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ABSTRACT

Reconfigurable intelligent surface (RIS) is a promising tech-
nology to enhance the spectral efficiency of wireless com-
munication systems. By optimizing the RIS elements, the
performance of the overall system can be improved. Yet, in
contrast to single-carrier systems, in multi-carrier systems,
it is not possible to independently optimize RIS elements
at each sub-carrier, which may reduce the benefits of RIS
in multi-user orthogonal frequency division multiplexing
(OFDM) systems. To this end, we investigate the effec-
tiveness of RIS in multiple-input, multiple-output (MIMO)
OFDM broadcast channels (BC). We formulate and solve a
joint precoding and RIS optimization problem. We show that
RIS can significantly improve the system performance even
when the number of RIS elements per sub-band is very low.

Index Terms— MIMO broadcast channels, OFDM sys-
tems, rate optimization, reconfigurable intelligent surface.

1. INTRODUCTION

Intelligent metasurfaces can help us to realize smart radio en-
vironments in which the channels are not determined by na-
ture only [1]. Instead, the channels can be optimized, which
provides additional degrees of freedom in the system design,
and can yield a huge performance improvement [2,3]. Among
different technologies for intelligent metasurfaces is the pas-
sive reflective reconfigurable intelligent surface (RIS). It has
been shown that RIS can be a powerful technology to im-
prove the spectral and energy efficiency of various single-
carrier systems, including point-to-point communication sys-
tems [4], broadcast channels (BCs) [5-12], cognitive radio
systems [13], K-user interference channels [14, 15], cell-free
multiple-input, multiple-output (MIMO) systems [16], cloud
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radio access networks [17, 18] and ultra-reliable low-latency
communication systems [19,20].

Yet, single-carrier systems require a demanding equaliza-
tion process in case the channel is frequency selective. As
an alternative, we may have to employ techniques such as or-
thogonal frequency division multiplexing (OFDM) to use fre-
quency bands more efficiently. Unfortunately, when OFDM is
employed, RIS elements cannot be independently optimized
at each subband [21]. In a more realistic scenario, the RIS
elements remain approximately constant in all frequency sub-
bands, which is highly suboptimal when the number of sub-
bands grows. Thus, one might expect that the benefits of RIS
may disappear when the bandwidth is large.

The performance of RIS in OFDM systems has been stud-
ied in [21-24]. The authors in [22] considered a point-to-
point single-input single-output (SISO) RIS-assisted OFDM
system and proposed schemes to estimate channels as well as
to optimize RIS elements. In [23], the authors developed a
practical transmission protocol for point-to-point SISO RIS-
assisted OFDM systems. In [24], the authors studied a multi-
user SISO RIS-assisted OFDM BC and optimized the RIS
elements to maximize the total power received by users for a
given transmit power. Finally, the authors in [21] showed that
RIS can increase the sum rate of a multi-user multiple-input
single-output (MISO) RIS-assisted OFDM BC. Even though
these studies provide a valuable insight on the performance
of RIS in OFDM systems, they did not consider multi-user
MIMO OFDM systems, which is the focus of this paper.

In this paper, we propose a resource allocation scheme
to maximize the minimum rate of users in a multiple-input
multiple-output (MIMO) RIS-assisted OFDM BC. In contrast
to state of the art, we need a jointly optimization of the trans-
mit covariance matrices for each subband at the base station
(BS) and RIS elements. We show that RIS can significantly
increase the minimum rate of users even with a relatively low
number of RIS components per subband. In more details, our
numerical results show that optimizing the RIS elements can
provide a significant gain in OFDM systems even when the
RIS elements cannot be independently optimized at each sub-



band. These results show that RIS can be a promising tech-
nology to enhance the performance of OFDM systems.

2. SYSTEM MODEL

We consider a BC in which there is one BS with Ngs anten-
nas, serving K users with [Ny antennas each. Additionally,
there is a RIS with Ngs elements that assists the BS. The BS
transmits a linear superposition of multicarrier OFDM signals
with N; subcarriers. In the following, we represent the RIS
model as well as the signal model and the rate expressions.
Finally, we state the considered optimization problem.

