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Abstract—Absorbed power density is an important dosimetric
quantity above 6 GHz under the 2020 International Commission
on Non-Ionizing Radiation Protection (ICNIRP) guidelines. Its
assessment in a real indoor environment requires spatial field
distributions. Measurements are sparse and phaseless, while
simulations require validation against measurements. We cal-
ibrate a ray-tracing digital twin of a stairwell in an office
building using phaseless 28 GHz robotic measurement scans. The
calibration constrains the geometric and material parameters to
realistic ranges and uses only training measurements. Separate
held-out planes test the selected model. The calibrated digital
twin reproduces the broad spatial distribution and the strongest
interference spacings on every held-out plane. We then use its
complex field for in-situ dosimetry on an anatomical phantom
walking through the room. For a milliwatt-class source, the peak
whole-body specific absorption rate is 6.7 × 10−8 W/kg and the
peak absorbed power density over 4 cm2 is 1.5 × 10−5 W/m2.
These results show that phaseless scans can validate a digital
twin for indoor exposure assessment.

Index Terms—Digital twin, 28 GHz, phaseless calibration, blind
validation, indoor exposure, absorbed power density, ray tracing

I. INTRODUCTION

Absorbed power density (APD) is an important dosi-
metric quantity above 6 GHz under the 2020 International
Commission on Non-Ionizing Radiation Protection (ICNIRP)
guidelines [1]. Indoor compliance assessment needs spatial
field distributions. Single-point measurements and free-space
calculations cannot provide them [2], [3]. Robotic scan-
ning with a calibrated electric-field probe at millimeter-wave
(mmWave) frequencies can produce accurate phaseless ampli-
tude maps [4]. The method is slow (31 hours for five planar
slices of an 85×40×70 cm domain at 28 GHz [4]) and covers
only the scanned positions. The fields between and beyond the
measured planes, and the absorption on a person in the room,
cannot be obtained from the scan alone.

Ray tracing predicts indoor mmWave fields from geome-
try and material properties [5], [6]. Material parameters at
28 GHz are available from standards [7] and channel mea-
surements [8]. Hybrid approaches combine simulated and
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measured fields for exposure assessment [9], [10]. Equivalent-
current methods reconstruct sources from near-field scans and
compute power density [11]. However, both approaches need
a simulation or reconstruction that measurements verify.

No existing method has shown that a simulation with
physical parameters can reproduce phaseless mmWave mea-
surements in a real indoor environment. Without validation,
the accuracy of digital-twin exposure estimates is unknown. A
model with many free parameters can fit measurement artifacts
instead of physical structure. Agreement on training measure-
ments alone does not show that the model will reproduce
unseen measurements.

This letter makes three contributions. First, we calibrate
a digital twin of a real indoor environment using phaseless
28 GHz scans. The calibration varies about ten geometric
parameters, including the antenna pose and scan-frame align-
ment, together with the material properties. Each measurement
plane is held out in turn, while only the remaining planes select
the model. The digital twin reproduces the main spatial power
distribution and strongest interference spacings on the held-
out planes. Second, the magnitude data identify the direction
of the largest missing arrival and associate it with a periodic
metal railing. Third, we use the calibrated digital twin for real
in-situ surface absorbed power dosimetry. We compute whole-
body specific absorption rate (SARwb) and peak absorbed
power density averaged over 4 cm2 (APD4 cm2 ) for a person
walking through the room, including the CENELEC three-
height body average. Section II describes the measurement
configuration, calibration method, and exposure computation.
Section III presents the blind validation and exposure results.

Fig. 1 shows the configuration used for the measurement
and exposure assessment.

II. METHODS

A. Configuration

Figs. 1a and 1b show the measurement and its digital twin.
The stairwell has concrete walls and a metal railing. It is a
realistic indoor environment without significant clutter. The
transmitter is a four-element 28 GHz phased array fed through
a Butler matrix [12], with port 3 driven [13]. A three-axis robot
with sub-mm positioning carries a calibrated Narda uniaxial
electric-field probe (26.5–29.5 GHz) [14] through five planes
of an 85×40×70 cm volume at λ/4 resolution [4]. The probe
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Fig. 1. Configuration of the 28 GHz measurement and its digital twin. (a) The three-axis robot scans five planes in the stairwell. (b) The digital twin contains
the measured antenna pattern, room geometry, measurement plane, and Duke phantom. (c) The adult male phantom walks 3.2 m through 22 positions from
the marked start to end, past the robot and scan volume toward the transmitter.

axis and the modeled field component are aligned with the
room’s y-direction. The five scans took 31 hours. One plane
(x=40 cm) is excluded from all scores because its repeatability
at the intersection of two scans is low (r ≤ 0.32, versus ≈
0.9 for the other planes). The scans contain a multiplicative
instrument response and a timing offset that depends on scan
direction. Both are corrected before comparison [4].

