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ABSTRACT 6G millimeter-wave (mmWave) communication systems aim to provide high-capacity net-
works that span larger areas than before. Particularly, obstacle-induced blockages leading to underconnected
non-line-of-sight (NLOS) regions shall be mitigated with cost- and energy-efficient intelligent reflecting
surfaces (IRSs) mounted at strategic positions. Static IRSs are particularly promising because they may
be realized entirely passively, scaled more easily, incur less implementation loss, and integrated without
control signaling. However, they must be deployed with scenario-tailored reflection characteristics. Against
this background, this article first presents a holistic beam shaping approach for HELIOS IRS geometries,
allowing for directed reflection patterns with pre-determined beamwidths and in-beam gains. The analytic
model-driven investigation reveals that the changes of module tilt parameters, surface dimensions, and
module arrangement successfully deliver quality of service (QoS)-compliant IRSs with little loss against the
theoretical performance bound. We then conduct a cross-validation through laboratory measurements and
electromagnetic (EM) simulations, which confirm the targeted far-field (FF) performance. The findings also
attest good signal integrity and specular suppression characteristics that are better than that of external IRSs.
An urban outdoor trial with commercial mmWave devices shows that NLOS user equipment (UE) con-
nectivity stabilizes, with more than 10 dB improvements in both received and transmit power levels as beam
management adopts the introduced reflection path. Consequently, throughput enhances by up to 275 Mbit/s.

INDEX TERMS Beam shaping, customization, entirely passive, field experiments, intelligent reflecting
surface, millimeter-wave communications, radar cross section, 6G.

I. MOTIVATION: ENHANCING NLOS CONNECTIVITY IN
6G MMWAVE NETWORKS WITH SUSTAINABLE IRSs

HE next generations of mobile radio networks, such

as 6G, are expected to expand broadly to higher fre-
quencies than being contained in the traditional sub-6 GHz
spectrum. Particularly, frequency ranges 2 and 3 (FR2, FR3),
ranging from 7GHz to 71 GHz and majorly composed of
the millimeter-wave (mmWave) spectrum, are expected to
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alleviate congestion in the limited sub-6 GHz spectrum. This
is because the mmWave spectrum offers many wide bands
enabling multi-Gbit/s data rates, which are in turn required to
make cellular networks future-proof against the continuous
exponential increase of wireless traffic consumption. The
availability of these bands stems from the traditional telecom-
munications mindset that mmWave frequencies are hostile
to wireless communications due to high propagation losses.
However, a paradigm shift occurred within the last decade
and led to the adoption of mmWave/FR2 bands spanning
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FIGURE 1. This article follows up on our vision of geometry-driven reflectors for efficient 6G mmWave communications, presenting contributions to
requirements-compliant IRS beam shaping and experimental performance benchmarking of IRSs.

24.25GHz to 71.0 GHz within the 5G New Radio (NR)
standard. In this range, large antenna arrays and beamforming
transceivers can mitigate the increased free-space path loss,
enabling high-throughput line-of-sight (LOS) coverage over
distances of up to several kilometers [1]-[4].

The typical outdoor range is nonetheless just a few hundred
meters because mmWave base stations (BSs) also face reduced
obstacle and vegetation penetration, reduced diffraction, and
increased absorption. This results in smaller cell areas and
numerous non-line-of-sight (NLOS) zones with insufficient
connectivity, especially in dense urban or cluttered industrial
settings [5]-[8]. Deploying additional BSs to illuminate these
communication blackspots is often prohibitively costly and
energy-intensive. To overcome this problem, intelligent re-
flecting surfaces (IRSs) have emerged as a promising solution:
The idea is to reshape the ambient radio environment by
redirecting reflections in order to introduce artificial strong
propagation paths, either to extend the cell coverage or to
increase channel rank within the existing service area. For
this purpose, low-cost IRS panels are mounted, for example,
on walls in the vicinity of the active radio access network
(RAN) infrastructure, to (semi-)passively reflect the incident
electromagnetic (EM) wave from the BS to an under-connected
region wherein user equipment (UEs) are at a non-specular
reflection direction from the IRS. This approach is often
summarized by the notion of 6G smart radio environments
(SREs) [9]-[11].

There exist numerous types of architectures, such as
reconfigurable and static IRSs, transmit and reflect IRSs,
as well as active, semi-passive, and passive IRSs [12]-[14].
They are designed to meet different requirements of various
use cases, even extending beyond traditional communications.
Synthetic reconfigurable intelligent surfaces (RISs), i.e., ar-
tificially engineered structures designed to manipulate EM
waves in a programmable manner, are the most prominent
realization of IRS technology. They offer the advantage of
real-time adaptable reflection characteristics enabling flexible

use with high impact, but they come at the cost of higher
complexity resulting in increased costs, signaling overhead,
and insertion loss, moderate energy consumption, as well as
reduced scalability of surface size [10], [15], [16]. Owing
to numerous challenges that yet need to be addressed, there
have been few field trials that have shown successful, albeit
only partial, end-to-end integration with real communication
equipment [17]-[19]. For these reasons, this article focuses
on non-synthetic IRS geometries that obey the natural law
of reflection, are non-reconfigurable (i.e., static), and have
already been successfully deployed with real communica-
tion systems. Specifically, this article investigates so-called

Holistic Enlightening of bLackspots with passlve reflectOr

moduleS (HELIOS) IRSs, see Sec. III-A for details [20].

Similar to other static-passive IRSs [21]-[23], the passive

HELIOS panels have been experimentally validated with

commercial equipment in private network environments [24].

Their modular, 3D-printed design enables low cost and

high scalability, while the naturally static reflection, which

is primarily achieved via conductively coated and variably
oriented surface patches, eliminates the need for power or
signaling.

Contributions: With the previous brief background on IRS-
assisted 6G mmWave communications, the key contributions
of this article, which are shown in Fig. 1 and characterized
in detail with respect to the state of the art in Sec. II, are
summarized in the following paragraphs:

1) Static-passive IRSs are introduced as a promising enabler
for low-cost, entirely passive enhancements of commu-
nication services in future 6G networks, supported by
reported measurement results, and emerging products.
However, current solutions lack optimization procedures
that allow them to achieve broad reflections with predeter-
mined reflection gain. This capability is crucial for their
integration into network planning frameworks with IRS
support, yielding the optimal IRS for a given mounting
position in a deployment scenario, thereby realizing an
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SRE the assures reliable user application experience. To
address this gap, this article proposes and systematically
evaluates the performance of the holistic model-driven
customization procedure for HELIOS IRSs. Our approach
identifies suitable reflector geometries by adjusting module
tilt angles, footprint size, and module arrangement. The
resulting synthesized IRSs ensure that the target gain is
consistently achieved across the entire desired angular
reflection space.

2) Much of the existing research on IRSs is simulation- and
model-driven, with limited experimental validation. To
address this, comprehensive lab and field measurement
campaigns are conducted with four custom HELIOS IRSs,
systematically validating our model-driven design process
against both EM simulations and real-world performance.
The investigation span experiments in an anechoic chamber
for clean characterization across the full FR2 spectrum as
well as urban outdoor trials in pan-European testbeds with
commercial equipment, thereby capturing both idealized
and realistic propagation conditions. These results not only
confirm the proposed IRS design but also provide bench-
marking data from reference scenarios that aid ongoing
standardization efforts, enable comparisons between IRS
platforms, and inform practical 6G deployment strategies.
Ultimately, our work delivers an end-to-end validation
framework that bridges analytical models, simulations, and
experiments, paving the way toward reliable IRS adoption
in future networks.

The remainder of this article is organized as follows.
Sec. II characterizes our contributions to static-passive IRSs
beam shaping, experimental validations of IRSs, and their
deployment planning against the state of the art. The HELIOS
IRS architecture and the utilized reflection model are first
presented in Sec. III. Based thereon, a holistic customization
process is proposed and subsequently validated. Sec. IV
systematically evaluates the performance of the customized
IRSs in both laboratory and field settings and compares
them with EM simulations and other IRSs. Finally, Sec. V
summarizes the key findings and offers a brief outlook on
future work.

Il. STATE OF THE ART: IRS-AIDED COMMUNICATIONS
This section first explores the potential of static-passive
IRSs for sustainable future 6G communication networks in
Sec. II-A. Sec. II-B then underlines the need for systematic
validation of their performance in reference scenarios for
standardization purposes. Last, Sec. II-C outlines how this
article addresses the previously identified gaps in the state of
the art throughout Secs. III to IV.

A. Potentials of Static-passive IRSs

IRSs are envisioned as a key component of 6G networks,
actively shaping the wireless environment to extend coverage,
improve pectral and energy efficiency, and reduce interference.
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Therefore, they promise more reliable and efficient high-
throughput communication systems. In particular, they are
seen as an enabler for high-frequency communications, for
example, in the mmWave/FR2 band. Much of today’s research
emphasizes reconfigurable IRSs, so-called RISs, which use
tunable components to dynamically control amplitude, phase,
and pollarization of reflected EM waves. The superposition
of numerous individual modules’ reflections in the scope of
beamforming enables a strong local impact on the radio envi-
ronment, and therefore, fine-grained optimization of wireless
network performance [9], [25, Ch. 9]. Whereas RISs have
been a mainstream topic in 6G research, they also face notable
drawbacks: their hardware complexity and cost rise with
panel size and operating frequency, they suffer implementation
losses, and they incur energy consumption [10]. Moreover,
along with the need for live optimization in the adaptive re-
flection beamforming operation mode, they introduce channel
estimation and signaling overheads, which can be reduced
when instead operating with reflection beam codebook [26].
These challenges motivate the exploration of alternative IRS
architectures in contemporary 6G research, such as flexible
intelligent metasurfacess (FIMs) which may change their form
with movable module positions, e.g., in terms of switching
between a flat or curved surface and between uniform and
non-uniform module spacings, to dynamically improve its
efficiency by matching the IRS geometry to the current
deployment scenario [27].

In contrast, static IRSs were long regarded as intermediate
solutions on the path toward reconfigurable IRSs, mainly serv-
ing as proof-of-concept deployments to validate the benefits
of controlling the radio environment [10], [28]. However,
they have the advantage of being compatible with current-
generation networks [24]. Field trials of such prototypes
showcased excellent reflection capabilities in the desired direc-
tion [21], [22], [29]-[32]. Emerging products at lower prices
compared to RISs further underline the potential of static re-
flectors [33]-[35]. Particularly interesting are entirely passive,
static IRSs, so-called static-passive IRSs, which do not require
a power supply, such that the reflector simply needs to be
mounted, i.e., neither requiring the development of electrical
connections nor regular maintenance operations for battery re-
placements. Hence, even lower costs can be attained while also
improving the RAN’s sustainability characteristics. This work
follows the above principles and, in contrast to typical synthetic
IRSs, employs the natural law of reflection. In a sense, metallic
objects of arbitrary shapes typically only opportunistically
introduce strong reflection paths in urban outdoor or indoor
factory environments as in [8], [36], [37], whereas our concept
aims to deliberately introduce such reflecting geometries. In
particular, the HELIOS reflector (cf. Sec. III) is a 3D-printed
modular geometry which is coated with a conductive varnish
to procure high reflectivity. Against this background, this non-
synthetic static-passive IRS architecture benefits from even
lower production costs and exhibits increased scalability as a
contribution to future communication systems.
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One drawback of static-passive reflectors compared to RISs
is reduced suitability for 6G sensing and positioning services
as well as for 6G communication services with movable an-
tenna systems [38]; however, these will need time to establish
themselves after the introduction of 6G. In the meantime,
static-passive IRSs focusing on 6G communications services
will at least drive the short-term success of IRS technology.
The key drawback, however, is that the pre-configured re-
flection behavior cannot be dynamically reconfigured after
production and deployment. Hence, the reflector needs to be
intelligently custom-tailored to the envisioned use case, such
that the reflection beam is directed in the correct direction,
has sufficient width to cover the envisioned service area, and
exhibits the required reflection gain in order for the anomalous
reflection path to be compliant with QoS goals. This includes
careful surveying of the geometry of the deployment scenario
(i.e., angles and distances) because, particularly when using
narrow reflection beams, small angular misalignments of the
reflector mounting may induce loss (cf. measurements in [39]).
It may also mean that in order to replace a reconfigurable IRS
by static reflectors, a larger aperture or multiple reflectors may
be needed to efficiently compensate beam broadening-based
loss (cf. computational study in [40] or trial in [41]). For this
reason, and constituting one of the core contributions of the
present work, a static-passive reflector (such as the employed
HELIOS architecture) is called an IRS when it is explicitly
optimized for its wireless network deployment scenario [28],
[29], [42], [43].

Owing to the high number of parameters that need to be
set correctly, genetic algorithms (GAs) are commonly used
for IRS beam thesis [44], i.e., the optimization of IRSs, for
example, to beamform the reflection to a single user [45] as
well as multiple users [46]. However, to serve potentially
large service areas with static reflectors, the optimization
process must also be capable of synthesizing broad beams,
which results in a reduction of reflection gain [47]. The
works [48]-[50] have realized this for antenna arrays, and the
authors in [51] for a mechanical reflect-array, thus underlining
that IRS beam broadening should be possible with GAs, as
corroborated in [52], [53]. Our previous work has briefly
confirmed the feasibility of this approach for geometry-
defined IRSs; however, reliance on EM simulations was
prohibitive [42]. Hence, we recently presented an analytical
reflection model to reduce the long computing time of a
single reflection pattern by at least three orders of magnitude,
such that thousands of reflection pattern computations within
the scope of GA-driven optimization become feasible [54].
Besides the selection of the optimization algorithm, reflector
customization heavily depends on the problem formulation.
An intuitive approach is to maximize the mean in-beam
gain [42] or the integral of reflected energy in the service
area [52]. However, this does not necessarily guarantee a
certain minimum reflection gain at each angle in the reflection
beam. It is therefore important from a network planning
perspective, that the custom-tailored IRSs indeed provide the

required reflection gain to illuminate the full NLOS region to
the level it ought to be for the envisioned use case [55], [56].
Against this background, Sec. IlI-A proposes a model-based
and GA-driven customization design process for geometric
IRSs that are shaped such that (i) the desired reflection gain
is guaranteed in the target reflection beam space, while also
(i1) minimizing the IRS panel size and selecting the most
suitable number of reflecting modules. The dynamic selection
of the IRS size and module arrangement, along with the focus
on realizing broad reflections, is a contribution to the state
of the art, which mostly focuses on narrow pencil beam-like
reflections and scaling their gain by adding more IRS panels.

After proposing the novel customization methodology, a
key follow-up contribution of Sec. IlI-B is the systematic
evaluation of its IRS beam shaping capabilities, thereby
providing a validated framework applicable to both planning
and operation of mmWave networks. Unlike related works,
which at best evaluate the optimization objective, such as the
in-beam reflection gain, for a limited set of configurations [28],
[32], [43], [45], [52], [53], [57]-[60], this work examines
the performance of more than 1,000 synthesized IRSs across
beamwidth, IRS panel size, and frequency, and benchmarks
against theoretical limits and brute-force solutions. This
enables a quantitative evaluation of how closely the designs
approach fundamental limits and offers a blueprint for com-
prehensive beam shaping characterization for IRS-enabled 6G
communication.

B. Importance of Experimental IRS Validation
Years ago, IRSs have been identified as a key enabler to effec-
tively overcome the propagation challenges of high-frequency
communication. This has sparked a more than five-year-long
gold rush in 6G research, with thousands of papers contribut-
ing different aspects to its technology potential. However, most
studies are utilizing only analytical model- or simulation-
driven methodologies, with a comparably small percentage
of literature conducting lab or field experiments with IRSs,
as surveyed in [10]. For this reason, using terminology from
the Gartner hype cycle [61], the (probably inflated) high
expectations for the IRS technology are diminishing into the
so-called trough of disillusionment: There are new and existing
challenges yet to be addressed, considering there are too few
IRS prototypes with a proven track record [10], [62], [63].
Real-world experimental validation is critical to underscore
the long-term potential of IRSs, in particular, because
propagation characteristics, hardware constraints, and
deployment challenges cannot be fully captured through
EM simulation alone [64]. Again in the context of the
hype cycle, experimental validation of IRSs is essential
for progressing toward the so-called slope of enlightment:
Based on the experimental insights gained, models can
be refined, feasible use cases identified, and the maturity
level of selected IRS architectures and design approaches
confirmed, thereby facilitating informed expectations about
the technology’s potential and readiness for market adoption.
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This has prompted increasing interest from academia,

telecommunication companies, and standardization bodies,

including 3GPP and ETSI, to better understand the behavior of

IRS-enhanced channels under realistic conditions [65]-[70].

