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Abstract

In sixth generation (6G) mobile networks, the push toward high-frequency bands for ultra-fast data rates intensifies
the challenges of signal attenuation and reduced coverage range. Intelligent reconfigurable surfaces (IRSs) present a
promising solution to these challenges by enhancing signal coverage and directing reflections, which also contribute
to minimize loss. However, there are multiple challenges associated with IRS, which have to be addressed before full
incorporation of this technology into existing networks. A key issue arises from the inability of IRS to filter out non-target
signals from other frequency bands due to lack of bandpass filtering. In areas where multiple wireless operators are
spatially nearby, even if they use different frequency bands, this may cause unwanted reflections that may degrade their
communication performances. To address this challenge, we previously proposed a solution, which relied on partitioning an
IRS into sub-surfaces (sub_IRS) and dynamically assigning operators to these sub_IRS. Results have shown that a proper
assignment of wireless operators to sub_IRS can improve the overall performance compared to a random assignment. In
this paper, we introduce a wideband approach, demonstrating that the impact from unwanted reflections can be mitigated
by using wideband channels, as the average signal to noise ratio (SNR) across subcarriers is less adversely affected. This
approach leverages frequency diversity to reduce SNR variance, as some of the subcarriers may be negatively affected while
others benefit, resulting in maintaining a more consistent and robust system performance in the presence of IRS-induced
unwanted reflections. Simulations and real-world measurements confirm that the deployment of wideband IRS provides
a robust strategy for combating inter-operator reflections in next generation IRS-assisted networks. Additionally, the
wideband approach comes at no additional necessity for centralized resource control in future multi-operator networks.
According to simulations, the SNR variance for a 1.28 GHz channel is approximately 20 dB lower than that of a 10 MHz
channel when coexistence is considered. Similarly, measurements confirm a threefold reduction in SNR variation when
transitioning from narrowband (10 MHz) to wideband (320 MHz) transmission. In overall, the usage of wideband channels
in this context allows the system to be more stable and predictable.
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1. Introduction and attenuation is to perform intensive beamforming, such
that the signal is focused precisely toward the intended

With the ever-growing demands for faster, more reliable receiver, maximizing signal strength in the target direction
connectivity, the move to higher frequencies is fundamen- il also reducing interference elsewhere [3]. Multiple-
tal for future communication networks. Due to spectrum input multiple-output (MIMO) and massive MIMO are
availability, these frequencies enable reaching ultra-high promising solutions, as they employ a large number of
data rates that could power the target applications of sixth active antennas to enable spatial multiplexing and high
generation (6G) and beyond; from real-time holographic  ata rates [4-6]. However, despite its advantages, mas-
imaging to vast networks of autonomous vehicles [1]. How-  give MIMO requires significant power, complex processing,
ever, these gains come at a cost, as high-frequency signals 4,4 substantial infrastructure, which can be challenging
require line-of-sight (LOS) as they are more susceptible to implement, especially at higher frequency bands where

obstacles and attenuation, significantly limiting communi- 1,5 dware costs are higher and power efficiency is critical
cation range and resilience [2]. For these reasons, ongoing [7].

efforts are being made to address the challenges and har-
ness the potential of these bands without compromising
network resilience. One solution to overcome path loss

To address some of these limitations, intelligent re-
configurable surface (IRS) has emerged as a compelling
alternative in 6G and beyond networks [8]. IRS is also
referred to as reconfigurable intelligent suface (RIS) in the

- literature, and both terms are used interchangeably. In
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arrays, an IRS employs passive, programmable elements to
reflect or redirect incoming signals. This passive design en-
ables IRS to operate with much lower power consumption,
reducing both hardware complexity and operating costs
while still improving network efficiency. As a result, IRS
has become a focal point of research due to its potential to
expand signal coverage and create adaptable communica-
tion environments |9, 10]. This potential is reflected not
only theoretically, but also in practical implementations
and manufacture: different IRS-assisted setups operating at
different frequencies are reported in [11]. Various technolo-
gies have been developed to manufacture IRS prototypes,
such as 3D printing for passive metasurfaces in the millime-
ter wave (mmWave) band [12], printed circuit board (PCB)
technology with tunable elements for 5 GHz prototypes [13],
and liquid crystal-based designs demonstrated at 62 GHz
[14]. Recent advancements of IRS even show its ability to
perform analog-domain operations like Fourier transforms,
enabling integrated communication and processing.

However, the incorporation of IRS into future net-
works does not come without its challenges [15], which
mainly include hardware limitations like discrete and phase-
dependent reflection control, mutual coupling between el-
ements, and complex channel estimation. Additionally,
practical deployment issues such as frequency band leakage,
inter-operator interference, and difficulties with large-scale
control must be addressed for widespread adoption [16].
For instance, one of the most elaborated obstacles of IRS
implementation is the dynamic optimization of its elements.
Since an IRS typically does not generate or amplify sig-
nals, it relies on the cascaded path created by the initial
transmission and its subsequent reflection. It is noteworthy
to mention that active IRS variants are also feasible [17],
however, passive IRS is preferred for its energy efficiency
advantage over massive MIMO. The dual-hop process com-
plicates channel estimation, as accurate knowledge of both
direct and reflected paths is essential for optimizing the
phase shifts of each element. Consequently, developing effi-
cient and reliable methods for channel estimation and IRS
configuration remains critical to unlocking its full potential
in future networks [18].

