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SUMMARY

The increasing use of millimeter-wave (mmWave) technologies in greenhouse environments raises questions
regarding electromagnetic exposure of biological organisms, including insect pollinators and humans. While
international exposure guidelines exist for humans at mmWave frequencies [1], no reference levels are
available for insects, motivating quantitative exposure assessment under realistic propagation conditions.

This work models mmWave propagation using ray tracing in a realistic three-dimensional tomato green-
house. The resulting propagation data are then used to drive full-wave FDTD exposure simulations, quan-
tifying insect absorbed power (𝑃abs) and human absorbed power density (APD) at 26 GHz. The scene
is modeled, accounting for vegetation that blocks direct paths and creates predominantly non-line-of-sight
(NLoS) propagation.

Propagation scenarios include (i) an isotropic transmitter without a reconfigurable intelligent surface
(RIS), (ii) a directional transmitter with a RIS, and (iii) a line-of-sight (LoS) upper-bound reference case.

Under isotropic NLoS conditions without RIS, exposure levels are extremely low, with insect 𝑃abs on
the order of 10−14–10−12 W and human APD in the range of 10−16–10−13 W/m2. RIS-assisted directional
illumination enables a stable TX–RIS–RX propagation path, restoring path gains close to the LoS reference
while yielding lower exposure levels than direct LoS illumination. In this case, insect 𝑃abs increases to
10−10–10−8 W, while in the LoS reference case localized maxima approach 10−6 W; human APD remains
in the 10−12–10−9 W/m2 range, several orders of magnitude below ICNIRP 2020 reference levels.

These results show that exposure is mainly governed by propagation, and that RIS-assisted systems
restore connectivity while keeping exposure low.

INTRODUCTION

Smart greenhouse environments increasingly incorporate wireless sensing, automation, and monitoring
systems operating at microwave and millimeter-wave frequencies (mmWave) [2]. These technologies enable
high-throughput data exchange for applications such as plant monitoring, robotics, and digital-twin-based
control, but also introduce new electromagnetic exposure scenarios in biologically active environments.

Greenhouses are occupied by both insect pollinators and human workers. While international exposure
guidelines exist for humans at mmWave frequencies [1], no exposure limits or reference levels are defined for
insects. Existing studies have investigated electromagnetic exposure of insects under free-space conditions
[3], but exposure inside densely vegetated greenhouse environments—where propagation is dominated by
scattering, blockage, and strong spatial inhomogeneity—has not been systematically addressed.

Reconfigurable intelligent surfaces (RISs) enable controlled reshaping of mmWave fields in obstructed
environments by manipulating the phase and direction of reflected wavefronts [4]. Beyond connectivity en-
hancement, RISs allow exposure-aware field shaping, and recent work has shown that RIS-assisted network



planning can reduce human electromagnetic field exposure at the system level [5]. However, the impli-
cations of RIS-assisted field focusing for biologically relevant exposure metrics under realistic greenhouse
propagation conditions remain largely unexplored.

In this work, RIS technology is not evaluated as a deployment or layout optimization solution. Instead,
an intentionally idealized RIS configuration is used to explore conservative exposure conditions within
RIS-assisted operation by maximizing coherent field focusing, and to compare them against an overall upper-
bound LoS reference case. This approach allows us to assess the highest plausible exposure levels for both
insects and humans under realistic greenhouse propagation constraints, providing a reference framework for
future exposure-aware system design.

METHODS

Electromagnetic exposure is assessed using a two-stage simulation framework that couples deterministic
propagation modeling with full-wave dosimetric analysis. Millimeter-wave propagation is simulated at
26 GHz, selected as a representative frequency within the mmWave band commonly considered for industrial
and agricultural wireless systems.

Propagation setup:
A 75 × 75 × 10 m tomato greenhouse containing 22 crop rows is procedurally modeled in Blender 4.5 and
analyzed using the Sionna [6] ray-tracing framework (v0.19). A transmitter (TX) with an output power of
20 dBm is placed at the greenhouse entrance, and 440 receiver (RX) positions are distributed within the crop
canopy in NLoS with TX to represent both potential insect and human exposure locations. Reconfigurable
intelligent surface (RIS) is composed of a 30 × 30 element array and is placed in the center corridor in line
with each row. Propagation scenarios include isotropic transmitter without RIS assistance and directional
transmitters with RIS assistance (Fig. 1).

In addition to the greenhouse propagation scenarios, a line-of-sight (LoS) reference case is evaluated by
placing a directional transmitter at the RIS location. This configuration removes vegetation-induced blockage
and provides an upper-bound reference for achievable path gains and resulting electromagnetic exposure.

