2026 20th European Conference on Antennas and Propagation (EuCAP)

RIS-Enhanced Propagation and Exposure Evaluation
in Modern Greenhouses

Felipe Oliveira Ribas*, Giinter Vermeeren*, Thomas Zemen', Milica Djordjevic’, Hamed Radpour’, Wout Joseph*
*WAVES, Ghent University/imec, 9052 Ghent, Belgium
TAIT Austrian Institute of Technology, 1210 Vienna, Austria

Abstract—Modern agriculture increasingly relies on high-
capacity wireless links, motivating the use of millimeter-wave
(mmWave) frequencies. However, in greenhouse environments,
dense vegetation creates non-line-of-sight (NLoS) conditions that
block mmWave signals and reduce reliability. Reconfigurable
intelligent surfaces (RIS) can restore coverage by redirecting
energy around obstacles, but their beamforming also changes the
exposure environment. In this work, a realistic 3D greenhouse
model is combined with Sionna ray-tracing at 26 GHz and FDTD
dosimetry on a human model and a bumblebee, a widely used
for insect pollination in commercial tomato cultivation. Results
show that RIS restores blocked links with more than 40 dB SNR
improvement, while human exposure remains well below ICNIRP
2020 limits and insect absorption increases by about four times.
These findings highlight both the communication benefits and
the altered exposure patterns associated with RIS deployment in
smart horticulture.

Index Terms—Propagation, exposure, agriculture, RIS.

I. INTRODUCTION

Greenhouse agriculture increasingly relies on sensing and
automation, which motivates robust, high-capacity wireless
links. Millimeter-wave (mmWave) bands can offer the required
throughput and latency for such applications [1], but their
propagation is vulnerable to blockage and vegetation-induced
scattering/polarization effects typical of greenhouses [2], [3].

Reconfigurable intelligent surfaces (RIS) are proposed to
mitigate non-line-of-sight (NLoS) conditions by steering en-
ergy along favorable paths [4], [5]. While RIS can enhance
coverage, it also redistributes electromagnetic fields within the
environment, which raises questions about exposure for workers
and for pollinators commonly used in greenhouses. Human
exposure at mmWave frequencies is generally superficial and
regulated by international guidelines, whereas insects can show
frequency-dependent absorption linked to body dimensions [6],
(71, [8].

This paper examines RIS-controlled propagation and expo-
sure in a greenhouse scenario at 26 GHz. We employ a realistic
3D greenhouse model for site-specific ray tracing to obtain
multipath propagation properties, then map those fields to finite-
difference time-domain (FDTD) simulations for dosimetric on
a human head phantom and on a bumblebee model. Our goal is
to evaluate both propagation and exposure in RIS-assisted smart
horticulture, linking connectivity performance with dosimetric
outcomes.
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Fig. 1: Top view of greenhouse with device placement: TX at entrance,
RX behind 10th row (NLoS, 32.9 m), and RIS in central corridor with
LoS to TX. Inset: perspective view.

II. METHODS

A. Scene and Geometry

A parametric greenhouse model is generated in Blender
v4.5.1 (Stichting Blender Foundation, Amsterdam) and exported
to Sionna via the Mitsuba add-on [9]. The geometry is based on
typical industrial greenhouse layouts and dimensions [10], with
an overall size of 75X 75x 10 m. Plants are distributed along 20
rows of crop beds to reproduce the growth pattern of greenhouse
tomatoes, which are commonly cultivated with vertical support
wires guiding the main stem upward and enabling tall canopies
[11]. Randomized rotation and size were applied to individual
plants to ensure variability and avoid artificial corridors.

Electromagnetic properties of glass, concrete, and metal are
taken from the ITU-R P.2040-3 database [12] as implemented
in the Sionna [13] materials library, while vegetation parameters
were assigned from literature values reported for 20-30 GHz
[14]. The resulting geometry captures realistic blockage and
foliage scattering while remaining computationally feasible.