Other challenges emerge in densely deployed network
scenarios, where multiple operators must manage interfer-
ence and spectrum allocation efficiently. In fifth genera-
tion (5G) mobile networks, coexistence among operators is
achieved through frequency planning, where each provider
is assigned dedicated spectrum bands, eliminating the need
for real-time coordination and effectively preventing inter-
ference [20]. However, with the introduction of IRS, this
method may become insufficient and less effective. The po-
tential for real-time reconfiguration of IRS introduces new
dynamic and frequency-specific reflections, necessitating
more advanced coordination strategies. Thus, a complex
aspect of IRS technology is the coexistence of multiple IRS-
assisted networks operating at different frequency bands in
close proximity [21, Section 6.7.2]. Because IRS is typically
optimized for a specific frequency band and it does not

Figure 1: Two operators are assigned to a sub_IRS each.
The solid line arrows represent the wanted reflections,
whereas the dashed line the unwanted reflection ([19, Sec-
tion IIIJ).

have bandpass filtering capabilities [22], there is a potential
for unintended reflections and interactions when different
bands are used nearby. Understanding how IRS configura-
tion for one frequency impacts other signals is crucial, as
optimization for one network may adversely affect others.
Furthermore, in mobile scenarios, the reconfiguration of
IRS leads to temporal changes in multipath characteristics,
causing artificial signal fading. Unlike typical multipath
reflections, IRS reflections are engineered for precise phase
and amplitude control at a specific frequency. As a result,
even small frequency variations can lead to unintended
phase shifts and altered reflection characteristics.

A potential solution would be to place IRSs far apart
from each other to minimize the likelihood of unwanted
reflections. However, in practice, operators often densely
deploy their base stations (BSs), particularly in urban
areas, where network capacity demands require closer in-
frastructure placement. In some cases, multiple operators
even share the same BS towers to reduce deployment costs
and improve coverage efficiency [23]. In such scenarios,
unwanted reflections can become particularly detrimen-
tal, further complicating unwanted reflections management.
Without coordination, operators managing their IRSs in-
dependently may lead to inefficient use of IRSs as a shared
resource, creating a situation analogous to the "Tragedy of
the Commons" [24].

Our previous studies have analyzed the coexistence of
different operators in IRS-assisted networks. In [19], we
examined a network with multiple operators using a single
centralized IRS. In contrast, [25] explored a distributed
IRSs system. The core idea in both studies is similar: in
the former, we proposed a solution in the spatial domain:
dividing the IRS into sub-surfaces (sub_IRSs), which are
dynamically assigned to operators based on demand and
potential impact on neighboring networks. A schematic
representation of the system model used in the former work
is shown in Fig. 1. Here, a centralized IRS is split into
multiple sub_IRSs, and the operators denoted by a BS
and a single user equipment (UE) (where the subscript



denotes the network nodes of an operator) are assigned
to one of these sub_IRSs. Each sub_IRS is configured to
optimally direct the signal toward the receiver (Rx), with
the desired reflections indicated by solid arrows. However,
since each sub_IRS reflects all incoming signals, the signal
from operator A is also reflected by sub_IRSp (and vice
versa). Our results show that properly assigning opera-
tors to sub_IRS units can mitigate the effect of unwanted
reflections, resulting in improved overall system perfor-
mance of sum rate (SR) and fairness in terms of data rates,
compared to static or random assignment methods. Sim-
ilar results in [25] confirmed that in a distributed IRSs
setup, sub_IRSs allocation outperformed the traditional
one-IRS-per-operator assignment. These findings suggest
that cooperative strategies can effectively mitigate coexis-
tence challenges in IRS-assisted networks.

The aforementioned solutions may be difficult to imple-
ment, particularly in systems involving mobility. For this
reason, we explore alternative approaches that do not rely
on direct system modifications or complex control mech-
anisms. We hypothesize that in wideband channels, the
average signal to noise ratio (SNR) across subcarriers is
less negatively impacted by unwanted IRS reflections com-
pared to narrowband channels. While certain subcarriers
may still suffer from destructive interference, others can
benefit from constructive effects, leading to an overall av-
eraging that improves performance. Therefore we propose
leveraging wideband operation as a natural and practical
way to mitigate the negative effects of unwanted reflections
for keeping the network’s performance more stable and
more predictable. This approach also aligns with the trend
in future communication systems toward higher frequen-
cies, where wider bandwidth (BW) is readily available and
crucial for achieving ultra-high data rates.

As a valuable byproduct of this investigation, we also
gain insights into IRS behavior under wideband opera-
tion. Most prior studies have focused on narrowband
transmissions in the mmWave regime, for instance, we
have used 10 MHz signals at 28 GHz in our previous study.
Similarly, much of the existing IRS literature either con-
siders narrowband systems or, in the case of orthogonal
frequency division multiplexing (OFDM)-based studies, as-
sumes frequency-independent reflections across wide band-
widths (e.g., [26]). However, this assumption does not hold
in practice, as recent studies (e.g., [27]) have demonstrated
that IRS reflections are in fact frequency-dependent in
wideband scenarios.

To support our hypothesis, we perform simulations in
MATLAB for a wideband IRS-assisted wireless network and
demonstrate that the impact of unwanted reflections in-
deed diminishes with wider BWs. Additionally, using a
real testbed at 28 GHz composed of software defined ra-
dio (SDR), specifically universal software radio peripheral
(USRP) X410 devices and non-reconfigurable reflecting
surface (NRRS), we show that these results also hold in
practice. NRRSs operate similarly to IRSs by reflecting an
incoming signal in a designated direction; however, they

are pre-configured and lack the capability to dynamically
adjust their reflection direction. Thus, they provide a rel-
atively cost-effective solution for creating artificial signal
paths. The simulations examine the coexistence of opera-
tors for BWs up to 1.28 GHz, while the testbed operates at
a 320 MHz BW, both in the 28 GHz frequency regime. As
expected, higher BWs exhibit increased frequency selectiv-
ity. We demonstrate that employing advanced PHY layers,
such as 802.11be, can effectively help mitigate this effect.
Our main contributions can be summarized as follows:

e We provide a comprehensive literature review on
operator coexistence in IRS-assisted networks, which
helps us formulate the hypothesis that the impact of
unwanted reflections is reduced when the channel is
wideband.

e We perform simulations to analyze the coexistence
of multiple operators assisted by IRSs.

e We implement an experimental communication setup
with the help of NRRSs to validate the simulation
results.

o We present results confirming that the operator co-
existence problem is less pronounced in wideband
transmissions.