For each receiver position, the multipath components generated by Sionna are ranked by path gain, and the
five strongest paths are retained. The elevation and azimuth angles, delays, and path gains of these dominant
components are exported and used to define incident plane-wave excitations in subsequent finite-difference
time-domain (FDTD) simulations. The receiver positions used in the ray-tracing simulations are taken as
the spatial reference for the dosimetric analysis.

Exposure:
Full-wave electromagnetic simulations are performed using Sim4Life v9.0 (ZMT Zurich MedTech, Switzer-
land). All incident fields are simulated using unit-amplitude plane waves (1 V/m), allowing absorbed
quantities to be rescaled afterward based on the ray-tracing-derived path gains to obtain realistic exposure
levels.

Two exposure phantoms are considered. Insect exposure is evaluated using a photogrammetry-based
model of a flying Bombus terrestris worker [7], represented as a homogeneous dielectric model, while
human exposure is assessed using an anatomically realistic human head model from the IT’IS Foundation
database [8]. For insects, total absorbed power (𝑃abs) is computed, whereas for the human model absorbed
power density averaged over 4 cm2 (APD4cm2) is evaluated, enabling comparison with established ICNIRP
reference levels.

The complete workflow linking deterministic ray-tracing results to full-wave dosimetric simulations is
summarized in Fig. 2.
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Figure 1: Overview of the simulated greenhouse environment and exposure modelling framework. (A) Side
view of the tomato greenhouse structure used for ray-tracing simulations. (B) Top view of the 75 × 75 m
greenhouse containing 22 vegetation rows separated by a central corridor. The transmitter (TX, red) is
located at the corridor entrance, while receiver (RX, blue) positions are distributed as 10 RXs per row on
both sides of the corridor (440 total). The reconfigurable intelligent surface (RIS), positioned along the
central corridor with line-of-sight to both TX and RX rows, is shown in yellow. (C) Illustration of dominant
propagation mechanisms at an RX position under RIS-assisted illumination, highlighting scattering from
vegetation and controlled reflection from the RIS that forms a coherent TX–RIS–RX path. (D) Exposure
phantoms used in the full-wave simulations together with their Sim4Life excitation domains: a human head
model and a flying Bombus terrestris worker, each embedded in a cubic source region (300 mm and 40 mm
side length, respectively) used to define the incident plane-wave excitation.
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Step 1: Sionna Ray-Tracing
Extract dominant multipath components:

AoA (𝜃, 𝜙), delays 𝜏, path gain 𝐺path
(retain 1–5 strongest paths)

Step 2: Full-wave Reference Simulation (Sim4Life/FDTD)
Convert delays 𝜏 → 𝜓 = 2𝜋 𝑓 𝜏

1 V/m plane-wave excitation with (𝜃, 𝜙, 𝜓)
Output (unit amplitude):

Insect: 𝑃FDTD
abs (W) Human: APDFDTD

4cm2 (W/m2)

Step 3: Field Scaling
Compute received power: 𝑃rx = 𝑃tx 𝐺path

Compute incident field amplitude: 𝐸real =
√︁

2𝜂0𝑃rx

Step 4: Realistic Exposure Metrics
Apply quadratic scaling (∝ |𝐸 |2):

Insect: 𝑃real
abs =

(
𝐸real

1 V/m

)2
𝑃FDTD

abs

Human: APDreal
4cm2 =

(
𝐸real

1 V/m

)2
APDFDTD

4cm2

Figure 2: Workflow of the Sionna-to-Sim4Life exposure modeling pipeline for insects and humans. Ray
tracing provides dominant path parameters used to define plane-wave excitations in full-wave simulations
performed at unit amplitude (1 V/m). The resulting absorbed metrics (total absorbed power for insects
and APD4cm2 for humans) are subsequently rescaled using the path-gain-derived incident field amplitude to
obtain realistic exposure levels.

RESULTS

Propagation characteristics:
In the baseline scenario without RIS support, mmWave propagation inside the greenhouse is dominated by
weak, incoherent scattering from dense vegetation. No line-of-sight (LoS) paths exist between transmitter
and receivers, and the strongest multipath components originate from occasional reflections on metallic
ceiling structures. As a result, coherent path gains are extremely low and highly variable.

When the RIS is illuminated by a directional transmitter, the dominant propagation mechanism shifts.
The strongest paths consistently originate from the RIS itself, forming a deterministic TX–RIS–RX link
that provides substantially higher and more stable path gains than isotropic transmission. This behavior
is confirmed by the path-gain distributions, which show an increase of more than 50 dB from isotropic
transmission (median ≈ −120 dB) to RIS-assisted directional illumination (median ≈ −65 dB).

