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Abstract—Millimeter-wave (mmWave) links in greenhouses are
challenged by dense vegetation, which blocks line-of-sight and
produces scattering-dominated channels. We present a hybrid ray-
tracing (RT) to full-wave finite-difference time-domain (FDTD)
framework to jointly assess propagation and exposure at 26 GHz in
a realistic tomato-greenhouse geometry. RT simulations (Sionna)
were performed for 440 receiver (RX) locations and the dominant
multipath components were mapped to a coherent multiplane-wave
excitation in FDTD (Sim4Life) to compute absorbed metrics for
a Bombus terrestris model (total absorbed power) and a human
head phantom with absorbed power density averaged over 4 cm²
(APD4cm2 ). For isotropic transmission, the mean coherent path
gain of approximately −122 dB corresponds to a noise-limited
regime, with insect absorbed power typically in the 10−14–10−12 W
range. With directional illumination, a reconfigurable intelligent
surface (RIS) increases the mean coherent path gain by approxi-
mately 56.9 dB relative to the isotropic baseline and narrows the
central 90% gain interval to approximately [−76,−50] dB and pro-
duces substantially stronger location-dependent optimized links;
the resulting insect absorbed power is typically 10−10–10−8 W and
reaches 1.5 × 10−6 W under the strongest optimized RX condition.
Human exposure remains below 10−4 W/m2 in all scenarios, is
confined to superficial tissues, and remains more than 53 dB below
the international commission on non-ionizing radiation protection
(ICNIRP) 2020 general-public local basic restriction. The results
quantify the connectivity gains of RIS-assisted mmWave links in
vegetation-dense layouts and the spatial variability of the corre-
sponding optimized propagation and exposure conditions.

Index Terms—electromagnetic field (EMF) exposure, finite-
difference time-domain (FDTD), ray-tracing (RT), reconfigurable
intelligent surface (RIS).

I. INTRODUCTION

M ILLIMETER-WAVE (mmWave) systems are increas-
ingly considered for industrial and agricultural automa-

tion [1], [2]. Together with directional arrays, emerging field-
shaping technologies, such as reconfigurable intelligent sur-
faces (RISs), can strongly modify the spatial distribution of
the electromagnetic field. While this can restore coverage in
blocked conditions, it also motivates exposure and compliance
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assessment because field control may create localized power-
density hotspots depending on the configuration.

Greenhouses provide a challenging propagation environment
for such systems. Dense vegetation and structural clutter attenu-
ate and scatter mmWave signals, often eliminating line-of-sight
(LoS) and producing highly variable multipath channels [3], [4],
[5], [6]. RISs have been proposed to re-establish connectivity by
engineering reflections when LoS is blocked, especially when
combined with directional illumination [7]. RIS control has also
been discussed as a means to reshape exposure by steering
energy away from selected regions [8], [9], [10].

At mmWave frequencies, energy deposition in tissue is pre-
dominantly superficial [11]. For local exposures above 6 GHz,
recent guidelines and standards define surface-related dosimet-
ric and reference quantities, including absorbed and incident
power density (APD/IPD), for human exposure assessment [12],
[13], [14], [15], [16], [17]. Accordingly, APD4cm2 is com-
monly used for human exposure evaluation and comparison with
guideline-based limits [12], [14], [18], [19].

Full-wave simulations are routinely applied to quantify
mmWave exposure for directive fields and anatomical mod-
els [18], [19], [20]. However, full-wave modeling of an entire de-
ployment environment is generally computationally impractical.
Hybrid ray-tracing (RT)-finite-difference time-domain (FDTD)
methods address this limitation by separating the problem into an
environment-scale propagation stage and a local full-wave stage.
In this framework, RT efficiently characterizes the site-specific
propagation channel, whereas FDTD resolves the interaction of
the incident fields with the exposed body or object in the region
where full-wave accuracy is required [21], [22], [23].

This principle has been applied to human exposure assess-
ment by coupling RT-derived channel information to anatomical
FDTD simulations for massive multiple-input multiple-output
(MIMO) deployments and user-induced coupling [22], [24],
[25]. In these studies, reliability was assessed through method-
ological verification, numerical-error and convergence analy-
ses, sensitivity studies, and comparison with expected physical
propagation behavior. The approach was subsequently applied
to realistic indoor exposure assessment at 3.5 and 28 GHz,
including absorbed power density at mmWave frequencies [26],
and more recently extended to a hybrid RT/QuaDRiGa–FDTD
workflow using a Huygens-box interface for realistic 28 GHz
outdoor exposure assessment [23].

Related work also addresses compliance-oriented estimation
of IPD at quasi-mmWave and mmWave frequencies [27], [28],
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[29], [30], uncertainty-aware exposure evaluation [31], and re-
alistic indoor deployments combining propagation and dosime-
try [25], [32], [33].

For insects, previous dosimetry studies have shown that
absorbed power can increase substantially with frequency in the
GHz-to-mmWave range [34], [35], [36]. At the same time, cur-
rently used exposure limits and reference quantities are defined
for human protection, and insect-specific protection criteria are
not established. Therefore, in the present work, the insect model
is evaluated using total absorbed power as a dosimetric outcome
rather than a compliance metric [12], [37].