The rest of the paper is structured as follows. Section 2
provides an overview of the related work, with a focus
on the coexistence of operators in IRS-assisted networks.
Moreover, our previously proposed solution is revisited and
the results are summarized. Next, the system model used
in simulations and the real-time testbed of this paper are
introduced in Section 3. The evaluation of the results is
given in Section 4, and lastly the concluding remarks and
discussions are found in Section 5.

2. Related Work

In this section, we first provide a summary of the coex-
istence problem among operators in IRS-assisted networks.
Then, we revisit our previous works and summarize the
main results, laying the groundwork for the system model
of this paper.

2.1. Operator Coexistence Problem

In addressing inter-operator interference, a foundational
study in [28] investigates the coexistence challenges intro-
duced by IRS deployment. The authors propose two meth-
ods to manage "non-target signals", or as denoted before,
the undesired reflections. The first solution leverages a mul-
tilayer meta-surface structure, where the initial layer acts
as a bandpass filter, allowing only "target" signals to pass
through to the second layer, where the IRS coefficients are
applied. However, this approach has drawbacks, as the fil-
ter layer introduces additional costs and causes some power
loss in the "target" signal. The second approach involves



Solution ‘ Domain Description Limitation
Spectral filtering [28] Frequency An out-of-band frequency filtering layer | Increases cost and may deteriorate
on top of the IRS. intended signal’s quality.
Orthogonal IRS Spatial Assigning orthogonal IRS configurations | Requires additional inter-operator
configurations during pilot during uplink pilot transmission to information exchange and orchestration.
transmission [29, 30| mitigate inter-operator pilot
contamination.
Ultra-narrowband Frequency Extreme frequency selectivity, allowing High manufacturing complexity and cost.
metasurfaces IRS elements to only interact with
certain frequency bands.
Usage of typical IRS in Temporal Dynamically switching the IRS to Introduced complexity and costs due to
combination with absorption mode when it is not used by | the scheduling requirements.
absorptive IRS [31] the intended operator, in order to avoid
interference.
Hierarchical deep Temporal Using hierarchical deep learning to High computational complexity and
reinforcement learning for | (primary) optimize IRS allocation, beamforming, real-time adaptation challenges in
IRS management and and user association over time, ensuring | large-scale IRS deployments.
scheduling [32] dynamic operator coordination.
sub_IRS assignment Spatial Splitting the IRS into sub_IRSs and Requires coordination between
[19, 25, 28] dynamically assigning them to operators. | operators.
This work Frequency Wideband transmissions naturally The channel is more selective in
mitigate coexistence effect. wideband, necessitating usage of
advanced physical layer protocols, like
802.11be.

Table 1: Classification of proposed solutions to mitigate unwanted interference in unintended frequency bands caused by

IRS.

allocating different subblocks (sub_IRSs) of an IRS to dif-
ferent operators, enabling each subblock to independently
tune and beamform signals from specific operators. The
authors suggest that using narrower beams can enhance
performance by minimizing signal spillover into subblocks
designated for other operators. However, beamwidth is
frequency-dependent, and in real-world scenarios, antennas
generate side-lobes, which can reduce the effectiveness of
this method in achieving optimal performance. We then
use this approach in [19, 25], showing that a proper as-
signment of operators to the sub_IRSs can minimize the
negative impacts of the unwanted inter-operator reflections.
These works are elaborated in detail in Section 2.2.

The authors in [29, 30] discuss the inter-operator pilot
contamination in IRS-assisted networks. It is notewor-
thy to mention that the pilot contamination problem also
emerges from unwanted reflections during the channel esti-
mation phase. The authors have proposed using orthogonal
IRS configurations over time during the pilot transmission
phase, which has been shown to remove or mitigate the
negative effects of the operator coexistence in this phase.
Another approach is proposed in [33]|, where the authors
suggest fabricating ultra-narrowband metasurfaces to ad-
dress the challenge. However, this solution is complex and
contradicts the cost-efficiency of the IRS. Meanwhile, the
authors in [34] study the system performance of a prac-
tical case with discrete phase shifts of the IRS in terms
of inter-operator interference. The results show that the
channel gain is reduced depending on the number of IRS

elements of the other operators in the presence of inter-
operator interference. In other words, the channel gain is
no longer quadratic to the number of the IRS elements of
the intended deployed IRS.

Other works in the literature tackle the frequency de-
pendence of IRS reflections. A practical reflection model
for a wideband TRS-assisted system is introduced in [35].
As an example, an element that generates 0° phase shift at
2.4 GHz may introduce significantly different phase shifts
at nearby frequencies, such as -100° at 2.5 GHz. Meanwhile,
a novel channel estimation for a practical OFDM system
is presented in [36], where it is taken in consideration that
for wideband signals, the amplitude and phase shift of an
element vary with different subcarriers. This phenomenon
is also studied in multi-band scenarios. For instance, the
authors in [37] propose a reflection model for signals at
different frequencies and a joint transmit and IRS reflection
beamforming design for power minimization and total SR
maximization in a multi-cell multi-band system. Another
joint optimization solution for BS-IRS-UE association, ac-
tive beamforming at the BS and passive beamforming at
IRS is provided in [38].