There is currently insufficient agreement on how to model

IRSs in the radio channel, especially for passive designs. Like

other recent systematic measurements, our own measurement

data directly support creating realistic channel models and

link-level expectations, aiding standardization efforts [71]—

[73]. Furthermore, by systematic measurements of key

performance indicators within predefined reference scenarios,

better comparability between IRSs is attained, thus allowing
for better gauging of the global IRS technology readiness for
usein future 6G. In this context, this work contributes directly
to this by a comprehensive lab and field measurements-
driven investigation in pan-European testbeds for mmWave

IRSs in Sec. 1V, which additionally confirms our proposed

and analytically validated design process from Sec. III.
The key aspects motivating the measurement campaigns are

provided in more detail, along with the respective contribu-

tions, in the following paragraphs:

e Experimental validation of proposed HELIOS IRS de-
sign process: The HELIOS reflectors are custom-designed
to exhibit specific far-field (FF) reflection behaviors based
on our contribution in Sec. III. Therein, we systematically
validate the performance of the proposed optimization
process, which is based on an analytical model to procure
QoS-compliant bistatic radar cross section (RCS) patterns in
terms of reflection direction, beamwidths, and gain with the
smallest possible IRS size and optimal module arrangement.
Our contribution in Sec. IV-A is the use of the proposed
process to determine IRS geometry blueprints, which are
then utilized to manufacture the reflecting geometries. Ad-
ditionally, a comparison to FF EM simulations is conducted
to confirm the desired reflection behavior. Sec. IV-B to
Sec. IV-E, as described in subsequent paragraphs, then
perform detailed near-field (NF) and FF measurements,
and thus comprehensively trial whether the physical imple-
mentations deliver the intended performance observable via
key wireless communication system metrics. The observed
agreement between simulations and measurements supports
the use of the analytical design methodology for future real-
world deployments. Hence, this work contributes an end-
to-end validation of an IRS design methodology based on
an analytical model, simulation, and measurement.

o IRS characterization in clean radio environment with
sensitive equipment: Angular reflection patterns of diverse
HELIOS IRSs have already been briefly investigated in a
small-scale environment in terms of received power level
of a single polarization. However, reflection paths (e.g.,
from ground and ceiling) could not be fully suppressed, the
incident EM wave on the IRS was not planar owing to short
distance, and manual movements of the receiver antenna
along the circular arc were error-prone [42]. Against that
background, this article moves into a large-scale anechoic
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chamber, which fully suppresses ambient multipath prop-
agation, employs a compact antenna test range (CATR)
reflector to realize a realistic impinging EM wave, and
features a mechanical turntable for systematic sampling
of the angular reflection profile. Moreover, link strength
measurements are now conducted for dual-polarized signals
and further complemented by signal quality measurements
with state-of-the-art measurement equipment. Also, our
prior mostly simulations-based assessment of mmWave
IRS reflection pattern behavior along the future 6G spec-
trum [42] is now enriched by measurements across the
full licensed FR2 spectrum (24 GHz to 42 GHz). Compli-
ance with methodology in [71], and partially with [72],
allows for performance comparisons with other IRSs that
are reconfigurable or also static, like HELIOS. Overall,
Sec. IV-B to Sec. IV-C contributes a holistic NF reflection
characterization for the four reflector prototypes that may
serve as a performance reference for other IRSs.

e Performance benchmarking under realistic propaga-
tion conditions: Whereas theoretical models often assume
idealized EM wave propagation and perfect alignment, real
deployments involve non-idealities such as diffraction, mul-
tipath, polarization mismatch, and mounting tolerances [9],
[74]. Even so, trial scenarios like our demonstration of
IRS-enabled connectivity for robots in safety cells [24]
may be regarded as designed for maximum impact and
not reflect typical deployment conditions. Therefore, the
field trial of HELIOS reflectors in this work, cf. Sec. IV-D
to Sec. IV-E, captures all of the above non-idealities by
taking place in an open pan-European test environment. It
enables accurate benchmarking of the gain and robustness
of HELIOS IRS-based communications in a dense urban
environment leveraging time series data of nine channel
and link parameters. On the one hand, it is investigated
how the availability of pre-configured IRS, in combination
with beam management between BS and UE, affects the
link strength [75], [76]. Moreover, unlike most studies that
focus mainly on using IRSs to extend the coverage [77],
the trials in this article examine how IRSs can also reduce
power consumption and improve connection reliability on
the other hand [17], [78]. These features are becoming
more important in the future of 6G, especially for ultra-
reliable communications and effective beam management in
changing conditions. Like for the lab measurements, direct
comparisons with other custom-tailored IRSs that have been
measured in the same setup [73] are provided. Our outdoor
trial with commercial standalone mmWave communication
equipment therefore contributes a report on performance
gains across various metrics, thus allowing for better
decision making on whether or not to use IRSs to efficiently
improve user connectivity in urban street canyons.

C. Outline of Article Structure
This section briefly describes the structure of the remainder
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FIGURE 2. Overview of entirely passive, static HELIOS IRS concept [20], depicted for an arbitrarily-selected 3 x 4 geometry. Its parameter set is denoted
by # and optimized such that a custom-tailored deployment in a mmWave network is attained, particularly given the sets of incident wave parameters
Q;,, and the desired spatial reflection parameters Q,,,; along with the required in-beam gain op,s.

of the article, which is summarized in Tab. 1 and based on the
earlier study of related literature in Secs. II-A to II-B.
According to the motivation in Sec. II-A, Sec. III first
proposes a holistic customization approach for HELIOS
reflectors, including beam shaping and size optimization
capabilities. As a result, reflecting geometries that direct the
reflection into the desired angular space with the required
reflection gain are attained. The analytical model-driven
process is subsequently tested for different beamwidths, sizes,
frequencies, and module numbers, as well as assessed against
theoretical performance bounds and reference approaches.
We employ our contribution to design and produce four
IRSs for experimental assessment in Sec. IV, for which EM
simulation results are further considered as a reference. As
motivated in Sec. II-B, we conduct extensive lab and field
performance measurements of the panels within reproducible
and open testbeds as a contribution to standardization activities
and improved comparability between existing IRS prototypes.
Moreover, the study further confirms our design process
and underlines the positive impact of low-cost static-passive
IRSs on NLOS user connectivity, thus requiring less signal
amplification for both reception and transmission.

TABLE 1. Structure and methodology of remaining article.

Sec. Scope Data
III-A  Proposal of holistic HELIOS IRS customization process -
III-B  Sensitivity analysis-driven validation of design process A
IV-A Model-driven synthesis and simulative pre-assessment of IRSs A,S
IV-B Methodology: CATR chamber, measurement devices

Lab Study ) . . . . M, S, A, *
Iv-C Evaluation of path gains and signal integrity

IV—D}F' A Tri l{Methodology: Urban scenario, commercial systems } M.*
IV-E 1eld e Evaluation with and without IRS for 9 metrics ’

A: Analytical model M: Measurement S:EM simulation *: Comparisons with other IRSs

lll. PROPOSAL AND SYSTEMATIC VALIDATION OF JOINT
HELIOS IRS GEOMETRY AND BEAM SHAPING PROCESS
This section first proposes an enhanced reflection model-
based design process for geometry-based IRSs in Sec. III-A.
It is subsequently systematically characterized in Sec. III-B.

A. HELIOS Design Methodology
Adopted reflection model: A prior customization process
incorporated EM simulations that led to a functional, but
time-consuming design process [42]. Therefore, it was not
feasible to carry out systematic validation for weaknesses.
Against this background, we recently introduced a physical
optics (PO)-based reflection model for the HELIOS IRS,
which was shown to accurately predict its overall bistatic RCS
pattern o (@ous» Oour ) With unit m? (or logarithmically: dBsm)
spanning the hemisphere defined by all azimuth and elevation
reflection angles @our, Oour € [—90°, —90°] [54]. Naturally, it
requires a parametric description ;, of the incident wave,
i.e., azimuth and elevation angle of incidence ¢;,,6;,, and
wavelength A = ¢/ f, where c is the speed of light. Moreover,
the following IRS parameters, denoted by H, are considered:
module array arrangement M X N, module footprint b X a, and
2M N module tilt angles @ 5, Bm.n Withm = 1,..., M and
n=1,...,N, as shown in Fig. 2. There is further support for
inter-module spacings dy, d, and module height offsets 4, ,
which are not considered in this work for brevity [54].

The analytical reflection model developed for geometry-
driven reflectors from [54] is briefly summarized below:

M N .
T (bours Oou) = Y > (VT € Vmr)? with (1)

a” - b" T sinY sinZ\?
A Y Z

Omn =4n ( using (2)
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FIGURE 3. Extraction of OV o* from real HELIOS reflection pattern
sketched for simplified case of operating in horizontal plane.

— 7 Gin A’ cin A 7 ind Gin A r r
T = cosf,, sinf; sing; —cosb; sind, sing, —cosd; cos¢,,, (3)

y=1= ;r - (sin g}, cos @, + sing! cos07), and  (4)
Z=%H-(sin02+sin9f). (5)

Moreover, in the equations (2) to (5), the following module-
specific geometric transformations are leveraged for brevity:

¢: = Pin — Um,n> ¢Z = $our =~ Umn (6)
9{ = Oin _ﬁm,m 9:) = Oour _ﬂm,n 0

a" =a-\J1+tan? (@), b"=b-\J1+tan® (Bu,) (8)

In addition, potential self-shadowing between the IRS modules
ought to be handled by trimming the surface size b X a" to the
effective reflecting surface patch, as described in detail in [54].
Last, it remains to mention that y,, ,, describes the phase offset
between the center of the effective reflecting surface of module
(m, n) and the IRS origin.

Scope of Optimization: The goal of the IRS design process
is to identify a suitable reflector geometry that steers the
reflection in a well-defined target reflection area ,,,. This
discrete angular range of interest is defined by

Qour = {(¢0uta gout) € Rz | s

A¢, Ao
bour = [¢0,C - To 2 Afores t Po.c t 20] ,

A6, A6,
Oour = [90,6 - 20 2 Abo,res 1 bo,c + TO]

} c [-90°,90°] x [-90°,90°], )
where (q)o,c, 9036) describes the central reflection directions
(azimuth, elevation) and (A¢,,A8,) defines the reflection
beamwidths (horizontal, vertical). Furthermore, this is depen-
dent on the spatial resolution of the reflection pattern, i.e.,
Ao res and Ab,, 5. Whereas our prior work [42] successfully
maximized the mean RCS in Q,,,, various nulls emerged in
the reflection area such that connectivity QoS targets cannot
be guaranteed in the target area. Against this background, it is
proposed to instead maximize the objective function (OF)

¥ (Qour) = min o (Qour) - (10)
When attaining the peak OV
" = max ¥ (Qour) (1D

by the end of the max-min-optimization, UEs in the far field
of the IRS and in any direction (¢ oy, Oy ) contained in Qs

VOLUME XX, 2026

are guaranteed to be served with a reflection gain, i.e., RCS
value of o or higher, see Fig. 3. Consequently, a custom
IRS that is designed to meet a target gain og,s provided by
network planning, cf. [55], will exhibit an excess gain which
is beneficial for the communication link, i.e., it holds

g (¢out’ Oour) = o> 0QoS v (¢out, eout) € Quyr. (12)
To realize this, an alternating optimization (AO)-driven [79],
holistic IRS design process is proposed, as depicted in Fig. 4.
In the subsequent paragraphs, we first describe the inner part
realizing the reflection beam shaping. This is followed up by
details on the outer part that conducts the panel size adaptation.

Joint Reflection Beam and Geometry Shaping: The
optimization in this work assumes a uniform IRS with M - b
height and N - a width, i.e., it consists of M rows and N
columns of reflecting elements, each with a footprint of b X a,
Because each module is described by two tilt parameters, the
optimal geometry depends on a large number of parameters
(K =2-N-M). Therefore, a GA is employed again with the
rounded population sizes of | 12.5K7, owing to its suitability
for multivariate optimization [80, Ch. 1]. Considering the
natural law of reflection for tilted surfaces [20], sensible
continuous parameter ranges for & and S are determined using

Gour = —@in + 2 and Oy, = =0 + 2. (13)

To foster constructive interference between the reflections

of the individual HELIOS modules, the following parameter

ranges with 25 % additional headroom on either side are used:
T € Arange = [% 4% (14 0.25)] and

ain gac — A90
ﬁm,n € Brange = [+T + 7 (1 +025)] cR. (14)

In this context, the unconstrained IRS customization pro-
cess is described by the following optimization problem:
{a] .. @y N Blys- - By} = argmaxo®,  (15)
bounded with respect to (14) and given the deployment
scenario parameters Q;;, = {Pin, Pour, 1}, IRS architectural

Prerequisites /
IRS Design Targets

Incident Wave Q;,

Reflection Beam
Region Q,,,; and

¢ IRS Reflection Beam Shaping
Inner Loop

Calculate In-beam Reflection

Nested HELIOS Pattern O'(Qout [ QinﬂH)

Design{’rocess’

HELIOS

HELIOS IRS Configuration |

Target Gain 0,

M XN Module
Arrangement

Evaluate
Objective
2MN Module Function:
Tilt Angles: | oy = ming
(am,n' ﬂm,n) =

Geometry
Framework:
{M,b,N, a}

with

Result Parameters /
Production Blueprint

| @ i)

- = max oV
withior = 01905

Genetic Algorithm:
arg max OV

(am,nvﬁm,n)

Termination.

Termination ﬁ |_9B
ISTL;

tion Method:
arg min |a* — UQosl
1

/Stare IRS Panel Size Adaptation 0’>”"" Loop

FIGURE 4. Overview of proposed M x N HELIOS IRS customization
featuring an alternating optimization approach for joint reflection beam
shaping and reflector size adaptation components.
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FIGURE 5. Proposed use of (right) symmetry conditions between 3D tilts
of modules in same row and column to improve performance over the
(left) unconstrained approach requiring identification of more parameters.

constraints {a, b, M,n} C H, and desired reflection charac-
teristics Qour = {Po.c: 0o,c: Ado, Ab,} (cf. Fig. 2). The GA
solver stops the optimization process once it cannot improve
the OV by at least 107 dB within the last 50 generations.

We subsequently propose to enforce symmetry conditions
to reduce the number of parameters down to K = N + M (cf.
K =2 - N - M for the unconstrained approach), as shown in
Fig. 5. Therefore, all HELIOS modules in row m have the
same vertical tilt angle 3,,, whereas all elements in column n
have the same horizontal tilt angle «,,:

an = Umn, P =PmnVm=1,...M,n=1,...,N. (16)

The goal of this measure is to improve the efficiency of the
multivariate optimization, i.e., for reduced computation time
in conjunction with higher OV.

It is noted that both flavors of the design process, uncon-
strained and symmetry, can be repeated for better performance.
This is because the GA algorithm is likely to select a local
maximum instead of the global maximum owing to the
large number of parameters (K) that need to be established.
The reason why repetitions yield different results lies in the
inherent randomness of the employed GA, (i) particularly
the initial population of the GA (first iteration) contains
[ 12.5K7 fully random chromosomes, with each chromosome
representing an individual HELIOS configuration with K
parameters that are referred to as genes. Moreover, in the
recombination and mutation phase between iterations of the
GA, there are (ii) random combinations between promising
chromosomes of the prior iterations. (iii) Some of these
new chromosomes further experience random gene mutations.
Hence, this article always employs 25 repetitions from which
the best solution is selected.

Adaptation of IRS Footprint & Module Arrange-
ment: The prior optimization identifies desirable tilt angles
(@pin» Bi.n) of the HELIOS modules given a fixed module
footprint size b x a with b, a € R*, as well as a fixed module
arrangement M x N with M, N € Z*. If the attained OV o* is
insufficient, i.e., less than the target value og,s, one needs to
systematically adjust (M, N, b, a) and rerun the optimization.

For instance, increasing b and a will increase the IRS
reflecting surface area, such that higher reflection gains can
be expected [54]. However, larger module dimensions incur

different reflection patterns such that corresponding changes
of the module arrangement M X N may be required at some
point [54]. It is also noted that the opposite case may also be
desirable, i.e., if 0 > 0,5, the overall reflector size can be
minimized to just barely fulfill the design target for minimal
required mounting space, production material consumption,
and near-field radius. Implications of parameters {M, N, b, a}
are therefore studied in Sec. I1I-B.

