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Abstract—Private millimeter-wave (mmWave) networks offer
immense potential for indoor factory (InF) environments by
enabling ultra-high data rates and network capacity to support
advanced industrial applications. However, their performance is
significantly challenged in non-line-of-sight (NLOS) situations,
where severe attenuation may lead to insufficient connectivity.
Traditionally, this limitation requires the deployment of addi-
tional base stations (BSs), which increases both the costs and en-
ergy consumption. To address these challenges efficiently, future
6G networks will leverage intelligent reflecting surfaces (IRSs) to
illuminate under-connected regions. The passive-static HELIOS
IRS concept has reached a high maturity level compared to other
solutions, with field experiments successfully demonstrating its
ability to enhance various link metrics in predetermined regions.
This work now investigates how to systematically determine
the required number of IRSs, their placement, and preconfig-
ured reflection characteristics. Our proposed brownfield network
planning scheme for IRSs thereby takes an important step
toward solving the open research problem of 6G hybrid network
planning. Using a real-world production scenario from previous
measurement campaigns, we demonstrate that one BS with three
custom-tailored passive IRSs eliminates the need for a second
active BSs while maintaining the required service quality level.
Index Terms—6G network planning, mmWave communication,
static-passive IRS, indoor factory, ray-tracing, reflection model.

I. TOWARD INDUSTRY MMWAVE NETWORKS WITH IRSS

Wireless communications at mmWave frequencies promise
performance improvements by leveraging broad bandwidths.
However, the increasingly hostile propagation characteristics
of mmWaves compared to the sub-6 GHz spectrum, particu-
larly regarding object penetration capabilities, pose challenges
for widespread deployment in urban and indoor environ-
ments [1]. Developing such large-scale networks would be
costly, as numerous full-blown BSs would be required [2]. This
has been a major hurdle to the global adoption of 5G mmWave
technology. Hence, within the sustainability goals of 6G, the
effective cell coverage area must be expanded in a cost- and
energy-efficient manner while ensuring a high service quality.

IRSs, mounted at optimal positions with bespoke reflection
characteristics, can effectively introduce reflections into
under-connected regions near BSs, particularly at locations
where users experience NLOS conditions [3]. Considering
private cellular networks, IRSs introduce an opportunity to
flexibly improve the control over the radio environment, i.e.,
without relocating, rewiring, and restarting existing BSs or
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Fig. 1.
Traditional brownfield network planning deploys additional full-blown BSs
to guarantee the required connectivity level in NLOS regions. This work
demonstrates a sustainable 6G alternative: we determine the required number
of IRSs, their mounting positions, and custom-design the HELIOS reflectors.

Private mmWave network connects AGVs for automated production.

adding costly active BSs, to ensure operational reliability and
address specific industrial requirements. This flexibility is
crucial because shop floor layouts can be complex and evolve
over time [4, 5]. For instance, connectivity is reduced in
some regions when a new large machine is set up or overhead
cranes move goods [6]. In such cases, it is practical to mount
a low-cost, entirely passive reflector at a strategic position
on arbitrary factory walls, ceilings, or machines to mitigate
the problem. Therefore, this work focuses on identifying the
required number of IRSs, as well as their positions and config-
urations, i.e., we conduct brownfield 6G network planning with
IRSs. This topic has been addressed by only a few research
works so far [7, 8]. Moreover, it is an important step toward the
open 6G research problem of hybrid network planning, which
handles both active and passive infrastructure components [9].
Against this background, Sec. II introduces a complex InF
environment featuring a private cellular mmWave network.
Considering the targeted service level for mobile AGVs, we
first characterize the connectivity levels achieved using one or
two BSs. Sec. III presents a hybrid network planning approach
designed to efficiently achieve the desired service quality in
the target area with only one active BS complemented by
zero-power custom-tailored IRSs placed at strategic locations.
Finally, Sec. IV summarizes our findings and provides insights
into ongoing research on 6G network planning with IRSs.
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Fig. 2. Traditional network planning addresses under-connected regions by unsustainable deployment of additional active BSs: mmWave connectivity in the
production hall is (top row) insufficient with single BS but (bottom row) drastically over-provisioned with two costly BSs, as illustrated by (left column) attained
received power level and (right column) its classification considering the considered QoS target (RSRP > —90 dBm).

II. MMWAVE INF CONNECTIVITY WITH BSS

This section first presents the production scenario, network
setup, and communication QoS targets in Sec. II-A, before dis-
cussing the attained baseline connectivity levels in Sec. II-B.