Following our previous studies on the coexistence issue
of operators in IRS-assisted networks, one can argue that
these challenges can be addressed by operator coordination
and cooperation and effective spectrum-sharing protocols
that consider cross-frequency impacts. In order to achieve
this, some centralized control may be needed (see [39]), and
operators may need to share information among each other



for a fair usage of the IRS as a resource. Other solutions
utilizing machine learning tools may also be useful. For
example, a deep reinforcement learning approach is pro-
posed in [32], where an IRS provider dynamically allocates
IRS resources to different operators. Additionally, regula-
tory frameworks may need to evolve to manage frequency
coexistence, particularly as multi-operator, multi-IRSs en-
vironments become more common in 6G and beyond.

A summary of the proposed solutions toward unin-
tended signal reflection in multi-operator IRS-assisted net-
works is given in Table 1. These solutions are mainly
focused in the space and time domain, with their limi-
tations being increased system complexity and necessity
of operator coordination. It is obvious that spatial sep-
aration between deployed nodes also solves the problem;
however, this not optimal and always feasible in reality.
An alternative solution would be to "deactivate" the IRS
when it is not in use by the intended operator, such as by
employing an absorptive IRS as proposed in [31]. Although
[31] primarily addresses spectral coexistence, its proposed
concept can also be adapted to mitigate out-of-spectrum
interference issues, by "switching on" the absorption mode
of the IRS when it is not used by the intended operator.
However, this approach would necessitate extensive coordi-
nation among operators, increasing system complexity and
overhead.

2.2. Previous Work for Narrowband Signals

Many studies on out-of-band impacts of IRS focus on
single IRS setups or scenarios with two operators on dif-
ferent frequency bands. In contrast, our previous work
addresses networks with five or more operators. The main
concept involves dividing a single common IRS into multi-
ple sub_IRSs and dynamically assigning them to operators,
while considering the impact on nearby operators as well.
A schematic representation of this solution was shown in
Fig. 1. The main idea is to understand whether the assign-
ment has an impact in minimizing the negative effect of
the unwanted reflections, denoted by the dashed arrows in
the figure.

To assess the performance of this scheme, we rely on
two key metrics: SR and Jain’s Fairness Index (JFI). Our
SNR formulation, detailed in [19, Section IV], calculates
signal power by summing desired and undesired reflections,
accounting for potential destructive interference. The sys-
tem in [19] comprises of multiple operators (denoted as O)
operating at adjacent mmWave frequencies, each with a
single-antenna BS and UE and a centralized IRS. The IRS
is divided equally among operators, such that each is served
by an identical number of IRS elements. Experiments are
conducted in MATLAB, where we built a simple system level
simulator. For each placement of communication nodes (a
"single drop"), we calculate SR and JFI for a random subset
of possible sub-IRS assignments (O! (factorial) assignments
are possible). For O = 5, we compare the worst, average,
and best assignments within this subset. Results show the
best SR is six times higher than the worst case and twice
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Figure 2: The impact of the number of operators on the
gain from sub_IRS assignment ([19, Section V]). The gain
is indicated by Jmax/min, representing the JFI value of the
best vs. the worst assignment of operators to the sub_IRSs.
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that of the average in 50% of cases. Moreover, the best
JFI outcome also improves fairness among operators up to
a value of about 0.9 (the fairest assignment would lead to
a JFI value of 1).

Additional findings are concerned with the gain of
sub_IRS assignment. For the gain metric, Jmax/min 18
utilized, representing the improvement factor in terms of
fairness between the best and worst sub_IRS assignments.
Here, JFI value is denoted by (). Results reveal that
the gain from sub_IRS assignment increases up to O = 5,
but diminishes as O continues to grow (Fig. 2). This is ex-
pected, given that the number of elements in each sub_IRS
decreases as O increases, leading to weaker unwanted re-
flections. Other results show that the gain also decreases
at higher frequencies, likely due to narrower beam pat-
terns. These findings are further expanded in [25], where
we evaluate the benefits of sub_IRS splitting in a system
with multiple distributed IRSs, rather than a single central-
ized IRS. This configuration, where multiple IRSs are split
into sub_IRS units, outperforms both the centralized IRS
setup and the conventional one-IRS-per-operator scenario.
The enhanced flexibility in mitigating unwanted reflections
through controlled sub-IRS assignment is a key reason for
this improvement.

These previous works are developed under the assump-
tion that network operators can share information with
one another. Moreover, they include certain simplifying
assumptions in the system model. First, we represent
each operator by a BS and UE, each equipped with a
single omnidirectional antenna. This assumption, how-
ever, does not hold for the mmWave band, where antenna
arrays together with beamforming from transmitter (Tx)
are typically required. Additionally, simulations only ac-
count for narrowband signals, for which the assumption for
frequency-independent reflections actually holds. In this
work, however, we loosen several assumptions that were
previously imposed to simplify the system model. Specifi-
cally, this study includes beamforming at the transmitter
side and considers wideband signals, which more closely
reflect the characteristics of future networks.

To demonstrate that the coexistence problem can be
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Figure 3: Illustration of the system model, where the two
IRS are deployed by two different operators. The solid
(wider) beams represent the desired path, whereas the
dotted (narrower) ones represent the unwanted reflection.

naturally mitigated in wideband systems, we follow a two-
step methodology. First, we analyze several characteristics
of a multi-operator system using a simulation environment
built in MATLAB. Then, leveraging a 28 GHz testbed, we
validate our findings by showing that the simulation results
and real experimental data align well together.