Despite this progress, hybrid propagation-to-dosimetry stud-
ies in agricultural environments remain largely unexplored.
Greenhouses introduce specific propagation challenges, includ-
ing vegetation blockage, canopy-dependent attenuation, struc-
tural clutter, and uncertainty in plant geometry and material
properties. Moreover, RIS-assisted field shaping has not yet been
evaluated within this hybrid exposure framework. Previous hy-
brid RT–FDTD exposure studies have also focused primarily on
human exposure, whereas absorbed power in small nonhuman
organisms, such as insects, remains unaddressed. The present
work extends the established hybrid methodology to jointly
evaluate RIS-assisted propagation, human surface exposure,
and insect absorbed power in a vegetation-dense greenhouse
environment.

In this work, we combine greenhouse-scale RT with full-wave
FDTD at 26 GHz to connect propagation and exposure in a
realistic vegetation-dense layout. We 1) quantify link statistics
across 440 locations for isotropic, RIS-assisted directional, and
LoS reference illumination, 2) translate dominant multipath
parameters into full-wave simulations to quantify exposure for
both a human head phantom (APD4cm2 , enabling comparison
with guidelines) and a small-body model (total absorbed power),
using a Bombus terrestris bumblebee as a representative pollina-
tor commonly present in commercial tomato greenhouses, and 3)
characterize upper bound, location-dependent propagation and
exposure conditions using RIS configurations optimized for each
receiver (RX).

II. METHODS

A. Greenhouse Geometry and Material Modeling

A 3-D greenhouse environment was created in Blender v4.5.1.
The geometry follows representative industrial layouts, span-
ning approximately 75 × 75 × 10 m and containing 22 tomato
crop rows arranged symmetrically around a central corridor (see
Fig. 1).

The vegetation was represented as a homogeneous effective
medium.

B. RT Setup

All propagation simulations were run in Sionna RT
v0.19.2 [38] at 26 GHz with 200 MHz bandwidth.

LoS propagation, specular reflection, diffuse scattering,
diffraction, and RIS-assisted propagation were enabled.
Transmission or refraction through scene objects was not

included because it was not available as a separate propagation-
path option in the Sionna RT v0.19.2 version used. The maxi-
mum path depth was set to 8, allowing up to eight propagation
interactions per computed path.

Receivers were modeled as isotropic (1 × 1) in Sionna;
therefore, reported path gains correspond to isotropic reception.

1) Transmitter (TX) Placement and Configuration: The TX,
with a conducted power of 20 dBm (0.1 W), was placed at
(x, y, z) = (0, 0, 5)m at the greenhouse entrance [see Fig. 1(b)].
This position was selected to cover a range of propagation
conditions across the RX grid rather than as the result of an op-
timization over alternative TX locations. The TX–RX distance
ranges from 7.23 to 74.53 m. With the TX at a height of 5 m
and the RXs at 2 m, the corresponding elevation angles range
from approximately −24.5° to −2.3°. The RX positions extend
across both crop blocks and 22 crop-row indices, providing
different azimuth directions and progressively greater vegetation
blockage with distance from the greenhouse entrance.

Two operating modes were used as follows.
• Isotropic radiator: Omni-directional, vertically polarized.
• Directional TR 38.901 (standardized third generation part-

nership project (3GPP) TR 38.901 antenna radiation pat-
tern [39]) 4 × 4 array: vertically polarized elements, 0.5λ

spacing, beam-steered toward the active RIS.
The isotropic radiator has 0 dBi peak gain, whereas the 4 × 4

array combines the TR 38.901 element pattern (about 8 dBi
peak) with a 16-element array factor (about 12 dB), yielding
an approximate 20 dBi peak gain; thus, for the same con-
ducted transmit power, the directional mode increases equivalent
isotropically radiated power (EIRP) by roughly 20 dB relative
to the isotropic case.

2) TX-at-RIS Upper Bound Reference: In addition to the
baseline and RIS-assisted scenarios, we simulated a LoS upper
bound reference to represent the best achievable channel gain
in this greenhouse geometry when blockage is removed. In this
reference, the same directional TX configuration (TR 38.901
4 × 4 array, vertical polarization, Ptx = 20 dBm, and beam
steering) was used, but the TX was placed at the RIS location
(i.e., at the same coordinates and height as the RIS panel in each
snapshot). The beam was then steered directly toward the active
RX.

This LoS reference does not represent a practical deploy-
ment with many TXs, but provides a physically meaning-
ful upper bound for the considered links. It serves as an
upper bound benchmark to quantify the gap between RIS-
assisted links and direct LoS illumination under identical TX
settings.

This configuration is referred to as a LoS reference throughout
this article, i.e., a direct-illumination upper bound obtained by
collocating the TX with the RIS position.