A. Private Indoor Factory Radio Environment

A real-world large-scale production scenario from Fraun-
hofer IPT [10] in Aachen, Germany is considered in this case
study, featuring a shop floor area of more than 2,700 m?. The
factory hall has a length of 97 m, width of 28.5 m, and ceiling
height of approximately 10 m, as shown from top view at the
top of Fig. 1. More than 50 machine tools and work spaces
are used for various production steps. They consist of and are
surrounded by metallic components that suppress penetration
by electromagnetic (EM) waves. Overall, the scenario matches
the 3GPP indoor factory (InF) definition [11, Tab. 7.2-4].

From the application side, this work focuses on the
key pathways, i.e., two long (horizontal) and three shorter
(vertical) corridors, that are used by AGVs to transport goods
between machines and storage [12]. Hence, these 2.0m to
2.6m broad transportation lanes, as highlighted in blue at
the bottom left corner of Fig. 1, need to be served with a
sufficient connectivity of at least 1 Gbit/s [13, Ch. 4.4], i.e., it
is aimed for > —90dBm RSRP based on experiments in [3].

We consider two network deployments mirroring our previ-
ous experimental works: the first setup features a single BS at
position [—37.30 m, —1.19 m, 6.00 m], cf. placement in Fig. 1,
which is intended to serve the upper long corridor [14]. Our
second setup extends the first one by a second BS at the
position [55.55 m, —15.87 m, 6.00 m|, which is outlined by the
red arrow in Fig. 1, to serve the lower long corridor [6]. Both
cells are mounted at the height of 6.0m and operate at the
center frequency of 27.1 GHz using 33 dBm transmit power
(2W EIRP). The RSRP is determined using the commercial
ray-tracer Wireless InSite [15] with the same settings as in the
prior EM simulation-complemented field study [14]. In the fol-
lowing sections, we consider the simulation results for a 9,936-
element rectangular user equipment (UE) position grid with
0.5 m uniform spacing at a height of 1.0 m. The obstacle dis-
tribution at this height realizes in a clutter density of 25.05 %.

B. AGV Connectivity Assessment with One and Two BSs

Fig. 2 presents the attained connectivity levels throughout
the production hall. The single BS setup in the top row has a
strong user connectivity in the line-of-sight (LOS) with RSRP
values far above the connectivity targets. However, the attained
RSRP values in NLOS modality do not meet the —90 dBm
target in an aggregated area of approximately 20 m?, with a
power gap of up to 37.02dB. Hence, this simple network in-
frastructure deployment is unsuitable for the desired use case.

Against this background, traditional pre-6G network
planning would result in an enhanced network deployment
with two active mmWave cells [16], cf. bottom row of Fig. 2.
The previously poorly connected NLOS area of the first BS
is now mitigated such that only a few positions in the entire
production hall do not have sufficient connectivity. While
highly suitable from a performance perspective, sustainability
aspects are neglected: the costly second BS consumes hundreds
of Watts [17, Ch. 5.5] and overprovisions the RSRP inside and
outside the targeted service area by tens of decibels (dBs). This
stands in contrast to the proclaimed sustainability goals for 6G
networks, i.e., delivering high-performance communications
while reducing power consumption and network costs. There
are numerous mitigation strategies in this context, with this
work focusing on the green technology concept of IRSs [18], in
particular, fully-passive non-reconfigurable (static) IRSs [3].

III. MEETING COMMUNICATION SERVICE REQUIREMENTS
EFFICIENTLY USING CUSTOM-TAILORED HELIOS
REFLECTORS AT SELECTED IRS MOUNTING POSITIONS

Considering the previous section, this study aims to extend
the single-BS deployment by IRSs in order to efficiently
provide the required communication QoS level in the major
production corridors compared with using a two-BS setup. For
this reason, Sec. III-A introduces an IRS network planning
procedure for future 6G networks, including the custom-
tailoring step of the Holistic Enlightening of bLackspots with
passlve reflectOr moduleS (HELIOS) reflector geometries.
The resulting mmWave connectivity is assessed in Sec. I1I-B
with a focus on the QoS compliance after the first and last
iterations of the proposed solution approach.
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Fig. 3. Overview of employed HELIOS IRS concept for an arbitrary 3 x 4
geometry #H along with an introduction of its key parameters required for our
genetic- and model-based reflection beam shaping [19, 20] leveraged in the
scope of this work’s network planning process, cf. Steps #5) to #6).

