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Abstract

Intelligent Reflecting Surface (IRS) is an emerging technology to improve the performance of wireless systems. As
implementing IRS in a wireless network with complex indoor environments is a challenging task, how to perform a
realistic simulation study of such a system becomes a necessary and important topic. This paper presents a framework
for modeling wireless propagation channels for an IRS-based indoor wireless communication system. The frame-
work adopts ray tracing as the base engine for calculating the power delay profile (PDP) of the transmission paths.
Moreover, we propose an approximate method to speed up the simulation without compromising on the level of accu-
racy. The PDPs calculated by the framework are used to model a deterministic channel for a wireless communication
system enhanced by a 20 x 20 IRS.

Keywords: Intelligent Reflecting Surface (IRS), Propagation Modeling, Ray Tracing, Wireless Communication,

Optimization

1. Introduction

The flourishing of wireless systems is driven by the
increasing number of subscribers and their demand for
high data-rate, low latency multimedia services. [1-5].
To achieve this goal, several technologies, such as small
cells [6], millimeter wave (mmWave) [7], and massive
multiple-input multiple-output (MIMO) [8] have been
introduced, most of which require increased hardware
cost and energy consumption due to the expensive radio
frequency (RF) components associated with higher op-
erating frequency bands. This necessitates innovative,
energy-friendly, and cost-effective approaches for next-
generation wireless systems [9].

Recently, intelligent reflecting surfaces (IRSs) have
been proposed as innovative conformal structures that
are capable of reconfiguring the propagation environ-
ment [10, 11] while maintaining high spectral efficiency
and energy efficiency. These structures have attracted
substantial attention due to their low hardware footprint
compared to facilities used in MIMO networks, mak-
ing them extremely attractive to be deployed in large-
scale urban structures in both indoor and outdoor envi-
ronments. From a technical perspective, an IRS is a pla-
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nar structure that is composed of periodic unit elements
called meta-atoms, each of which can create a reflection
phase delay when illuminated by electromagnetic (EM)
waves. By controlling the reflection phase property of
its unit elements, an IRS can alter the reflection pattern
of the EM waves impinging on its surface. Active radio
frequency (RF) lumped elements are embedded in each
meta-atom to create a range of discrete or analog phase
delays in the impinging EM waves [12—14].

In fi§ literature, researchers have EXamined IRS
structures from different aspects. For instance, in [15],

a physics-based modeling of IRS structures was intro-
duced, whereas in [16], the performance of IRSs was

studied through field experiments. [SEVerallSUIVeySHn
the literature delve into the implementation and appli-

CationSIGAIRSIAIZ=21 In terms of the optimization of
IRS elements, [22, 23] GifeHinsSightSiRtoloptimizing the
phase distribution of IRS elements in a variety of wire-
less communication systems, whereas [24, 25] studied
approaches in channel state information (CSI) acquisi-
tion of IRS-assisted communication systems.

When considering propagation environments, partic-
ularly the complex ones, it is important to design a
wireless system that BlSHEeS quality wireless links be-
tween transmitters (TXs) and receivers (RXs), which
are least sensitive to the location of user equipment
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(UE) in the environment. [ASHSHEH,
and deriving their propa-
gation characteristics can be of great help to determine
the strategic locations of the IRS. In this regard, several
methods can be used for propagation modeling, namely
finite-difference time-domain (FDTD) [26], finite ele-
ment method (FEM) [27], method of moments (MoM)
[28], and ray tracing (RT) method [29], all of which
belong to the computational EM family. [f8F large and
complex environments, whether they are indoor or out-
door, ray tracing is considered one of the best candidates
for propagation modeling as the method is exceptionally
fast while being considerably accurate [30].
In this paper, a ray tracing-based framework for
propagation modeling of an indoor environment for an
IRS-assisted Single-Input Single-Output (SISO) wire-

less system is proposed. S AEANISEAO MOGEITHE

Next, an ap-
proximate model of the original framework is proposed
to significantly reduce the computation time. Both orig-
inal (accurate) and approximate models are then used to
generate deterministic channels for data transmission.
Finally, the channels generated by both models are com-
pared, and the approximate model’s performance is fur-
ther evaluated under changing UE position and IRS size.

The main contributions of this paper can be summa-

rized as fOIIGWS:

e Proposed a propagation modeling framework for
indoor IRS-assisted communication based on ray
tracing for the first time in literature to the best of
our knowledge.

e Proposed a fast and accurate approximate model
of our above framework, which vastly speeds up
the simulation time while still achieving a similar
accuracy level as the original model.

o Investigated and presented new insights on the im-
pact of different UE positions and IRS sizes on the
accuracy of such propagation models.