3) RIS Placement and Electromagnetic Model: The RIS was
implemented using Sionna RT’s dedicated RIS class as one RIS
device with a 30 × 30 unit-cell grid. The RIS is therefore not
inserted into the scene as 900 separate metallic mesh objects.
However, the unit cells are individually represented in the RIS
calculation through their positions and programmed amplitude
and phase values. Sionna constructs RIS-assisted TX–RIS–RX
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Fig. 1. Simulated greenhouse and exposure workflow. (a) Side view of the tomato greenhouse used for RT. (b) Top view of the 75 m × 75 m layout, showing
the vegetation rows and central corridor. The coordinate origin is located at the transmitter (TX) position at the greenhouse entrance. The +y-direction follows
the central corridor toward the greenhouse interior, while the +x-direction is transverse to the corridor; the z-axis is vertical. The TX is shown in red, the 440 RX
positions in blue, with 20 RXs per crop-row index, and the 22 alternative RIS candidate positions in yellow. Only one RIS candidate position was active in each RT
snapshot. (c) Example RX under RIS-assisted illumination, showing vegetation scattering and RIS reflection forming a coherent TX–RIS–RX path. (d) Full-wave
phantoms and excitation domains: human head (300 mm cube) and Bombus terrestris worker (40 mm cube) under plane-wave incidence. .

components through the individual cell positions, and the re-
sulting cell-level contributions are combined coherently in the
calculation of the reradiated field.

With λ/2 unit-cell spacing at 26 GHz, the resulting aperture
is 17.3 cm × 17.3 cm.

The unit cells follow Sionna’s radiation mode 1, with ideal
phase-only reflection, unit amplitude, and no mutual coupling;
nonideal reflection losses and distortions are therefore ne-
glected [40], [41]. The RIS height was set to 4 m, above the
vegetation adjacent to the central corridor.

The RIS was configured through a combination of mechanical
orientation and electronic phase control, and was reconfigured
independently for each evaluated RX position (one simula-
tion snapshot per RX). For every RX location, the RIS was
mechanically rotated so that its surface normal aligned with
the angular bisector of the TX→RIS and RIS→RX directions.
The element phases were then computed deterministically from
the known TX/RX/RIS geometry using a closed-form phase-
gradient model (ideal lens steering the reflected field toward
that RX assuming perfect knowledge of the RX position).

This per-RX mechanical orientation and phase optimiza-
tion represents an idealized upper bound for the con-
sidered RIS-assisted configurations. It maximizes coherent
TX–RIS–RX coupling and field localization within the modeled
RIS framework, whereas the direct LoS reference remains the
direct-illumination upper bound benchmark.

Only one RIS panel was active in each simulation snapshot.
The 22 yellow markers in Fig. 1(b) represent alternative candi-
date positions for this panel along the central corridor, rather than
22 simultaneously active RISs. For each RX, only the candidate
position associated with the corresponding crop-row index was
activated and configured toward that RX. The candidate posi-
tions were located at a height of 4 m. Each candidate position
was associated with 20 RX locations, with ten RXs on each side
of the corridor, giving 440 RX positions in total. The directional
TX beam was steered toward the active RIS candidate position.

The RIS configurations are denoted according to their me-
chanical orientation and electronic phase control. RIS (M-RX/P-
RX) denotes the optimized configuration used in the exposure
analysis, in which both the mechanical orientation and the

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: AIT Austrian Institute of Technology. Downloaded on September 03,2026 at 04:46:35 UTC from IEEE Xplore.  Restrictions apply. 



4 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY

phase profile were recalculated separately for each RX. RIS
(M-Fix/P-RX) denotes a constrained configuration in which
one mechanical orientation was retained within each row-side
group, while the phase profile was recalculated for each target
RX. In RIS (M-Fix/P-Fix), both the mechanical orientation
and the phase profile were fixed toward the farthest RX in the
corresponding row-side group.

In all configurations, the directional TX beam was steered
toward the active RIS candidate position rather than directly
toward the individual RX. Because each candidate position
was associated with 20 RX locations, the TX beam direction
remained unchanged for all RXs associated with that candidate
position.

4) Receiver Distribution: A total of 440 RX positions were
distributed across 22 crop-row indices. For each index, 10 RX
positions were placed on each side of the central corridor, giving
20 RX positions per index. The RXs were placed at a height of
2 m, with 3 m spacing between consecutive positions along each
row.

Rows were labeled A–V in increasing order of distance from
the TX, with row A closest to the TX and row V farthest away.
Within each row, the 20 RX positions were numbered from 1 to
20 when viewed from the TX. Positions 1–10 were located on
the left side of the central corridor, and positions 11–20 on the
right side.

In the modeled greenhouse layout, the RIS–RX separation
spans 5.61–32.62 m, while TX–RX distances range from 7.23
to 74.53 m.

C. Bounding Assumptions and Worst-Case Interpretation

To bound field localization within the modeled RIS frame-
work, the RIS configuration was optimized per RX (snapshot-
by-snapshot) to maximize coherent TX–RIS–RX coupling. The
resulting exposure levels represent an idealized upper bound
for the considered RIS configurations, rather than an upper
bound relative to other passive or active reflecting solutions.
Additional bounding and modeling assumptions include ideal
phase-only RIS reflection with unit amplitude, homogeneous
vegetation dielectric parameters, and the local representation of
each retained RT component as an equivalent plane wave at the
phantom location.

