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Abstract—This paper presents a Hardware-in-the-Loop
demonstration of a 5G Integrated Access and Backhaul (IAB)
system operating in the FR2 band. The proposed imple-
mentation explores the feasibility of IAB for millimeter-wave
(mmW) networks, leveraging a Transmissive Reconfigurable
Intelligent Surface (T-RIS) to enhance performance. The ex-
perimental setup includes two collocated transmitters (TXs)
and two receivers (RXs), where one TX-RX pair establishes
the backhaul link and the other the access link. The MATLAB
5G toolbox is used for 5G NR waveform generation and
reception; the interface between the physical layer and the
RF is based on Hardware Description Language — allowing
for fast reconfiguration — and a T-RIS assists in optimizing
signal propagation. We evaluate the effectiveness of beam
search techniques utilizing Synchronization Signal Blocks and
their capability to mitigate signal blockage challenges. We
furthermore demonstrate that the use of a T-RIS enables
effective spatial separation of receivers. These results prove the
viability of IAB for mmW deployments, showing improvements
in signal coverage and link reliability. This work provides a
foundation for future real-time adaptive IAB implementations,
aiming to enhance 5G network efficiency in dense urban
environments.

Keywords—Integrated Access and Backhaul; Reconfigurable
Intelligent Surfaces; Hardware-in-the-Loop;, Beam Search;
Inter-User Interference; Transmissive Metasurface.

I. INTRODUCTION

The rapid evolution of wireless communication technolo-
gies has ushered in the development of Integrated Access
and Backhaul (IAB) systems and Reconfigurable Intelligent
Surface (RIS), both pivotal in enhancing the performance
and flexibility of 5G networks. IAB systems facilitate the
simultaneous provision of access and backhaul services,
enabling efficient network densification without extensive
fiber deployment. Conversely, RIS technology offers a novel
approach to controlling the wireless propagation environ-
ment by dynamically manipulating electromagnetic waves
to improve signal quality and coverage.

Integrating TAB and RIS technologies presents a promis-
ing avenue for addressing challenges associated with mil-
limeter Wave (mmW) communications, particularly in the
FR2 frequency band (24.25—52.6 GHz). This frequency
band offers substantial bandwidth for high data rate applica-
tions but suffers from significant path loss and susceptibility
to blockages. Leveraging RIS to intelligently reflect and
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direct signals can mitigate these issues, thereby enhancing
the reliability and efficiency of IAB systems operating in
this challenging spectrum.

This paper presents a Hardware In the Loop (HIL)
demonstration of a 5G IAB system operating at 26 GHz,
incorporating an RIS to optimize signal performance. The
implementation aims to study, simulate, and test various
functionalities of the IAB system, providing insights into
the practical benefits and challenges of integrating RIS into
5G networks.

The concept of IAB has been explored as a means
to provide flexible and scalable backhaul solutions in 5G
networks, particularly in scenarios where deploying fiber
is challenging or cost-prohibitive. IAB allows for the use
of wireless links to connect base stations, facilitating rapid
network deployment and densification. This approach is
especially beneficial in urban environments, where the high
density of users necessitates a correspondingly dense net-
work infrastructure. However, mmW frequencies, while of-
fering high data rates, are prone to significant path loss and
are easily obstructed by physical objects, posing challenges
to reliable communication.

To address these challenges, RIS technology has
emerged as a promising solution. A RIS consists of a
large array of passive programmable elements that can be
dynamically configured to control the reflection (R-RIS)
or the transmission (T-RIS) of impinging electromagnetic
waves [1], [2]. By intelligently adjusting the phase and
amplitude of reflected signals, a RIS can enhance signal
strength, extend coverage, and improve link reliability.

Recent studies have demonstrated the potential of RIS
to improve the performance of wireless communication sys-
tems, particularly in mmW bands. For instance, Sharma et
al. [3] provide a comprehensive survey on RIS applications
in 5G and beyond wireless communications. Fiore et al. [4]
investigated the integration of RIS into IAB systems to
overcome the limitations of mmW communications, show-
ing that deploying RIS in strategic locations can create
favorable propagation conditions, thereby enhancing the
performance of IAB networks. Ronkainen et al. [5] discuss
the concept of IAB as a new type of wireless backhaul
in 5G, highlighting its benefits and challenges. Diamanti et
al. [6] explore the prospect of RIS in integrated access and
backhaul networks, demonstrating its potential to improve
energy efficiency and network performance. Tezergil and
Onur [7] provide an overview of wireless backhaul in 5G and
beyond, discussing issues, challenges, and opportunities. Liu
et al. [8] discuss the principles and opportunities of RIS in
6G systems, providing insights into its potential applications
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and research directions. Fiore et al. [9] analyze the shaping
of next-generation RAN topologies to meet future traffic
demands, providing a peak throughput study that highlights
the benefits of integrating RIS and IAB technologies. Janji
and Sroka [10] investigate RIS-aided multi-hop backhauling
for 5G/6G UAV-assisted access points, demonstrating the
potential of RIS to enhance backhaul performance in UAV-
assisted networks.