The following new systematic approach is proposed to adapt
o according to design goals: First, the problem complexity
is reduced by considering a fixed M X N configuration of
quadratic dimensions / X [ resulting in the uniform module
widths a = % and heights b = ﬁ This article employs the
bisection root-finding method [81, Ch. 5.6] for the function

f ) =0"=0gos. (17)
Itis applicable for small beamwidths because the in-beam RCS
o is defined continuously and increases strictly monotonously
with the IRS side length /, cf. (2). The optimization parameter
shall have the sensible lower bound /,,;, = 54 (approx.
Scm), cf. [54], and the arbitrarily selected upper bound
Imax = 100cm. The search space shall then be iteratively
restricted as shown in Fig. 6. During each iteration of the
root-finding, it is necessary to run the previously proposed
GA-based design process given the current iteration’s IRS
size. Therefore, in order to limit the computational overhead,
the process is terminated early once a custom-tailored reflector
with side length [* fulfilling f ({*) € [0dB, 0.25 dB], and thus
0" 2 0Qes, is observed. For additional efficiency, the GA-
based beam shaping subprocess may be terminated early when
using very large reflectors that exceed og,s by several dB, i.e.,
if f£(I) > 3dB in this work. The entire process, as shown in
Fig. 4, may then be repeated for different M x N HELIOS
configurations to identify the smallest possible IRS. It is
then deemed as a size-optimized and QoS-compliant HELIOS
design utilizing an efficient M x N module arrangement.

Against the previously described concept, it is noted that
o* may also decrease for large / when aiming for large
IRS beamwidths when considering a suboptimal module
arrangement (cf. later results in context of Figs. 7 and 8). Thus,
if both f (1,45 ) (first iteration) and f (I,,,;,) (second iteration)

Sample attained via HELIOS IRS

Beam §W

A 04,5 Targeted Minimum
In-beam Reflection Gain

Iterations #1-#3 are
always conducted

Attainable OV ¢* [dB]

»
»

l1 = Lnax

I3 = 0.5(min + lnax)
IRS Panel Size ! [m]

Ly = bnin

FIGURE 6. Concept for IRS panel size optimization given oo,s perfor-
mance target. Bisection method adapts IRS size by halving the search
space in each iteration until the desired reflection gain is met.

VOLUME XX, 2026



_IEEE IEEE Open Journal of the

(.omSoC Communications Society

have a negative sign, the above process would terminate with
failure even though there may be a ! € [lin, lmax] such that
f (1) = 0. The above-described non-linear behavior, however,
is typically handled by open, i.e., non-bounded root finding
methods (e.g., secant method), which are not applicable for
our size adaptation problem because, for instance, side length
[ must be larger than zero. Hence, iteration three is anyway
conducted at the midpoint I3 = 0.5 (l,yin + lnax) such that
the bisection method may then be run with the old lower
bound /,,,;;, but new upper bound /3 if the sign of f (I3) is
positive. Similarly, respective fourth and fifth iterations with
I34 = (0.5 +0.25) - (Lpin + lmax) may be appended, if nec-
essary. Only if all five cases cannot attain at least o™ > 0g,s,
this article deems that the considered M x N HELIOS IRS
cannot attain the desired reflection gain over the given angular
beam space, given the predetermined size bounds. As noted
before, the full-blown proposed HELIOS design process shall
therefore be run for various M x N IRS module arrangements.

B. Sensitivity Analysis of Proposed IRS Design Process
This section extensively validates the proposed reflector
customization process from Sec. III-A based on the reflection
model, because the experimental overhead for this would
be too extensive. In the next paragraphs, we present our
methodology for the systematic performance study: Perfor-
mance specifications are introduced first. This is followed
by a description of the setup of each validation study, as
summarized in Tab. 2. At last, the corresponding results of
the three case studies are discussed.

1) Methodology

Performance Metrics: To assess the quality of our proposed
design process yielding OVs o*, this article considers an
upper-bound performance limit ope,ng for the IRS reflection
beam customization process, which is attained as follows:
The RCS reflection pattern of a flat perfect conducting plate
is leveraged, considering the carrier frequency, azimuth and
elevation angles of incidence, angular resolution, and surface
side lengths as described later. It is attained via EM simulations
with Ansys HFSS [82]. The reflection is then numerically
integrated over the full reflecting hemisphere and subsequently
distributed fairly over the considered angular service area of

the IRS to approximate
90°

/] a (¢0ut, G(Jut) d¢0ut dgout- (18)
-90°
It is noted that such an ideal reflection pattern, i.e., constant re-
flection gain in the service area and no reflection power to out-
side angular ranges, is physically impossible. Therefore, this
article refer to this performance bound as a theoretical limit.
The brute-force approach requires discretization of the
solution space to conduct an exhaustive search to identify the
best IRS geometry using the same objective function as our
proposed approach. The search spaces @,ange for horizontal
tiltangles @, ,, and B, ange for vertical tilt angles §,,, , are sam-

1

Obound = m
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pled with 0.05° resolution, allowing the scheme to consider
beam changes exactly in the order of the employed reflection
beam resolution of 0.1°. Owing to high computational load,
the brute-force approach is realized for the symmetry-based
solution parameter space, requiring identification of just N+ M
parameters for a M x N HELIOS, cf. Fig. 5. Nonetheless, as
the overhead grows exponentially with the targeted beamwidth,
the brute-force solution is only considered for 2 X 2 IRSs in
this work, where there are, for example, 150 and 510 million
configurations to be tested at the beamwidths of 15° and 20°.
By assessing the performance of permutated IRS geometries
that were selected by our proposed design process, this
article loosely extends the brute-force performance reference
to reflectors with much higher module numbers. In total, there
are (M!) - (N!) — 1 permutated geometries that are assessed
per custom-tailored IRS when considering symmetry-based
HELIOS designs, i.e., up to 575 for M = N = 4. In this work,
this metric is employed to assess whether the design process
has a high or low likelihood of selecting a local optimum.
Setup of Validation Case Studies: Three analytical
reflection model-driven case studies are conducted, typically
employing the following common set of parameters, cf. Tab. 2:
27.1 GHz carrier (3GPP mmWave band n257),
Angles of incidence: ¢;, = —45°,6;, = 0°,
Center reflection direction: ¢, . = 45°,0, . = 0°,
Angular resolution: A¢y res = Ay res = 0.1°,
M x N HELIOS with M =N =1,2,...,6,and
Process variants: {unconstrained, symmetry}.
This scenario clearly does not require a change of the
reflection angle to serve the center reflection direction. This
was already realized and experimentally validated in [20], [83],
however, the capability to change the center reflection direction
will again be demonstrated experimentally in Secs. IV-C
and IV-E. Considering the above-described situation (¢, » =
—din,bo.c = —0in), and when aiming for a narrow reflection
(Ag,, A8, — 0°), one would expect a perfect flat plate, i.e.,
Amn = Bm.n = 0° for all modules (m,n) regardless of the
considered number of reflecting modules M - N. Depending
on beamwidth, one could also expect a concave geometry [20].
These expectations are therefore asserted in the evaluation.
The first case study' focuses on assessing the proposed
schemes’ ability to synthesize broad reflection beams with
a squared beam shape in angular space using beamwidths
Ap, = AO, = 1°,2°,...,25° For that reason, a fixed
reflector size of I = M - b = N -a = 0.5m is leveraged.
Against that background, the performance of the two proposed
flavors, particularly in terms of attained OV ¢*, is compared
directly, factoring in different beamwidths and numbers of
HELIOS modules with M = N = 1,2,...,6. Furthermore,
the performance is characterized against a theoretical limit,
which was introduced previously in the context of (18).
Additionally, comparisons are made against the performance

IPlease note that these custom-tailored static IRSs are also used to study the
impact of beam misalignments, given in the Appendix.
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TABLE 2. Overview of computing parameters throughout sensitivity
analysis of the proposed HELIOS IRS optimization scheme, with case
studies #1—#2 focusing on IRS reflection beam shaping and case study #3
on IRS panel size adaptation.

Parameter Description/Value

Gin = —45°%, 0 = 0°

Angles of Incidence

=

g Center Angles of Departure ¢, c = 45° 65, = 0°

§ Angular Resolution Apo,res = Ao res =0.1°
Module Tilt Angles {ars,..., aAMNBIds s BN} flexible with (14)
Carrier Frequency f=27.1GHz

M-b=N-a=50cm
M=N=1,2,..., 6

Ao =A0, =1°,2°,..., 25°
symmetry, unconstrained

Reflector Footprint

6 Module Arrangements
25 Reflection Beamwidths
2 Process Variants

Case Study #1

Reference Solutions Theoretical Limit, Brute-force, Result Permutations
— Results depicted in: Fig. 7, Figs. 9a to 9¢c

f=27.1GHz
M-b=N-a=10cm,12cm,..., 100 cm
M=N=12,..., 6

Apo = A6, = 10°

symmetry, unconstrained

Carrier Frequency

46 Reflector Footprints
6 Module Arrangements
Reflection Beamwidth

2 Process Variants

Case Study #2

Reference Solutions Theoretical Limit, Result Permutations
— Results depicted in: Fig. 8, Fig. 9d
f =3.7GHz, 15.0GHz, 27.1 GHz

l=M-b=N -aflexible with/ € [Scm, 100cm]

3 Carrier Frequencies
Reflector Footprints

£ 10 Module Arrangements 1<M<N=12,..., 6

-E 2 Desired Beam Shapes A,B

‘f Reflection Beamwidths A¢po = A6, =3°(2) or 10°(B)

& Target Gains 000s = 22dBsm (3) or 12dBsm (B)

Process Variant symmetry
— Results depicted in: Tab. 3, Tab. 4

attained using a brute-force approach, however, only for the
2 x 2 HELIOS case, owing to computational overhead. By
means of assessing whether permutations of the custom-
designed HELIOS improve the performance, the brute-force
concept is loosely extended to the configurations with up to
5 x 5 modules. This allows us to ascertain whether local or
global optimization results are identified by the GA. Overall,
the first case study bundles the results of 300 custom-tailored
IRSs using our proposed design process, with hundreds of
millions of more reflection geometries being considered by
means of result permutations and the brute-force approach.

In a similar fashion to the above-described study, the second
case study instead assesses the performance for different
reflector sizes ranging from / = 0.Im to [ = 1.0m in
steps of 2cm for a fixed beamwidth of 10°. This sensitiv-
ity analysis considers six types of M X N reflectors with
M=N=1,2,...,6. Again, comparisons between the two fla-
vors of the proposed design process are made and augmented
by a characterization of the attained performance against the
theoretical limit. Overall, the second case study considers 552
custom-tailored IRSs reflection beams and geometries.

Last, the third case study tests the size optimization based on
the symmetry-based custom-design process A 2 x 2 HELIOS
configuration is selected to realize og,s = 22 dBsm over the
beamwidths A¢,, Af, = 3° at 27.1 GHz. The attained size is
compared directly with the result from the first case study,
wherein the IRS has a size of 50 cm X 50 cm. Subsequently,
the spectrum is switched to 3.7 GHz (in frequency range
1 (FR1)/sub-6 GHz spectrum, licensable for private networks

in Germany) and 15.0 GHz (in FR3 candidate spectrum for
6G) to find out how large a HELIOS IRS would need to be
in order to deliver the same og,s for the same ;,, and Q,,;
parameters. To find the smallest possible HELIOS geometry,
the full proposed reflector customization process is conducted
not just for 2 X 2 module arrangements but for ten different
M x N arrangements in total. This study is then repeated for
increased beamwidths A¢,, A6, = 10° along with the reduced
00os = 12.0dBsm target, for which a 3 x 3 HELIOS config-
uration from the second case study serves as the reference.

2) Results and Discussion

The subsequent paragraphs present and evaluate the results of
our three case studies according to the previously described
methodology. The sensitivity analysis begins with the beam
broadening capabilities (case study #1) of the proposed
reflector design process as presented in Fig. 7.

The evaluation begins by considering the symmetry-based
design approach for different beamwidths in Fig. 7a. It can be
seen that the performance differs for the different leveraged
module arrangements despite utilizing the same IRS size
(N -a =M - b =50cm), forexample, the single module (1x1)
reflector performs well for small beamwidths of up to about
1.5° but fails to realize consistent in-beam gains when targeting
larger beamwidths. For beamwidths of up to about 7.5°,a2x2
HELIOS provides the highest gain. However, similar to the
single module reflector, a rapid falloff in OV o * is observed
for higher beamwidths. For a 25° beamwidth, the gap against
the 5 X 5 configuration exceeds 20 dB. Thereafter, the 3 x 3
HELIOS realizes the best guaranteed in-beam RCS level for
beamwidths of up to approximately 16.5°. Again, performance
drops for higher beamwidths. The novelty here, however, is that
this constellation performs worse for small beamwidths than,
for example, the 2 x 2 IRS. These trends can again be observed
for the 4 x 4 HELIOS, which performs best for beamwidths in
the approximate range from 16.5° to 24.5°, but incurs a loss
for smaller and larger beamwidths compared to other M x N
arrangements. Using too many modules results in moderate
losses of up to 10.4 dB, whereas the use of too few modules
results in high losses of several tens of dB. Thus, is is clearly
observed that there is an optimal number of modules to be
used in order to attain IRSs with the targeted beamwidth along
with the maximum corresponding OV o *.

It is now investigated with Fig. 7b how well the symmetry-
based design process performs against the unconstrained
variant, considering the M X N module arrangement which
maximizes the minimum in-beam gain o*. It appears that
the reduced number of parameters in the symmetry-based
approach bears fruit for beamwidths of 7° and higher, with
the unconstrained approach suffering increasing loss of up
to 26.1dB for 25° broad beams. The starting point for this
behavior aligns well with the switch to IRSs with 3x3 modules,
resultingin 2 - M - N = 18 instead of M + N = 6 parameters,
which makes GA-based selection of the global maximum less
likely. Whereas this is a disadvantage for IRSs that need to
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FIGURE 7. Sensitivity analysis with respect to targeted beamwidths of the proposed symmetry-based HELIOS design process utilizing 0.5m x 0.5m
IRSs. (a) Variation of M x N module arrangements yield that the optimal module number depends on the beamwidth: few for a narrow reflection, many for
broad beams. (b) Symmetry-driven variant with reduced number of parameters outperforms the unconstrained variant for larger beamwidths and remains
close to the theoretical limit. (c) Both design approaches dominate the brute-force solution in terms of realized objective value and computational load.
(d) The in-beam reflection gain is on average 4.4 dB higher than the OV o, with peak gains of up to 17.5 dB, which opportunistically improve link QoS.

realize broad reflection beams, narrow reflection beams of 2x2
reflectors can be attained slightly better, cf. higher gain at 2°
beamwidth. The lack of high performance for broad beams,
which needs to be attained for practical deployment of static
IRSs, however, makes the symmetry-based approach the more
desirable choice. Particularly, because it can also be extracted
from Fig. 7b that its performance consistently remains within
the 5.4dB to 9.5dB range of the physically impossible to
meet theoretical performance limit, which assumes that all
reflecting energy is radiated with the same magnitude into the
desired beam space and none outside of it. Considering that
(i) reflections on flat conductive surfaces have strong sidelobes,
and thus energy outside the desired angular beam area, as well
as (ii) the combined reflection of multiple such modules leads
to destructive interference, and thus a less efficient energy dis-
tribution within the targeted beam area, it is remarkable to find
that there is, on average, only a 7.4 dB loss, i.e., the minimum
in-beam gain could in theory only be higher by factor 5.5.
Both design flavors (2 x 2 IRS) are now compared against
the brute-force approach in Fig. 7c, which has systematically
swept the search space (cf. @rqnge and Brange for horizontal
and vertical tilt angles) with 0.05° resolution. It can be seen that
this approach drastically deteriorates for larger beamwidths,
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exhibiting more than 100 dB loss. Naturally, the performance
could be better for an even finer resolution. However, con-
sidering the already high computational effort, this is no
practical solution: For the 15° beamwidth, the provided brute-
force solution is based on more than 163 million tested IRS
configurations, which is approximately 4,200- and 22,300-
times more than the unconstrained and symmetry design
process flavors. This gap would widen even more for higher
bandwidths as well as for IRSs with even more modules, thus
making the brute-force practically infeasible and underlining
the usability of our proposed design process.

Having observed for the 2 X 2 IRS that brute-force performs
poorly in terms of attained performance for the given com-
putational overhead, permutations of the unconstrained and
symmetry design process results of up to 16-module IRSs
(2 X2 -4 x4) are considered. Upfront, it is noted that even
the best permutated HELIOS configuration typically incurs a
loss compared to the geometry selected by the optimization
process, for example, —4.1 dB for the symmetry-based design
process and —3.0dB for the unconstrained approach. This
is a result of the respective low probabilities of about 2.9 %
and 3.6 % that one of the available geometry permutations of
the design process yields a better performance. Nonetheless,
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FIGURE 8. Sensitivity analysis with respect to IRS sizes of the symmetry-based HELIOS design process providing 10° broad beam. (a) The optimal mod-
ule number depends on the overall reflector size: few modules for small reflectors, many for large surfaces. (b) Proposed symmetry HELIOS design pro-
cess variant with reduced parameter number again outperforms the unconstrained variant for larger IRSs sizes and remains close to the theoretical limit.

permutation-based gains of up to 5.1 dB in OV ¢ * are possible
for the symmetric design process, and up to 12.4dB for the
unconstrained process. All of these metrics again underscore
that the use of symmetry conditions yields better performance
because the GA is less likely to select a local optimum and, if
s0, with less loss to the global optimum.