2.1. RIS model

We consider the channels in frequency domain. To this end,
we employ the channel model in [21, Eq. (12)]. Thus, the
channel between the BS and user £ at subband ¢ is

Hy; (©) = GrOG; + Fyp; e CNoxNes (1)

Link through RIS Direct link

where G,; € CNuXNrs ig the channel between user k and the
RIS in subband i, G; € CNrsxNes ig the channel between
the RIS and the BS in subband i, Fj; € CNu*Nes ig the di-
rect link between user k and the BS in subband 4, and ©® is a
diagonal matrix containing the RIS coefficients as

@Zdiag(91a927"' aeNms)' )

We consider a unit modulus constraint for the RIS coeffi-
cients, which results in the following feasibility set for ®:

T = {0 : |0m| =1 Vm}. 3)

Note that the unit modulus constraint is based on the analyt-
ical assumption of operating in a passive and lossless mode,
which may not be practical. In [2, Sec. II.B], more practical
feasibility sets are presented for RIS elements, which can be
studied in a future work. Additionally, note that according to
the model in [21], the reflecting coefficients cannot be inde-
pendently optimized at each subband. Thus, we assume that
the coefficients remain constant at all the frequency subbands.

Note that as can be verified through (1), the channels are
linear functions of ®. However, for notational simplicity, we
do not state this explicitly hereafter.

2.2. Signal model and rate expression

The signal transmitted by the BS at subband 7 is
K
X; = Zxki e CNesx1,
k=1

where x;; € CMesX! is the transmit signal intended for
user k at subband i. The signals, xz; ~ CN(0,Py;), are

zero-mean, independent and Gaussian random vectors, where
P, = E{xkixg} is the covariance matrix of x;;. The
received signal at user k in subband 7 is

K
Vi = Hyg g Xji + Ny,

j=1

where ny; is additive zero-mean Gaussian noise at user k in
subband ¢, and Hy; is the equivalent channel at subband i,
given by (1).

The achievable rate at user k is the summation of the rates

at each subband as N
=D This “4)
i=1

where 7y; is the rate of decoding xj; at user k. Treating in-
terference as noise (TIN) at the receiver of user k, r;; can be
obtained as

r1i =logy [T+ Dy, Spi| =log, |Dyi+ Ski|—log, [Dil, (5)
N —— N——

Thiy Thio

where Dy; = 021 + Zszj;ékaiPﬁHg is the covariance
matrix of the noise plus interference, and Sy; = HMPmHg
is the covariance matrix of the useful signal at user k.

2.3. Problem statement

In this paper, we aim at maximizing the minimum rate of
users, which yields the following optimization problem

st. 1y {PH{O}) > r, VE, (6)

max T

{P}eP,®cT,r
where © and {P} = {Py;}, , are the optimization vari-
ables, 7 is given by (3), and P is the feasibility set of the
transmit covariance matrices, given by

P={{P}:) Tr(Pi) < PPy = 0Vkips, (7)
vk,i

where P is the power budget of the BS. The minimum rate of
users is also referred to as the fairness rate since it is highly
probable that all users get the same rate when the minimum
rate of users is maximized [11].

3. PROPOSED OPTIMIZATION FRAMEWORK

The optimization problem in (6) is non-convex. To solve it,
we employ majorization minimization (MM) and alternating
optimization (AO). To this end, we first fix the RIS coeffi-
cients to @~V and solve (6) to obtain {P(t) }. We then fix
the transmit covariance matrices to {P(t)} and update ©® by
solving (6). Even in this case, the corresponding optimization
problems are still non-convex and complicated to be solved.
In the following, we describe our proposed scheme to update
the transmit covariance matrices as well as the RIS elements.



3.1. Optimizing transmit covariance matrices

Now, for given RIS components, et-1), (6) is equivalent to

max 7T
{P}eP,r

st 7 ({P},@“‘l)) > Yk, (8)
which is non-convex since 7y, ({P},©¢~1) for all k is not
concave in {P}. We employ an MM-based scheme to solve
(8). That is, we first obtain suitable concave lower bounds for
7, ({P},©1~Y), which results in a convex surrogate opti-
mization problem. To this end, we employ the lower bound
in [7, Lemma 3]. For the ease of readers, we restate the lower
bound in the following lemma.