While prior work has explored IAB and RIS integra-
tion, this paper distinguishes itself by implementing a HIL
demonstration at 26 GHz, allowing for real-world perfor-
mance evaluation of RIS-enhanced IAB networks. Unlike
previous studies that focus on simulations, our work pro-
vides practical insights into real-world deployment, measur-
ing key parameters such as Synchronization Signal Block
(SSB) detection performance, beam search efficiency, and
link reliability under interference.

The remainder of this paper is organized as follows:
Section II presents the system model and implementation,
detailing the hardware and software components used in
our setup. Section III describes the testing methodology.
Section IV discusses and analyses the results, highlighting
the impact of RIS on IAB performance. Finally, Section V
concludes the paper and suggests future research directions
for optimizing IAB and RIS deployments in 5G networks.

II. SYSTEM MODEL AND IMPLEMENTATION
A. Integrated Access and Backhaul

IAB is a 5G network architecture designed to reduce
infrastructure costs and simplify deployments by allowing
wireless backhaul connections instead of relying solely on
fiber. In this setup, a relay node (IAB-node) receives a back-
haul signal from an IAB-donor (or another IAB-node) and
transmits a signal to an User Equipment (UE) through the
access link. This wireless multi-hop topology is particularly
beneficial for mmW deployments, where direct connections
are often obstructed due to high path loss and limited
penetration capabilities. The IAB architecture is shown in
Fig. 1.

IAB-Donor

5G I1AB
IAB-Node “Backhaul
‘.(a} P T

Fig. 1: IAB architecture, from [www.mpirical.com]

B. Reconfigurable Intelligent Surface

A RIS is a planar structure composed of sub-wavelength
Unit Cells (UCs) that can dynamically control the propaga-
tion of electromagnetic waves. By adjusting the phase shifts
of these UCs, RIS can enhance signal propagation, redirect

beams, and mitigate blockages — which is crucial for mmW
communications. Unlike conventional active relays, a RIS
operates passively, requiring minimal power consumption.

In the HIL demonstration presented in this paper, we use
a transmitarray-based RIS [2], which consists of a set of
M x N phase-shifting elements (UCs) designed to optimize
signal redirection towards the intended receivers. Fig. 2
describes the RIS configuration.

Focal sources

)i\ﬁs

Fig. 2: RIS model [11]

A T-RIS or transmitarray can be illuminated b Sy one or
more focal sources, each having a directivity DES(
2(n + 1)cos™(#). Each UC is modeled as a umform
aperture of area Ay, with directivity D*/T%m (g, ¢) =
drdpny cos(0). The fields from every feed combine over all
unlt cells, and the phase-shifting network for each cell is
represented by the scattering matrix as [11]:

0 = iAG™ (w)
Sm(w) = 67jA¢m(w) 0 (1)

where A¢™(w) is the phase shift of unit cell m and w is
the angular frequency.
Summing all transmitted fields yields the overall output
field as [11]:
5" = Sat(w)al” 2
where af* is the wave radiated by the focal source and
incident on unit cell m. If all the UC elements have the

same radiation pattern, the directivity of the transmit array
can be calculated by [11]:

2
ZM b12nej(27r/)\)\/zfn+y72nsinecos¢
m=1

Dra(6,¢) = DT*(6,9)

>y [8?

" (3)
where (x,,,ym,) are the Cartesian coordinates of unit cell
m.

C. Hardware-in-the-Loop Setup

To evaluate the performance of the 5G IAB system
with a RIS at 26 GHz, we designed an indoor HIL testbed.
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The testbed replicates a real-world IAB deployment in a
controlled laboratory setup, where an IAB-donor serves an
[AB-node through the backhaul link and a UE through the
access link, see Fig. 1. The RIS is placed strategically at
the IAB-donor to enhance signal propagation, particularly
in challenging mmW conditions where direct Line of Sight
(LOS) may be obstructed on the access link.

