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Abstract—Controlling the electromagnetic signals’ features of
scattering, reflection, and refraction is possible using reconfig-
urable intelligent surfaces (RIS). In this study, we examined
the data rate performance utilizing a codebook technique to
produce a set of pre-designed phase shift configurations for the
RIS elements. This arrangement has previously been investigated
without taking into account electromagnetic interference (EMI),
which consists of the inescapable incoming waves from outside
sources. We analyzed the system model considering the EMI for
single-user SISO wideband communication system. We developed
the power method to get a high-quality optimized configuration
for the RIS besides using the old water pouring algorithm to
fairly allocate the power for all orthogonal frequency division
multiplexing (OFDM) subcarriers. Communication performance
is significantly impacted by electromagnetic interference, partic-
ularly as the RIS becomes bigger.

Index Terms—Reconfigurable Intelligent Surfaces (RIS), Or-
thogonal Frequency Division Multiplexing (OFDM), Electromag-
netic Interference (EMI) and Data Rate.

I. INTRODUCTION

In the field of wireless communication research, reconfig-
urable intelligent surfaces (RISs) have lately come to light as a
cutting-edge method. Intelligent surfaces with electromagnetic
material bases are known as RISs. RISs are Microelectronic
circuits with wireless communication capabilities are used
to regulate the materials, enabling them to handle wireless
propagation circumstances in a way that was not before
possible [1], [2], [3]. The RISs are composed of a large number
of small, inexpensive passive components that have the ability
to modify wireless signals in a manner that is not possible
with conventional materials and surfaces.

RIS-assisted communication may allow signal focusing at
the receiver thanks to the constructive superposition of the
line of sight (LOS) route between the transmitter and receiver
as well as reflections from all of the RIS’s metasurface
components that create a beam in a specific direction [4]. The
channel between the transmitter and receiver may be improved
by using wireless repeaters, relays, and reflect array antennas,
as examples of earlier technology [5]. Some of the properties
that make RISs unique include the fact that they can be
programmed and do not need power amplifiers, sophisticated
processing, or encoding and decoding algorithms [6]. Recently,

Fig. 1. System Setup.

many efforts have been made to enhance various performance
metrics in RIS-assisted communication systems [7].

A significant amount of past work on RIS has focused on a
single-input single-output (SISO), multiple-input single-output
(MISO) and multiple-input multiple output (MIMO) setup [8],
[9], [10]. However, these prior works did not consider the EMI
in their works [11].

Against the above and in this paper, we investigated the
data rate in relation to phase tuning and power allocation
at the presence of EMI. Power Allocation for the entire
subcarriers can be resolved by a solution called Water-Pouring.
For configuring the RIS, we used the pre-designed phase
shift configurations generated by the beamforming codebook
approach to help us configuring the RIS surface. For Large
surfaces N = 4096 elements, The DFT matrix’s column [12]
can be used to represent the reflection coefficiens. We select
the best signal to noise ratio (SNR) configuration from the
built codebook, to be used in the iterative algorithm to get
the optimal RIS configuration. We noticed the effect of EMI
on the data rate and the remarkable difference in the data
rate between the case when EMI is existed and the case
without EMI consequently, the EMI should be considered
in the future research. An overview of the remainder of the
paper is provided below. The system model is introduced in
Section II. The EMI and channel model is the focus of Section
III, while section IV present the codebook approach and the
iterative algorithm. We show the simulation results in section



V. Finally, in part VI, there is a conclusion.

II. SYSTEM MODEL

We go through how to communicate with only single
antenna base station (BS) to single user using an RIS with
N reconfigurable controllable elements which is organized
into a uniform planar array with NH = 64 elements per
horizontal row and NV = 64 elements per vertical column
as per Fig. 1. We presume that OFDM is being used for the
transmission. The system’s entire bandwidth is evenly split
into K orthogonal subcarriers, like typical OFDM-based sys-
tems. The total power for all subcarriers is P = 1

K
∑K−1

κ=0 pk
where p0, . . . , pK−1 is the power given to subcarrier k. Let the
direct channel Hd = [Hd[0], . . . . . . ,Hd[M− 1]]

T ∈ CM×1

represents all the uncontrollable channel components. Ad-
ditionally, there is a M-tap baseband equivalent multipath
channel for the BS-RIS-user link via which the RIS reflects
the signal that the BS transmits before it reaches the user
consequently, let H = [h0, . . . , hM−1] ∈ CN×M is the BS-
RIS channel where hl ∈ CN×1 corresponds to the l-th tap,
0 ≤ l ≤ M − 1 while G = [g0, . . . , gM−1] ∈ CN×M is
the RIS-User channel where gHl ∈ C1×N corresponds to the
l-th tap, 0 ≤ l ≤ M − 1. When the signal is received at
the RIS, each element re-scatters it with a different reflection
coefficient so, wθ = diag

