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Abstract

The increasing deployment of humanoid robots in indoor environments such as smart
factories, laboratories, offices, and hospitals poses new challenges to millimeter-wave
wireless communication systems. Existing human body obstruction models, while effec-
tive at characterizing pedestrian-induced signal attenuation, are not designed to directly
capture the structural geometry, material composition, and controlled mobility of human-
oid robotic platforms. In this work, we first reproduce a well-established human-body-
based propagation model under comparable indoor conditions and subsequently extend
this hybrid framework to controlled humanoid-based scenarios by combining double
knife-edge diffraction (DKED) with a modified street-canyon reflection model operating
at 28 GHz. Compared to existing human-based studies, the proposed approach explicitly
incorporates the material properties of the humanoid robot’s envelope through a cali-
brated correction factor and accounts for its controlled lateral movements. An indoor
measurement campaign using three programmable humanoid robots was conducted to
evaluate the model. Experimental results show that humanoid robots can reproduce at-
tenuation trends and obstruction dynamics consistent with those reported in prior hu-
man-body blockage studies, while offering improved repeatability and greater experi-
mental control. The proposed framework provides a practical and reproducible tool for
modeling indoor millimeter-wave channels under controlled humanoid-based experi-
mental conditions, in environments involving mobile robotic agents.

Keywords: millimeter-wave propagation; humanoid robots; indoor wireless channels;
DKED; hybrid channel modeling

1. Introduction

The increasingly widespread implementation of the Internet of Things and smart en-
vironments, including robotic platforms such as humanoids [1], is fostering their integra-
tion into indoor spaces for navigation, interaction, and service tasks. These systems often
operate near humans and share the same physical space within connected homes, offices,
factories, or public infrastructure [2,3]. In such contexts, wireless communication systems
enabling ubiquitous connectivity increasingly face new challenges, particularly due to the
dynamic nature of obstacles whose mobility is not considered in traditional modeling
frameworks [4,5]. Existing indoor propagation models primarily account for static obsta-
cles such as office furniture, factory machinery, or conference rooms, as well as human-
body blockages despite their physical complexity [6-8]. Human-based models have
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proven effective in capturing shadowing and diffraction effects caused by body move-
ments with irregular contours and heterogeneous geometry. These characteristics make
human bodies inherently more difficult to model than most robots. By contrast, humanoid
robots generally exhibit rigid and regular geometries with predictable surface features,
and they use materials whose reflective or absorptive properties are intentionally selected
and well characterized. These structural and electromagnetic differences raise the ques-
tion of whether existing human-based models remain applicable when robotic agents are
present in dynamic indoor scenes.

This work aims to address this gap by evaluating whether humanoid robots can serve
as controlled and repeatable blockers exhibiting attenuation trends comparable to those
reported for human subjects in the characterization of indoor wireless channels. A previ-
ously developed hybrid propagation model, combining DKED with a Street-Canyon ap-
proach originally designed for multiple human blockers [9-11], is adapted here to a 28-
GHz indoor scenario involving humanoid agents. This frequency band is consistent with
current millimeter-wave deployment strategies in emerging 5G and 6G systems, where
accurate characterization of blockage effects is critical for link reliability [11]. To better
visualize the measurement environment used in this study, Figure 1 illustrates the exper-
imental scenario involving humanoid robots.

Figure 1. Indoor measurement scenario involving three humanoids positioned on a calibrated grid.
The central humanoid represents the main line-of-sight (LOS) blocker, while the two lateral human-
oids emulate moving obstacles following predefined lateral trajectories toward the LOS in discrete

position increments at different distances.

An important contribution of this work is to demonstrate that humanoid robots can
reproduce human-like attenuation trends reported in prior human-body blockage studies
under controlled conditions, while providing improved repeatability and geometric sta-
bility compared to human subjects. The methodology relies on the hybrid propagation
model introduced in [11], originally designed for human-induced blockage, and extends
it to scenarios involving humanoid robots as obstacles. The approach combines DKED to
characterize the effect of a static central humanoid blocking the line-of-sight (LOS) and a
street-canyon-inspired reflection model to capture multipath reflections generated by lat-
erally moving humanoids. An extensive campaign of controlled measurements was
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conducted in an indoor environment at 28 GHz using three programmable humanoid ro-
bots positioned along the Tx—Rx link. The measured data were compared with MATLAB
(R2024b, The MathWorks, Inc., Natick, MA, USA) simulations to validate the proposed
model.