The setup, Fig. 3, consists of two Transmitters (TXs)
and two Receivers (RXs). One TX-RX pair represents
the backhaul link, establishing communication between the
IAB-donor and the IAB-node. The other TX-RX pair forms
the access link, connecting the IAB-donor to a UE. The
components of the setup are:

e Software (PC): the software framework is designed to
facilitate waveform generation, signal processing, and
performance evaluation. 5G NR-compliant waveforms
— for both the access and backhaul links — are
transmitted, received, and processed using the MAT-
LAB 5G-NR Toolbox that handles time and frequency
synchronizations, channel estimation, equalization, and
demodulation.

Soft Processing Module: The primary function of the
soft processing module is to act as a bridge between
the higher-level Physical Layer (PHY) protocols and
the lower-level Hardware Description Language (HDL)
implementation.

The HDL module is responsible for fine-tuning the
signal characteristics, such as amplitude and phase, to
optimize it for transmission. The use of HDL allows for
fast modifications and parametrization, enabling rapid
adjustments and refinements to the signal processing
algorithms.

The RF data conversion transitions the signal from
baseband to Intermediate Frequency (IF) at TX and
from IF to baseband at RX.

RF-SoC: these last three modules are implemented
within an RFSoC board, allowing for a compact, ef-
ficient, and high-performance transmitter.

e 26 GHz mixers: for up/down-conversion
26 GHz.

RIS: at the TX, the RIS described in section II-B dy-
namically modifies electromagnetic waves to optimize
signal coverage and quality.

Antennas: at the RX, directional horn antennas catch
signal from the RIS.

to/from

Tx1 Rx1

Soft RF data || 26 GHz
proc. conv. mixer

Dual operations
of Tx1

A Dual operations
ntenna of Tx2

Tx2 Rx2

HDL

Antenna

RIS

RF data
conv.

26 GHz
mixer

HDL

Fig. 3: HIL setup

Captions of the TX and RX are provided in Fig. 4 and
Fig. 5. The transmission parameters are shown in Table I.

III.TESTING METHODOLOGY

Fig. 6 illustrates the detailed topology of our IAB
setup. In this configuration, the IAB-donor is strategically
positioned to simultaneously transmit towards both the UE

26 GHz
mlxer

\‘s,’

Horn
Antenna
\ ‘

\\i S \4—
\ ) <
\ " -

Fig. 5: RX experimental setup (IAB-node)

TABLE I: Transmission Parameters

Parameter Value
Carrier Frequency F = 26 GHz (FR2)
Bandwidth 68.52 MHz
Numerology nw=3
Subcarrier spacing 120kHz
OFDM Symbols per slots 14
Slot duration 0.125ms
FFT size 1024
RIS dimensions N x M =20 x 20
RIS UCs spacing dy=dx=A/2
RIS UCs phase quantization p =1 bit
Distance between each source and RIS =5.4cm

and the [AB-node. The UE is located 6.5 meters away
from the [AB-donor, while the TAB-node is positioned 4
meters from the UE, ensuring spatial separation to minimize
interference. The IAB-donor and the IAB-node are both
located at a height of 2 m, while the UE is located at a height
of 1 m. This setup reflects a realistic deployment scenario for
evaluating 5G IAB performance in a controlled environment.

The reference for the angles of the beams is the broadside
of the RIS. We denote ¢ (respectively ) the angle between
this reference and the line IAB-donor-UE in the azimuth
plane (respectively in the elevation plane). We further denote
the angles of the best UE beam as ¢yccess and @yecess and the
angles of the best IAB-node beam as ¢pckhaur and Gpackhaul-
Note that due to the granularity of the possible beams and/or
to possible blockages ¢ and § may differ from ¢yecess and

eaccess M
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Fig. 6: Topology of the demonstration. Left: top view; right:
side view.

To effectively evaluate the performance of this IAB
system, we have developed a comprehensive testing method-
ology. This approach is designed to ensure optimal perfor-
mance and robustness under various conditions:

1) Initial Beam Search for Backhaul Link: Begin by
conducting a beam search to establish and optimize the
backhaul link. This step ensures a stable and efficient
connection between the IAB-donor and the IAB-node.

2) Beam Search for Access Link: Next, perform a beam
search for the access link while maintaining the back-
haul transmission. This helps in optimizing the connec-
tion to the UE without disrupting the backhaul link.