B. Ray Tracing and Link-Level Evaluation

Propagation is simulated using Sionna v0.19.2 [13] at 26 GHz
with a 200 MHz bandwidth.

The TX is mounted near the ceiling at the greenhouse
entrance, approximately 5m above the ground. The RX is
positioned behind the 10th vegetation row at a height of about
2m and more than 30 m away from the TX, without direct
line-of-sight. A RIS panel is installed in the main corridor at a
comparable height to the TX, maintaining line-of-sight (LoS)
to it and oriented toward the RX, as summarized in Table 1.

The TX employed a 4 x4 TR 38.901 planar array (V-pol) with
directional beamforming toward the RIS, while the RX was a
single-element antenna (V-pol). The RIS was a 100x 100 dense
grid of elements with \/2 spacing (corresponding to an aperture
of approximately 0.58 x0.58 m at 26 GHz). It operated in phase-
gradient reflector mode, with its phase profile optimized to
redirect the incoming energy from the TX toward the RX.

Two scenarios were evaluated for comparison: a no-RIS
case including only natural multipath components (reflection,
diffraction, and scattering), and a RIS-assisted case including
these plus the RIS-assisted path. The link budget was obtained
from the coherent sum of all received paths, accounting for
antenna gains and RIS-assisted reflections. The corresponding
received power P, was then used to calculate the signal-to-
noise ratio (SNR) relative to the thermal noise floor, with
No =kTB (T = 290K, B = 200 MHz).

This configuration was deliberately chosen to create a chal-
lenging non-line-of-sight (NLoS) link behind dense vegetation,
where natural multipath is weak and unstable. Placing the
RX behind the 10th row ensured strong attenuation, while
positioning the RIS in the main corridor with LoS to both
TX and RX provided a plausible deployment site within a
greenhouse. The use of a large-scale 100 x 100-element RIS
was intended to clearly expose the RIS-assisted path and to
establish a workflow for identifying and quantifying engineered
multipath in comparison to natural scattering.

The angular distribution of incoming paths at the RX was
also recorded, allowing us to quantify the spread of arrival
angles. This captures the variability of normal multipath
compared to the highly directional RIS-assisted path, which is
relevant for both interference and exposure analysis.

C. FDTD Dosimetry

Multipath components from Sionna (Fig. 2A) were imported
into Sim4Life v9.0 (ZMT Zurich MedTech, Switzerland) as
coherent plane waves, with direction, amplitude, and phase
[15] preserved and amplitudes scaled from path gains using
free-space impedance. Because per-path polarization was not
available, all paths were assigned vertical polarization at the
RX plane for consistency. Two phantoms were evaluated. For
humans, the Duke adult male model from the IT’IS Virtual
Family [16] was used. Only the head was simulated, since
at 26 GHz penetration depth is below 1 mm and exposure is
confined to superficial tissues [17]. Electromagnetic properties
were assigned from the IT’IS database [18].

TABLE I: Configuration of devices in the Sionna greenhouse simula-
tion

Parameter Value

Carrier frequency 26 GHz, 200 MHz bandwidth

Transmitter (TX) Planar array, 4 X 4 elements, 0.25\
spacing, V polarization

Receiver (RX) Single-element dipole antenna, V
polarization

TX coordinates (0, —35, 5) m

RX coordinates (=17, =5,2) m

Transmit power Py 24 dBm

RIS coordinates 4, —5,5 m

RIS configuration 100 x 100 element grid

TX-RX distance ~ 329 m

TX-RIS distance ~ 30.4 m

RIS-RX distance ~ 13.6 m

TX-RIS-RX path length | ~ 44.0 m

For insects, a 15 mm worker bumblebee (Bombus terrestris)
was reconstructed from a Sketchfab [19] photogrammetry
model, rescaled for anatomical accuracy, and modeled as a
homogeneous phantom with dielectric parameters representative
of the exoskeleton reported in [20] (e, = 14.3, o = 18.8 S/m).
Cubic source regions of 300 x 300 x 300 mm? and 40 x 40 x 40
mm? were defined around the human head and insect models,
respectively (Fig. 2B,C). In all cases, the phantoms were
centered within their respective cubic source regions at the
RX coordinates, reflecting realistic RIS-assisted propagation
conditions. Grid resolution was set to 1.0 mm for the human
head and 0.05 mm for the bumblebee, reflecting anatomical
scale and computational feasibility.