Fig. 7d shows the in-beam RCS distribution of the best
IRS designs identified by the symmetry-based design process.
The line below the violins is the previously discussed OV o,
which is, by definition (cf. Sec. III-A), the minimum gain of
the reflection beam in the designated angular reflection beam
area. Considering the mean delta of 1.5 dB to 6.7 dB and peak
delta of up to about 17.5dB over o, this figure underlines
that the HELIOS reflectors will exhibit an excess gain for UEs
within the designated target space. If we had maximized the
mean in-beam gain instead of the minimum in-beam gain,
we would have attained higher OVs at the cost of being
unable to provide a minimum service quality to UEs in the
designated service area of the IRSs. This would be destructive
for private industrial networks requiring service guarantees.
Hence, this article chose to guarantee the desired reflection
gain and additionally benefit from some opportunistic gains at
numerous positions in the custom-tailored beam.

Having observed that reflection gain diminishes proportion-
ally to respective increases in azimuth and elevation band-
widths, it is now assessed whether our proposed design process
operates well with other IRS sizes. In particular, one would
expect a large-scale IRS to realize higher RCS values than the
previously considered 50 cm X 50 cm reflectors. Hence, the
loss from beam broadening could be easily compensated. The
proposed reflector design process’s scalability in terms of the
IRS panel size (case study #2) is thus presented using Fig. 8.

Let us first consider the symmetry-based design approach
for different reflector sizes in Fig. 8a. It can be seen that
the performance differs for the different leveraged mod-
ule arrangements despite exhibiting the same beamwidth
(Ag, = AG, = 10°), for example, the four-module (i.e., 2 X 2)
HELIOS performs well for comparatively small side lengths

of up to about 35cm but fails to realize consistent in-beam
gains for larger beamwidths. For side lengths of up to about
79 cm, a 3 x 3 HELIOS provides the highest gain. But similar
to the 2 X 2 IRS, a rapid falloff in OV ¢ * is observed for larger
reflector panels. Thereafter, the 4 x 4 HELIOS realizes the
best guaranteed in-beam RCS level for side lengths of up to
approximately 1 m. Similar to the previous sensitivity analysis
to beamwidth (cf. Fig. 7a), Fig. 8a shows clearly that the use of
too many modules for a given IRS size results in loss of up to
about 10.6 dB. Again, one can also use too few modules given
the reflector size: It is not a surprise that a single reflecting
surface (1 X 1) is unsuitable for the targeted 10° x 10° beam
area, at least for practical surface dimensions where the IRS
is not just a pure scatterer (N - a, M - b > A). Similarly, the
2 x 2 and 3 x 3 incur losses of up to 17.7 dB. Thus, it has been
observed clearly that there is an optimal number of modules
to be used in order to attain IRSs of a given size with the
maximum corresponding OV o*.

Fig. 8b allows for evaluation of how the symmetry-based
design process performs in comparison to the unconstrained
variant, considering the respective M X N module arrangement
that maximizes the minimum in-beam gain o*. With similar-
ities to the sensitivity analysis for the desired beamwidth (cf.
Fig. 7b), it is found that the reduced number of parameters
in the symmetry-based approach yields benefits for IRS panel
sizes of 35cm and larger, with the unconstrained approach
suffering an increasing loss of up to 17.2dB. The starting
point for this behavior again aligns well with the switch
to IRSs with 3 X 3 modules, resulting in 18 instead of 6
parameters, thus making GA-based selection of the global
maximum less likely. On the opposite side of things, is can
also be observed that the unconstrained variant can yield
better results for small IRSs, i.e., smaller than 14 cm, with
few modules. Nonetheless, we summarize that the proposed
symmetry-based design method is favorable as the deployment
of large-scale IRSs is foreseen for 6G networks. Therefore, this
article now compares the symmetric HELIOS optimization
scheme against the theoretical performance limit in Fig. 8b

VOLUME XX, 2026



IEEE, IEEE Open Journal of the

ComSoc communications Society

to assess how good the attained performance is against the
physically impossible to meet upper bound. It can be observed
that the loss is consistently in the range of 5.5dB to 9.4dB,
with a slightly lower mean of 6.8 dB, which aligns well with
the prior results in Fig. 7b. In this context, it must be noted that
similar to the results observed in Fig. 7d, the IRSs of various
size typically attain a mean RCS value that is 4.0dB above
the OV, thereby closing the mean gap to the limit. Again, UEs
at oportunistic angles within the reflection beam space may
even experience peak gains of up to 15.2dB over the OV. In
contrast, however, is can be noted that there are performance
dips compared to the theoretic bound in the regions where
the optimal number of modules changes, i.e., for size of
about 35 cm and 80 cm. This shows that one could potentially
improve the performance in these regions if using M X N IRSs
for which M # N, for example, the 2 X 3 arrangement could be
employed to efficiently bridge the transition between the 2 X 2
and 3 x 3 IRSs with panel side lengths of approximately 35 cm.

To extend on the previous two case studies #1—#2 in the
context of Figs. 7 and 8, four selected customized reflecting

(a) 1 x 1 HELIOS IRS:
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10 g
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FIGURE 9. Reflection beam broadening without changing the natural re-
flection direction: Increasing the target beamwidth from (a) to (c) reduces
in-beam gain, which can be compensated by (d) enlarging the IRS size. The
validity of the customized HELIOS configurations is particularly evident
for small beamwidths and panels, where geometric expectations are met.
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geometries (with symmetry) are considered along with their
RCS beam pattern in Fig. 9. It is noted that the geometries
are depicted with scaled x-axis which makes it easier to
detect patterns in the employed module tilt angles: In the top
row (i.e., Fig. 9a), we find the single-module, 0.5m X 0.5m
reflecting surface which attains the maximum OV o™ for a
1° x 1° target beam area, with the main lobe of the reflecting
beam being broader than the target region. One can see
that the reflector is effectively a flat plate, i.e., tilt angles
a1,1,81,1 = 0°, which matches fully with our previously
introduced expectations. When broadening the reflection to
4° in azimuth and elevation angle domains, respectively, a
2 x 2 HELIOS IRS with a concave form factor is identified
by our symmetric custom-tailoring process, see Fig. 9b. The
corresponding pattern on the left side exhibits nine main lobes
with weak intermittent nulls, thus showcasing that the genetic
optimization has successfully tilted the four modules such
that main and side lobes of the individual modules’ reflection
pattern superimpose over the whole target beam area as much
constructively as possible. Again, it can be found that there is
significant reflection gain outside the desired reflection area,
which is a combined effect of allowing 25 % headroom for the
range a0d Brange solution spaces on the one hand, and that
the GA broadly distributes the tilt angles to mitigate reflection
nulls to maximize the OV, as it is defined as the minimum
in-beam reflection gain. Thus, it underlines that the employed
target beamwidth definition does not adhere to common
beamwidth definitions, such as the half-power beamwidth.
Fig. 9c provides the IRS with an even larger beamwidth
of 10°, i.e., with a 6.3-times larger target beam area than in
Fig. 9b, yet still with side lengths of 0.5 m. This geometry is
now based on nine instead of four modules, yet the concave
form factor remains. The attained reflection gain in the angular
target area has again been reduced, as expected based on the
assessment in Fig. 7. However, compared to Figs. 9a and 9b,
several small null regions can be observed in the reflection
beam. These make it impossible to guarantee, for example, at
least 15 dBsm throughout the entire target beam region. Hence,
by rerunning the optimization process for a larger IRS footprint
like those considered in the context of Fig. 8, this problem can
be mitigated. Accordingly, Fig. 9d provides the best 4 x 4
HELIOS geometry with a footprint area of 1 m? along with
its reflection pattern. At first glance, the geometry seems to be
unrelated to the above depicted geometries. However, if one
were to flip the module order both horizontally and vertically,
we would again attain a convex module arrangement. Due
to testing all permutations of the depicted geometry, is is
known that this concave form performs worse; even the best
of all 575 trialed permutated geometries exhibits a 0.8 dB
reduced OV o*. A reason for this is that the center reflection
point of the effective non-self-shadowed reflecting surface of
each HELIOS module has a significant impact on constructive
and destructive interference between the individual reflection
patterns of the modules, and thus, the overall reflection
pattern (cf. Sec. III-A and [54]). Hence, the GA has found an
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unintuitive but more effective IRS geometry. Importantly, the
scaled reflecting geometry in Fig. 9d does not exhibit the null
regions from Fig. 9c anymore and can therefore guarantee the
previously considered 15 dBsm minimum bistatic RCS target.

Against this background, this article now evaluates in the
context of Tab. 3 whether the proposed IRS size adaptation
mechanism case study #3 can determine optimally sized,
custom-tailored HELIOS IRS geometries that just exceed the
reflection strength target og,s of 22 dBsm, while meeting the
reflection beamwidth requirement of 3° in both the azimuth
and elevation domains. It is found in the right column for
operation at a 27.1 GHz carrier (also used in previous para-
graphs) that the smallest HELIOS IRS has the dimensions of
50.27 cm X 50.27 cm, which is attained with a 2 X2 module ar-
rangement. It exhibits a small headroom of 0.07 dB over og,s,
which is within the tolerated 0.25dB range for successful
termination. Overall, the size adaptation sub-process has con-
sidered nine IRS panel sizes for which respective runs of the
beam shaping sub-process (with symmetry conditions) were

TABLE 3. Holistic HELIOS IRS customization across 6G bands: Unique
size-minimized M x N reflectors are attained for a high in-beam gain
(0gos = 22dBsm) / narrow beam area (A¢,, = A6, = 3°) design target.

3.7GHz (FR1) 15.0 GHz (FR3) 27.1GHz (FR2)

E 2 % E = 2 % E = 2 RWE =
1x2 |/ 8 2223 6883 | X 5 - - | x5 - -
2x2 | v 9 2212 68.09 | v 6 2207 7031 |/ "9 "22:07 50.27.
2x3 | v 9 2213 6809 | / 7 2212 6734 | / 9 2214 5176
3x3 | v 7 2205 6734 | v/ 8 2218 6883 | v 8 2210 53.98
3x4 | /7 2205 6734 | v/ 8 2216 6883 | v 8 2211 68.83
4x4 | /7 2209 6734 | v/ 7 2214 9109 | / 8 2216 71.80
4x5 |/ 7 2207 6734 | X 5 - - |/ 9 2211 7699
5x5 |/ 7 2205 6734 | X 5 - - |/ § 2210 77.73
5%6 | v 7 2203 6734 | x 5 - - |/ 7 2222 7922
6x6 | v/ 7 2200 6734 | X 5 - - |/ 5 2223 8813

— Smallest IRS /*.
772 — Matches Fig. 7a: 2x2 HELIOS with [=50cm in FR2 = ¢* =21.9 dBsm.

— Max. common in-beam gain o-* with min. size [*.

TABLE 4. Cross-validation of design process: Change of communication
requirements, e.g., broader reflection (A¢, = A9, = 10°) with reduced in-
beam gain (0p,s = 12dBsm) compared to Tab. 3, leads to different IRSs.

3.7 GHz (FR1) 15.0 GHz (FR3) 27.1 GHz (FR2)
5% 5 _ T B _ 3 £ _

AEE BT TS YT Y
=5|8£85 58|8% 85 3585385838
Ix2 [ X5 - - | x5 - - [ x5 - -
2x2 | / 6 1222 7031 | / 6 1202 4656 | X 5 - -
2x3 | / 6 1221 7031 | / 3 1206 5250 | X 5 - -
3x3 | v/ 4 1202 7625 | v 8 1213 6289 |{/ 8 1223 51.02,
3x4 | /4 1210 7625 | / 5 1219 6438 | v/ 20 1205 53.81
4x4 | v 8 1217 9852 | v 7 1217 7328 | / 9 1212 5324
4xs5 | x5 - - |/ 4 1218 7625 | v/ 12 1214 6243
5x5 | x5 - - | v/ 9 1217 838 | v/ 6 1224 7031
5x6 | X 5 - - |/ 14 1215 8421 | / 7 1223 85.16
6x6 | X 5 - - |/ 5 1223 8.3 | v/ 5 1221 8813

— Smallest IRS 7*. — Max. common in-beam gain o with min. size [*.

""" - Matches Fig. 8a: 3x3 HELIOS with [ =50cm in FR2 = o*=11.8dBsm.

conducted. This custom IRS provided by the full-blown cus-
tomization process confirms our result from Fig. 7a, wherein a
50 cmx50 cm attained only 21.9 dBsm, i.e., a slight increase in
size was to be expected. Given that the 2 X 2 constellation per-
formed best for the targeted beamwidth in Fig. 7a, larger panel
sizes were to be expected for the other M X N IRSs in Tab. 3.

Tab. 3 also provides insights into how IRSs have to be
dimensioned for use in different spectra, such as for 3.7 GHz
in FRI and 15.0GHz in FR3, when requiring the same
performance metrics. For the 15.0 GHz case, it can be observed
that module arrangements with 20 or more modules cannot
attain o* > 0g,s given the upper size bound /,,,x = 100 cm.
This adheres to our prior results that the use of too many
modules incurs a loss. Interestingly, the smallest HELIOS
footprints are both 67.34 cm X 67.34 cm; however, the 15 GHz
variant would leverage 2 X 3 modules, whereas the 3.7 GHz
IRS could use 3 x 3 to 6 X 6 arrangements. Also, the 1 X 1 to
2 x 3 are just a bit larger. The reason for this is the inherently
broader beamwidth at lower frequencies, cf. [54], so that
the performance becomes nearly independent of the number
of modules leveraged, given the small targeted beamwidth,
which is very similar to what can be seen in Fig. 7a for
Ao, A8, — 0°. Given these options, the 16-module (4 x 4)
option should be used as it attains the smallest size along
with the highest headroom over og,s. It is noted that other
M x N constellations could also be selected, e.g., based on the
least required IRS geometry volume to reduce costs. Overall,
considering the RCS formula in (2), an increase in IRS panel
size is what was to be expected considering the reduction of
operating frequency, i.e., increase in wavelength A.

The previous results are corroborated via Tab. 4, which
presents the results of the full-blown design process being
utilized to attain the smallest IRSs that guarantee a reduced
00os of 12dBsm, however, over a much larger service area
with a 10° horizontal and vertical beamwidth. For the carrier
frequency of 27.1 GHz, the 3x3 HELIOS module arrangement
results in the smallest side lengths of 51.02 cm, which is, as
expected, just barely larger than the 50 cm 3 X 3 IRS in Fig. 8a
that would result in an insufficient o of 11.8 dBsm. Hence, the
size optimization process for multiple module arrangements
again confirmed our findings from the previous case studies.
For the 15.0 GHz operating frequency, Tab. 4 identifies a 2 x 2
IRS with 46.56 cm side lengths. This shows that even for lower
frequencies, an IRS can be smaller than the one at higher
frequencies, which stems from the RCS formula for conductive
surfaces yielding different gains and beamwidths. Reducing
the frequency further down to 3.7 GHz, the optimal HELIOS
again features a 2 X 2 module array, however, with the highest
overall width and height of 70.31 cm. Hence, Tab. 4 confirms
the results in the context of Tab. 3: HELIOS geometries
that are custom-tailored for lower carrier frequencies (i.e.,
FRI1 spectrum) will require a larger mounting space than
IRSs for FR2/FR3 frequencies to attain the same reflection
characteristics in terms of horizontal and vertical beamwidths
Ag¢,, Ab,, and minimum in-beam RCS o *.
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IV. MEASUREMENTS-BASED REFLECTOR EVALUATION
This section employs the proposed and validated IRSs design
process from Sec. III to custom-tailor and manufacture four
HELIOS IRSs in IV-A exhibiting distinct desirable far-field
reflection behaviors. They are experimentally validated in
two distinct measurement scenarios’: After introducing the
methodology of the laboratory validation of the produced
panels in Sec. IV-B, the results of these near-field mea-
surements are provided and discussed in Sec. IV-C. The
second measurement setup then sees the deployment of the
IRS samples in an urban outdoor scenario with off-the-
shelf cellular mmWave devices, as presented in Sec. IV-D.
Sec. IV-E subsequently evaluates the acquired channel and
link performance metrics.