3) Beam Search with LOS Obstruction: Experiment with
beam search techniques under conditions where there
is an obstruction in the line-of-sight. This tests the
system’s ability to maintain connections in challenging
environments.

4) Interference Measurements: Finally, conduct interfer-
ence measurements by gradually moving the UE closer
to the IAB-node. This helps in understanding the impact
of proximity on signal quality and interference levels.

IV.EXPERIMENTAL RESULTS AND ANALYSIS
A. Beam search

Beam sweeping is a key technique for 5G NR Initial
Access. During this phase the IAB-donor transmits a se-
quence of SSB beams in predefined directions to initiate
the connection with the receiver (UE or IAB-node in our
case). The receiver selects the best beam based on the
correlation of the SSBs and reports its index to the TAB-
donor, enabling the establishment of a robust communication
link. In mmW bands (FR2), up to 64 SSB beams can be
transmitted within 5ms, typically repeated every 20 ms.
As our demonstrator cannot operate that fast, we adopt a
strategy for beam sweeping where only one SSB beam is
assessed per frame. The current assessed SSB is transmitted
with increased power, as shown in Fig. 7 with SSB 10
boosted.

The 2-source RIS described in section II-B and used
in the setup has been split vertically in two 20x10-UC
sub-RISs, one for IAB-donor—IAB-node link and the other
for IAB-donor-UE link. For each of the two sub-RISs, we
designed a codebook of beams covering a ¢ range from
—60° to 60° and a 6 range from —20° to 20° both with a
5° step.

60
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20
-110

-115

Frequency (MHz)
o
Power/frequency (dB/Hz)

-120

-40

-60
0 0.5 1 15 2 25 3 35 4
Time (ms)
Fig. 7: Spectrogram of the transmitted signal with SSB 10
boosted

Fig. 8 shows the results of the beam search process
for the IAB-donor-IAB-node link. The SSB levels of the
assessed beams, measured at the TAB-node, are plotted
across azimuth (¢) and elevation (#) angles. After perform-
ing the beam search, the optimal beam was identified at
Dvackhaul = —30° and Ovackhaws = 0°. This beam exhibits
the highest correlation — coherently with the topology
Fig. 6 —, and is therefore selected for backhaul link.

x10%
10

Elevation 6°

0

-50 -40 -30 -20 -10 0
Azimuth ¢ °

Fig. 8: Beam search: SSB correlation, at the IAB-node, of
the assessed IAB-donor beams.

Fig. 9 illustrates the SSB correlation of the beams
observed at the UE during the TAB-donor—UE link beam
search. The optimal beam direction for the access link was
found at ¢gecess = 0° and Gyecess = —5°. This configuration
ensures the best signal quality for the access link while
maintaining the backhaul link.

x10°

20 2
S 10 15
=]
.8
s 0 1
>
5
m -10 0.5

-20 0

0 10 20 30 40 50
Azimuth ¢°

Fig. 9: Beam search: SSB correlation, at the UE, of the
assessed IAB-donor beams.
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Fig. 11 illustrates the SSB correlation of the beams in the
presence of a blockage between the IAB-donor and the UE
— positioned at D=4m —, see Fig. 10. The beam search
results changed significantly: The optimal beam shifted to
Daccess = 20° and O,ccess = —5H°, highlighting the system’s
ability to adapt beamforming in challenging environments.

blockage

F qlbaccess g :
et v |
4 <
Tas- J

donor

Fig. 10: Topology of the demonstration with LOS blockage
(top view).

x107

Elevation 6°
W

0 10 20 30 40 50
Azimuth ¢°

Fig. 11: Beam search: SSB correlation, at the UE, of the
assessed IAB-donor beams, with blockage.

B. Interference measurement

In an TAB system, intrinsic interference at the receivers
side come from Inter-Beam Interference — that can be
interpreted as Inter-User Interference (IUI) [12]. This is
illustrated in Fig. 12 and Fig. 13, plotted thanks to a home-
made MATLAB model of the RIS described in section II-B.

Fig. 12 explains the Signal to Interference Ratio (SIR)
at UE: here we have plotted the beam intended to the IAB-
node (red dotted line) and the beams intended to the UE
(blue continuous lines) considering that this latter can move
between D=1 m and D=4 m. The SIR at a UE position is the
difference between the power of the current UE beam and
the power of the [AB-node beam, as exemplified by the grey
arrows. It is worth noticing that the SIR does not decrease
monotonously with the distance due to the side lobes of the

IAB-node beam: at some positions, the UE may face quite
high SIR.