The room geometry comes from an accurate architectural
model. Material classes (concrete, masonry, plaster) have
electromagnetic parameters constrained to standard ranges [7].
The antenna radiation pattern is obtained from an anechoic-
chamber measurement [13]. Movable equipment is not mod-
eled. The stair railing is present in the traced scene as flat
metal, but its grating-like diffraction falls outside specular ray
tracing.

B. Calibration

The power delivered to the antenna is not measured directly
because losses in the source chain are unknown. The compar-
ison metrics are scale-invariant. For exposure, the simulated
field is scaled to the absolute probe amplitude on the training
planes. The digital twin has approximately ten continuous
pose parameters (antenna position and orientation, scan-frame
alignment, probe offset, pattern roll) and eight material pa-
rameters (permittivity and conductivity for each of four wall
classes). All parameters are constrained to physically realistic
ranges [7]. The ray tracer uses single-bounce specular paths.

Three comparison metrics test different spatial scales. First,
we correlate the measured and predicted field magnitude after
Gaussian smoothing with a standard deviation of 2λ. This
metric measures the broad spatial power distribution. Second,
we define the beat spectrum as the mean magnitude spectrum
of the scan rows within the physical interference band from
0.35 to 2.05 cycles per wavelength. It measures interference
spacing and is unchanged by a spatial shift. Third, raw Pearson
correlation measures point-by-point agreement. The parameter
search uses the smoothed-field correlation because raw corre-
lation has a local optimum at every λ/4 of position error.

The final selection uses the beat spectrum to test interference
structure without requiring exact spatial alignment.

Table I lists the four held-out planes and their scores.
The model is ranked on training planes only. Ranking on
held-out planes produced candidates with negative training
correlation, which is data leakage. The held-out data test the
selection but never select the model. This separation gives
blind validation. Each of the four remaining measurement
planes is held out in turn. The selected candidate maximizes
the sum of the smoothed-field and beat-spectrum correlations
on the training planes. In a synthetic test with known ground
truth, the same procedure ranked the correct answer first
among 41 candidates [4].

C. Exposure Computation

Fig. 1c shows a top view of the realistic walking scenario.
An adult male walks 3.2 m through the field of the 28 GHz
transmitter. The calibrated digital twin provides the full com-
plex field over this walk. At 28 GHz, the skin depth is a
fraction of a millimeter [15], so absorption occurs near the
body surface. At each walk position, the ray tracer samples
the incident field on a Huygens box around the anatomical
phantom. Love’s equivalence principle transfers this field to
the body surface [16]. Fresnel transmission and directional
self-shadowing then give SARwb and APD4 cm2 on the posed
Duke phantom [17]. The 4 cm2 averaging area is the ICNIRP
2020 basic restriction for local exposure from 6 to 300 GHz.
We also report APD over 1 cm2 as an informative quantity.
The 1 cm2 criterion applies above 30 GHz, where its limit
is twice the 4 cm2 value. Following the CENELEC in-situ
protocol, we also form a body-representing vertical average
from incident power-density samples at 1.1, 1.5, and 1.7 m
above the floor [18], [19].

III. RESULTS

A. Validation

Fig. 2 shows the validation on the held-out y=40 cm plane.
Table I lists the blind validation scores on all four held-out

planes. The beat-spectrum correlation ranges from +0.55 to
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(a) Measured |E| on the held-out plane.
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(c) Normalized beat spectrum.

Fig. 2. Blind validation on the held-out y=40 cm plane. (a) Measured field magnitude in dB, normalized to its maximum. (b) Pearson correlation after
Gaussian smoothing. Black is the mean of the training planes and red is the held-out plane. (c) Measured and predicted beat spectra, each normalized to its
maximum.

TABLE I
VALIDATION ON MEASUREMENT PLANES HELD OUT IN TURN. PEARSON

CORRELATIONS COMPARE MODEL AND MEASUREMENT ON EACH
HELD-OUT PLANE. THE SMOOTHED-FIELD METRIC USES A GAUSSIAN

STANDARD DEVIATION OF 2λ.

Held-out plane Smoothed |E| Beat spectrum Raw

x=0 +0.19 +0.57 +0.08
y=0 +0.53 +0.55 +0.13
y=20 cm +0.67 +0.75 +0.20
y=40 cm +0.56 +0.79 +0.17

Mean +0.49 +0.66 +0.15

+0.79, smoothed-field correlation from +0.19 to +0.67 (mean
+0.49), and raw correlation is positive on every held-out plane.
The agreement grows monotonically with smoothing, so the
smoothed-field correlation can be made as high as desired
if the smoothing scale is not fixed. The Gaussian standard
deviation is fixed at 2λ for these scores.

