riemannian gradient rMf (xm)
using (17);

Compute the Polak-Ribiére parameter �PR�M
m+1

using (22);
Compute the descent direction ⌘m+1 using (20);
Calculate updated solution, xm+1 according to

(23);
m = m+ 1;

Return  = xm

flops. The projection to obtain the Riemannian gradient,
cf. (17), takes 3L flops. Computing the Polak-Ribiére parame-
ter, cf. (22), takes 6L flops, and the descent direction, cf. (??),
takes an additional 5L flops. Finally, updating the solution
via (23) takes 3L flops for a total of 17L + 4L

�
K2 �K

�
.

Note that it is reasonable to assume that the number of RIS
elements is much larger than the number of users’ pairs, i.e.,
L � K.

IV. NUMERICAL RESULTS

In this section, we evaluate the proposed manifold op-
timization for interference minimization and compare it to
the widely-used semidefinite relaxation as a benchmark. The
performance is evaluated based on the achievable rate per user,
which can be computed as

Rk = log2 (1 + �k), (24)
where �k denote the SINR for the k-th receiver which can be
computed from

�k =

���[He↵ ]k,k

���
2

P
j 6=k

���[He↵ ]k,j

���
2
+ �2

n,k

, (25)

where [He↵ ]k,k is as defined in (3) and �2
n,k is the noise

variance at the k-th receiver. All channels’ gains are assumed
to follow the Rayleigh distribution, and in lieu of using path
loss models, we normalize the channels such that a single
parameter, ↵, denotes the fraction of power received through
the RIS.

Fig. 2 shows the achievable rate per user for different num-
bers of users’ pairs, K, averaged over 103 channel realizations.
The number of RIS elements L = 100, and the power fraction
↵ = 0.5. From the figure, the proposed MO-based approach
effectively minimizes interference allowing simultaneous com-
munications at rates approaching the case when no interference
exists, i.e., off-diagonal elements are zeroed, for up to 6 user
pairs. However, as the number of user pairs increases to 8,
the performance deteriorates significantly. Note that although
going from 6 to 8 user pairs is just a one-third increase, it
almost doubles the number of interfering paths,

�
K2 �K

�
,
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Fig. 2. The effects of the number user pairs, K, on the achievable rate
when the reflection coefficients are optimized using the proposed manifold
optimization (MO) approach. L = 100, ↵ = 0.5 for all curves. The
achievable rate when the reflection coefficients are optimized using SDR is
also shown as a benchmark along with the no RIS and no interference cases.

from 30 to 56. Meanwhile, the SDR approach fails to obtain
a satisfactory solution for any of the considered cases. Note
that all users enjoy the same performance since the channel
model is symmetric, and the optimization algorithms minimize
all interference equally.
Remark. It is worth discussing why the SDR approach fails
in the considered problem, while it performs satisfactorily
in other scenarios, e.g., [6]. As we alluded in Sec. III, the
coefficient matrix C in (10) is highly rank deficient; hence,
the minimizer of tr(CV) obtained by the SDP solver will lie in
the null space of C. However, this null space is of dimensions
L + 1 � K � 1 and so is the rank of the obtained solution
V ?; hence, any technique to obtain a rank-one approximation
will be highly suboptimal. In [6], the formulated problem also
had a highly rank-deficient coefficient matrix; however, it was
a maximization problem, and the solution generally lies in the
column space of the coefficient matrix, which is of limited
dimensionality. Hence, a rank-one solution is more readily
obtained without significant loss of optimality.

Fig. 3 shows the achievable rate per user for different
numbers of RIS elements, L, averaged over 103 channel
realizations. The number of user pairs is K = 3, and the
power fraction is ↵ = 0.5. From the figure, the proposed
MO-based approach effectively eliminates the majority of
interference allowing simultaneous communications at rates
approaching the no interference case with as little as 25
RIS elements, while the performance starts to deteriorate for
L = 12. This is intuitively expected as the number of degrees
of freedom afforded by the RIS needs to be large enough
relative to the number of interfering paths between users to
effectively suppress inter-user interference. However, it is still
significantly better than the no-RIS case.

Finally, in Fig. 4, we show the achievable rate per user for
different values of the power fraction parameter ↵ averaged
over 103 channel realizations. From the figure, for values of ↵
as low as 0.125, i.e., -9 dB, the proposed MO-based approach
effectively eliminates the majority of interference allowing

Fig. 3. The effects of the number of RIS elements, L, on the achievable rate
when the reflection coefficients are optimized using the proposed manifold
optimization (MO) approach. K = 3,↵ = 0.5 for all curves. The achievable
rate when the reflection coefficients are optimized using SDR is also shown
as a benchmark along with the no RIS and no interference cases.

Fig. 4. The effects of the power fraction, ↵, on the achievable rate when the
reflection coefficients are optimized using the proposed manifold optimization
(MO) approach. L = 100,K = 0.5 for all curves. The achievable rate
when the reflection coefficients are optimized using SDR is also shown as a
benchmark along with the no RIS and no interference cases.

simultaneous communications at rates approaching the no
interference case. However, as ↵ decreases further, we start to
see the RIS unable to remove all the interference. Nevertheless,
it still allows communications at rates significantly better than
the no-RIS case for ↵ as low as 0.0312, i.e., -15 dB. Note that
the performance can be improved for smaller ↵ by increasing
the number of RIS elements L.

V. CONCLUSION

In this paper, we have investigated the potential of using
RISs to allow multiple user pairs to communicate simulta-
neously on the same channel. An interference minimization
problem has been formulated to configure the RIS reflection
coefficients. The constant-modulus constraints on the reflec-
tion coefficients of the RIS have been interpreted geometrically
as restricting the feasible set to the surface of the complex
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circle manifold, for which a Riemannian manifold optimiza-
tion approach has been used to solve the formulated problem.
Simulation results have shown that the proposed approach
can be used to effectively minimize interference and allow
simultaneous communication by multiple user pairs over the
same channel at rates close to what they would have gotten
if they had used the channel alone, while the widely-used
SDR-based approach failed to find satisfactory solutions for
the considered problem.
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