A. Custom Reflector Design for Experimentation

Based on our systematic performance study in Sec. III-B, this
section leverages the proposed design process with symmetry
conditions from Sec. III-A to customize and manufacture four
HELIOS IRSs serving as the devices under test (DUTs) within
the two measurement campaigns in Secs. IV-B to IV-E.

IRS Design Goals: The operating frequency of 27.3 GHz
was selected as it falls within the FR2 (mmWave) band
and is the mid-frequency of the real mmWave network used
in the field study. Communication at such high frequencies
is characterized by higher path loss and limited coverage
compared to FR1 (sub-6 GHz) spectrum. This makes it a
compelling scenario for evaluating the performance of IRSs,
whose primary role is to enhance coverage and compensate for
such propagation challenges. The chosen angles of incidence
and departure reflect practical deployment constraints and
common urban use cases, where signals typically impinge
on the IRS at moderate angles due to UE and BS placements
(|#|,16] < 45°) [84], [85]. These angles allow for a realistic
assessment of IRS behavior in NLOS conditions. However,
due to operational limitations of laboratory equipment and
otherwise resulting high methodical complexity for larger field
measurement scenarios, the experimental work is limited to
the horizontal plane such that the elevation angle of incidence
0in, the center elevation reflection angle 6, ., and measured
elevation reflection angles 6,,,; are all set to 0°. Nonetheless,
a A8, = 3° vertical beamwidth is enforced to challenge the
design process.

Considering the previous fixation of elevation space charac-
teristics, the four IRSs ought to exhibit diverse characteristics
in the horizontal plane in order to highlight the custom-tailored
HELIOS IRSs’ capability to redirect the incident EM wave into
different directions with different beamwidths. The azimuth
angle of incidence ¢;,, is common with —45°. IRSs {#1, #2}
reflect to center azimuth reflection angle ¢, . = 0°, whereas

2Selected aspects of the laboratory measurements in Secs. IV-B to IV-C appear
in the conference paper [71], and selected aspects of the field measurements
in Secs. IV-D to IV-E in the submitted conference paper [73]. Both papers
provide a broad comparison of available IRS prototypes, whereas this article
provides an in-depth experimental investigation of the HELIOS reflectors.

VOLUME XX, 2026

TABLE 5. System setup-dependent design constraints for lab and field
measurement campaigns with HELIOS IRSs #1 — #4.

Parameters (cf. Fig. 2) Description/Value
Carrier frequency f=27.3GHz

@E Azimuth angle of incidence Pin = —45°
Elevation angle of incidence O, = 0°

Center azimuth reflection angles ¢, = 0° (#1, #2) or 30° (#3, #4)
A¢po, =3° (#1, #3) or 10° (#2, #4)
60,c =0°

A6, = 3°

Adores = M res = 0.1°

Horizontal beamwidth

c:}é Center elevation reflection angle
Vertical beamwidth
Angular resolution

N-a=M -b=297cm

M = N =2 (#1, #3) or 4 (#2, #4)
a=b=13.5120r6.761

{a1,1,.... ap,N. Brts - BN | via
symmetry-based beam shaping (Sec. IIT)

Reflector side lengths

IRS module arrangement
T Module footprint

Module tilt angles

Qipn: Incident wave. Qg : Reflection beam. H: HELIOS geometry.

(a) HELIOS #1

(b) HELIOS #2

(c) HELIOS #3 (d) HELIOS #4

FIGURE 10. Four custom-tailored HELIOS IRSs serve as DUTs for beyond-
LOS mmWave communications, depicted in pole mounting.

IRSs {#3,#4} to ¢, = 30°. Additionally, IRSs {#1, #3} shall
exhibit a horizontal reflection beamwidth of A¢, = 3° (like
the vertical beamwidth), whereas IRSs {#2,#4} aim for a
horizontally broader reflection with A¢, = 10°. The angular
resolution for the respective reflection beam spaces Q,,s,
based on the parameter set {q)o,C,GO,C,AqSO,AGO} (cf. (9)),
is fixed to 0.1° like in the systematic performance assessment
of the custom design process in Sec. I1I-B.

Overall, all the reflector panels shall have the size of
29.7 cm x29.7 cm to not exceed the quiet zone of the anechoic
chamber, which is employed for the laboratory experiments
(see the respective methodology section in Sec. IV-B). Hence,
the reflector size optimization does not need to be employed.
Thus, there is target RCS value og,s. The predetermined panel
size is nonetheless much larger than ten wavelengths, such that
we can characterize the four panels as large-scale IRSs which
are large enough for the deployment in future 6G mmWave
networks [10], for example, to improve coverage in NLOS
situations in urban canyons, see the respective methodology
section for the field trial in Sec. IV-D. Considering that
the panel size was predetermined, the module arrangement
is set according to the beamwidth (cf. results in Sec. III-
B), i.e., 2 x 2 for the narrow beams of HELIOS #1 and
#3, and 4 x 4 for reflectors #2 and #4. Tab. 5 summarizes
the above-presented details according to incident EM wave
parameters Q;,, reflection beam configuration Q,,;, and
HELIOS geometry aspects H.

Synthesis and Production of Four HELIOS IRSs: The
design process was conducted for the previously presented
requirements using MATLAB running on a single CPU core



HAGER et al.: PASSIVE INTELLIGENT REFLECTING SURFACES FOR EFFICIENT 6G MMWAVE NETWORKS: DESIGN, VALIDATION, AND FIELD TRIALS

with a 3.5 GHz clock rate. The GA required between 5,223 and
28,320 trial geometries per IRS, thus resulting in customiza-
tion times® of 16.26 s for IRS #1, 157.98 s for IRS #2, 14.57 s
for IRS #3, and 98.98 s for IRS #4. Therefore, customization of
the reflecting geometries with broad reflection beams utilizing
more modules was computationally more complex. The iden-
tified geometries were then 3D-printed using PLA material
and subsequently spray-coated with conductive varnish [20]*.
It is noted that self-shadowed patches of the surface were
identified by the reflection model and specifically not coated,
such that the match between real reflection behavior and the
analytical model being used for the customization remains
high [54]. The resulting HELIOS reflectors are presented in
Fig. 10, showcasing unique tilt angle distributions.
Preliminary Assessment of Custom HELIOS Samples:
Before the experiments in the subsequent sections, we conduct
a preliminary study of the FF reflection behavior of the
analytical model-based IRS configurations by comparing them
to the RCS reflection patterns attained by EM simulations with
Ansys HFSS [82], as depicted in Fig. 11. It can be observed
that IRSs {#1,#2} reflect toward the center azimuth angle
bo.c = 0°, whereas {#3,#4} toward ¢, . = 30°. Similarly, it
can be seen that IRSs {#2, #4} exhibit a horizontally broadened
reflection beamwidth of 10°, whereas IRSs {#1,#3} have

3With parallelization, optimization times well under 10 s per IRS are attained.
4Further details regarding the sustainability of this approach, with respect to
cost and lifespan, are given in the Appendix.

[Customized IRSs exhibit the desired reflection angle and beamwidth metrics |
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FIGURE 11. Far-field reflection patterns of synthesized HELIOS IRSs
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FIGURE 12. Horizontal FF reflection of the IRSs under test. Gains in target
area are up to about 10 dB above the maximized minimum value (OV).

a more narrow horizontal beamwidth A¢, of just 3°. This
is both as desired. Particularly for HELIOS IRSs {#2,#4}
with broad horizontal reflections, it can be observed that the
reflection gain is maximal in the horizontal plane, i.e., there is
a falloff of up to about 10dB in in-beam RCS if the UE is at
elevation angles 6,,,; # 0°. For example, reflector #4 exhibits
at least 10.2 dBsm in the desired reflection beam space, which
corresponds to the maximized OV ¢* of our proposed design
process. However, the peak in-beam gain is 18.3 dBsm such
that UEs may be overprovisioned opportunistically by up to
8.1 dB over the guaranteed reflection gain o *. This fits into the
in-beam gain range studied in the context of Fig. 7d. Similarly,
HELIOS #1 attains o* = 12.1 dBsm, whereas IRS #2 realizes
10.5 dBsm, and IRS #3 attains the maximum guaranteed in-
beam gain of 12.8 dBsm. From this, it can be extracted that
the broader reflection beams of IRSs {#2,#4} result in an
OV reduction of up to 2.6dB, which aligns well with the
beamwidth sensitivity analysis in Sec. III-B.

The match between the analytic prediction of the reflection
pattern, which was used by our design process, and the
previously discussed EM simulation results, cf. Fig. 11, is
assessed briefly to validate that their behaviors align. For
brevity, this is done considering only the horizontal reflection
patternslices (6,,,; = 0°) shownin Fig. 12. Like in our previous
work [54], a high match can be observed in the target beam
areas being utilized in the scope of the design process, whereas
deviations get stronger with increasing deviation between ¢,
and beam center angle ¢, .. However, because RCS values
outside of the target beam area, for which the mismatch can be
high in some cases, are not utilized by our design process, this
deficiency of the PO-based reflection model has no negative
effect [54]. Hence, the four HELIOS geometries, which were
quickly designed using the analytical model, agree with the
complex EM simulations particularly well in the important
main lobe region, indicating similar behavior in later FF
deployments (cf. Secs. IV-D to IV-E).

B. Methodology of Laboratory Near-field Measurements
The measurements are conducted in a modified multi-probe
CATR anechoic chamber [86], ensuring a controlled radio
environment with suppressed multipath effects, as shown in
Fig. 13. A CATR reflector with rolled edges is employed
together with a transmitter (TX) feed horn antenna to attain
a laser-aligned intermediate far-field illumination of the IRS.
The quiet zone has a length of 30cm, which is larger than
the IRSs under test. An NF receiver (RX) probe is used to
measure the bistatic FF to NF reflection pattern with a radius
of about 0.5 m. It is mounted on a computer-controlled rotating
platform for systematic measurement of reflection patterns at
different angles ¢,,; with an angular resolution of 0.5°. It
is noted that both antennas are dual-polarized with coaxial
outlets for horizontal and vertical polarization. In the following
paragraphs, it is described how the setup is used to acquire
various performance metrics, as summarized in Tab. 6.

A four-port vector network analyzer (VNA) [87] is em-
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FIGURE 13. Overview of near-field measurements of HELIOS IRS samples.

TABLE 6. Laboratory measurement setup details.

Parameter Description/Value
P’[‘x = —-14.4dBm

Grx =9.5dBi, Ggx = 15.1dBi

Transmit Power
Antenna Gains

% Incidence Angle atIRS  ¢;, = —45°, 6, = 0°

E Incident Wave at IRS Intermediate Far-Field (FF) using CATR Reflector

5 Reflected Wave at RX  Near-field (NF) of IRS, i.e., 0.51 m to IRS origin
Measured IRSs HELIOS #1 — #4, cf. Sec. IV-A

Multipath Suppression  Time-gated Measurements

Pour € [60°:0.5°:60°], Oy = 0°

24 GHz to 42 GHz with 10 MHz Resolution
Horizontal (H-pol.) and Vertical (V-pol.)

Path Gain, Specular Suppression Ratio (SSR)
f=27.0GHz,ie.,A=1.1cm

B =700 MHz

{128, 256, 1,024} QAM

Pour = ¢o,c = {Oos 300}, Oour = Hu,(' =0°

26 GHz to 28 GHz with 2 MHz Resolution
Measured Polarizations Vertical (V-pol.)

In-band: Error Vector Magnitude (EVM), Path Gain.
Out-of-band: Adjacent Channel Power Ratio (ACPR)

Measured Angles
Measured Frequencies

Power Meas.

Measured Polarization
Performance Metrics

Carrier Frequency
Signal Bandwidth
Measured Modulations
Measured Angles

Quality Meas.

Measured Frequencies

Performance Metrics

ployed to measure the angular reflected power profile along
both polarizations simultaneously. The measurements are
conducted for the 24 GHz to 42 GHz spectrum with a 10 MHz
resolution. Moreover, time gating with a 38.0ns to 41.5ns
window, which accounts for the chamber dimensions and IRS-
based propagation path, is applied to additionally mitigate
undesired system effects such as multipath reflections. The
main performance metric of these measurements is the path
gain (i.e., inverse of path loss), which relates the measured
received power level to the transmit power level. As it is
available over an 120° angular range, the overall NF reflection
behavior of the IRS can be assessed including main- and
sidelobes. Furthermore, the specular suppression ratio (SSR)
metric is extracted from this data by comparing the power at
the natural reflection angle (¢,,; = 45°) to that in the IRS
reflection beam. These two metrics, path gain and SSR, are
essential for understanding how effectively the IRS redirects
energy and suppresses unwanted specular components, thus
reflecting its ability to control wavefronts to improve coverage.
Both are subsequently analyzed in Sec. IV-C to measure the
beamforming performance and energy steering accuracy of
each IRS prototype.

It is noted that this article also compared the measurement
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data against NF simulations with Ansys HFSS [82] in terms
of the Poynting vector power flux metric. Furthermore, this is
complemented by FF behavior (bistatic RCS metric) predicted
by EM simulations and the analytical model, cf. Sec. IV-
A. The combination of simulation and measurement allows
for validation of both the designed IRS behavior and the
predictive accuracy of modern modeling tools, which further
contextualizes the results discussed in Sec. IV-C.

Besides the above power measurements, the impact of
the four IRSs on the channel quality in the reflection beam
is studied. The RX probe is therefore positioned at the
reflection angle with the peak received power level. Against
this background, these measurements additionally leverage a
vector signal analyzer (VSG) [88] to generate a 700 MHz broad
and 128- to 1,024-quadrature amplitude modulation (QAM)
modulated mmWave signal along the vertically polarized
channel. The in-band performance metrics of these mea-
surements are error vector magnitude (EVM) and path gain.
EVM offers a clear indication of signal quality decline caused
by IRS-induced distortion, which is especially important at
higher-order modulation schemes used in FR2. Path gain in this
context helps relate it to the passive beamforming gain under
real-world signal conditions. Moreover, out-of-band impact on
upper and lower neighboring bands contained in the 26 GHz
to 28 GHz range is assessed with the adjacent channel power
ratio (ACPR) metric. ACPR evaluates any spectral regrowth
or leakage caused by the IRS, which is crucial for meeting
spectral mask regulations and ensuring coexistence with
nearby channels. These quality-related metrics are examined in
Sec. IV-C to assess the IRSs’ suitability for spectrally efficient,
high-throughput communications.

C. Results and Discussion of Lab Measurements

NF Path Gain Characteristics: We start by analyzing the
measured path gain heatmaps over frequency and reflection
angle for HELIOSs #1 and #3, shown at the top and bottom of
Fig. 14, respectively. These measurements outline differences
in reflection behavior. Specifically, HELIOS IRS #1 directs
the reflected energy predominantly toward angles near the
broadside direction (8,,; = 0°), whereas HELIOS IRS #3
reflects toward a more oblique angle (6,,; = 30°). Hence,
these observations align well with the target angles specified
during the design phase, cf. Sec. IV-A. It is noted that a similar
behavior would be observed for IRSs {#2, #4} (not depicted for
brevity), with the former reflecting toward the same direction
as IRS #1, whereas the latter into the same center reflection
direction as IRS #3.

A comparison between vertical and horizontal polarization,
shown on the left and right sides of Fig. 14, indicates strong
similarities in the reflection behavior. It is again noted that
the same behavior can also be observed for IRSs {#2, #4}, but
it is not depicted for brevity. Overall, this confirms that the
HELIOS reflectors effectively support both polarizations. The
observed behavior highlights the potential for polarization-
separated multiple-input multiple-output (MIMO) operation,
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FIGURE 14. Measured NF path gains over frequency and reflection angle
of reflectors (top row) #1 and (bottom row) #3. Regardless of (left) verti-
cal and (right) horizontal polarization, the incident wave is successfully
reflected toward the respective target angles, such that two MIMO layers
are supported. The obtained data further underline a desirable support of
the entirely passive IRSs for a multi-GHz wide range of FR2 spectrum.

allowing dual-stream transmission within the same spatial
footprint, which is a key capability for high-throughout and
-capacity mmWave communication systems.