(
ejθ1 , ejθ2 , . . . , ejθN

)
is the diagonal

matrix that holds the RIS’s reflection coefficients. For the sake
of clarity, let us denote V = [v0, . . . , vM−1] ∈ CN×M where
vHl = gHl diag (hl) ∈ C1×N . Then we have vHl wθ = gHl wθhl

that characterizes the BS-RIS-User composite channel at the l-
th tap. The signal at the receiver zk ∈ C at the k-th subcarrier
k = 0, . . . ,K − 1 using the discrete Fourier transform (DFT)
at the RIS is given [11]:

zk = Hkxk + eEMI (1)

where xk is the transmitted signal and eEMI ∼
NC
(
0, Aσ2R

)
∈ C is the EMI generated by the approaching

uncontrollable signals [11]. We will discuss and define the
EMI parameters in section III. The received signal rk ∈ C is
given as per Fig. 1:

rk = zkwθG
H
k +Hdxk + ek (2)

where ek ∼ NC
(
0, σ2

e

)
is the receiver noise affecting the

received signal apart from reflected EMI by the RIS. By
substituting (1) in (2).

rk =
(
GH

k wθHk +Hd

)
xk + wθG

H
k eEMI + ek (3)

Let us denote hθ =
(
GH

k wθHk +Hd

)
and G = wθG

H
k . We

can represent (3) in a vector form as follows: r̄[0]
...

r̄[K − 1]

 =

 h̄θ[0]
...

h̄θ[K − 1]

⊙

 x̄[0]
...

x̄[K − 1]

+

 GēEMI [0]
...

GēEMI [K − 1]

+

 ē[0]
...

ē[K − 1]


(4)

where ⊙ denotes the Hadamard product. The output of the
OFDM block can be described in a short form as follows:

r̄ = h̄θ ⊙ x̄+ ḠēEMI + ē (5)

We notice that the channel frequency response of h̄θ:

h̄θ = F

 Hd[0] + vH0 wθ

...
Hd[M− 1] + vHM−1wθ

 = F
(
Hd + V Hwθ

)
(6)

where F is a K × M DFT Matrix. The channel frequency
response at each k-th subcarrier is given as:

hθk = fH
k Hd + fH

k V Hwθ, k = 0, . . . ,K − 1 (7)

where fH
k denotes the k-th row of the DFT matrix F .

Consequently, we can represent the sum data rate over the
K subcarriers for equal power distribution, certain phase
configuration wθ and known channel state information at the
receiver:

R =
B

K +M− 1

K−1∑
k=0

log2

(
1 +

P
∣∣fH

k Hd + fH
k V Hwθ

∣∣2
Aσ2GHRG + σ2

e

)
bit
s

(8)
In (8), we did consider the effect of the eEMI and B is the
total bandwidth.

III. EMI AND CHANNEL MODEL

1) EMI Model: The EMI eEMI is generated by a su-
perimposed cline of approaching plane signals from outside
sources. It is modeled as in corollary1 [11] and distributed as
eEMI ∼ NC

(
0, Aσ2R

)
where A is the RIS element area, σ2

is the interference power and the (n,m)-th unit of R is given
by:

[R]n,m =

∫∫ π/2

−π/2

ejW(φ,θ)T(un−um)α(φ, θ)dφdθ (9)

where W(φ, θ) = 2π
λ [cos(θ) cos(φ), cos(θ) sin(φ), sin(θ)]T

is the wave number that describes the phase changes of
the plane waves, φ is the azimuth angle and θ is the el-
evation angle. α(φ, θ) is the power angular density with∫∫ π/2

−π/2
α(φ, θ)dφdθ = 1 and un = [0, i(n)dv, j(n)dh]

T is the
location of the n-th element with n ∈ [1, N ]. dv and dh are the
vertical and horizontal elements spacing where, d2v = d2h = A.
While i(n) and j(n) are the horizontal and vertical indices of
element n. Under circumstances of isotropic distribution (i.e.,
uniform distribution from all angles), (9) can be reduced to
Prop1 [13]:

[R]n,m = sinc

(
2 ∥un − um∥

λ

)
(10)

where ∥ · ∥ is the Euclidean norm.