Direction

A. Proposed Indoor Brownfield Network Planning Approach:
How many IRSs? Which Positions and What Configurations?

Whereas traditional network planning aims to guarantee the
required service level with the least amount of active commu-
nication infrastructure [16], this work instead employs fully
passive HELIOS reflectors, which are introduced in Fig. 3 and
discussed below. By intelligent placement and customization
of them, our contribution in this section elevates supposedly
simple reflectors to the level of IRSs, which are capable of
realizing so-called 6G smart radio environments (SREs).

HELIOS IRSs: Compared to the conventional synthetic
approach for IRSs, HELIOS exploits the natural law of re-
flection with a custom-tailored overall geometry, which results
in the desired reflection behavior. To limit the complexity of
identifying a suitable geometry, the solution space is reduced
to M - N flat surfaces distributed over a uniform M x N
module array. Each module typically has a y-z-plane footprint
with width a and height b of several wavelengths A, respec-
tively, compared to the sub-wavelength unit cell dimensions
of conventional metasurfaces. Each reflecting surface (m,n),
withm =1,...,M and n = 1,..., N, is tilted horizontally
by o, and vertically by 3, ,, which are both limited to
the angular space ]790°,900[ C R. Therefore, it affects
the peak reflection direction in the azimuth direction by 2«
and elevation direction by 2/, with similar changes for the
entire pattern, including sidelobes and nulls. Careful tuning
of the tilt angles, module number and dimensions allows for
a broad, well-aligned reflection into a targeted service area
Qout = Qout X 0 pur € [—90°, 90"]2 [19, 20]. For deployment,
the geometry is manufactured additively and then coated with
a conductive varnish. The potential of such HELIOS IRSs
has already been confirmed experimentally, including for a
selected production use case wherein the connectivity of an
industrial machine within a safety cage was improved [14].

IRS Network Planning Process: Against this background
on the considered reflector architecture, we propose an itera-
tive process to scale the IRS deployment to the large service
area of the AGVs, as shown in Fig. 4. This is described by
the subsequent list of seven steps, as indicated by bullets 1)
to 7), along with their key innovations (designated by »):

1) Preparatory steps for IRS network planning:

a) Baseline connectivity assessment, cf. Sec. II: Deter-
mine RSRP radio environmental map (REM) for active
infrastructure deployment and define communication
targets in terms of QoS threshold plus service area,
with the latter being denoted by UE position set Py g.

b) Provide all possible IRS mounting positions P;rg
in the InF scenario. Here, a set of 4,265 positions with
0.5m spacing on up to 93 m long surfaces of (i) all
four walls with heights in the range of 3.5m to 7.5 m to
avoid human and object blockage, and (ii) three 1.5 m
broad flat patches of suspended ceiling at z = 8.9 m.

c) Consider IRS design constraints. Here: Single reflec-
tion beam within full hemispheric field of view using a
maximum azimuth and elevation reflection beamwidths
of 20° for a fixed 50 cm x 50 cm reflector footprint.

2) Determine the set of remaining under-connected UE
positions Py_yp C Pyg in the service area from
the overall RSRP REM. Terminate if there are none

(Pu_ue = 0), otherwise initiate s iteration of our

proposed joint HELIOS IRSs placement and configuration

process (|Py—vg| > 0).

e Considering the baseline connectivity of the single BS,
as discussed in Sec. II and shown in the top right
subfigure of Fig. 2, Step #3) is initiated with s = 1.

e Increment counter s by one when initiating subsequent
planning cycles spanning Steps #3) to #6).

3) Identify feasible candidate IRS mounting positions

Pc-1rs,s € Prrs:

a) Ignore positions from Step #1b that have (i) no
LOS to the BS or (ii) no LOS to at least one under-
connected UE position. Determined via ray-tracer.

b) Further reduce candidate IRS mounting positions
to the contained subset of IRS positions that may
serve the maximum number of under-connected UE
positions Py_vg,s € Pu—vE.

c) Also remove candidate IRS positions that are incom-
patible with IRS design constraints, cf. Step #1c).

4) Heuristic selection of single IRS mounting position

p, € Pc—rrs,s that minimizes the azimuth-elevation-

domain area of the reflection beam. This area is

calculated as the product of the horizontal and vertical
reflection beamwidths in order to serve the subset of
under-connected UE positions that was identified by the

end of Step #3).

» Our heuristic differs from related works suggesting the
placement of reconfigurable reflectors near the BS or
UE to minimize the product-distance path loss [21] in
order to instead minimize the loss in bistatic radar cross
section (RCS) (with unit m?) from beam broadening
when using a non-reconfigurable IRS such as HELIOS.