D. Phantoms: Geometry, Materials, and Resolution

Each RX position defines one simulation snapshot for
exposure: the phantom domain was centered at the RX location
and illuminated using an equivalent multiplane-wave excitation
derived from the dominant RT multipath components for that
RX.

1) Insect: A Bombus terrestris worker was reconstructed
from a high-resolution photogrammetry model [42] [see
Fig. 1(d)]. The phantom preserves the external morphology of
the photogrammetry model but was treated as homogeneous
because segmented internal anatomy and species-specific di-
electric data at 26 GHz are not currently available. Measured
honeybee dielectric properties were used as the closest available
proxy, with nominal values of εr = 6.70 and σ = 9.4 S/m [43].

Fig. 2. Workflow of the RT to full-wave exposure pipeline. Dominant paths
define a coherent multiplane-wave excitation; normalized FDTD outputs are
scaled to physical absorbed metrics using E2

0 .

The sensitivity to the assumed dielectric properties was
evaluated by varying εr and σ independently by ±50%
around their nominal values, resulting in nine parameter
combinations. Across these cases,Pabs ranged from 1.67× 10−8

to 2.21× 10−8 W, compared with 2.04× 10−8 W for the nominal
case. This corresponds to differences from −18.1% to +8.3%
relative to the nominal result. This analysis quantifies sensitivity
to the dielectric properties only; the uncertainty introduced by
the homogeneous representation of the internal anatomy was not
evaluated separately.

The phantom was placed in a 40 × 40 × 40 mm3 source
region [see Fig. 1(d)]. Insect FDTD simulations used a spatial
resolution of Δ = 0.08 mm.

For the insect model, exposure was quantified as total ab-
sorbed power Pabs, since the 4 cm2 spatial-averaging area used
for human APD metrics is not meaningful at insect scale.

2) Human: The human phantom was based on the IXI
Heads V1.0 model provided by the IT’IS Foundation [44].
Frequency-dependent dielectric properties for each tissue were
assigned according to the IT’IS tissue parameter database. For
the human head, APD4cm2 was computed as a surface-averaged
absorbed power density over 4 cm2 on the exposed skin region to
enable comparison with established exposure limits at mmWave
frequencies.
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For each human-head snapshot, the reported APD4cm2 cor-
responds to the peak absorbed power density averaged over a
contiguous 4 cm2 skin-surface area, as computed in Sim4Life
using the same anatomical orientation across all snapshots.

The human head was simulated in a dedicated source region of
300×300×300 mm3 [see Fig. 1(d)]. Human FDTD simulations
used a spatial resolution of Δ = 1 mm.

This head-only modeling choice is consistent with recent
mmWave dosimetry studies that evaluate local APD/IPD-related
quantities on anatomical head or nonplanar body models, where
the focus is on local surface exposure above 6 GHz rather than
whole-body absorption [14], [15], [18], [19], [20]. In the present
work, the IXI head serves as a representative anatomically
realistic nonplanar human surface for local dosimetric compar-
ison while keeping the RT-to-FDTD workflow computationally
tractable across all simulation snapshots.

The FDTD domains were terminated on all six sides us-
ing Sim4Life absorbing boundaries with the uniaxial per-
fectly matched layer (UPML)/convolutional perfectly matched
layer (CPML) method and medium boundary strength. Time
steps were selected automatically from the final nonuni-
form grids according to the Courant–Friedrichs–Lewy (CFL)
stability condition. The insect and human-head grids con-
tained 318 × 724 ×217 cells (approximately 50 million) and
510 × 474 × 539 cells (approximately 130 million), respec-
tively.

Duration sensitivity was evaluated from 5 to 60 periods for
the insect model and from 5 to 40 periods for the human-head
model. The insect Pabs at 60 periods differed by 0.43% from
the 15-period result. For the human head, the results from 15 to
40 periods remained within 0.29% of the 30-period reference.
Production simulations therefore used 15 periods for the insect
model and 30 periods for the human-head model.

E. RT to FDTD Workflow

The coupling between the RT analysis in Sionna and the full-
wave simulations in Sim4Life followed a four-step workflow
(see Fig. 2).

This field-to-dosimetry coupling follows the same general
rationale as hybrid exposure-assessment workflows in which
field quantities are first estimated and then used as excitation
for full-wave dosimetry models [45], [46], [47].

1) Step 1–Extraction and Selection of Multipath Compo-
nents: For each TX–RX and TX–RIS–RX pairing, Sionna re-
turned the complete extracted multipath set, which was ranked
in descending order of path gain. The strongest path was always
retained. Each subsequent path was retained when its gain was
within 10 dB of the previously retained path, up to a maximum of
five paths. The five-path limit was introduced to keep the number
of simultaneous plane-wave sources in each FDTD simulation
computationally manageable.