A. Channel Model and propagation environment

We assume that the system has a perfect channel model.
Specifically, the following channel is used [3]:

Hd =

Ld∑
l=1

√
Bd,le

−j2πfcτd,l

 sinc (0 + B (γ − τd,l))
...

sinc (M− 1 + B (γ − τd,l))


(11)

where Bd,l ≥ 0 is the pathloss of the l-th path, Ld is
the multipath number, τd,l is the propagation delay and γ
is the sampling delay over the shortest path. Similarly, the
controllable path is given by:

V =

La∑
l=1

Lb∑
ℓ

√
Ba,lBb,ℓe

−j2πfc(τa,l+τb,ℓ) (a (φa,l, θa,l)⊙

a (φb,ℓ, θb,ℓ))

 sinc (0 + B (γ − τd,l − τb,ℓ))
...

sinc (M− 1 + B (γ − τd,l − τb,ℓ))


T

(12)
The propagation paths La and Lb from the BS to the RIS and
from the RIS to the user, respectively. Ba,l ≥ 0, and Bb,ℓ ≥
0, are the pathlosses from the BS to the RIS and from the
RIS to the user respectively. τa,l and τb,ℓ are the propagation
delays to and from the RIS. All the parameters are considered
by using the 3GPP channel model [14], [15]. The LOS is
considered for the indirect channel BS-RIS-User however, the
channel between the BS and the user experiences non-(LOS).
The RIS under consideration has N = 4096 elements and is
organized as a uniform planar array with Nh = 64 elements
per horizontal row and Nv = 64 elements per vertical column.
The array is located in the yz plane according to the system
setup shown in Fig. 1.

IV. BEAMFORMING CODEBOOK AND ITERATIVE
ALGORITHIM

Contrary to the narrowband case, when there is just one
channel (one subcarrier), RIS optimization in the wideband
scenario is more challenging because there are K parallel
subcarriers. The most optimal vector wθ is necessary for the
optimization of (8) with regard to RIS configuration. For a one-
bit RIS design, each RIS element may only accept two possible
phase shifts, either π/2 or −π/2. We inspired the generation
of such phase matrices from the beamforming codebook of
the RIS [12], [16], [17].

A. Beamforming Codebook

If there is any realistic chance of finding a configuration
that is near to the best one out of the 2N possible RIS config-
urations, then choosing one of them would have to be extraor-
dinarily difficult. Existing research relies on high-precision
configurations, in which a RIS with N reflecting elements
may switch between N mutually orthogonal configurations.
For a particular angle of incidence and reflection, the 2D-
DFT codebook’s design of the RIS phase shifts remains valid
[12]. Consequently, each column of the codebook beamform

Wθ = F (Nv)⊗F (Nh) ∈ CN×N can be a possible reflection
configuration for an incident signal in a specific direction of
propagation. Let ⊗ denotes the Kronecker product. The DFT
matrices for the columns F (Nv) and F (Nh) can be denoted
as:

F (Nv) =


1 1 1 . . . 1

1 fNv
f2
Nv

· · · fNv−1
Nv

...
...

...
...

...
1 fNv−1

Nv
f
2(Nv−1)
Nv

· · · f
(Nv−1)(Nv−1)
Nv


(13)

where fNv
= e−j2π/Nv = cos (2π/Nv) − sin (2π/Nv). The

phase shifts generated by the codebook must be quantized
to meet the design of the RIS. As a result, the reflection
coefficient wθ for element i can be either ejπ/2 if arg ([wθ]i) ∈
[−π, 0) or e−jπ/2 if arg ([wθ]i) ∈ [0, π) [12]. We searched in
the codebook Wθ for the best configuration that maximize the
SNR:

SNR =
P
∣∣h̄θ

∣∣2
Aσ2GHRG + σ2

e

=
P
∣∣Hd + V Hwθ

∣∣2
Aσ2GHRG + σ2

e

(14)

We deliberately mention the signal to noise ratio because we
consider the interference as a noise. Let us denote the best
phase configuration that can be generated from the codebook
is wθCodeBook ∈ Wθ which will be utilized later in the power
iterative algorithm.

B. RIS Optimization with the knoweledge of EMI

1) Iterative Power Algorithim: In this paper, we look at the
issue of maximizing the sum data rate at the user by finding
the optimal transmit power P to be distributed across all sub-
carriers based on the power limitation for each subcarrier and
the optimal phase matrix wθ for all RIS elements. However,
It is worthwhile to optimize if configuring the RIS relies on
the EMI and the awareness of the spatial correlation matrix
R would result in a higher data rate. Let us neglect the direct
channel and rewrite (14) as follows:

SNR =
P
σ2
e

wH
θ Awθ

wH
θ Qwθ + 1

(15)

where A = V V H and Q = A
σ2
e
σ2GHRG. Consequently, we

can represent (15) as:

SNR =
P
σ2
e

wH
θ Awθ

wH
θ Cwθ

(16)

where C = Q+IN . So, it is necessary to address the following
problem in order to maximise the SNR in (16):

max
P,wθ,w̄θ

(
w̄H

θ Dw̄θ

)
s.t |[wθ]i| = 1, ∀i ∈ N

w̄θ = C1/2wθ
1
K
∑K−1

k=0 pk ≤ P,
pk ≥ 0, ∀k ∈ K

(17)

where D =
(
C−1/2

)H AC−1/2. The optimization problem
is non-convex over the unit modular constraint on all RIS
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Fig. 2. Power allocation for subcarriers in two cases: with and without EMI

elements and the vector wθ does not vary with the subcarrier
index k. This constraint ensures that each RIS element’s
reflection has no pathloss. Furthermore, unlike relays, RIS
components do not amplify or decode then convey a received
signal, necessitating the use of unit magnitude RIS elements.
The iterative power method can be used to overcome the non-
convexity by beginning the computation w̄θi+1

=
Dw̄θi

∥Dw̄θi∥
from initial solution w̄θ0 . The initial solution can be selected to
be the best configuration from the codebook w̄θ0 = wθCodeBook

and then compute Dw̄θi and after that quantize phases of all
candidates arg ([wθ]i) where i = 1, . . . , N to be either

{
ejπ/2

or e−jπ/2
}

if arg ([wθ]i) ∈ [−π, 0) and arg ([wθ]i) ∈ [0, π)
respectively. Finally iterate until convergence.

2) Water-Pouring Algorithm : Moreover, the power P
should be optimized all over the subcarriers. The power
distribution for all subcarriers p0, . . . , pK−1 are satisfying
P = 1

K
∑K−1

k=0 pk where pk = E
{
|x̄[k]|2

}
is the power

related to subcarrier k. Taking into account the EMI, The
power allocation for the subcarriers can be optimized by the
water-pouring algorithm [3].

pk = max

(
µ− Aσ2GHRG + σ2

e

|fH
v Hd + fH

v V Twθ|2
, 0

)
(18)

Where the parameter µ ≥ 0 is chosen to fulfil 1
K
∑K−1

k=0 pk =
P . Consequently, the power allocated for k-th subcarrier pk is
dependent on the water level parameter µ.

The water-pouring algorithm is used to allocate the trans-
mitted power fairly to all subcarriers where the weak channel
gain is allocated less power while the strong channel gain
is allocated more power however, the total allocated power
should not exceed the total power (15 Watt) as per Fig. 2. In
Fig. 2, we show comparison for the power allocation between
the cases with and without EMI to demonstrate how the
algorithm allocate the power to each subcarrier taking into
consideration the channel gain status.

V. SIMULATION RESULTS

In this part, we provide simulation results to assess the
performance of the iterative algorithm for optimizing the

TABLE I
SIMULATION PARAMETERS

System Parameter Simulation value

Carrier frequency fc 4e9 Hz

Speed of light 3e8 m/s

Wavelength λ 0.075 m

Number of elements N 4096

BS Location in meter
[

40− 150 0
]T

User Location in meter
[

20 0 0
]T

Pathloss Model non-LOS 34.53 + 38 log10(d)

Pathloss Model LOS 30.18 + 26 log10(d)

La,Lb and Ld 100, 51 and 100 respectively

Number of channel taps M 23

Number of subcarriers K 1000

Transmit Power P 15 Watt

Bandwidth B 15e6 Hz
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Fig. 3. Data Rate against number of Subcarriers with and without EMI

achievable data rate of RIS-assisted SISO-OFDM system.
Table I shows the system parameters used in the Monte Carlo
simulations.

In Fig. 3, we considered the case when there is no EMI is the
reference to be compared with the cases with EMI and uniform
surface (NO RIS). There is a remarkable difference between
the cases with and without EMI so the iterative algorithm
enhanced the rate to be very close to the case without EMI.
Consequently, the RIS must be aware of EMI in order to get
higher data rate for the user.

VI. CONCLUSION

In this paper we proved that the effect of EMI is inevitable
in RIS aided wireless communication. RIS data rates are inves-
tigated under different scenarios and finally compared with the
case of NO EMI. The analysis revealed that, particularly when
the number of passive elements N increases significantly, EMI
may have a severe effect on the data rate. The codebook



approach was implemented to generate varieties of phase
configurations for the RIS surface in which we searched for
the best configuration to be used in the optimization process.
We initialize the iterative algorithm with the best configuration
generated from the codebook. The information rate resulted
from the iterative algorithm is very close to the reference
case without EMI, so the RIS must be aware of the EMI
and the EMI should be considered in the analysis of RIS
aided communication. Since RIS technology and 6G research
are linked, it is imperative to find improved communication
models that take advantage of electromagnetic features and
are compatible with practical applications.
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