As an upper-bound reference, a LoS scenario is evaluated by placing a directional transmitter directly
at the RIS location. This configuration yields the highest achievable path gains, with median values around
≈ −55 dB. While the LoS case consistently exceeds the RIS-assisted scenario, the difference remains
limited, indicating that RIS-assisted directional propagation can restore connectivity while remaining below
the exposure levels associated with direct transmitter placement.
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Insect exposure:
The propagation behavior directly translates into insect-scale exposure. In the absence of RIS support,
absorbed power in the Bombus terrestris model remains extremely low (10−14–10−12 W), reflecting the weak
and diffuse incident fields.

When the RIS is illuminated directionally, coherent field focusing produces absorbed power levels of
10−10–10−8 W for most receiver positions. These elevated levels are spatially confined and arise from
engineered phase coherence rather than global field enhancement. In the LoS reference case, absorbed
power reaches localized maxima approaching 10−6 W. The LoS reference scenario produces higher absorbed
power than the RIS-assisted case, confirming that RIS focusing does not exceed the exposure associated with
direct transmitter placement.

Human exposure:
For the human head phantom, absorption is strongly confined to superficial tissues, primarily the skin,
consistent with the shallow penetration depth of mmWave fields at 26 GHz. Deeper tissues exhibit negligible
absorption. This superficial absorption behavior and the use of absorbed power density (APD4cm2) as
the relevant dosimetric quantity above 6 GHz are consistent with established human exposure assessment
frameworks [9].

Under isotropic illumination, absorbed power density averaged over 4 cm2 (APD4cm2) remains extremely
low, with values typically in the range of 10−16–10−13 W/m2, reflecting the weak and incoherent incident
fields inside the greenhouse. RIS-assisted directional illumination leads to a systematic increase in APD due
to coherent field focusing, with most receiver positions exhibiting values between 10−12 and 10−9 W/m2. As
an upper-bound reference, the LoS scenario yields the highest absorbed power densities, reaching values on
the order of 10−9–10−8 W/m2.

Across all simulated scenarios, APD4cm2 values remain several orders of magnitude below the reference
levels specified in the ICNIRP 2020 guidelines for human exposure at mmWave frequencies. Even under
the conservative, high-end RIS focusing and LoS reference conditions, human exposure remains negligible
from a regulatory perspective.
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Figure 3: Comparison of electromagnetic exposure across propagation scenarios (log scale). (A) Insect
exposure expressed as total absorbed power 𝑃abs for a Bombus terrestris worker model. (B) Human exposure
expressed as absorbed power density averaged over 4 cm2 (APD4cm2) for an anatomically realistic human
head model. Three illumination scenarios are considered: “Isotropic”, representing the baseline case
dominated by weak, incoherent scattered multipath; “RIS+Dir TX”, corresponding to RIS-assisted directional
illumination producing localized field focusing; and “LoS”, denoting an upper-bound reference scenario with
a directional transmitter placed at the RIS location. For insects, absorbed power is computed directly from
full-wave simulations scaled by path gains. For humans, APD values simulated at unit-amplitude plane-wave
excitation are rescaled using dominant propagation gains to represent realistic exposure levels. In both cases,
the several-orders-of-magnitude separation between scenarios highlights the dominant role of propagation
coherence and field focusing in determining exposure, rather than transmit power alone.

CONCLUSIONS

This study shows that dense vegetation in greenhouse environments operating at mmWave frequencies
(26 GHz) blocks direct signal paths and creates predominantly non-line-of-sight (NLoS) propagation condi-
tions, resulting in weak path gains and negligible exposure under isotropic operation.

RIS-assisted directional illumination enables the formation of a stable TX–RIS–RX link that raises path
gains to usable levels while remaining below the upper-bound line-of-sight (LoS) reference case. Direct
LoS illumination produces the highest exposure levels, with human absorbed power density reaching up to
10−8 W/m2, whereas RIS-assisted illumination results in lower values, typically in the 10−12–10−9 W/m2

range. Across all scenarios, human exposure remains several orders of magnitude below the ICNIRP 2020
reference levels.

Insects exhibit a similar dependence on propagation conditions, with absorbed power on the order
of 10−14–10−12 W under isotropic NLoS conditions and increasing to 10−10–10−8 W under RIS-assisted
illumination, with localized maxima approaching 10−6 W in the LoS reference case. In the absence of
established exposure guidelines for insects at mmWave frequencies, further biological studies are required
to assess potential implications in agricultural environments.
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