Each phantom was simulated at four orientations relative
to the RIS (0°, 90°, 180°, 270°). To assess the impact of
propagation components, two configurations were considered:
a no-RIS case including only normal multipath (reflection,
diffraction, scattering), and a RIS case including these plus the
RIS-assisted component.

Exposure metrics differed for the human and insect. For
humans, only the head was simulated, since at 26 GHz
penetration depth is below 1mm [17]. We evaluated the
localized head-averaged specific absorption rate (SAR), the
peak spatially averaged surface power density S,p, over a 4 cm?
area in line with ICNIRP guidelines [17], and the absorbed
power P,s (W). For insects, we used the total absorbed power
P.ps and whole-body SAR.

III. RESULTS AND DISCUSSION

A. Propagation

In the baseline (no RIS) greenhouse scenario, no line-of-
sight (LoS) path was observed due to dense vegetation blocking
the direct signal. Multipath was dominated by foliage-induced
scattering (134 paths, strongest —75.6 dB), while diffraction
was marginal (12 paths, —103.6 dB) and reflection negligible
(7 paths, —117.2 dB). As a result, the coherent SNR at the
RX was only 2.3 dB over 200 MHz—insufficient for reliable
connectivity.
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Fig. 2: FDTD setup. (A) RX position with incoming paths and example
cubic source region. (B) Human head phantom (Duke) in the 300 x
300 x 300 mm® region. (C) Bumblebee model in the 40 x 40 x 40 mm®
region.
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Fig. 3: Channel impulse response showing the per-path RMS amplitude
|a| as a function of delay 7. The RIS-assisted path (yellow) arrives
slightly later than the earliest multipath components due to its longer
TX-RIS-RX distance, but dominates with the highest amplitude.
Scattering contributions (purple) are numerous but weaker, while
diffraction (green) and reflection (red) are negligible.

When the RIS is activated, a new strong controllable path
appears, dominating over all natural multipath contributions,
as shown in the channel impulse response of Fig. 3

Analysis of arrival directions confirmed this picture. Natural
multipath components arrived over a very wide azimuth
spread (oa, ~ 90°) for both scattering and diffraction, with
reflections similarly weak and diffuse (Fig. 2A). In contrast,
the RIS-assisted path was narrowly concentrated (oa, ~ 15°),
providing a deterministic, high-gain beam that minimized
destructive interference at the RX.

Employing a large-scale 100 100-element RIS, this provided
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Fig. 4: Coverage map of path gain (dB) at 2m height with 0.1 m cell
resolution, including all multipath components. A strong RIS-assisted
path is visible along the row at Y = —4.95m.

a coherent gain of 43.5 dB relative to the baseline, boosting
the SNR to 45.8 dB and restoring a robust link (Fig. 4).

These propagation trends are consistent with prior studies of
radio transmission through vegetation, where scattering often
dominates in NLoS conditions at high frequencies. Vegetation
is known to cause strong attenuation and diffuse scattering
of mmWave signals, making direct reflection paths weak or
absent [21], [3], [14].

In greenhouse-like environments with extensive glass sur-
faces and minimal supporting structure, reflection contributions
tend to be low due to glass’s modest reflectivity at mmWave
frequencies [22]. The metal support beams might produce
occasional diffraction or localized scattering, but their effect is
small compared to foliage-induced scattering.