The effect of this truncation was evaluated at all 440 RX
positions by comparing the coherent gain calculated from the
retained path set with that obtained from the complete extracted
path set. For the RIS-assisted directional case, the median abso-
lute difference was 0.049 dB and the 95th-percentile difference

was 0.992 dB. For the direct-LoS reference, the corresponding
differences were 1.247 and 5.594 dB, while for the isotropic-
TX/no-RIS case they were 0.556 and 6.195 dB, respectively. The
five-path limit therefore introduced only a small difference for
most RX positions in the main RIS-assisted case, although larger
differences occurred at some positions in the reference cases and
were included in the sensitivity and uncertainty assessment.

The extracted coherent path gainGpath,i includes the selected
TX radiation pattern (isotropic or TR 38.901 array) and the prop-
agation effects modeled by Sionna RT, with isotropic reception
at the RX.

2) Step 2—FDTD Simulation With Coherent Superposition
of Retained Paths: Full-wave simulations were performed in
Sim4Life v9.0 (ZMT Zurich MedTech, Switzerland). For each
RX snapshot, the retained multipath components were modeled
in a single FDTD simulation by superposing multiple plane-
wave excitations. For each path i, incidence angles (θi, φi)
obtained from Sionna were applied directly in the FDTD excita-
tion, consistent with the ray directions arriving at the RX/source
region [see Fig. 1(c)] and the RT-to-FDTD workflow (see Fig. 2),
using vertical linear polarization consistent with the TX polar-
ization.

Each retained RT component was represented locally at the
RX position by a plane-wave excitation. Across all extracted
paths, the minimum distance between the RX and the final
interaction point was 0.942 m, corresponding to approximately
82 wavelengths at 26 GHz. For the strongest path at each RX,
the minimum distance was 1.073 m and the median distance was
10.06 m. The strongest components were therefore not generated
by objects located immediately next to the phantom.

Propagation delays were not implemented as time-domain
shifts, since doing so would require prohibitively long excitation
windows. Instead, each path delay τi was converted into an
equivalent phase offset

ψi = 2πfτi (1)

valid under the narrowband steady-state assumption at 26 GHz.
The plane waves were combined coherently by assigning each
excitation its phase offset ψi.

For numerical convenience, the excitation amplitudes were
normalized such that the maximum resulting plane-wave root-
mean-square (rms) amplitude equals 1 V/m, while preserving
the relative amplitudes across paths.

Each plane-wave source i was assigned an rms amplitude
proportional to the field estimate from Step 3, i.e., Esim

i,rms =

Ei,rms/E0,rms, so that maxiE
sim
i,rms = 1 V/m (rms). Key simu-

lation parameters are summarized in Table I.
3) Step 3—Map Path Gain to Incident Field (Isotropic RX

Reference): For each retained path i, Sionna provides the co-
herent power gain Gpath,i for an isotropic (1 × 1) receiver. The
received power captured by the isotropic RX is

Prx,i = Ptx Gpath,i (2)

where Ptx is in watts.
To map Prx,i to an equivalent incident plane wave at the

phantom location, we compute the IPD Si using the effective
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TABLE I
SUMMARY OF KEY PARAMETERS USED IN THE RT TO FDTD WORKFLOW

aperture of an isotropic receiver

Aiso =
λ2

4π
, Si =

Prx,i

Aiso
. (3)

This provides an equivalent free-space plane-wave represen-
tation of the retained path at the phantom location, expressed
through the isotropic effective aperture, and is used here as
a computational bridge between RT path gains and full-wave
excitation amplitudes [27], [28], [29].

Assuming a plane wave in free space, the corresponding rms
electric-field amplitude is

Ei,rms =
√
η0Si (4)

where η0 is the free-space wave impedance.
4) Step 4—Scaling of Normalized FDTD Outputs: For

numerical convenience, the multiplane-wave excitation in
Sim4Life was normalized such that the maximum rms am-
plitude across the retained paths equals 1 V/m. Let E0,rms =
maxiEi,rms denote the physical maximum rms amplitude for
that RX snapshot. Since absorbed quantities scale with |E|2,
the normalized FDTD outputs are converted to physical levels
as

P real
abs = E2

0,rms P
FDTD
abs , APDreal

4cm2 = E2
0,rms APDFDTD

4cm2 . (5)

F. Exposure Metrics and Reference Quantities

Exposure was evaluated using two metrics suited to different
body scales. For the human head, APD4cm2 denotes the peak
absorbed power density averaged over a contiguous square 4 cm2

region of the exposed skin surface. This corresponds to the ab-
sorbed power density quantitySab used in the international com-
mission on non-ionizing radiation protection (ICNIRP) 2020
local basic restrictions, rather than to IPD. Sim4Life calculates
this absorbed quantity directly; no conversion from incident to
absorbed power density was applied.

At 26 GHz, the ICNIRP 2020 local basic restrictions for Sab

are 20 W/m2 for general-public exposure and 100 W/m2 for
occupational exposure, averaged over 6 min and over a square
4 cm2 body-surface area [12]. The general-public restriction
was used for the main comparison because a greenhouse may
be accessible to visitors, tourists, customers, bystanders, and
workers who are not exposed under controlled occupational con-
ditions. The occupational restriction applies to adults exposed
under controlled conditions who are informed and trained about
the applicable radiofrequency (RF) exposure risks. This may
include trained technical staff, installers, maintenance person-
nel, researchers, farmers, or greenhouse workers when those
controlled occupational conditions are satisfied.