3. System Model

3.1. Simulations

The system model is presented in Fig. 3, which demon-
strates the coexistence of two operators, with the model
easily extendable to more operators. For simplicity, we
focus on the Tx and Rx of operator 1. This figure is a
snapshot of the system model, and frequency indexing is
omitted for readability purposes. Operator 1 has deployed
IRS;, with its phase shift matrix denoted by @1 [k], where
k is the subcarrier index. Tx; is beamforming the signal
towards IRS;. The solid wider beams represent the desired
signal path, with the channel matrices denoted by G1[k]
and hq[k]. However, side lobes from Tx; reach a nearby
IRS, specifically IRSs, which is optimized for the frequency
used by operator 2. The phase shift matrix for IRS, is
denoted by @2[k]. The dotted narrower beams illustrate
the unwanted reflection path, with the channel matrices
for this path represented by Ga1[k] and haj[k]. As a re-
sult of these two paths, the signal reaching the receiver is
represented as:

y1[k] = (ha[k]©1[k]G1[k])s[k]

T (ha KOz (K Gar W])slk] + ma ], )

where s[k| is the transmitted signal at subcarrier k after
precoding at the Tx. We assume the transmitted signal

satisfies E [||s[k]||?] = Psup, where Py, is the transmit
power allocated to subcarrier k. The total transmit power
across all subcarriers, denoted by Pry, is related to Psyp by
Pry = Ngub - Psub, where Ngyp, is the total number of active
subcarriers. The term nj[k] ~ CN(0,02) represents addi-
tive white Gaussian noise at subcarrier k. As illustrated
at the top right of Fig. 3, depending on when these signals
arrive at Rxp, the dotted signal might have destructive
impact on the solid signal. This equation can be further
extended to a network consisting of more operators, as
following:

yilk] = (ha[K)©:[k]G3[k]) s[K]
O
+3 (hij MO, [K]Gij k) (k] + nilk], ()

J#i

where O stands for the number of operators.

Given this model, we further evaluate how the this im-
pact is related to the channel BW. The simulation environ-
ment is built upon the MATLAB example of IRS modeling,
which is part of the 6G Exploration Library for 5G Toolbox
[40].

The main characteristics of this model can be summa-
rized as follows:

e The IRS channel is modeled as two concatenated
clustered delay line (CDL) channels: Tx to IRS and
IRS to Rx.

e The transmitted signal resembles a 6G-like signal,
closely aligning with the 3rd generation partnership
project (3GPP) specifications for 5G new radio (NR),
with certain parameters extended beyond their de-
fined ranges [41, 42].

e The phases of the elements of the IRS are controlled
via an iterative algorithm, provided in [43]. This
algorithm calculates the precoding vector and the
phases of the IRS for maximizing the achievable rate,
and it guarantees a locally optimal solution.

e The rest of the parameters defined in this example
follow [21].

The parameters used for the multi-operator simulation
are provided in Table 2, unless stated otherwise. Here, Py,
stands for the transmitted power and A\ for the signal’s
wavelength. Also, A stands for the amplitude of reflec-
tion of the IRS elements, and it is considered to be 0.8
(maximum value would be 1), in order to account for the
practical hardware limitations and imperfections. d, and
d, represent the width and length of each IRS element.
It should be mentioned that the coefficients of the IRS
are optimal for f. instead of the frequencies occupied by
the whole bandwidth [40, 43]. In other words, while the
IRS phase shifts are ideal for the center frequency, their
effectiveness decreases towards the edges of the band. It is



Parameter Value
BW 320 MHz
Subcarrier spacing (SS) 480kHz
Modulation QPSK
Tx size 4x4
Rx size 1

IRS size 10 x 10
dz /5

dy A/b

A 0.8

Pr, 25dBm
Noise figure (NF) 7dB
Thermal Noise Density -174 dBm/Hz

Table 2: Table of parameters used in simulations.

noteworthy to mention that, while the default model of the
two concatenated channels is CDL-A, we have used CDL-C
to perform the simulations because CDL-A corresponds to a
channel represented by a single tap, whereas CDL-C resem-
bles a more realistic multipath channel model with multiple
delay taps and varying power levels, better representing
typical urban macrocell environments. Moreover, the ex-
ample itself performs error-free perfect channel estimation;
by directly computing the channel impulse response (CIR)
and channel frequency response (CFR) based on the known
channel model used in the simulation. However, in order
to account for practical limitations, practical channel esti-
mation is performed, which is done by using demodulation
reference signal (DM-RS) as a received reference signal.
As an example, following the parameters mentioned
above, the magnitude of the CFR of a IRS channel is
shown in Fig. 4. The nodes are positioned randomly, with
a maximum distance between Tx-IRS and IRS-Rx of 50
m. This plot shows the 40 MHz, 320 MHz, and 1.28 GHz
channels, highlighting that the larger the BW, the more
frequency selective the channel becomes. The image is
zoomed in for the 40 MHz channel, in order to improve the
readability of the plot. The perfect estimation result for
1.28 GHz is included for comparison. For the wider channel,
variations of about 20 dB are observed, reducing to about
10dB and 5dB for the narrower channels, respectively.
Notably, for a CDL-A-modeled IRS-assisted channel, the
variation at 320 MHz is approximately 7-8 dB when all
other parameters remain the same. It is clear that the wider
the channel, the more does the BW exceed the coherence
BW (the relative BW is increased as well), thus frequency
selectivity becomes pronounced. Next, the plot in Fig. 5
shows the CFR from real measurements in a SDR-based
built testbed, where the communication between the Tx
and Rx is supported from a single NRRS (no LOS). The raw
data is shown in a lighter color, while the darker red curve
represents the result of applying a moving average filter
to smooth the data. For a 320 MHz channel the observed
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Figure 4: The magnitude of the CFR of a IRS-assisted
channel for different BWs in simulations.
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frequency selectivity has a variation of about 10dB.
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Figure 6: Experimental setup modeling the coexistence of
two operators.