The FEMAINARE of the paper is organized as [GIGWS:

Section 2 presents our proposed framework for the
propagation modeling of IRS-assisted communication.
Section 3 further presents an approximate model of our
framework, and the results from both models are dis-
cussed in Section 4. Finally, the paper is concluded with
some directions for future work in Section 5.

2. Proposed Framework

This section presents a framework for ray tracing-
based propagation modeling of a SISO orthogonal
frequency-division multiplexing (OFDM) system in an
IRS-assisted indoor environment. Such a framework
can also be utilized to model MIMO communication
with some adaptation. This framework is subsequently
used to model the wireless channel between each TX
and RX in a three-dimensional (3D) indoor environ-

ment. In this framework, it is assumed that there is no

thermore, the maximum number of reflections for the
rays sent from TX and subsequently received by UE is
considered to be 2, as the effect of rays will become neg-
ligible after two reflections [18]. The IRS itself is com-
posed of 20x20 elements, which are spaced at a distance
of 1/2 with an operating frequency of 5.8 GHz.

In the first step, an indoor environment needs to be
created. For this purpose, an existing office space model
from MATLAB has been HdopicditolbeNincorporated
[IREGIGHRfFAMEWOIK as shown in Fig. 1. Note that other
3D environments can be created using software appli-
cations such as SketchUp and imported into our frame-
work with different material types for surrounding walls
and furniture. As seen in Fig. 1, the office has two rooms
separated by a concrete partition blocking the LOS link
between TX and UE. The TX is located in one room
where it has direct sight to the IRS. The UE is located
in the other room. Since ray tracing is used to model a
deterministic channel between the TX and UE, the ma-
terials of objects and walls should be defined in order to
accurately compute the path loss of each ray.

Subsequently, the power delay profile (PDP) of the
channel between TX and UE will be calculated. Ini-
tially, the IRS is removed from the environment, and
the PDP of the channel for TX-UE is calculated. .
this stage, any rays intersecting with the IRS’s location
should be omitted from the PDP, as they will be incor-

Next, the PDP of the
channel of TX-IRS-UE is calculated. In this step, the
PDP between TX and each IRS element (a.k.a. unit
cell) is calculated separately. As such, each cell is re-
placed by an isotropic antenna located at its center, and
the PDP for the channels between IRS cell-TX, and be-
tween IRS cell-UE are calculated with ray tracing. An
isotropic antenna in our case would mean that the IRS’s
unit cells are not sensitive to impinging rays’ incident
angle. The sensitivity pattern of a unit cell is depen-
dent on the physical structure of the cell, and different
structures can have different patterns. In the literature,
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Figure 1: (a) Perspective view; and (b) Top view of the indoor envi-
ronment that includes a TX, UE (RX), and IRS.

a variety of patterns have been investigated for an IRS
unit cell [31]. Defining d,, and d,, as the distances be-
tween n* IRS cell and TX, and between n™ IRS cell and
RX, respectively, the total power of the transmitted rays
bounced by the IRS and finally received at the UE can
be calculated as [32]:

2
AN S R, e/
PIX-IRS-UE _ p G G (_) n Ca
r il Y Z dyndyn 1)
2r
(I)n = T(dt,n + dr,n) + ¢n» (2)

where P, is fiieHEansmif power of TX, N is the number
of cells, A is the surface area of the unit cell that cap-
tures and reflects each ray’s transmit power [31], R, and
®, are reflection loss and phase change for the n™ path,
¢, is phase shift of unit cells in the n” cell, and G, and
G, are antenna gain of TX, and UE, respectively. [IoIGHS

FaRCENMOABIREIPIECISiON,. cach ray from TX to the n

IRS cell is broken into multiple rays traveling from the
n' cell to UE. For example, if the PDP for TX-IRS and
IRS-UE channels for the n”* cell are modeled with M;,,
and M., rays, respectively, there will be M, , X M, , rays
for the n™ cell, totaling M, ,, X M,,, x N number of IRS§
FefIEEHd rays as shown in Fig. 2. Fig. 2 (a) FHOWEESES a
multitude of rays, each engaging with the individual unit
cells of the IRS. Distinct clusters of rays, depicted with
different color codes, represent groups of rays travers-
ing analogous trajectories while interacting with diverse
unit cells. In order to present the data in Fig. 2 (a) more

clearly, data binning has been EmployealThelimespan
between 45 and 52 ns is segmented into 70 bins, and

(see Fig. 2 (b)).
Since each ray has magnitude and phase, the summation
of the rays in the same bin would be the same as the
summation of vectors. In the final step, rays bounced
from the IRS are added to the non-IRS reflected rays.