Additionally, the reflection beams in Fig. 14 persist consis-
tently across the entire measured frequency range, spanning
from 24 GHz to 42 GHz. The reason for this behavior mainly
stems from the 3D macro-geometry of the reflectors, i.e.,
natural reflection with large flat surfaces, which stands in
contrast to the wave synthesis of synthetic IRSs. This wideband
performance is particularly relevant as it encompasses the
major FR2 mmWave bands used globally, such as the 28 GHz
n257 band in Europe and the 38 GHz n260 band in the
United States. These empirical results further support earlier
simulation-based studies, including [42], which predicted
HELIOS reflection characteristics across an even wider span
from 0.5 GHz to 100 GHz. However, while the results show
that our IRSs designed for 27.3 GHz work reasonably well
across other frequencies, the data in Fig. 14 also reveal
frequency-dependent fades in the reflected beam. These dips
can cause degraded link quality at certain frequencies and
emphasize the importance of customizing the IRS design to
the target operational frequency band for the best performance
of the wideband communication system. We further note that
the IRS design process presented in Sec. III-A could be easily
modified to consistently procure a broadband QoS-compliant
minimum in-beam reflection gain, e.g., by optimizing jointly
for the center as well as the edges of the targeted spectral
communication band. Nonetheless, it is noted that the ob-
served wideband characteristic may be undesirable in dense
deployment scenarios with multiple mobile network operators
operating in adjacent mmWave bands.

Fig. 15 offers a detailed comparison between measured and
simulated reflection patterns for HELIOS #1 through #4 at
the 27.3 GHz design frequency. The left column of all four
subfigures shows vertical slices from the heatmaps contained

in Fig. 14, illustrating NF path gain measurements for
both horizontal and vertical polarizations. The right column
displays the corresponding simulated power flux distributions
(Poynting vector magnitude) predicted by EM simulations.
Starting with IRSs #1 and #3 (cf. Figs. 15a and 15c), it can
be seen that UEs near the IRS benefit from wider reflection
beams, while the reflection’s angular spread narrows in the FF,
as discussed in Sec. IV-A. This aligns with NF propagation
behavior reported in literature, where proximity results in
increased spatial coverage due to near-field diffraction effects.
In contrast, the results for HELIOS {#2,#4} in Figs. 15b
and 15d differ from this trend. While the reflection gets
broader, it also moves outside the desired region. Accordingly,
the gain in the desired reflection direction drops by atleast 5 dB
compared to IRSs {#1,#3}. Additionally, a fade in measured
NF path gain can be observed at some of the angles for which
HELIOS reflectors {#2, #4} attain high gains in the FF. Owing
to this, IRS #2 incurs a 12.8 dB lower minimum in-beam gain
than IRS #1. Similarly, IRS #4 has an 11.3dB loss in OV
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FIGURE 15. Comparison between near-field (left column) path gain

measurements and (right column) Poynting vector power flux simulations
of HELIOS (a) #1, (b) #2, (c) #3, and (d) #4. Good match between NF
measurements and NF simulations again confirms the proposed analytic
FF HELIOS design process which was shown to match with FF simulations.
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against IRS #3 in the NF, whereas the difference in the FF
would be smaller (< 2.6 dB, cf. Sec. IV-A). Overall, this shows
that the FF IRS designs can perform well in the NF; however,
this depends strongly on the IRS’s configuration as well as the
UE distance and angle from the IRS. We note that an improved
NF reflection behavior can be achieved by using the proposed
IRS customization process from Sec. I1I-A in conjunction with
a distance-agnostic reflection model, as shown in [89]. Thus,
with slight modifications of the implemented reflection beam
shaping process, HELIOS IRSs could in future not just be
optimized over a set of azimuth and elevation angles as in this
work, but also for a set of distances.

Despite some specific deviations, the overall comparison
between measurements and EM simulations shows a high
level of consistency, with the highest match observable in
Fig. 15d. The measured path gain profiles generally match the
predicted power flux patterns, considering plausible sources of
error such as slight IRS mounting misalignments, variations
in receiver angle or position, and the exclusion of antenna
pattern effects in the simulations. Importantly, this alignment
substantiates the HELIOS design approach introduced in
Sec. III: The close match between NF measurements and
simulations confirms the reliability of the simulated and
analytical FF behavior discussed in Sec. IV-A. Moreover, as
assessed in Sec. IV-A and studied in-depth within [54], this
simulated FF behavior aligns well with the analytical models
used during the proposed design process of the considered
HELIOS prototypes. Taken together, these results confirm
the integrity of the entire design process, from theory and
simulation to real-world deployment.

NF Signal Integrity Characteristics: Tab. 7 shows the
performance of all four IRS samples for three different
modulation and coding schemes (MCSs), i.e., 128-QAM at the
top, 256-QAM in the middle, and 1,024-QAM at the bottom.
The table reports four key performance metrics: The first one
is the in-band path gain, which have already been discussed
previously in the context of Figs. 14 and 15. With changes
of less than 0.1 dB between the three modulation schemes,
these performance values are independent of the MCS and
therefore not discussed subsequently. Thus, we focus on the
remaining three performance metrics from the laboratory
measurement campaign: in-band EVM as well as low- and
high-band ACPRs. It is noted that low EVM and ACPR values
are desirable, as they reflect higher received signal quality —
enabling high-performance, energy-efficient communications
— and reduced signal leakage into adjacent channels, thereby
minimizing interference with other transmissions. Moreover,
over-the-air signal degradation can be assessed by a compari-
son of the transmit signal quality listed in the respective table
column.

The 128-QAM transmit signal-based performance is con-
sidered at first: For IRS #1, it can be observe an in-band
EVM of —46.7dB, which is just 2.2dB higher than on the
TX side, thus underlining excellent in-band signal forwarding
characteristics. Moreover, its performance is much better than
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for the other reflectors, particularly when compared to IRS #4
which has a 13.6dB higher EVM with a value of —33.1dB,
indicating an approximately 20-times stronger signal distor-
tion. In terms of spectral purity, IRS #1 also exhibits the
lowest ACPRs in both low-band (—56.5dB) and high-band
(—48.1dB) neighboring spectrum. Again, IRS #4 performs
the worst here with ACPRs of —41.1dB and —33.2dB,
respectively. This constitutes a 14.9 dB to 15.4 dB performance
gap in the NF for the different custom FF reflection patterns of
the HELIOS panels. It is particularly interesting to note that
these quality metrics clearly correlate with the attained NF
in-band path gains of the reflectors.

The same trend appears with the 256-QAM signal: IRS #1
again has the best EVM with —44.0 dB, but is closely followed
by IRS #3 with 0.1 dB additional signal degradation. IRS #2
loses 5.4dB and IRS #4 loses 10.7dB against IRS #1.
However, the gap is smaller than before. In regard to ACPR,
IRS #1 is still performing best with —55.2 dB (low-band) and
—48.5dB (high-band). Here, it is interesting to note that all
four HELIOS IRSs perform between 0.6 dB and 1.4 dB worse
in the lower neighboring band than for the 128-QAM case,
whereas 0.0 dB to 0.4 dB better in the upper neighboring band.

For the EVM value of the 1,024-QAM measurements,
IRS #1 restores its EVM value of —44.0dB, which it also
exhibited for 128-QAM but missed by 2.6dB in the 256-
QAM case; in part because the transmit signal EVM is better
in this case. The other three reflectors remain in their already
established EVM performance brackets with a maximum delta
of 0.5dB over the three considered modulation schemes.
Overall, it can therefore summarize that the EVM is weakly
affected by the selected modulation scheme.

In regards of the ACPR values of the 1,024-QAM measure-
ments, IRS #1 continues to be the best reflector with an over-
the-air ACPR degradation of down to 9.3 dB, indicating that
the HELIOS IRSs indeed effect the signal strength in the adja-
cent bands in relation to the signal band, which is as expected
considering the multi-GHz bandwidth discussed in context of
Fig. 14. Again, the upper-band ACPR degradation from the
reflector is typically higher than the lower-band ACPR, which

TABLE 7. IRS performance exhibits low dependence on utilized MCS.

Performance Transmit | Received Signal via HELIOS Reflector

Metric Signal IRS#1 IRS#2 IRS#3 1IRS#4

In-band Path Gain [dB] 0.0 —30.2 —38.6 —33.8 —45.2

E In-band EVM [dB] —48.9 —46.7 —38.9 —44.4 —33.1
& Low-band ACPR [dB] —69.8 —56.5 —47.6 —52.6 —41.1
High-band ACPR [dB] —70.2 —48.1 —39.9 —44.8 —33.2
In-band Path Gain [dB] 0.0 —30.1 —38.7 —33.8 —45.1

g In-band EVM [dB] —51.1 —44.0 —38.6 —43.9 —333
% Low-band ACPR [dB] —65.4 —55.2 —46.8 —51.2 —40.5
High-band ACPR [dB] 66.6 48.5 40.0 44.8 33.4

= In-band Path Gain [dB] 0.0 —30.1 —38.7 —33.8 —45.2
5 In-band EVM [dB] —50.5 —46.7 —38.5 —44.0 —332
§ Low-band ACPR [dB] —64.2 —54.9 —41.9 —52.0 —40.4
- High-band ACPR [dB] —65.9 —48.4 —39.9 —44.5 —33.2

Path Gain: High is good. EVM, ACPR: Low is good.
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could be owing to increased reflection directivity at higher
frequencies [54]. Overall, Tab. 7 yields that the ACPRs in the
upper and lower bands are only weakly dependent on the MCS.

Summarizing the results from Tab. 7, the EVM and ACPR
metrics are only weakly dependent on the employed MCS,
just like the path gain metric. Instead, a strong impact of
the employed HELIOS IRS panel was observed along with
a strong correlation between attained signal strength (i.e., path
gain) and observed signal quality (i.e., EVM and ACPR). It is
now put in the context of the observations in Sec. III that the
geometry-based HELIOS IRSs with few modules may realize
high reflection gains in a small angular area (cf. IRSs #1 and #3
with 2 X2 module arrangement), whereas IRSs with numerous
modules are better suited for broad reflection with a weaker
guaranteed reflection gain in that angular region (cf. IRSs #2
and #4 using 4 X 4 modules). Correspondingly, the path gain
(and thus, received signal strength) observed at the RX position
depends strongly on the RCS of the IRS. If it is low, e.g., for
the broad reflecting IRSs #2 and #4, the signal quality along
the artificial reflection path drops accordingly.

The attained in-band signal integrity of the reflectors
from this work are briefly compared with other static and
reconfigurable IRSs in exactly the same measurement setup,
cf. [71, Tab. 3]. It is noted that IRSs {#1,#2} from this
work are denoted as static reflectors {D, E} in [71]. The
following for the delta between EVM of the transmit signal and
the received signal are found: Across the three modulations,
IRS #1 (Ref. D) results in a mean EVM degradation of 0.20 %,
whereas IRS #2 (Ref. E) yields 0.65 %. The other three static
reflectors were found to exhibit 0.33 % to 0.45 % over-the-air
EVM degradation. Hence, this places IRS #1 as the best of
all five static reflectors, whereas IRS #2 is the last. The latter
result is intuitive considering that this article previously found
the panel to be unsuitable for NF communications in Fig. 15.
Nonetheless, all the static reflectors perform much better than
the reconfigurable reflectors’, which exhibited EVM degra-
dation of 2.71 % to 5.75 %, i.e., up to 29-times worse signal
integrity behavior than the best-performing HELIOS IRSs.

SThis statement is also supported by recent external measurements, e.g., for
a commercial semi-passive reconfigurable IRS, which realized —16.6 dB
received signal EVM at best [72]. The attained signal integrity is thus 16.5 dB
to 30.1 dB worse than the best and worst received signal EVMs of the four
static-passive IRSs in Tab. 7.

TABLE 8. Power in the customized IRS reflection beam dominates the
specular component (SSR > 0dB), indicating efficient incident power
redirection capabilities for beyond-LOS communications as well as reflec-
tion suppression capabilities for interference mitigation.

Max. SSR [dB] HELIOS #1  HELIOS #2 HELIOS #3 HELIOS #4

based on five metrics: | ¢our€[-1.5,1.51°  ow€[-5,5]1°  Powr€[285,31.5]°  bour€[25,35]°
Path Gain H-pol. (M) 26.3 27.1 9.1 19.5

£ Path Gain V-pol. (M) 25.9 26.2 9.6 16.0
Power Flux (S) 25.8 23.7 5.0 6.1

. RCS (S) 29.5 29.4 243 17.0
= RCS (A) 344 333 26.0 18.0

FF: Far Field. NF: Near Field. (M) Measurement. (S) EM Simulation. (A) Analytical Model.

20

The comparison of IRSs #1 and #2 with other static and
reconfigurable IRSs from [71] is continued for the low- and
high-band ACPR metrics. On average over the three MCSs, the
static reflectors attain low-band ACPRs between —55.35dB
and —45.40dB, whereas the reconfigurable reflectors attain
between —32.04dB and —26.34dB. This shows that static
reflectors have less impact on the lower neighboring band
than the reconfigurable reflectors. Similarly, the static re-
flectors attain better high-band ACPRs between —48.34 dB
and —39.92dB, whereas the reconfigurable reflectors attain
between —31.29dB and —25.36 dB. This confirms that the
static reflectors also have less impact on the upper neighboring
band than the reconfigurable reflectors. Importantly, IRS #1
(Ref. D) with —55.35dB and —48.34 dB lower- and upper-
band ACPRs has the least impact on the neighboring bands,
thus pointing out that the HELIOS IRSs can offer the least
signal leakage than other reflector architectures.

Specular Reflection Suppression Characteristics from
NF to FF: Tab. § presents a comparative analysis of the power
redirection capabilities of four HELIOS IRSs, emphasizing the
ability to suppress power in the specular reflection direction
(Ppour = —¢in = —45.0°) while concentrating energy in a
customized beam direction. The effectiveness of each IRS con-
figuration is characterized by the previously defined maximum
SSR, which indicates how effectively the reflector can redirect
energy away from the undesired specular path into the intended
angular reflection direction. The SSR metric is determined for
NF and FF regimes based on different underlying data, such
as the measured NF path gains for horizontal and vertical
polarizations, the simulated NF Poynting vector power flux
density, as well as the simulated and modeled FF RCS values.

Among the four reflectors, HELIOS #1 and #2 exhibit
the strongest suppression of specular reflection, with beam
redirection tightly focused within angular ranges of ¢,,; €
[-1.5°,1.5°] and ¢y, € [-5.0°,5.0°], respectively. In the
NF region, HELIOS #2 achieves the highest SSRs in terms
of measured path gains of the horizontal (27.1dB) and
vertical (26.2dB) polarizations. Thus, HELIOS #2 slightly
outperforms HELIOS #1 by up to 0.8 dB. However, IRS #1
attains a better match between the measurements-based SSR
values and the simulative power flux-based SSR value. Moving
on to the prognosed FF SSR based on the RCS reflection
patterns of IRSs {#1,#2}, even better suppression of the
specular reflection with an SSR of up to about 34 dB should
be expected in large-scale deployments.

In contrast, HELIOS #3 and #4 exhibit significantly poorer
SSR performance across all five metrics, but particularly for
the NF measurements, where HELIOS #3 attains only 9.1 dB
(H-pol) and 9.6 dB (V-pol) SSR, whereas HELIOS #4 fares
better with SSR values of 19.5dB (H-pol) and 16.0dB (V-
pol). The reason for this is a combination of two aspects: First,
considering our recent reflection modeling activities in [54],
this can be attributed to the small angular offset between
intended center reflection angle range (¢, ) and specular
reflection angle (—¢;,), which is now only 15° compared
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to 45° for IRSs {#1,#2}. For this reason, natural reflection
sidelobes falling into the specular direction may still have
high power. For the NF SSR, a second deteriorating factor
needs to be considered, which we have already discussed in
the prior comparison of the angular NF reflection profiles
in Fig. 15 and the custom-designed FF behavior in Sec. I'V-
A: Reflections in the NF are even broader such that stronger
reflections can be observed at the specular direction. Against
this background, it can also be explained well why IRS #3
in Tab. 8 exhibits a better RCS pattern-based SSR in the FF
region: First, there is no NF-based reflection broadening in the
FF. Second, the energy is reflected rather to the azimuth angle
range ¢o,; € [28.5°,31.5°] instead of ¢, € [25.0°,35.0°],
such that there is an additional 3.5° reflection beam separation
to the specular reflection direction (—¢;,, = 45°).

When comparing the attained SSR metric of the HELIOS
reflectors #1 and #2 from this work (cf. Tab. 8) with
other static and reconfigurable IRSs in exactly the same
measurement setup, cf. [71, Tab. 2], one finds the following:
Conventional IRS designs (static and reconfigurable) achieve
relatively low SSRs ranging from —4.5dB to 15.3dB, with
the reconfigurable IRSs attaining no more than 8.4dB.
This is corroborated by recent external measurements of a
commercial semi-passive reconfigurable IRS, which attained
up to about 10dB SSR in the best case [72]. In contrast,
the geometry-based approach HELIOS attains about 27 dB
in the NF with slight variations depending on the IRS under
test and the polarization. The reason for this behavior mainly
stems from the 3D macro-geometry of the reflectors compared
to conducting wave synthesis like typical IRSs. Nonetheless,
with a superior SSR performance with a delta of 12dB to
31 dB, our approach is more suitable to negate natural specular
reflection, thus outlining that a deployment of HELIOS IRSs
would also be highly suitable for deliberate energy redirection-
based suppression of interfering propagation paths, e.g., from
other BSs operating in the same frequency band.