3.2. Measurements

The testbed designed for this experiment operates in the
28 GHz spectrum. It comprises two SDRs and two NRRSs,
as illustrated in Fig. 6. The SDRs, specifically USRPs
X410 (National Instruments), have a master clock rate of
500 MHz and are configured at an intermediate frequency
(IF) of 1 GHz. The stationary Tx and Rx are equipped with
electronically steerable antenna arrays. These frontends are
BBox Lite 5G units from TMYTEK, operating at 28 GHz
and featuring a 3dB beamwidth of 25°. Additionally, they
are synchronized using the up/down converter (UD) Box
from TMYTEK, which includes an OCXO reference clock.
Two NRRSs, XRifle from TMYTEK, are used in this setup.
These are passive devices pre-configured to reflect signals
arriving at a specific angle towards another specific angle.
Each NRRS operates has a frequency coverage between
26 GHz to 30 GHz, and provides a radar cross-section gain
of approximately 70dB. Finally, the SDRs are linked to
two host computers equipped with AMD Ryzen 9 7950X
processors via 100 Gbe Ethernet cables.

There are a few important setup details worth noting.
First, the antennas are positioned to ensure there is no LOS
communication path between them. In other words, signal
reception occurs exclusively through the NRRS-assisted
path. To model the first operator, NRRS; is selected and
positioned such that its angles of arrival and departure
are perfectly aligned with the frontends. The chosen angle
configuration is INC: 0° and REF: 30°, where INC rep-
resents the incidence angle and REF the reflection angle.
The second operator’s impact on the signal of operator
A is modeled by randomly placing a single NRRS nearby,
selected from a set of seven different NRRSs. In essence,
the influence of the second operator is considered as a ran-
dom reflection affecting the first operator’s communication.
Thus, a randomly positioned NRRS is sufficient for mod-
eling and analyzing the coexistence of two IRS-assisted
operator networks. The chosen angle configuration for
NRRS; is INC: 0° and REF: 45°. Moreover, the measure-
ments are performed for random positions of this NRRS
in the lab room, part of which is shown in Fig. 6. The
random positions of the other NRRS emulates the impact
of operators deployed spatially nearby.

For the software implementation, the MATLAB WLAN
Toolbox is employed to generate an 802.11be OFDM wave-
form compliant with the extremely high throughput (EHT)
standard defined in IEEE 802.11be. Without loss of general-
ity, a WiFi waveform is used in the testbed implementation,
even though the simulation is based on a 6G-like signal.
This choice is made due to the structural similarity, as both
are based on OFDM. The WLAN Toolbox in MATLAB pro-
vides an efficient way to generate and manipulate such
waveforms, enabling flexible evaluation of system perfor-
mance. The waveform is configured with a BW of 320 MHz
and a modulation and coding scheme (MCS) index of 0,
which specifies the use of binary phase shift keying (BPSK)
modulation and a code rate of 1/2. The BW is the max-
imum possible BW supported by the SDR used in this

testbed. To ensure efficient transmission, the generated
signal is normalized so that its peak amplitude is 1. The
signal is then resampled from its baseband sampling rate
using a 25,16 factor, aligning it with the hardware’s sample
rate requirements. The processed waveform is transmit-
ted via the USRP in a continuous loop, ensuring reliable
delivery across the channel.

On the receiver side, the USRP captures the trans-
mitted signal at a sample rate of 500 MS/s, preserving
the high-fidelity wideband characteristics. The captured
signal undergoes post-processing in MATLAB, where it is
resampled back using a 16/25 factor to match the original
baseband rate. For each successfully detected packet, the
channel characteristics are analyzed. The CFR is computed
first, using the EHT-long training field (LTF) field, which
is specifically designed for precise channel estimation in
Wi-Fi 7 systems. The CIR is subsequently derived from
the CFR, providing further insights into the multipath
propagation effects experienced by the transmitted signal.

4. Evaluation

4.1. Simulations

The simulation environment gives flexibility in terms
of the reachable bandwidth, thus the simulations cover
results from 10 MHz up to 1.28 GHz. The first set of results
is obtained for the parameters provided in Table 2, by
altering the BW and keeping power spectral density (PSD)
fixed. The nodes of the two operators are randomly placed,
ensuring a maximum distance of 50 m between the Tx-IRS
and IRS-Rx of one operator. The path loss for the overall
IRS-assisted channel is computed following the formula
provided in [21]:

2
47Tdtdr ) ’ (3)

Plirs = ( Nigrs dxdyA

where d; stands for the distance Tx-IRS, d, stands for
the distance IRS-Rx, Nirg stands for the total number of
IRS elements. Following the formulation in Eq. (1), the
SNR; value per subcarrier (the SNR at UE; considering
coexistence for subcarrier k) is computed as following:

SNR; [k] =

In case of two operators, we configure their respective
carrier frequencies are configured as f} = 28 GHz and f2? =
28.2 GHz. We have computed SNR; and the SNRI1 (without
considering the unwanted reflections impact), which is given
below:

= ‘hl [k]al [k]Gl [k]‘Q ' Psub.
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Figure 7: Impact of coexistence of two operators in SNR
for different BWs. "No coexistence" curve corresponds to
the case of a single operator.