The simulations represent steady-state narrowband exposure.
For comparison with the ICNIRP restriction, each snapshot
was conservatively treated as if the simulated field level were
maintained over the full 6-min averaging period.

For the bumblebee model, total absorbed power (Pabs) was
reported because averaging over 4 cm2 is not meaningful
at insect scale and insect-specific protection criteria are not
established [12], [37]. The reported absorbed quantities can be
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scaled to other transmit powers by the square of the incident
electric-field amplitude, or linearly with IPD, as described in
Section II-E.

G. Sensitivity and Uncertainty Considerations

Sensitivity was evaluated separately for the RT, RT–FDTD
coupling, and FDTD stages.

For the RT stage, the number of ray samples, random seed, and
maximum path depth were varied. With 4 × 106 ray samples, all
440 RX positions had at least one path above the user-defined
−300 dB postprocessing threshold. Across five random seeds,
the median coherent gain varied by 0.77 dB. Increasing the
maximum path depth from 8 to 10 changed the global median
coherent gain by 0.34 dB. In the isotropic case, the position-
specific absolute differences had a median of 3.01 dB and a 95th
percentile of 15.90 dB.

For the RT–FDTD coupling, retaining the five strongest paths
in the RIS-assisted directional case produced a median absolute
coherent-gain difference of 0.049 dB and a 95th-percentile dif-
ference of 0.992 dB relative to the complete RT path set. The
effect on the absorbed quantities was evaluated by comparing
the K = 5 and K = 10 retained-path sets with K = 20 as the
FDTD reference. ForK = 5, the maximum absolute differences
in the dominant and isotropic cases were 1.46% and 18.84%,
respectively, for insect Pabs, and 1.71% and 19.93% for human
APD4 cm2 . ForK = 10, the corresponding differences decreased
to 0.81% and 6.30% for the insect model and 0.76% and 6.90%
for the human-head model.

For the FDTD stage, grid-resolution sensitivity was evaluated
for both phantoms. The maximum mean difference was 2.84%±
0.57% for insect Pabs and 2.75%± 0.68% for human APD4 cm2 .
The insect simulation-duration effect was 0.43% between the
15- and 60-period simulations. For the human-head model, the
results from 15 to 40 periods remained within 0.29% of the
30-period reference, and the 30- and 40-period results differed
by 0.02%.

For the homogeneous insect model, varying εr and σ in-
dependently by ±50% changed Pabs from −18.1% to +8.3%.
A separate dielectric-property sweep was not performed for
the human head because the heterogeneous phantom uses
tissue-specific, frequency-dependent properties from the IT’IS
database.

III. RESULTS AND DISCUSSION

A. Propagation Results and Implications for Exposure

We first compare four propagation scenarios to quantify how
vegetation blockage, transmit directivity, and RIS-assisted re-
flections reshape the coherent channel gain inside the green-
house: (A) isotropic TX without RIS (baseline), (B) isotropic
TX with RIS, (C) directional 4 × 4 TX with RIS, and (D) a
directional TX placed at the RIS location (LoS reference).

In the baseline (A), no receiver has LoS due to vegeta-
tion blockage. Propagation is therefore dominated by diffuse
foliage-induced components. The mean coherent channel gain is
−122.1 dB, with deep fades below−160 dB. ForPtx = 20 dBm,

Fig. 3. Boxplot comparison of the coherent path-gain distributions in decibels
across the four propagation scenarios defined in the legend. Outliers are omitted
for visual clarity. Isotropic illumination provides only modest RIS-assisted
improvement, whereas directional illumination enables coherent RIS-assisted
propagation approaching the TX-at-RIS LoS reference.

a 200 MHz bandwidth, and a 10 dB noise figure, the noise
power is approximately−81 dBm. The corresponding mean and
median signal-to-noise ratios (SNRs) are −21.1 and −18.4 dB,
respectively, confirming operation in a noise-limited regime.

Adding the RIS under isotropic illumination (B) yields only
modest improvement. The mean coherent gain increases from
−122.1 dB to −109.3 dB (median −119.4 dB to −110.4 dB),
i.e., ≈12.7 dB on average, but the distribution remains broad.
This behavior is consistent with weak and spatially inconsis-
tent illumination of the RIS aperture, which reduces effective
coherent reradiation.

In contrast, when the RIS is illuminated by the directional
4 × 4 TX (C), the gain distribution shifts upward and becomes
markedly more stable. The mean coherent gain improves to
−65.2 dB (median −66.3 dB), corresponding to ≈56.9 dB im-
provement relative to the isotropic baseline (A). The central 90%
interval tightens to approximately [−76, −50] dB, indicating
a dominant and more deterministic TX–RIS–RX contribution.
The LoS reference (D) provides an upper bound with mean
−53.2 dB; the average gap between (C) and (D) is 12 dB,
showing that, under strong illumination, the RIS can recover
most of the benefit of a direct LoS-like link.