Fig. 2b shows how averaging affects the correlation. The
value for the held-out plane rises from +0.17 without smooth-
ing to +0.57 at the scored scale (2λ) and +0.65 at 4λ. The
training-plane mean follows the same trend at higher values.
The green band marks the ICNIRP 1–4 cm2 averaging aper-
tures. Fig. 2c shows that the strongest interference spacings
are well predicted: the beat spectrum of the held-out plane has
a correlation of +0.79. The measured field has two to three
times as much fine-scale variation as the model, consistent
with interference from non-specular paths that the model does
not include.

Adding second-bounce specular paths and diffuse scattering
both increase the smoothed-field correlation but reduce the
beat-spectrum agreement to near zero. Material parameters
close to a perfect electric conductor (PEC) produce the op-
posite result: the beat-spectrum agreement increases, but the
smoothed-field agreement decreases. A smoothed-field metric
alone cannot separate agreement in the broad power distribu-
tion from agreement in the interference pattern. Therefore, the
search uses the smoothed field and the selection uses the beat
spectrum. These tests show that the held-out beat-spectrum
correlations in Table I measure interference agreement.

On every scan plane, the two-dimensional beat spectrum
isolates one measured interference pair absent from the model.
A two-ray arrival model places the missing scatterer at el-
evation +26° to +30°, azimuth ≈ ±95° from the antenna
boresight. This direction points to the stair railing (Fig. 1c), a
periodic metal grating with pitch ≈ 9.3λ. The grating cannot
be modeled by specular ray tracing and is the digital twin’s
main known limitation. Confirming this attribution requires
wave-capable modeling of the grating or a controlled absorber
measurement.

B. Exposure

Fig. 3 shows the exposure along the realistic walk in Fig. 1c.
We use the digital twin selected without the y=40 cm plane
(Table I). The 3.2 m path runs from the marked start, past
the scan volume, to within 0.47 m of the antenna. At each of
22 positions, the ray tracer exports the complex electric-field
Jones vectors on the Huygens box. The source-chain losses
were not measured, so the power delivered to the antenna is
unknown. The exposure calculation instead uses the absolute
field magnitude measured by the probe. This is a milliwatt-
class source.

The peak APD4 cm2 is 1.5 × 10−5 W/m2 and the peak
SARwb is 6.7 × 10−8 W/kg, both over 60 dB below the
ICNIRP 2020 general-public basic restrictions (20 W/m2

and 0.08 W/kg, respectively). The peak APD1 cm2 is 1.5 ×
10−5 W/m2. Its ratio to the 4 cm2 value is 1.01, which shows
that the incident field is smooth at centimeter scale on the
body surface, consistent with the scan-plane result in Fig. 2b.
The three-height average peaks at 4.2× 10−4 W/m2, which is
44 dB below the 10 W/m2 whole-body incident-power-density
reference level. Exposure is maximized near the antenna,
where direct and reflected paths add. Both quantities drop by
two to three orders of magnitude in the scanner shadow, where
the direct path is blocked. The exposure values scale linearly
with radiated power.

On the held-out y=40 cm plane, the model under-predicts
local power by a median of 1.9 dB (−0.8 to +4.9 dB, 5th–95th
percentile). We recompute the exposure walk with each of the
four selected models, one for each held-out plane. The peak
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Fig. 3. Exposure along the 3.2 m walk for a milliwatt-class source. The left
axis gives APD4 cm2 and APD1 cm2 . The right axis gives SARwb. Dashed
lines above the break mark the ICNIRP 2020 general-public basic restrictions.
The inset shows surface Sab at the maximum.

APD4 cm2 spans 7 dB across these models, from 1.5×10−5 to
7.6× 10−5 W/m2. The worst-case model is still 54 dB below
the general-public basic restriction. Both the local-power error
(≤ 5 dB) and the parameter spread (∼7 dB) are small compared
to this margin.

IV. CONCLUSION

We calibrated a ray-tracing digital twin of a real indoor
room on phaseless 28 GHz scans and validated it with blind
held-out planes. The digital twin predicts the held-out inter-
ference beat spectra with Pearson correlation +0.55 to +0.79
across four held-out planes. The magnitude data also identify
the direction of the largest missing arrival. The digital twin,
combined with Huygens-box surface dosimetry, gives SARwb

and APD4 cm2 for a person walking through the room. For
a milliwatt-class source, both quantities remain over 54 dB
below the general-public basic restrictions.

This work shows that phaseless scans can validate a dig-
ital twin for indoor exposure computation at 28 GHz when
separate measurements select and test the model. The main
limitation is the specular ray model, which cannot represent
the periodic railing. Future work will consist of wave-capable
modeling of such structures and tests in larger environments.
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