D. Methodology of Urban Field Trial
To assess the performance and practical effectiveness of
the passive HELIOS reflectors in real-world urban settings,
we conducted an extensive far-field test in the Plaza de la
Constitucion in Mélaga, Spain. This pilot site was intentionally
selected for its dense city layout, which creates challeng-
ing NLOS conditions typical of mmWave communication
environments expected in future 6G deployments [90]. The
test scenario, shown in Fig. 16, illustrates these propagation
conditions where direct paths are blocked by buildings,
requiring alternative methods for delivering high-throughput
connectivity. The experimental setup included a commercially
available standalone (SA) mmWave BS operating in the FR2
spectrum and a commercial-of-the-shelf (COTS) mmWave-
capable UE. The hardware configurations, antenna array
details, and system settings are outlined in Tab. 9, as described
below.

The BS was positioned about 10 m from the intended IRS
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Malaga, Spain
Plaza de la Constitucion

FIGURE 16. Overview of outdoor measurements with cellular mmWave
system utilizing HELIOS IRSs for improved connectivity in street canyon.

mounting point, whereas the UE was placed in a street canyon,
i.e., the Pasaje Chinitas, at distances of 15 m or 20 m from the
IRS, depending on the specific test. Importantly, a building
completely obstructed the direct LOS between the BS and UE,
creating an authentic scenario where the HELIOS IRS acts
as the only means of establishing a reflected communication
path. Thus, the goal of this trial was to evaluate the reflector’s
ability to create virtual-line-of-sight (VLOS) connectivity by
redirecting mmWave signals from the BS to the UE. To ensure
effective redirection, the BS and UE antenna arrays were
mechanically aligned so that the IRS was in their respective
boresight. Multiple HELIOS variants were tested, specifically
IRSs #1, #2, and #4, each showing different reflection beam
characteristics as detailed in Sec. IV-A. Because of their
different designs, the BS position and the IRS mounting
orientation were adjusted for each setup to achieve the desired
incidence and reflection behavior, e.g., by rotating the nodes on
the mounting pole. In all configurations, the incident azimuth
angle at the IRS was kept around ¢;, = —45°, whereas the
reflected beam was aimed toward central azimuth angles ¢,
of either 0° or 30°. Since all nodes were mounted at the same
height of 1.5 m, the elevation angles for both incident EM wave
and its reflection are at 6;,, = 0,,; = 0°.

To ensure high temporal consistency and repeatability
in measurements, a magnetically mounted IRS holder was
used. This allowed smooth transitions between IRS-enabled
and IRS-disabled states with minimal disruption, enabling
direct system performance comparisons under each condition.
The UE was connected to a mobile workstation running a
professional-grade wireless network analysis tool [91], which
recorded a broad range of channel and link-layer metrics (i.e.,
more than 500 parameters) during continuous downlink (DL)
transmission. The network was fully loaded with a 6 Gbit/s
user datagram protocol (UDP) stream from the core network
(CN) to the UE, ensuring the radio link operated under
sustained high-throughput conditions and that dynamic beam
management mechanisms remained actively engaged.

To evaluate the impact of the HELIOS IRSs on mmWave
communication performance, we focused on a set of key
metrics that collectively capture signal strength, link quality,
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beam management behavior, and end-user throughput. These
include the reference signal received power (RSRP), which
quantifies the power of the received reference signal and
reflects the effective signal strength; the reference signal
strength indicator (RSSI), which provides a broader measure
of received power inclusive of noise and interference; and
the beam index (ID), which reveals how the mmWave
communication system’s beamforming algorithm adapts in
response to IRS-induced path availability. In addition, the
transmit power of the UE is monitored to assess whether
IRS support enables more efficient power use, and the rank
indicator, which indicates the number of spatial streams the
system is able to exploit and is thus a crucial factor for MIMO
performance. Lastly, throughput and block error rate (BLER)
metrics were measured as direct indicators of link performance
and robustness from the end-user perspective.

These metrics were collected over a continuous time
window surrounding the IRS switch event. The mean, min-
imum, and maximum values of each parameter within a
temporal interval that captures both steady-state behavior
and transitional effects are evaluated accordingly. Unlike
prior studies conducted under E-UTRAN / New Radio Dual
Connectivity (EN-DC)-based FR2 connectivity, this trial was
conducted entirely on an SA mmWave network, allowing the
standalone performance of the FR2 link to be studied without
sub-6 GHz anchoring [24], [92]. Moreover, the relatively high
received signal levels ensured that the primary purpose of the
HELIOS IRS was not to extend basic coverage, but rather
to enhance the quality and resilience of the connection. This
includes reducing power consumption, providing secondary
propagation paths for increased robustness against blockage,
and enabling additional spatial streams to increase throughput
in the context of MIMO transmission [65, Ch. 5].

Fig. 17 shows the antenna pattern hull of the mmWave
BS’s antenna array in the azimuth-elevation plane, overlaid
with gain contours for 32 predefined beams along with their
respective indices. The antenna gain is represented with a color
scale with four colors spanning the range from the approximate
peak gain of 24 dBi (dark red) to gains < 18 dB (deep blue).
This discrete coloring scheme clearly highlights the main lobes
of each beam and shows how all beams together form a grid
of partially overlapping lobes, i.e., with no deep fades, that
covers a wide angular space of about 20° x 90°.

Owing to the measurement setup, the central boresight
region (azimuth and elevation angle of 0°) is of particular
importance since this is the direction at which the IRSs under
test are mounted. Hence, the two beams with IDs {#15, #20}
are spatially aligned and are thus the most likely candidates for
optimal signal enhancement. In contrast, beams with high az-
imuth angle magnitude, e.g. {#31, #47, #4, #36}, are expected
to be used when no IRS is installed because they constitute
NLOS paths, either through the building penetration or natural
ambient reflection paths from buildings of the city square.

Furthermore, it is worth noting that, in conjunction with
the 27.3 GHz carrier frequency and 29.7 cm IRS panel dimen-
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TABLE 9. Urban measurement setup and communication system details.

Parameter Description/Value
Radio Unit Nokia AWGUC AirScale
Frequency Band 5G band n258 (27.1-27.5 GHz, mmWave/FR2)
E’ Component Carriers 4x 100 MHz using 120 kHz subcarrier spacing (SCS)
E Antenna Array 12x16, cross-polarized, up to approx. 24 dBi gain
2 Transmit Power max. 34 dBm (approx. 2.5 W) without antenna gain
E MCS 64-QAM (MCS index table 1)
TDD UL/DL slot ratio: 1/4
Capabilities Release 16, NR standalone (FR2-only), 2x2 MIMO
@ Device Model Quectel SGDMO1EK + RG530F-EU
E Modem Qualcomm SDX65
'5 Antennas Qualcomm RA530T + 4x QTM547 (8x8, cross-polarized)
g Power Class Class 1 (max. 35dBm / approx. 3.2 W)
E Capabilities Release 16, 2x2 MIMO in FR2
© Carrier Aggregation off, i.e., uses only 100 MHz bandwidth
Measured IRSs HELIOS #1, #2, and #4, cf. Sec. I[V-A
Az Incidence Angle Pin = —45°
E Az. Reflection Angle  ¢our = ¢o,c = 0° (IRS #1, #2) or 30° (IRS #4)
g Reflection Beamwidth ~ A¢,, = 3° (IRS #1) or 10° (IRS #2, #4), Af,, = 3°
£ Horizontal Distances din = 10m (BS-IRS), doyr = {15m,20m} (IRS-UE)
é Fraunhofer distance dr =16.08m, i.e., best performance for d,y: > dF (FF)
~ Mounting Height 1.5 m (Center of IRS Panel and BS/UE antenna arrays)
Hence, elevation angles: 6;,, = 0°, O,y = 65, =0°
" UE-side Measurements Multi-Gbit/s DL UDP Traffic exceeding Link Capacity
g Time Resolution Channel and Link Metrics available every 0.5 s
g Performance Metrics ~ NR SpCell: ~ RSRP*, Beam Index*, RSSI, SINR
é NR: TX Power, Rank Indicator
g NR MAC DL: Throughput, BLER

NR PDSCH: MCS CWO Index Distribution

*Not just for serving beam but also for any further detected beams of the BS.

BS beam IDs aligned with HELIOS IRS 24
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FIGURE 17. Sketch of antenna pattern hull over 32 traffic beams of
mmWave BS along with spatially matched beam indices. Owing to bore-
sight placement of the IRSs under test, i.e., at azimuth and elevation angles
of 0°, utilization of beams #15 or #20 is expected if it is mounted.

sions, the distances employed between IRS and UE, 15 m and
20 m, are slightly smaller or larger than the Fraunhofer distance
dp = (2/2) - (29.7cm)? = 16.07 m [54], which marks a key
transition distance between NF and FF propagation. Consid-
ering that the IRSs were custom-tailored to exhibit the desired
reflection behavior in the infinite FF (cf. Sec. IV-A), and that
our lab measurements yielded that the NF performance differs
from the FF, better performance is expected for the 20 m IRS-
to-UE setting. This limitation of FF-centric IRS configurations
can be addressed by using a NF-extended reflection model
along with the proposed design process from Sec. III-A, as
shown in [89].

Last, it is acknowledged that the measurements are con-
ducted in an essentially static environment, i.e., the UE is sta-
tionary and no pedestrians traverse through the measurement
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area. Against this background, follow-up field trials in Malaga,
Spain, will demonstrate that the horizontally broadened beam
enhances connectivity throughout the entire confined corridor
while ensuring smooth performance under UE mobility,
thereby confirming effects observed in indoor trials [41], [78].
Since all communication nodes are deployed at low altitude
(cf. Fig. 16), ambient pedestrian mobility would be likely to
obstruct the direct IRS-to-UE sub-channel and introduce addi-
tional path loss of approximately 10 dB to 20 dB [93]. Never-
theless, strong indirect propagation paths between IRS and UE,
e.g., through building reflections, may remain available due to
the broad reflection beam. Future 6G network planning should
nonetheless not only identify suitable IRS mounting positions
for sustainable coverage extension [56], [94], but also explicitly
account for ambient mobility to ensure resilient coverage. In
this context, placing the IRS at a higher position near the
entrance of the urban canyon could enable serving the UE from
above, largely independent of pedestrian blockage. Future
trials will thus feature IRSs with more complex combinations
of azimuth and elevation angles of incidence and departure.

E. Field Performance of HELIOS IRS in Urban Scenario
To assess the real-world impact of the proposed passive
HELIOS reflectors on mmWave communication in urban
environments, we systematically measured and analyzed both
signal- and link-level performance indicators across various
IRS deployments. The evaluation uses two complementary
representations of the same measurement dataset: Tab. 10
shows the observed mean power characteristics of the DL-
heavy communications along with the BS utilization, whereas
Tab. 11 elaborates on peak changes of key link-level metrics,
including throughput, signal to interference plus noise ratio
(SINR), MCS, and BLER. The entries of these tables were
extracted from the raw measurement time series, such as the
ones for IRS #1 depicted in Fig. 18 for the metrics beam
ID, DL RSRP, uplink (UL) TX power, and medium access
control (MAC) layer DL BLER. Therein, it can be clearly seen
that within the initial 40 s, the mmWave propagation conditions
with the IRS positioned at 20 m distance from the UE are
much more favorable than in the subsequent 40s without
the static-passive HELIOS IRS. Against this background, this
article subsequently discusses mean and peak differences in
the connectivity with and without IRS deployment.

The power-related performance improvements induced by
HELIOS are summarized in Tab. 10. At a 20m IRS-UE
distance, HELIOS IRSs #1 and #4 show the highest RSRP im-
provements of about 9.9 dB and 9.7 dB, respectively, whereas
HELIOS #1 shows a moderate gain of 5.8dB. When the
distance is reduced to 15m, HELIOS #1 reaches a power
gain of 10.0dB, indicating strong performance in the NF-FF
transition zone of the mmWave channel. These improvements
are also reflected in RSSI, with power gains exceeding 8 dB
for several configurations. In parallel, the IRSs also enable
reduced UL transmit power from the UE by up to 10.1dB.
It is important to note that the TX power savings in the low-
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utilized UL correspond well with the highly-utilized DL RX
power improvements. However, it is unknown whether there
was also a BS side transmit power change depending on the
IRS mounting state. All in all, these findings nonetheless show
that IRSs not only improve the link budgets of the mobile
equipment but also enable more energy-efficient transmissions
for them, which corroborates recent research results [78].

Another key aspect shown in Tab. 10 is the behavior of beam
index assignments. Without the IRS, the BS often switches
among multiple serving and fallback beams, mainly beams
#31 and #47, to maintain a good link. For example, with
HELIOS #1 at 20 m, the serving beam switches between IDs
#31, #47, and #52 when the IRS is not mounted. With the IRS,
however, a stable beam, usually aligned with the new beam
IDs #15, #16, #20, or #21, is chosen, indicating that the IRS
creates a strong artificial propagation path (cf. beam ID time
series in Fig. 18). This confirms the results from an external
field trial in a similar public setting wherein the link was also
stabilized by the IRS [17].

—— Serving Beam  x  Detected Beams
[ 1 WithIRS#1 [ Without IRS #1
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FIGURE 18. mmWave connectivity in street canyon over time with clear
negative impact of removing the entirely passive HELIOS IRS #1.
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TABLE 10. Mean power characteristics of UE link with and without IRSs highlight their positive impact of up to 20 dB over both link directions. The
observed effect arises from a novel introduced propagation path: in NLOS (without IRS), the serving BS beam is unstable based on weak ambient
propagation paths, while beyond-LOS operation (with IRS) enables use of a single fixed beam along a previously infeasible steering direction.

IRS-UE Distance dy,,; 20 m (UE in FF of FF IRS) 15m (UE in NF of FF IRS)
Mean Performance Metric HELIOS #1 HELIOS #2 HELIOS #4 HELIOS #1 HELIOS #2
RSRP [dBm]  With IRS —53.4 —53.7 —50.7 —50.5 —54.7
(DL metric) Without IRS —63.3 —58.9 —60.4 —60.5 —61.6
RX Power Improvement 99 K, 5.3 9.7 - - 10.0 6.8
RSSI [dBm]  With IRS —279 N AProe 10FP [ 288 —239 | | UEsidereporting " 553 —297
(DL metric) Without IRS —37.0 custom IRS on | _35 9 — 342 and utilized BS —34.1 —353
: the UE side : : beams underlines : :
Cross-validated RX Power Improvement 9.2 power metrics 4.1 10.3 IRS-enabled 8.8 5.6
. in downlink enrichment of the
Transmit With IRS —119 and uplink | —11.7 —14.8 ambient multipath | —15.1 —10.9
. . direction, . _ propagation _ _
Po(\:/irm[;irlz;n] Without IRS 1.8 / et v 6.1 5.2 o 5.2 3.7
TX Power Reduction 10.1 5.6 9.6 7 ] 99 7.2
Beam Index 5 Fixed Serving Beam 157 20 ar [ S L] s 20
WIth IRS % | Detected Beams {207,227, 47°} {15%, 20, 312, 47%, 523} {59, 207, 528} | {13", 207, 217, 31%, 472, 522} {15, 44%, 47°}
Beam Index §;LUtilized Serving Beam(s) | {31%, 47%, 522} 47* {42, 5%, 37} {5%,31*} {367 37* 47*}
without IRS 3 yreher Detected Beams {372, 542} {312, 37%} 364 {6®, 363, 372, 467, 54°} {122, 46}

Classification of BS beam orientation (cf. Fig. 17): ID": Reflector-based propagation path.

Fig. 17 supports this assessment by mapping the beam
indices of the BS to the azimuth-elevation angular space.
Beams #31, #47, and #52, which are used without the IRS,
are at the edge of the antenna field of view; their main
lobe directions can either be mapped to the propagation path
penetrating the urban buildings or toward ambient buildings on
the Plaza de la Constitucién in order to use a natural reflection
into the street canyon. With IRS #1, the beam IDs #31,
#47, and #52 are used instead. These are near the boresight
of the BS antenna array, which was mechanically aligned
to the IRS. Hence, it can be confirmed that the introduced
IRSs are automatically adopted by existing mmWave beam
management between BS and UE nodes. Moreover, this
recapitulates our finding that IRSs can be used not only for
coverage extension or signal strength improvement, but also
to improve serving beam stability in field deployments.