Lemma 1. Consider positive semi-definite matrices A and
B, for j = 1,---,J, and arbitrary matrices C; for j =
1,---,J. Then, the following inequality holds for all feasible
{Bj}v;

J J
n|A+Y C;B;Cll <mm|A+Y ¢;BYCH
j=1 j=1
J J !
+y_ wT[Ccl (A +>" ¢;BYcl | c;B,-BY)| ¢,
Jj=1 J=1

where {Bgt), Bét), e ,Bg)} is an arbitrary feasible fixed
point.

Corollary 1. A concave lower bound for ry, is 7, = ZZ Tkis
where T1; is a concave lower bound for ri; as

rhi = P = ey, ((PY) =l

K (t—1)y—1
HkHz(Dm ) Hy; (t—1)
-y m{n( L (P, =PU ) ) ¢,

j=1,#k

(t

where rkigl) = Tki, ({P(t_l)}), D,(:ifl) = Dy, ({P(t_l)}).

Substituting the concave lower bounds for the rates in (8)
yields the following convex optimization problem

max 7T

e st 7h ({P},{(a(t—l)}) > Wk (9)

which can be efficiently solved by existing numerical opti-
mization tools. The solution of (9) is the new set of the trans-
mit covariance matrices, i.e., {P®) }, which is utilized in the
next step.

3.2. Optimizing RIS elements
For given transmit covariance matrices, {P(t) }. (6) is equiv-
alent to

max r

dnax S.L7 ({P(t)}@) > 1, Vk, (10)

which is non-convex since 4, ({P®},0) is not concave in
®, and moreover, 7 is not a convex set. To solve (10), we
employ an MM-based approach here as well. That is, we first
find suitable surrogate functions for the rates, and then con-
vexify the set 7. To obtain a concave lower bound for the
rates, we employ [10, Lemma 2], which is restated in the fol-
lowing lemma.

Lemma 2. Consider arbitrary matrices V and V, and posi-
tive definite matrices Y and Y. Then we have:

In[I+VVIY ™ >[I+ VVIY |
~Te(VVAY 1) 4 20 {Tr (VEY V) )
~Tr (Y ' = (VVT 1Y) H(vVH +Y)). (1D

Corollary 2. A concave lower-bound for the rate of users is
T = ZL Tki, Wwhere Ty; is a concave lower bound for ry; as

(t-1) _

Thi > Thi = T, (Tr (Ski]j/;il)

In2
— Tr (D! = (Ski + Dri) ™) " (Ski + Dii))
2R {Tr (ViiD' Vi) })  (12)

where r,(fi_l) = re; (OUD), Vi, = Hy, (O©) Pl(cti)l/z

Vi = Hy; (G(tfl)) P,(;)l/z

, and

Substituting the concave lower bounds for the rates in (10)
yields the following surrogate problem

max 7

ecT.r S-L T ({P(t)}@) > Vk,  (13)

which is still non-convex because of the unit modulus con-
straint in (3). We can rewrite the unit modulus constraint
|| =1 as

0] <1 (14)
|6 |* > 1. (15)

The constraint (14) is convex. However, (15) is not a convex
constraint since |0,,,|? is a convex function (instead of being
a concave function). To approximate (15) with a convex con-
straint, we can employ the convex-concave procedure (CCP)
and relax the constraint to make the convergence faster as [10]

m m

2m{e<f*1>*9m} eV > 1 e Vm,  (16)

where € > (. Substituting the constraints (14) and (16) in
(13) yields the following convex problem

St 7 ({P(“},Q) > r, Vk,

(14), (16),

maxr
,T

(17a)
(17b)

which can be efficiently solved. Let us call the solution of
(17) as ®*. It might happen that ®* does not meet the unit
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Fig. 1: The average fairness rate versus P for the case without RIS
(No-RIS), randomly configured RIS (RIS-Rand), and optimized RIS
(RIS) with NBS = NU = 2, K = 3, NRIS = 100, and Ni = 16.

modulus constraint in (3) due to the relaxation in (16). To
generate a feasible solution, we normalize ®* as 6,,, = ‘Z—;"‘
for all m. Finally, we update © as

@(t)_{é it ming {r(©) }=ming {ri(@¢1)}
o1 otherwise,

(18)
where © = diag(fy,0,,- - - ,éNR,S). The updating policy in
(18) ensures convergence since the algorithm generates a non-
decreasing sequence of minimum rates.