In the next section, a faster framework based on ap-
proximating the channel calculation of an IRS-assisted
indoor environment is introduced.

3. Proposed Approximate Model

To accurately model an indoor IRS-assisted commu-
nication, each ray traveling from TX to the n IRS cell
and bouncing towards the UE needs to be traced and
taken into account. However, the more accurate the
model becomes, the more time it requires for the com-
putation. For example, to model the PDP of an indoor
400-element IRS-assisted SISO system accurately with
[REFaFIFaCIAg (RT) method, 400 RT realizations need to
be performed between TX and IRS, and another 400 re-
alizations between IRS and UE. Using a standard com-
puter with a Core-i7 CPU and 32 GB of system mem-
ory, the run time to complete all simulations is 86.58
seconds. To improve the scalability of our proposed
framework, an approximate method to model the same
environment is further proposed.

In the approximate model, only 3 RT realizations are
needed to be performed between TX and UE (rays in-
teracting with IRS are to be removed), TX and IRS’s
center, and UE and IRS’s center. [ifill§, all rays be-
tween TX and IRS’s center; UE and IRS’s center are
found, and the reflection point and loss of each ray are
collected. Next, Euclidean distances between TX and
IRS unit cells; UE and IRS unit cells; TX and reflection
points; UE and reflection points; and reflection points
and IRS unit cells Afgicomputed] With the available dis-
tances, all possible TX-IRS-UE paths can be calculated.
For further illustration, Fig. 3 depicts a simplified two-
dimensional (2D) environment with a 3-cell IRS where
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Figure 2: Power Delay Profile of IRS-reflected rays calculated with
accurate model (a) Without data binning; and (b) With data binning
using 70 bins in time axis. The sub-figure (a) shows clusters of rays
grouped by different colors. Each cluster contains 400 rays reflected
from the IRS surface, each from a different unit cell.

the black and green lines represent the TX-IRS-UE, and
TX-UE ray paths, respectively. In the final step, the path
loss and phase shift of each ray can be calculated with
its corresponding propagation distance, the phase shift
of each unit cell, and reflection loss. For rays that do not
interact with IRS, their propagation loss and phase are
calculated by:

|Plag = Grap + Grap — FS PL(d;) — Lyosy 3)

/P, = /T )

0 1 2 3 4 5

where FS PL(+) is propagation loss in free space, d; is
the total propagation distance of each ray, and L. is
the reflection coefficient of the material of the object
that reflects the ray (e.g., concrete, wood, etc.) On the
other hand, for rays interacting with IRS, equations (1)
and (2) are used to calculate the rays’ amplitude and
phase. However, the reflection loss of the environment
and IRS should also be taken into account. The reflec-
tion coefficient of each unit cell is highly dependent on
its structural parameters, such as the number and mate-
rial of dielectric layers, conductor layers’ pattern, and
lumped elements used. The variation of reflection loss
is expected to be between approximately 0.1-3 dB based
on the measured values given in [13, 14, 33]. While the
parameter can be modified in the model for specific unit
cell structures, we have considered the worst-case sce-
nario for the IRS reflection loss of 3 dB in all calcula-
tions in this paper.

1x3 IRS

Reflection points

Figure 3: 2D simplified environment of the office room in Fig. 1.

Fig. 4 depicts the [piocednral steps of both accurate
and approximate models for calculating the channels
between TX-UE Wil iJIRSJESSISERCE] It is notable that
each blue block represents an RT realization calculat-
ing rays between different points in the environment.

EESSIAgNME! For the given environment, the accurate
model requires a total of 801 RT realizations, while the
approximate model requires only 3 realizations, signifi-
cantly reducing the total run time by 99.6% from 86.58
to 0.35 seconds. Fig. 5 shows the amplitude of the PDP
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Figure 4: Frameworks for (a) accurate; and (b) approximate modeling
of deterministic channels in IRS-assisted indoor environments.

of TX-IRS-UE rays calculated by the proposed approx-
imate approach. It illustrates that the achieved accuracy
is similar to i@ of the accurate model. Fig. 6 show-
cases a direct comparison of the total PDPs generated
by the two different models. Notably, the PDP curves
show a clear similarity, highlighting the effectiveness of
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Figure 5: Power Delay Profile of IRS-reflected rays calculated with
approximate model (a) Without data binning; and (b) With data bin-
ning using 70 bins in time axis.

the approximate model in capturing the detailed timing
patterns of wireless channel behavior.