Both Tab. 10 and Fig. 18 outline that the RSRP is very
high when compared to the minimum supported UE side
RSRP level of approximately —105 dBm, which was identified
in [10]. Hence, it is no surprise that the rank indicator
metric is always, i.e., even without IRS, at the maximum
supported value of 2. Considering the previous paragraph,
this corroborates the findings from Sec. IV-C that the newly
introduced propagation paths support both polarizations. This
is because the UE’s antenna array only supports one beam
direction at a time, along which two data streams can be
handled due to different polarizations. Moreover, this shows
that our considered urban IRS use case is not about coverage
extension but about attaining better spectral efficiency, energy
efficiency, and link robustness within existing, NLOS-affected
mmWave cell coverage.

Tab. 11 complements the signal-level findings by exam-
ining peak observed link-level performance indicators under
similar conditions. Across all investigated HELIOS variants
tested, significant improvements in SINR, with gains up to
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ID?: Ambient multipath propagation. ID: Feasible beam regardless of IRS availability.

9.9dB at 20m and 8.9dB at 15m can be observed. These
SINR improvements lead directly to better communications
efficiency, which may be noticed by applications in the form of
increased DL throughput because higher MCS are utilized and
BLER is reduced. For instance, HELIOS #1 at 20 m achieves
a peak throughput of 478.2 Mbit/s, a major improvement over
the baseline without the IRS at 274.4 Mbit/s. Modulation
and coding statistics also show more aggressive transmission
schemes with IRS support: Mean physical downlink shared
channel (PDSCH) MCS levels are consistently higher with
the IRS, reaching up to 23.8 (24 corresponds to 64-QAM
with 75.4 % code rate) compared to baseline values in the
12 to 20 range (12 corresponds to 16-QAM with 42.4 %
code rate) [95, Tab. 5.1.3.1-1]. Similarly, the BLER remains
low, i.e., at or below 1% in most cases with mounted IRS,
whereas without IRS it is often as high as it is tolerable
for a current cellular network, i.e., at 10 % owing to low-
density parity-check (LDPC) code capabilities [96, Ch. 8.5.1].
It is worth highlighting the fact that the IRSs under test
consistently lowered the BLER compared to the IRS-free
baseline. Overall, these measurement results align well with
our prior findings, confirming the availability of a novel
propagation path that outshines prior NLOS propagation paths.
Against this background, it is a key takeaway that the observed
performance gains are not at the cost of reduced reliability in
package delivery.

Overall, the measurement results contained in the two
tables empirically confirm the benefits of entirely passive
IRS deployments for efficient mmWave communications. The
HELIOS reflectors provide strong gains in received power,
link stability, and throughput, even in challenging NLOS
scenarios. The improvements support the previously presented
design principles established through EM simulations and
near-field trials, confirming the role of HELIOS reflectors as
a key enabler of practical, energy-efficient, high-throughput

VOLUME XX, 2026



_IEEE IEEE Open Journal of the

ComSoc Communications Society

TABLE 11. Peak impact of proposed HELIOS IRSs on mmWave channel
and link performance metrics for DL traffic, relative to the baseline.

IRS-UE Distance do,¢ 20m 15m
Peak Performance Metric IRS#1 IRS#2 1IRS#4 | IRS#1 IRS#2
RSRP [dBm]  With IRS —532 529 504 | —50.1 —54.0
(DL metric) Without IRS | —69.3 —70.5 —639 | —674 —645
Delta: up to 17.6dB 16.1 17.6 135 173 10.5
RSSI [dBm]  With IRS —276 —280 —233 | —247 287
(DL metric) Without IRS | —39.3 —388 —39.7 | —370 —386
Delta: up to 16.4dB 11.7 10.8 16.4 123 9.9
Transmit With IRS —120 —131 —150 | —152 —11.7
Power [dBm]  wipouRs | 05 10 17| 37 18
(UL metric)
Delta: up to 13.3dB 11.5 12.1 13.3 11.5 9.9
SINR [dB] With IRS 29.0 28.4 30.4 30.3 28.4
(DL metric) Without IRS 19.1 24.4 26.2 21.4 235
Delta: up to 9.9dB 9.9 4.0 4.2 8.9 4.9
MAC DL With IRS 4782 4497 4692 | 4619 4479
Tﬂf/‘[’g‘ﬁ]/’f]‘“ Without IRS | 203.5 2087 3122 | 3375 2786
Delta: up to 275 Mbit/s 2744 241.0 157.0 124.4 169.3
Mean PDSCH ~ With IRS 23.8 23.5 23.8 23.6 23.4
MCSIndex  withoutIRS | 141 125 181 | 196 159
Delta: up to 11 indices 9.7 11.1 5.8 4.0 7.5
MAC DL With IRS 0.0 0.0 0.0 0.0 0.0
BLER [ %] Without IRS 11.0 93 9.2 9.1 9.6
Delta: up to 11.0 perc. pts. 11.0 9.3 9.2 9.1 9.6

mmWave communications in urban settings.

The attained connectivity gains of the HELIOS reflectors,
that were designed and manufactured for this article, are
briefly compared with other static IRSs in exactly the same
measurement setup, cf. [73, Tabs. 2-3]. It is noted that IRSs
{#1,#2} from the 15 m IRS-to-UE distance setup are denoted
by {F, E} in [73], and subsequently compared to four other
reflectors {A, B, C, D}. Considering previously identified
dynamic link and channel parameter behavior without a
mounted IRS, this brief performance comparison focuses on
the DL RSRP, DL SINR, MAC DL throughput, and the UL
TX power metrics for the case that an IRS is mounted. It is
found that the two HELIOS reflectors attain the highest peak
throughputs, which are up to about 75 Mbit/s higher than the
other four reflectors under test. This is corroborated by the
highest SINR for HELIOS #2 (Ref. F). However, comparing
the SINR metric has little relevance as there is only about
2dB difference between IRS #2 and the worst-performing
reflector. Differences between maximum RSRP and minimum
TX power parameters are more pronounced: Whereas Ref. B
attains the highest RSRP, the second highest is provided by
HELIOS #2 (Ref. F). Similarly, the second-lowest minimum
UE transmit power is attained by HELIOS #2. The 9dB
power deltas against Ref. B are reasonable considering that
the HELIOS panel exhibits a 57 % smaller area plus a much
broader reflection beam, cf. [73, Tab. 1]. Furthermore, consid-
ering the highest throughput (+75 Mbit/s), RSRP (+3 dB), and
SINR (+2 dB) along with the lowest TX power (-3 dB) against
similar-sized IRSs exhibiting narrower reflection beams (Refs.
{4, C, D}), the geometry-driven HELIOS IRS — customized
according to our contribution in Sec. III — is deemed more
than competitive to other static IRS concepts.
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V. CONCLUSIONS AND OUTLOOK

This work was driven by the vision of enabling efficient future
6G radio access networks through the use of customized static
reflecting geometries to systematically enhance mmWave con-
nectivity in NLOS regions. In this context, the article focused
on the HELIOS IRS architecture, which features a modular
3D-printed design that offers key advantages including low
cost, zero power consumption, and scalable size. Building on
this foundation, we summarize the key contributions below.

The literature review revealed a gap in existing IRS beam
customization approaches, particularly in methods capable
of simultaneously providing coverage across a predefined
broad angular range and ensuring a guaranteed minimum in-
beam RCS. To address this challenge, this article presented
a holistic solution combining genetic algorithms with an far-
field reflection model for beam shaping aimed at maximizing
in-beam gain, and followed by an IRS size and module
arrangement optimization to match it with the target value.
Our sensitivity analysis, conducted across more than 1,000
HELIOS IRS design iterations, demonstrated that the proposed
customization approach consistently achieved beam shapes
within 5 dB to 9 dB of the unattainable theoretical upper limit,
regardless of utilized IRS size and beamwidth. Furthermore,
it outperformed the brute-force method in both computational
efficiency and achievable guaranteed in-beam RCS. Against
this dataset, we then validated that sensible panel size and
module arrangements are determined successfully.

While much of the existing research on IRS concepts
remains focused on theoretical and simulation-based studies,
this article sought to complement this by custom-tailoring four
HELIOS IRSs using the proposed framework. Through ex-
tensive experimental evaluations, the real-world performance
of the customized IRSs was assessed under both controlled
and realistic deployment conditions: First, evaluation in a
laboratory setup showed that the near-field performance
matched expectations from EM simulations, but differed from
the far-field model-based design characteristics, because the
measurement distance was short owing to size constraints
of the anechoic chamber. Nonetheless, good signal integrity
properties were observed at the preset directions, whereas
the specular reflection was suppressed by up to 27.1 dB. The
IRSs were then also evaluated in an urban testbed utilizing
commercial mmWave BS and UE devices. We found that the
IRSs enabled the mmWave communication system’s beam
management to leverage the newly introduced propagation
path to increase mean DL RSRP and decrease mean UL
TX power by up to 10.1dB compared to the NLOS link
state. Moreover, the IRS-assisted link was found to be more
stable in terms of power and signal quality metrics, thus
allowing for higher throughputs as a consequence of both lower
BLER and higher MCS. Our investigation, complemented by
comparisons against external (static and reconfigurable) IRSs
designs that were also tested in these two European testbeds,
further highlights the competitive performance of the HELIOS
IRS architecture.
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Future work will remain committed to making 6G smart
radio environments a reality, by focusing on machine learning-
assisted network planning that facilitates the systematic place-
ment of customized IRSs in the deployment scenario [55],
[56], [94]. The proposed HELIOS design approach may
undergo refinements in this context, such as incorporating
additional geometry parameters or supporting arbitrarily-
shaped to multi-armed reflections for improved efficiency.
Furthermore, our recent research on a near-field-extended
reflection model will facilitate closer placement of the IRS
to the UE service region [89].

APPENDIX

A. Sustainability Aspects of the HELIOS IRS Concept
This section provides details on the low-cost claim for the
considered entirely passive IRS architecture, and discusses
how the production concept, consisting of 3D-printing and
spray-coating stages, can procure durable IRSs suitable for
long-term operation under harsh outdoor conditions.

Price Estimate: The four reflector prototypes employed
in Sec. IV were additively manufactured using low-cost
PLA filament (approx. 23€ per spool) and subsequently
conductively spray-coated with low-cost varnish (approx. 67 €
per can) [20]. This leads to material costs for the HELIOS
IRSs (30 cm X 30 cm) in the tens of Euros range. Conversely,
synthetic static IRSs can be expected to be much more expen-
sive per piece, i.e., within the hundreds of Euros range, due
to printed circuit board (PCB)-based manufacturing material
costs scaling with by panel size, substrate material (and thus,
frequency), number of unit cells (and thus, frequency), and
minimum order quantities. Naturally, both IRS architectures
(geometry-based and synthetic) also incur manual labor
costs during manufacturing, e.g., for assembly and quality
insurance. Moreover, the following costs have to be accounted
for, among other factors, in order to determine the product
price: the depreciation costs associated with the 3D-printer
and the paint booth, the expenses for consumable materials
and scrap cost, the storage space and time for drying, the
use of high-end branded products, the network planning and
reflector optimization-related service costs (cf. Sec. ITI-A), the
development costs, as well as the gross margin and taxes. Con-
sidering the reduced material costs of the proposed geometry-
based IRS architecture, lower capital expenditure values are
feasible compared to commercial synthetic mmWave IRSs:
For example, custom-tailored static reflectors are typically
priced at >1,000€ per piece, whereas reconfigurable IRSs
(i.e., RISs) for research purposes at 10,000 € per piece while
also incurring operational expenditures through continuous
power consumption of up to a few tens of Watts, cf. [10, Tab. 1].
To put these capital and operational expenditures in context,
commercial Open RAN mmWave radio units are characterized
by high costs of 25,000 € per piece along with deployment-
specific installation costs for mounting and wiring, while also
consuming hundreds of Watts during operation [97, Tab. 6.5.2-
2]. Against this background, dual cost benefits are attained
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if radio units are substituted by one or few entirely passive
IRSs [55]. Hence, the claim that HELIOS is a low-cost
solution, delivering high value-add for the network operator
within the scope of the 6G IRS vision, is justified.

Longevity and Robustness: The employed prototypes
consisting of PLA and conductive varnish are not suitable for
long-term outdoor use, contrary to the implicit suggestion in
Sec. IV. Reasons for this include insufficient thermal stability,
which leads to partial surface warping and, consequently,
undesirable changes in reflection behavior. Against this
background, we identified the need for modifications in future
field studies. Within systematic lab studies, the combination
of ASA filament with two layers of coating (conductive
bottom layer and acrylic top layer) was found to yield the
following effects: First, ASA filament demonstrates superior
heat resistance over PLA, PET, and PETG, exceeding extreme
outdoor temperatures worldwide for dark materials exposed to
direct midday summer sun. We observed form stability up to
90 °C over numerous heating-cooling cycles. Moreover, ASA
also shows minimal degradation under UV radiation compared
to other common 3D-printing filaments, indicating strong
suitability for long-term outdoor applications. Second, ASA
exhibits high resistance to moisture and oils, the latter being
relevant for indoor factory (InF) use cases, with no visible or
tactile changes after prolonged exposure, compared to PLA.
This also holds in combination with the two varnishes, while
also leading to no observable oxidation effects or similar. Fur-
thermore, this combination increases mechanical robustness
such that surface damage from brushing or scratching, e.g.,
from nearby vegetation during strong winds, is notably reduced
without loss of reflectivity. Overall, this threefold material-
coating configuration enables stable reflection characteristics
in long-term public outdoor or private industrial deployments.

B. Performance under Misaligned Conditions
This section studies additional reflection characteristics of
preconfigured HELIOS IRSs, which were designed for a
predetermined angular reflection space €2,,,;, constituting a set
of azimuth and elevation angles of departure (¢,ys, our ) Span-
ning the horizontal and vertical beamwidths A¢yyr, AGpy:. In
particular, the installation may occur in a slightly different
environment, e.g., due to an inaccurate site plan or mounting
tolerances. Hence, the reflection beam could be misaligned by
Ay, which may lead to performance loss for edge users.
Methodology: In the planned reflection beam area
AOpur X Adoyr, the minimum in-beam RCS o™ is achieved
per definition, cf. Sec. III-A. It is assumed that, in the worst-
case, the reflection beam is Ay too small in either direction,
i.e., horizontally left and right as well as vertically up and
down. The minimum in-beam RCS o, , (Ay) is therefore
ascertained over the symmetrically enlarged reflection
beam area (A8, + 2A¢) X (Adour + 2AY) to determine
the reflection beam misalignment (BMA)-based loss
Lama (AY) = 0" — 0 gy, 4 (AY). The empirical assessment
is based on the 25 symmetry-based reflector designs with
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FIGURE 19. The stronger the reflection beam misalignment AY from

erroneous installation or planning, the higher the risk that UEs at the edge
of the reflection beam are served with reduced link strength.

optimal M X N module arrangement for the target reflection
beamwidths of 1° to 25°, cf. case study #1 in Sec. III-B. Ay
is an integer multiple of the therein employed angular design
resolution A¢p res = Abpres = 0.1°. Hence, Ay = 0.1°
represents a low misalignment, Ay = 0.5° matches the value
in [39], whereas Ay = 1.0° constitutes a strong misalignment.

Evaluation: The empirical cumulative distribution function
(ECDF) of incurred loss for the given BMAs are depicted in
Fig. 19. It can be seen that for alow BMA AW, there is typically
noloss (i.e., Lgpsra < 0dB) as the custom-tailored beam tends
to be slightly broader than necessary because the optimization
target is maximization of the minimum in-beam RCS value
without penalizing out-of-beam RCS, cf. Fig. 7d and Fig. 9
in Sec. III-B. When increasing the beam misalignment, the
likelihood to incur loss increases, e.g., to 25.4 % for 1° BMA.
This leads to, for example, a 10 % chance that a 2.9 dB loss
against the targeted common in-beam performance is incurred.

Mitigation Strategies: Against this background, however,
it should be emphasized that it is likely in practice that the pre-
deployment network planning jointly determines the position
and coverage of static IRSs such that they overlap slightly with
the coverage of other IRSs and BSs to achieve a consistent
connectivity level [56]. Therefore, even if a misaligned
reflection beam results in undesired loss along this propagation
path, it does not mean that end-to-end performance losses
have to occur. Last, it is noted that BMA-based losses can be
avoided proactively by custom-tailoring the reflection beam for
a slightly larger service area than required, using 2Ay-broader
horizontal and vertical beamwidths, because this leads to a
comparatively low beam broadening-based loss that reduces
o, cf. Eq. (18) and Fig. 7b in Sec. I1I-B.
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