Fig. 13 illustrates the SIR at the IAB-node: the blue
continuous line is the beam intended to the IAB-node
whereas other lines represent the beams for the UE, at
different positions. The SIR is the difference between the
received power at the IAB-node — for ¢ ~—30° — and
the power of the current UE beam, as shown by the grey

40 35 -30 25 2 15 -10 & 0 5 10
Phi (degree)

Fig. 12: Signal to Interference Ratio at the UE for UE beams
covering positions of UE from D=1m (¢ ~—25°) to D=4 m
(¢ ~0°)

[AB-node beam in 8 = 0° plane

UE beams in & = 0° plane
A

Mag nitude
3

-40 -35 -30 25 -0 -15 -10 -5 0 5 10
Phi (degree)

Fig. 13: Signal to Interference Ratio at the IAB-node for UE
beams covering positions of UE from D=1m (¢ ~—25°) to
D=4m (¢ ~0°)

arrow. We observe that the SIR at the IAB-node is very low,
whatever the beam used for the UE.

To bridge the gap between theoretical predictions and
real-world interference, we conducted measurements using
our setup, Fig. 6, to determine the Error Vector Magnitude
(EVM) of the PDSCH received constellation — at the UE
and at the IAB-node — for several positions of the UE,
from D=1m (¢ ~—25°) to D=4m (¢ ~0°), and § =—5°.
The results are illustrated in Fig. 14. Initially it is observed,
as expected, that the EVM does not decrease monotonously
with distance. The figure suggests that side lobes from UE
beams interfere with the IAB-node — and vice versa —
when the UE is positioned around D=3 m. A second observa-
tion is that, as previously noted, the interference on the IAB-
node is generally lower than on the UE. Finally, even when
the UE is in close proximity to the IAB-node (D=1 m) the
interference level remains low enough (EVM=18 %) to allow
for detection of the slot containing the strongest PDSCH
(as requested in the 5G beam search process) and for
perfect identification of the waveform PDCCH and PDSCH
parameters, as shown in Fig. 15. This indicates that the IAB
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system is robust and supports various topologies.

20 T T T

=—=EVM mesured at IAB-node
= = EVM mesured at UE

1 1.5 2 2.5 3 35 4
Distance (m)

Fig. 14: EVM as a function of the distance D between IAB-
node and UE (see Fig. 6)

PDCCH

Aggregation Level: 8
andidate: 0

PDSCH (SIB1)
Modulation: 16QAM
Code rate: 0.12

2 4 6 8 10 12 14
OFDM symbol

Fig. 15: UE slot containing strongest PDSCH at EVM=18 %

In scenarios where lower EVM levels are required, such
as when higher modulations are employed, IUI must be
decreased. Consequently, the system design may need to be
reevaluated. One straightforward approach to reduce beam
side lobes is to utilize a larger RIS; however, this solu-
tion comes with increased costs. Alternatively, a promising
research direction involves using the same RIS with UCs
phases configured to more than 1 bit, which can significantly
lower side lobe levels, as shown in [12].

V. CONCLUSION AND FUTURE WORK

This paper has presented a Hardware-in-the-Loop (HIL)
demonstration of a 5G Integrated Access and Backhaul
(IAB) system operating at 26 GHz, enhanced with a Recon-
figurable Intelligent Surface (RIS). Our experimental results
validated the feasibility of IAB for millimeter-wave (mmW)
networks and demonstrated that integrating RIS technology
can significantly improve signal coverage, link reliability,
and beamforming efficiency.

Through a series of empirical evaluations, we showcased
the effectiveness of RIS-assisted beam search techniques in

mitigating signal blockages and enhancing spatial separation
between receivers. Our findings also highlight the impact
of interference in IAB networks and the crucial role of
RIS in minimizing inter-beam interference. Notably, our
results suggest that optimizing RIS phase configurations
could further improve interference suppression and overall
system performance.

Future work will focus on real-time adaptive RIS control,
leveraging machine learning techniques to dynamically op-
timize beamforming and interference mitigation strategies.
Additionally, expanding this study to multi-hop IAB sce-
narios and mobility-aware deployments will provide deeper
insights into the scalability of RIS-assisted IAB networks in
complex urban environments.

This work serves as a foundation for the practical de-
ployment of RIS-enhanced IAB in 5G and beyond networks,
addressing key challenges in mmW communication and
paving the way for more efficient and resilient wireless
infrastructures.
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