To validate the simulation, a simple scenario is modeled
in MATLAB. Two operators, each deploying an IRS, are
co-located initially. IRS; is then displaced along the x-axis,
with djgrg representing the distance from IRS,. In Fig. 7,
an example of how dijrg and BW impact the SNR; is shown.
It is noteworthy to mention that this corresponds to a sce-
nario where the unwanted reflection is causing destructive
effect to SNR;, which is not always the case. The blue
solid line illustrates SNR/17 which is computed as the mean
SNR across all subcarriers. In other words, this curve corre-
sponds to the single operator case. Additionally, the mean
SNR; is presented for three different BWs corresponding
to this specific deployment scenario. This example can be
used to draw two main conclusions. First of all, the coex-
istence issue is mitigated when the IRS nodes are placed
sufficiently far apart, as expected. However, at certain
distances, the SNR may be negatively impacted, as shown
in the figure. Another interesting observation is that the
variation in SNR impact diminishes with increasing BW.
For a 40 MHz channel (dashed line), the maximum degra-
dation is approximately 8 dB. In contrast, for a 1.28 GHz
channel (dash-dotted line), this impact reduces to 3dB
and occurs over a smaller distance range compared to the
320 MHz case (dotted line).

Following these results and our hypothesis, we present
findings for 500 different drops (i.e., node placements) of
the coexistence scenario. Each drop represents a unique
placement of the communication nodes, for which SNR/1
and SNR; are computed for various BWs. Building on the
hypothesis that wider channels inherently reduce the im-
pact of interference from other operators, it is anticipated
that in this Monte Carlo simulation, the values of SNR;
will show greater variability for narrower channels com-
pared to wider ones. To investigate this, we first present
the normalized variance of SNR; for channel bandwidths
ranging from 10 MHz to 1.28 GHz. This is repeated for
O = 2 to O = 5, where O is the number of operators.
The plot in Fig. 8 confirms the hypothesis, as it reveals
a clear decreasing trend from 10 MHz to 1.28 GHz chan-
nels. In essence, the plot shows that as BW increases, the
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Figure 8: Normalized variance of SNR; as a function of
the BW.

SNR values show less deviation from the mean SNR, thus
confirming the hypothesis about the averaging out effect
of the SNR values among subcarriers. The variances are
globally normalized, and as it can be seen, they increase
as O increases, and all values saturate after 160 MHz,
since some expected variance comes from the randomness
inherent in the Monte Carlo simulations. Additionally, all
curves shift up as O increases due to more unwanted re-
flections for each case. The x-axis in Fig. 8 is displayed on
a logarithmic scale to improve readability across the wide
range of channel BWs. We can conclude that in a scenario
with two nearby operators, each deploying their own IRS,
transmitting over channels slightly wider than 160 MHz is
sufficient to ensure that they do not significantly impact
each other’s performance.

Next, to account for the variability in SNR; after ex-
cluding the outlier values, we calculate the 25th percentile
(p25) and 75th percentile (p75) of the overall data. The
difference between these percentiles gives the interquartile
range (IQR) range. As shown in Fig. 9, the range of SNR;
- depicted by the brightest shaded area, decreases as the
BW increases, confirming that coexistence impacts become
less significant at larger BWs. The IQR for the overall
data - presented by the second darker shaded area, follows
a similar trend. This is due to the channel affecting sub-
carriers differently, leading to a "balancing-out" effect that
mitigates the overall impact on SNR across the wider BW.
The range of SNR; is around 40 dB for a 10 MHz channel,;
dropping to around 20dB for a BW of 1.28 GHz. The IQR
range is also provided for the cases where the unwanted
reflections have a destructive impact, namely, for the data
where SNR; > SNR;. Similarly, the darkest shaded area,
presenting the IQR of the negatively impacted data, also
narrows down for higher BWs. To summarize, the results
confirm that the SNR in a network where multiple opera-
tors are coexisting and each deploys their own IRS is less
variable for wideband channels.

4.2. Measurements

Since this paper focuses on comparing coexistence im-
pacts as a function of channel BW, experiments for a



320 MHz channel are used and the narrower channels are
emulated by selecting a subset of subcarriers from the
320 MHz channel. By emulating smaller BW values (e.g.,
160 MHz, 80 MHz, down to 10 MHz) from the 320 MHz
measurements, this approach ensures consistency across
experiments while minimizing hardware reconfigurations.
This method allows for a controlled comparison of coexis-
tence impacts across different bandwidths, as the derived
measurements inherently maintain the same environmen-
tal and multipath conditions observed during the original
320 MHz capture. The emulation process is achieved by
isolating subsequent subcarrier subsets of the spectrum in
the frequency domain to represent the desired BW, such
as retaining only half of the subcarriers for 160 MHz out of
the number of subcarriers used for 320 MHz.

First and foremost, we perform 29 different measure-
ments: one of them when only the perfectly aligned NRRS
is positioned, and the 28 other ones are corresponding to a
perfectly placed NRRS and another randomly positioned
NRRS in the room. In all the cases, the SNR of the re-
ceived signal at the Rx USRP is computed. It should be
noted that each trace is 0.1 s long and the SNR is computed
across all received packets (~ 700 packets per trace), and
the final value is the median of all the values. This process
is repeated by considering the full number of subcarriers for
320 MHz (4096) and then halving it until 128 subcarriers
(10 MHz).

We compute SNR; and the plot summarizing the re-
sults is presented in Fig. 10. The second darker shaded
region represents the IQR range of the SNR; values across
the 29 collected measurements. The lighter area encom-
passes the whole range across all data. Consistent with
the simulation results, the variation in SNR decreases as
the BW increases. For instance, the variation for a 10 MHz
channel is approximately 10dB, whereas for a 320 MHz
channel, the variation reduces to about 3 dB. Since in some
of the cases the impact of coexistence is positive towards
SNR;, we again show the IQR of the negatively impacted
data. The IQR exhibits a similar behavior, as it is shown
by the darkest shaded area in the plot. The curve shows
slight fluctuations due to the limited number of measure-
ments from the testbed; however, the data is sufficient to
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Figure 10: SNR distribution in real measurements.

observe the overall trend. The difference in the SNR; level
is due to the emulation of smaller BWs from the 320 MHz
measurements.