5) Custom-tailoring of HELIOS IRS #, to supply

Pu_vE,s using an analytical reflection model [19] along

with a genetic algorithm (GA) [20] to determine the

2 - M - N horizontal and vertical module tilt angles



(Cmons Bmn) Withm =1,... Mandn =1,...,N.Our
design process is conducted for M x N shaped IRSs with
M,N = 2,...,6, which are suitable for different reflec-
tion beamwidths, and N > M because we expect broader
horizontal than vertical reflection beamwidths. Select
the IRS configuration H, in terms of {N*, M*} and
{af 1, e ey Bigs -5 Biye v+ ) that maximizes
the minimum bistatic RCS in the targeted reflection space.

» Considering related works on IRS network planning,
the strength of this approach is the co-design
of a custom-tailored IRS geometry (exhibiting an
optimized reflection beam shape) serving as a complete
production blueprint. In contrast, related studies
typically assume arbitrarily-sized reconfigurable IRSs
with an idealized reflection hull pattern (e.g., [8]) or
static IRSs in the form of pole-mounted rotated metal
plates with narrow reflection beams [7].

6) Update the overall connectivity REM to factor in
the reflection by the customized IRS at the identified
mounting position [19, 20]:

a) First sub-channel: Determine the RSRP value (in dBm)
of the LOS propagation path from the BS to the IRS
by ray-tracing with an isotropic antenna for the IRS.

b) Second sub-channel: Determine RSRP REM (in dBm)
from the IRS position to UE grid via ray-tracing while
using the IRS’s RCS reflection pattern (in dBsm) as the
antenna pattern (in dBi) using 0 dBm transmit power.

c¢) Construct IRS-based connectivity REM using the radar
equation [19], i.e., by summing up the previous sub-
channel RSRPs (in dB) and adding 47 /\? (=~ 50.1 dB).

d) Determine joint connectivity of active and passive com-
ponents by element-wise max operator between current
connectivity REM and IRS REMs from Step #6c).

» Considering numerous related studies on propagation
modeling with IRSs, the strength of this approach is
that NLOS propagation paths from the subchannel
between the IRS and UE are considered, cf. [7, 8].

» This is strengthened by employing a realistic 3D IRS
reflection pattern with sidelobes, compared to using a
ray-tracer with integrated support for engineered EM
surfaces (EES) with idealized behavior, i.e., a rectan-
gular reflection lobe without ripples and sidelobes [15].

7) Return to Step #2) for a potential next iteration.

Against this background, the terminated process yields the
following results: (i) s describes the required number of IRSs,
(ii) P, their respective center mounting position in the InF en-
vironment, and (iii) H contains the HELIOS reflector geom-
etry, yielding a custom-tailored reflection pattern to improve
the connectivity of under-connected regions within the service
area. Hence, a desired brownfield network planning scheme
with entirely passive IRSs components has been presented.

B. Connectivity of mmWave BS with HELIOS IRSs

This section aims to validate the feasibility of the previously
proposed planning process by iteratively extending the single
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Fig. 4. Overview of proposed planning process: Iterative joint HELIOS
IRS placement and custom-configuration at systematically selected candidate
position to mitigate under-connected regions in intended service area.

BS deployment from Sec. II with passive-static reflectors.
This baseline connectivity is shown at the top of Fig. 5, cf.
subfigure a), with the left subfigure showing the ambient
RSRP distribution on the shop floor and the right side
depicting whether the connectivity is sufficient to service
the AGVs. As in Sec. II, we reaffirm that the single BS
deployment cannot serve the whole service area contained in
the production hall, such that at least one IRS is required to
serve the highlighted (in red) under-connected UE positions.
Iterative Deployment Extensions: After the first iter-
ation of our proposed planning process, the previously
discussed situation has changed: the first HELIOS reflec-
tor has been mounted to the factory hall at the position
p, = [55.45m, —19.25m, 3.88 m] with the incident 27.1 GHz
wave from the BS impinging from the azimuth angle
¢in = —11.02° and elevation angle 6;,, = 1.29°. Closeness to
the previously considered second BS position confirms the
validity of this position. Whereas this position has LOS to all
under-connected UE positions, our scheme adheres to the 20°
beamwidth IRS design constraint and thus targets the 15.94°
broad azimuth reflection range ¢,y € [—87.17°,—71.23°]
and the 13.43° broad elevation-plane reflection range
Oout € [—22.60°,—9.17°] to maximize the gain in the service
area. Using a reflection model-based HELIOS design process
with a metaheuristic (here: GA), a 4 x 5 HELIOS reflector is
custom-tailored within 9 min 44 s (239 GA generations, 25,692
RCS pattern calculations), thereby attaining a peak gain of
16.65dBsm in the above-described angular reflection space.
Its impact can be clearly seen in Fig. 5b), with high gains
in RSRP in the right corridor at x =~ 55m, upon which we
focus with help of a 3D-printed model at a scale of 1:200 in
Fig. 6. Accordingly, it can be clearly observed that previously
under-connected UE positions are now served with sufficient
signal strength for the AGV services (RSRP > —90 dBm).
The remaining under-connected regions are addressed
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in the subsequent iterations: The second HELIOS IRS is
attached to another wall of the InF hall with position
p, = [14.05m, —23.23 m, 5.00 m] with the BS’s radiated sig-
nal impinging from the azimuth angle ¢;, = 66.77° and
elevation angle 6;, =1.03°. A 2 x 2 HELIOS IRS ge-
ometry with a peak RCS of 20.36dBsm, identified in
27,565 RCS pattern calculations, is employed to serve
the reflection space 10.37° broad azimuth reflection range