4. Results and Discussion

In this section, two deterministic channel models are
developed based on the computed PDPs, through which
data are transmitted from TX to UE. The system setup
is shown in Fig. 7.

At the transmitter, data is encoded using a 1/2 Low-
Density Parity-Check (LDPC) encoder. The encoded
data is subsequently mapped onto Quadrature Ampli-
tude Modulation (QAM) symbols via a 16-QAM mod-
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Figure 6: Comparison between the total PDPs calculated by accurate
and approximate RT models.

ulator block. These modulated symbols are further pro-
cessed through an Orthogonal Frequency Division Mul-
tiplexing (OFDM) block. This block segments the data
into 214 sub-carriers, consisting of 25 pilots and 17
guard bands. The resultant signal is then added with
Gaussian white noise and transmitted through a channel
generated by both accurate and approximate ray-tracing
models.

Upon reception, the received data [Sijprocessed
through a reverse OFDM block. EeVeragingiOFDNIpid

QAM symbols are then extracted based on the equal-
ized channel and passed to subsequent stages, includ-
ing QAM demodulation and channel decoding blocks.
Throughout this process, several key parameters are
evaluated, including estimated amplitude and gain of
the channel and Bit Error Rate (BER).

Fig. 8 illustrates the channel gains between TX and
UE calculated with accurate and approximate PDPs.
Transmission is done in the presence of an IRS whose
elements’ phase shift is set to zero, and the locations of
the TX, UE, and IRS are assigned as shown in Fig. 1.
Fig. 9 (a) and (b) depict the IRS phase shifts optimized
for minimal BER calculated by the approximate and ac-
curate models, respectively. The optimization process
employs a single objective Genetic Algorithm (GA),
where the solution space comprises a 400-element array,
with each element spanning between 0 and 360 degrees.
The GA operates with a population size of 200 and ter-
minates when the derivative between two successive so-
Iutions (BERs) reaches a threshold of le-5. Fig. 9 (c)
depicts the difference between [EIPHASE distributions

Transmitter

_L0OM0 | Channel Encode [ QAM Mod H OFDM Mod J

Ray Tracing
256 OFDM Modulation

25 OFDM pilots

Freq. bandwidth: 200 MHz

16 QAM Modulation
Error Rate Calc.

Chan Filtering

IRS

Figure 7: System setup for data transmission.
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Figure 8: (a) Amplitude; and (b) Phase of the channel gains derived
from accurate and approximate PDPs.

of both models. It can be seen that the phase error for
each unit cell ranges between —8° and 6°. To verify the
models statistically, they are further evaluated under 100
random TX and UE locations. For each of the 100 lo-
cations, the direct path between TX and UE is blocked,
while both have direct sight to the IRS. Fig. 10 shows
the probability density function (PDF) of the phase er-
ror between accurate and approximate models for each
IRS unit cell. The results show that the mean phase error
value is close to 0, while the phase error range mostly
falls between +5°.

Fig. 11 illustrates the phase error PDF for three IRS
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BiZ8S: 5x5,20%20, and 40 x 40. Since the distance be-

tween unit cells is maintained at /2, AiliNCIcaSCANING
pansiveIRSISfucHire] Expectedly, the phase error range

increases with the IRS size, which may be reduced by
grouping the unit cells. Fig. 12 evaluates the BER ob-
tained by both models as a function of Ej; /N, where a
20 x 20 IRS is deployed. The results show that the BER
values are acceptable under a moderate to high E;, /Ny,
and the performances of both models are strikingly sim-
ilar, underlining the accuracy of the approximate ap-
proach even for a considerably large IRS structure.
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Figure 11: PDF of unitcell’s phase error for 5 x5, 20 x 20, and 40 x40
IRS structures.
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5. Conclusion and Future Works

This paper proposes a framework for propagation
modeling of IRS-assisted communication based on ray
tracing for indoor environments. The framework can
serve as a tool to investigate the propagation charac-
teristics of a specific environment based on the loca-
tion of the IRS and communication devices for es-
timating the performance of an IRS-assisted wireless
system. The framework has been further simplified
through approximations in order to reduce the com-
putation time. The results have demonstrated that the
approximate model can perform as accurately as the
non-approximate model while reducing the run time by
99.6% for a considerably large IRS structure with 400
elements. Future work may focus on investigating the
scalability of the framework to enable the modeling of
more complex propagation environments with multiple
IRSs and MIMO devices. In addition, work may be ex-
tended to outdoor environments for estimating the per-
formance of IRSs in future 6G and mmWave systems in
different scenarios.
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