These propagation results provide the physical basis for the
exposure trends reported next: isotropic illumination yields low
incident field levels dominated by diffuse multipath, whereas
RIS-assisted directional illumination strengthens a dominant
component and produces strong location-dependent optimized
gains at selected RX positions. The coherent path-gain distribu-
tions for the four propagation scenarios are compared in Fig. 3.

The observed scenario ordering is consistent with prior studies
showing that exposure-relevant field levels depend strongly on
deployment geometry, source directivity, and the degree of de-
terministic coupling in the propagation channel, rather than only
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on transmitted power [25], [29], [32]. In particular, the present
results support the view that field-shaping mechanisms can in-
crease local peak levels by strengthening dominant components,
while the effect remains spatially dependent and closely tied to
illumination efficiency of the reflecting structure [8], [9], [27].

To quantify the spatial variability of the evaluated propaga-
tion conditions, the peak-to-spatial-average coherent-gain ratios
were 19.85, 21.12, and 16.20 dB for the isotropic-TX/no-RIS,
isotropic-TX/RIS, and directional-TX/RIS scenarios, respec-
tively. The corresponding numbers of RX positions within 3 dB
of the maximum were 4, 3, and 4, while theP95 adjacent-location
variations were 9.18, 9.25, and 8.46 dB/m. The two isotropic
configurations reached their maximum at B11, 9.2 m from
the TX, whereas the directional-TX/RIS configuration reached
its maximum at F11, 19.9 m from the TX. Because the RIS
configuration was optimized independently for each RX, these
metrics characterize location-dependent optimized links rather
than one simultaneous field distribution or physical hotspot area.

B. Exposure Results: Insect and Human Metrics

Exposure simulations were performed for the isotropic base-
line, the optimized RIS-assisted directional configuration [RIS
(M-RX/P-RX)], and the LoS reference. The constrained RIS
(M-Fix/P-RX) and RIS (M-Fix/P-Fix) configurations were eval-
uated at the RT stage only and were not propagated to FDTD.
The isotropic-TX/RIS case was also not propagated to FDTD
because its propagation gains remained close to the weak-field,
diffuse regime and did not alter the qualitative exposure ordering
relative to the baseline.

Insect absorbed Power: Across the three illumination sce-
narios, insect absorption spans several orders of magnitude.
In the isotropic baseline, absorbed power is extremely small
(median 1.2 × 10−14 W; mean 1.5 × 10−12 W; maximum
1.8 × 10−10 W), consistent with the weak and diffuse fields
observed in the propagation results. Under RIS-assisted direc-
tional illumination, Pabs increases markedly: most values fall
in the 10−10–10−8 W range (mean 2.92 × 10−8 W; median
3.07 × 10−9 W), with a maximum of 1.5 × 10−6 W for the
strongest optimized RX condition. The LoS reference yields
Pabs in the 10−8–10−7 W range (mean 1.9 × 10−7 W), providing
an upper bound benchmark without vegetation blockage.

These results show that RIS-assisted field control does not
uniformly increase absorption across the greenhouse; instead,
it produces substantial location-to-location variation under the
independently optimized RX conditions (see Fig. 4).

The strong spatial variability of Pabs in the RIS-assisted case
is consistent with previous insect dosimetry studies showing
that absorbed power in small flying insects is highly sensitive
to incident field level, frequency, and body geometry [34], [35],
[48]. In contrast to human exposure assessment, these values
should be interpreted as dosimetric indicators rather than com-
pliance quantities, since insect-specific protection criteria are
not currently established [37].

Human Exposure (APD4cm2 ): Human exposure follows the
same scenario ordering as the propagation results: the isotropic

Fig. 4. Boxplot comparison of total insect absorbed power, Pabs, in watts
across the three illumination scenarios defined in the legend. The vertical axis
is shown on a logarithmic scale.

Fig. 5. Boxplot comparison of the human-head absorbed power density aver-
aged over 4 cm2, APD4 cm2 , in W/m2 across the three illumination scenarios
defined in the legend. The vertical axis is shown on a logarithmic scale.

case yields the lowest APD, RIS-assisted directional illumi-
nation yields higher APD due to the strengthened dominant
component, and the LoS reference produces the highest APD
among the three scenarios (see Fig. 5).

The peak APD4cm2 remained below 10−4 W/m2 in every
scenario. Compared with the ICNIRP 2020 general-public local
basic restriction of 20 W/m2, this corresponds to a margin greater
than 2 × 105, or more than 53 dB, under the conservative as-
sumption that the simulated steady-state field level is maintained
throughout the full 6-min averaging period [12]. The results
indicate that configurations, which increase deterministic cou-
pling (directionality and RIS focusing), increase local surface
exposure, but the increase varies among RX-specific optimized
conditions rather than occurring uniformly across locations.