The results presented above demonstrate that frequency-
selective wideband IRS-assisted channels effectively miti-
gate operator coexistence issues. However, difficulties arise
for such frequency-selective channels, given that the SNR
variation is of more than 15dB. Thus, sophisticated PHY
layers are necessary to ensure successful data transmission.
Although this increased complexity may lead to higher
power consumption at the receiver, it is important to note
that such processing is typically performed by existing
hardware components that are already active in conven-
tional systems. Therefore, while there may be a modest
increase in computational load, the overall energy efficiency
gain achieved through the IRS remains substantial. As a
subsequent step, we analyze how adaptive modulation and
coding schemes (AMCSs) enhance channel performance un-
der coexistence conditions and investigate how the AMCS
gain is influenced by varying BWs. Using the provided
measurement traces and the physical layer abstraction out-
lined in [44], we compute the data rate for each trace under
two scenarios: first, where the optimal MCS is selected
uniformly across all resource units (RUs) of the 320 MHz
channel; and second, where the optimal MCS is selected
independently for each RU. One RU contains 256 subcarri-
ers, thus each RU is of 20 MHz BW. This analysis allows us
to quantify the AMCS gain. We first present results that
show how the coexistence of two NRRSs increases the fre-
quency selectivity of the channel. Comparing Fig. 11a and
Fig. 11b, it is clearly visible that coexistence of multiple
NRRSs increases the frequency selectivity of the channel.
Thus, the AMCS gain increases as well; namely from 1.67%
in Fig. 11a, to 7.2% in Fig. 11b. In this case, the coexis-
tence of the NRRSs has also decreased the overall quality
of the received signal. The overall rate after AMCS for the
standalone scenario is about 40.5% higher than that of the
coexistence case after AMCS.

Next, we segment each trace into smaller BWs, following
the same procedure as before, and compute the AMCS gain
for channels ranging from 20 MHz (16 RUS) up to 160 MHz
(2 RUs). The corresponding results are presented in Fig. 12.



As anticipated, the AMCS gain decreases for smaller BWs
because the channel exhibits reduced frequency selectivity.
In certain instances, a negative gain is observed, which
occurs when the metric values are close but do not surpass
the threshold required to select a higher MCS, resulting in
a lower MCS being assigned per RU.

5. Conclusion and Discussions

Building on our previous work on mitigating inter-
operator interference in IRS-assisted networks, this paper
explores a wideband channel approach. Our key obser-
vation is that in wideband transmissions, the effect of
unwanted reflections becomes less significant, as some sub-
carriers remain unaffected and can compensate for those
that experience degradation. We validate this behavior
both through simulations and real-world testbed measure-
ments in the 28 GHz band. In both cases, we observe a
consistent trend: the overall SNR exhibits reduced variance
as BW increases. It is noteworthy to mention that our ex-
perimental setup employs NRRS, which operates similarly
to IRS, but it is pre-configured and cannot be reconfigured
over time. However, the solution can be generalized to
fully reconfigurable IRS as well. This is because the fre-
quency selectivity of a wideband channel, which is central
to our analysis, is independent of the reconfigurability of
the surface. The underlying reflection principles remain
unchanged, and thus the observed trends are applicable
to IRS design as well. Qualitative results are presented as
well, which can be useful in network design. For example,
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Figure 11: Comparison of AMCS between the standalone
and the coexistence scenario.
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when two spatially close operators deploy each their own
IRS, their interference to each other can be neglected if
they transmit using channels slightly wider than 160 MHz.

Following the results presented in our study, the impact
of operator coexistence and out-of-intended-band reflections
in future multi-IRS-assisted networks cannot be neglected.
As the landscape of wireless communication evolves, the
design and operation of such networks will depend heavily
on various factors, including deployment scenarios (indoor
vs. outdoor), spectrum (mmWave vs. sub-6 GHz), BW
characteristics and the capabilities of IRS itself. In some
scenarios, such as environments requiring high-throughput
and low-latency communication, adopting a wideband ap-
proach may prove to be the most feasible solution. This
would enable the network to handle diverse applications and
maintain performance even under coexistence constraints.
However, in other cases, particularly where spatial freedom
can be exploited, advanced beamforming and intelligent
placement of IRS nodes could provide a more efficient alter-
native by minimizing interference and optimizing efliciency.
Additionally, operator cooperation may also be required as
IRS technology continues to evolve.

Collaborative approaches, such as the establishment of
shared control mechanisms or dynamic spectrum-sharing
agreements, may help mitigate coexistence challenges. The
introduction of a centralized broker or mediator system to
manage resource allocation and IRS assignments could fur-
ther enhance the efficiency of coexistence strategies. Such a
broker could dynamically adapt resource assignments based
on real-time network demands, ensuring equitable access
to resources while minimizing conflicts between operators.
Continued advancements in IRS prototypes, combined with
innovative policy and technological solutions, will play a
crucial role in determining the most effective strategies for
managing coexistence in multi-operator environments.

Alongside the aforementioned directions, this work par-
ticularly opens several directions for future research. One
is to investigate dynamic IRS reconfiguration in wideband
multi-operator scenarios, considering how real-time control,
latency, and signaling overhead influence the mitigation
of unwanted reflections. Another promising direction is
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the joint optimization of IRS configuration and opportunis-
tic scheduling in multi-user settings, which could further
enhance overall network performance.
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