GPout € [—78.69°, —68.32°] and the 5.89° broad elevation-
domain reflection range 6y, € [—11.02°,—5.13°]. Once
again, additional under-connected UE positions could be cov-
ered from this position, however, the beamwidth constraint
was successfully enforced. Fig. 5 ¢) shows that the connectivity
blackspot in the vicinity of the position (30 m, —15m, 1.5 m)
is successfully illuminated. Beyond the intended local connec-
tivity improvement, a positive impact on positions outside the
targeted service area can also be observed, for example, from
reflection sidelobes and object reflections, cf. region at z ~
35m and y ~ —10m as well as the region at z-coordinates
25m to 35m with y-coordinate of approximately —20 m.

The third and final iteration illuminates the remaining
under-connected spot in the service area at the position
[11.25m,—15.09m, 1.5 m]. HELIOS IRS #3 is placed at
position p, = [6.55m, —23.23m,4.0m]. It was customized
within 22,810 steps and reflects the incident signal
from direction ¢;, = 63.32°,6;, = 2.33° into direction
dout = —30.01°,0,,; = —14.90°. Against this background,
the configuration process selects a 2 X 2 module layout with
the optimal surface tilt alignment realizing a peak gain of
32.12dBsm. Fig. 5d) shows that the RSRP throughout the
targeted service area for the mobile AGVs has now reached
the requirement of —90 dBm at all positions. Similar to regular
network planning for active BSs, the process is therefore
successfully terminated after placing the least amount of fully
passive communication infrastructure while guaranteeing the
required service level on the shop floor [16].
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Final Network Setup: The overall attained mmWave
network deployment consisting of one BS and three HELIOS
IRSs is provided by a VR-based twin of the 6G InF
environment in Fig. 7. Therein, the three reflectors have
yielded power gains of up to 47.98 dB within the production
hall, and the connectivity was improved at 4.29 % of the
considered UE positions. Importantly, when compared to
Sec. Il, we showed that, without a loss in performance, future
6G networks may use fewer high-power BSs by switching
to entirely passive IRSs that are custom-tailored to the
deployment scenario. Thus, the more sustainble network
design consumes less power, i.e., hundreds of Watts per
saved BS, while also reducing infrastructure investment and
operational costs for the operator [17, Ch. 6.5.2].

IV. CONCLUSIONS AND OUTLOOK

This work has demonstrated a computational network plan-
ning approach for future IRS-enhanced 6G communications
in complex industrial environments. The connectivity goals of
AGVs were met efficiently by adding three IRSs at strategic
positions yielding tens of dB power gain, thereby mitigating
the need for an additional full-blown active mmWave BS.
Moreover, to the best of our knowledge, this contribution
is the first work that includes a custom-tailoring process for
entirely passive HELIOS IRSs with static reflection patterns.

In future works, we will extend and benchmark the
utilized HELIOS reflector design process to also facilitate
dynamically-sized IRSs providing reflection patterns with
predetermined in-beam gains. Our ongoing research aims to
integrate a machine learning-based propagation model to miti-
gate the manual steps in the context of ray-tracing simulations
while drastically reducing the computing time [22]. We are
also investigating the implications of preset limitations, such as
the IRS field of view, on the planning results in different radio
environments in terms of outline, clutter, and BS positions.
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