In all cases, absorption is confined to superficial tissues (pri-
marily skin), which is consistent with the shallow penetration
depth at mmWave frequencies and with recent dosimetry studies
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on head and nonplanar body models using APD/IPD- based
assessment above 6 GHz [14], [15], [18], [19]. The observed
increase in APD4cm2 under RIS-assisted directional illumination
is also consistent with the broader finding that local surface
metrics are strongly affected by field incidence conditions and
metric definition when dominant components are present [16],
[17].

Although the LoS reference yields the highest path gain and
exposure, the RIS-assisted directional case recovers most of the
propagation benefit (within 12.0 dB on average) while producing
lower absorbed metrics, indicating a favorable connectivity-to-
exposure tradeoff relative to this upper bound direct-illumination
benchmark.

C. Limitations and Assessment Sensitivities

The FDTD exposure results correspond to the optimized RIS
(M-RX/P-RX) configuration and should therefore be interpreted
as an idealized upper bound for RIS-assisted coupling and field
localization within the considered RIS configurations. This case
assumes perfect geometric knowledge and separate mechanical
orientation and electronic phase optimization for every RX,
while the RIS is modeled as an ideal phase-only reflector with
unit amplitude and no reflection losses or mutual coupling.

To evaluate more constrained operation, additional RT sim-
ulations were performed using fixed mechanical and electronic
configurations. The median coherent path gain decreased from
−66.30 dB for RIS (M-RX/P-RX) to −76.00 dB for RIS (M-
Fix/P-RX) and −106.00 dB for RIS (M-Fix/P-Fix). The corre-
sponding mean gains were −65.20, −75.84, and −105.00 dB,
respectively. Thus, fixing the mechanical orientation reduced
the median gain by 9.70 dB, while fixing both the mechani-
cal orientation and the phase profile reduced it by 39.70 dB
relative to the optimized configuration. These results confirm
that the per-RX configuration used in the exposure analysis
systematically maximizes RIS-assisted coupling. Because the
constrained configurations were evaluated only at the RT stage,
their detailed absorbed-power and absorbed-power-density dis-
tributions were not calculated. Vegetation dielectric properties
and structural variability introduce uncertainty in absolute path
gains and field levels; however, the relative ranking for propa-
gation (isotropic � isotropic+RIS� RIS-assisted directional�
TX-at-RIS reference) is expected to be robust. Exposure was
evaluated for isotropic, RIS-assisted directional, and TX-at-RIS
reference only. In addition, mapping RT outputs to full-wave
simulations relies on truncating the multipath set (10 dB rule).
While this reduces computation, it may underestimate or over-
estimate local maxima depending on the coherence of discarded
components. Future work will incorporate measurement valida-
tion in real greenhouse sections and will evaluate the impact
of RIS nonidealities (reflection loss, phase errors, and finite
control resolution) on both link enhancement and the spatial
distribution produced by fixed or practically constrained RIS
configurations.

These uncertainty sources are consistent with those com-
monly reported in exposure-assessment studies, where geo-
metric variability, source modeling, and material parameters

dominate the uncertainty budget [31]. Future validation with in
situ measurements will also be important to assess the extent to
which the simulated spatial gain patterns persist under nonideal
hardware and environmental variability [33].

D. Relation to Previous Exposure-Assessment Studies

Compared with previous exposure-assessment studies in in-
door deployments, the present work extends the analysis to
a vegetation-dense greenhouse environment, where blockage
and scattering strongly reduce deterministic coupling unless
RIS- assisted directional illumination is used [25], [32]. The
main contribution is not a new exposure metric, but a coupled
propagation-to-dosimetry workflow that quantifies how RIS-
enabled field shaping modifies both human surface exposure
(APD4cm2 ) and insect absorbed power under the same chan-
nel realizations. This joint reporting is particularly relevant in
greenhouse scenarios, where human compliance assessment and
nonhuman dosimetric evaluation may be required simultane-
ously [14], [37].

IV. CONCLUSION

We presented a hybrid RT-to-FDTD framework to jointly
assess mmWave propagation and exposure assisted by a RIS
in a realistic tomato greenhouse at 26 GHz. Dense vegetation
produced a weak diffuse baseline, with a mean coherent channel
gain of approximately −122 dB. Directional illumination of the
RIS increased the mean coherent channel gain by approximately
56.9 dB and approached the LoS upper bound reference.

Under receiver-specific optimized conditions, surface assis-
tance increased exposure by different amounts across the eval-
uated receiver locations. For the Bombus terrestris model, ab-
sorbed power increased from typical baseline values of 10−14–
10−12 W to 10−10–10−8 W under directional surface-assisted
illumination, with a maximum of 1.5 × 10−6W for the strongest
optimized receiver condition. For the human-head phantom, the
absorbed power density averaged over 4 cm2 remained below
10−4 W/m2, more than 53 dB below the 2020 general-public
local basic restriction of the International Commission on Non-
ionizing Radiation Protection.

Compared with the LoS upper bound reference, the surface-
assisted directional configuration retained much of the propaga-
tion benefit while producing lower dosimetric quantities, indi-
cating a favorable connectivity-to-exposure tradeoff in the con-
sidered greenhouse layout. Future work will include nonideal
surface behavior and measurement validation in real greenhouse
sections.
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