4. NUMERICAL RESULTS

In this section, we present some numerical results by employ-
ing Monte Carlo simulations. We assume that the small-scale
fading for the channels G; and Gy,; for all ¢, k is Rician simi-
lar to [7,9] since there is a line of sight (LoS) link between the
BS and RIS as well as between the RIS and the users. How-
ever, as the links between the BS and the users are assumed
to be non-LoS (NLoS), the small-scale fading for F; for all
k, 1 is assumed to be Rayleigh distributed. Note that it is also
assumed that there is no correlation between the channels at
different subbands. For more descriptions on the simulation
parameters, we refer the reader to [7, 11].

Fig. 1 shows the average fairness rate versus P for Ngg =
Ny =2, K =3, Nris = 100, and N; = 16. As can be ob-
served, RIS can significantly improve the system performance
even when the RIS elements are randomly chosen. Addition-
ally, it can be observed that there is almost a constant gap
between the proposed scheme for RIS-assisted systems and
the scheme with random RIS coefficients (RIS-Rand). In-
deed, even though the RIS elements cannot be independently
optimized at each subband, we can get a significant gain by
optimizing RIS coefficients, which shows the effectiveness of
RIS in multi-user MIMO OFDM systems.

Fig. 2 shows the average performance improvements ver-
sus P for Ngs = Ny = 2, K = 3, and different N;. The rela-
tive performance curves in Fig. 2a and Fig. 2b are obtained by
comparing the average fairness rate of our proposed scheme
for RIS-assisted OFDM systems with the average fairness rate
of OFDM systems without RIS and with the average fairness
rate of OFDM systems with random RIS coefficients, respec-

200

Relative Performance Improvement (%)
Relative Performance Improvement (%)

P (dB) P (dB)

(a) RIS compared to No-RIS. (b) RIS compared to RIS-Rand.

Fig. 2: The average improvements by RIS versus P for Ngs =
Ny=2,K=3,L=2,M =2,and N; = 16.

tively. As can be observed, RIS can provide a huge gain.
However, the benefits of optimizing RIS components highly
decrease with V;, as shown in Fig. 2b. The reason is that
RIS components cannot be independently optimized at each
subband, and as the number of subbands for a fixed Ngs in-
creases, the effectiveness of optimizing ® decreases. Interest-
ingly, the benefits of optimizing RIS elements are still signif-
icant even when there are slightly higher than 1 RIS elements
per user per subband (Ngis/(KN;) ~ 1.04 when N;=32).
Furthermore, we observe that the benefits of optimizing RIS
elements are much higher in low SNR regimes. Since we also
consider a power/covariance matrix optimization, it may hap-
pen that the signals for a user are transmitted over a few num-
ber of subbands when the BS power budget is low. Thus, the
effective number of subbands is lower than NV;, especially at
low SNR regimes, which enhances the benefits of optimizing
RIS elements. Additionally, as shown in our previous stud-
ies [7, 10], the benefits of employing RIS are higher in low
SNR regimes, which may enhance the gain of a proper opti-
mization of RIS elements.

5. CONCLUSION

In this paper, we have proposed a precoding and RIS element
optimization scheme for a MIMO RIS-assisted OFDM BC
to maximize the minimum rate of users. We showed that
RIS can significantly improve the system performance even
when the number of RIS components per subbands is very
low. Moreover, our numerical results show that the benefits
of optimizing RIS elements in low SNR regimes are much
higher than high SNR regimes. Additionally, we showed that
the benefits of optimizing RIS elements are still significant in
OFDM systems even though the RIS coefficients cannot be
optimized at each subband independently.
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