Overall, the propagation environment is governed by foliage
scattering, which is both weak and highly variable with wind,
moisture, and seasonal morphology [23]. In contrast, RIS panels
provide a far more stable [24] and controllable alternative
for shaping the propagation environment. For greenhouse
monitoring and automation, where stable connectivity is critical,
the deterministic RIS path provides robustness unavailable from
foliage scattering alone.

1) Human head: At 26 GHz, the RIS case increases the
absorbed power and surface-averaged density compared to
the no-RIS baseline, but all values remain far below ICNIRP
limits (10 W/m?2, 0.08 W/kg whole-body) [17]. No substantive
differences are observed between head orientations.

Specifically, the absorbed power rises from 3.83 x 107 W
without RIS to 9.92 x 10~ W with RIS, while the surface-
averaged density Sy (4cm?) increases from 5.94 x 1074 to
1.39 x 10~3 W/m?. The localized head-averaged SAR similarly
remains negligible, increasing from 5.47 x 107% to 1.42 x
10~7 W/kg. All these values are more than 10° x below ICNIRP
limits.
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Fig. 5: |E| on a head XY slice at 26 GHz. No-RIS (left) vs. RIS
(right); identical setup and color scale (=50 to 0dB re 1 V/m).

These findings align with prior RIS-assisted studies: RIS
boosts local fields, yet human exposure remains within safety
limits [25], [26]. At 26 GHz, absorption is skin-limited (pen-
etration depth below 1 mm) [17], hence ICNIRP (2020) uses
the 4 cm? peak surface power density above 6 GHz [17]. As
shown in Fig. 5, fields are surface-confined in both no-RIS
and RIS cases; the RIS mainly increases surface magnitude,
not depth.

2) Insect: For the bumblebee model, the RIS amplified
absorption by approximately 2.5-4x compared to
natural multipath. Total absorbed power increased
from (1.07-1.72)x1072W in the no-RIS case to
(2.28-6.29)x 102 W with RIS, while the whole-body SAR
rose from (1.54-1.58)x10~% to (3.86-4.00) x 10~* W/kg.

Orientation played a clear role: when the bumblebee faced
the RIS, the absorbed power reached 6.29x1072W with
a whole-body SAR of 4.00x10~*W/kg, compared to only
2.28x1072W and 3.86x10"*W/kg when the insect was
oriented away from it. This occurs because elongated bodies
couple more efficiently when their long axis is aligned with
the incident electric field [8], [27].

Figure 6 illustrates how the RIS concentrates fields, creating
localized high-intensity regions (bright yellow areas in panels
2A-2B) that are absent in normal multipath propagation. Unlike
humans, insects are not covered by exposure guidelines [28].

Our findings suggest that RIS panels, while beneficial for
connectivity, may create local exposure hotspots [29] that
insects encounter repeatedly during foraging flights. Such
altered exposure patterns could influence flight behavior or
pollination efficiency [30], potentially resulting in economic
losses linked to reduced pollination services [31]. These aspects
warrant further investigation.

IV. CONCLUSION

This work combined realistic greenhouse modeling with
ray tracing and FDTD simulations to evaluate RIS-assisted
mmWave links. We show that RIS restores connectivity in
blocked links and improves received power by over 40 dB. At
the same time, RIS alters the exposure environment: human
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Fig. 6: Electric field distribution at 26 GHz for the bumblebee model.
(1A) Field slice for the no-RIS path. (2A) Field slice for the RIS-
assisted path. (1B) Surface field distribution for the no-RIS path.
(2B) Surface field distribution for the RIS-assisted path. All plots use
the same color scale (-60 to -30dBV/m, reference 1 V/m). Model
reference [19]

exposure remains far below international safety limits, while
insect absorption increases by about four times depending on
orientation. These results illustrate a trade-off—RIS enhances
smart farming connectivity but may also influence pollinator
exposure—highlighting the need to assess both communication
performance and ecological impacts when deploying RIS in
greenhouses.

Future work will investigate exposure across different RIS
deployments to better quantify potential ecological effects.
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