While the proposed approach builds upon an existing human-based hybrid propa-
gation framework, its contribution goes beyond a simple parameter retuning for robotic
platforms. This work introduces a controlled and reproducible experimental framework
using programmable humanoid robots, enabling systematic isolation of geometric diffrac-
tion effects from material-dependent interactions. By explicitly incorporating the human-
oid shell material properties through a calibrated correction factor and validating the
model in a multi-obstacle NLoS configuration [9-11], the study establishes a physically
grounded extension of human-body blockage models toward repeatable robotic channel
characterization. The rest of this paper is organized as follows. Section 2 develops the hy-
brid propagation framework, combining DKED for the static central humanoid with a
Street-Canyon-inspired specular component for lateral moving obstacles, and presents the
unified formulation. Section 3 describes the 28-GHz indoor testbed, robot and equipment
configurations, and the controlled measurement campaign. Section 4 reports the results,
comparing simulated predictions to normalized measurements and analyzing discrepan-
cies, particularly the impact of secondary reflections. Finally, Section 5 presents conclu-
sions and outlines directions for extending the model to richer dynamics and material
effects.

2. Materials and Methods

2.1. Measurement Setup

The measurements were conducted at 28 GHz, a representative millimeter-wave fre-
quency widely used for indoor short-range communication scenarios in emerging wire-
less systems [7]. This choice allows direct comparison with existing human-body blockage
studies reported in the literature at similar frequencies, where diffraction- and reflection-
based attenuation mechanisms have been extensively investigated [10,11]. The selected
measurement bandwidth provides a trade-off between frequency resolution and meas-
urement stability, ensuring reliable received-power estimation under controlled experi-
mental conditions. Indoor channel measurements were performed using a Keysight
N9952A (Keysight Technologies, Santa Rosa, CA, USA) vector network analyzer (VNA)
connected to two standard-gain horn antennas (Millitech SGH-28-SP000 (Northampton,
MA, USA), 24 dBi nominal gain, #18° HPBW in both H and V planes). The antennas were
co-polarized in TE mode, with their rectangular apertures oriented so that the electric field
remained perpendicular to the plane of incidence defined by the Tx-robot-Rx geometry.
The transmitting antenna continuously illuminated the receiving antenna using a CW sig-
nal at 28 GHz. Gore-type low-loss coaxial cables (W. L. Gore & Associates, Newark, DE, LISA)
and precision 2.92 mm connectors (Rosenberger, Fridolfing, Germany) were used to min-
imize attenuation between the VNA and the antennas.

The measurement environment consisted of a 2 m indoor link with antennas posi-
tioned at a height of 1.30 m. Three programmable humanoid robots (SoftBank Robotics,
Paris, France) (=56 cm height) were placed on an 80 cm table along the Tx—Rx line. The
structural composition of the humanoid chassis includes an ABS-PC polymer shell and
PA-66/XCF-30-reinforced internal components, according to the official construction spec-
ifications for the NAO platform [12], providing stable and repeatable EM surface interac-
tions. This further supports their suitability as controllable electromagnetic test subjects.
One humanoid acted as a stationary central blocker, while the two lateral humanoids re-
produced basic human-like movements at a constant speed. A personal computer was
used to program, synchronize, and control robot motion. The mobile humanoids moved
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laterally from 1.0 m to 0.6 m from the line-of-sight (LOS) in successive 10 cm increments,
while the central robot remained fixed. At each position, the received complex field was
recorded using the VNA in zero-span mode. At each humanoid position, the received
complex field was recorded using the VNA in zero-span mode. The received power was
then evaluated using the channel power function with temporal averaging enabled. Spe-
cifically, 15 consecutive sweeps were recorded and averaged at each lateral offset. Under
these conditions, short-term fluctuations of the received power remained limited, indicat-
ing good measurement stability within the indoor environment. All measurements were
normalized to the received power at the 0.6 m reference position. Figure 1 illustrates the
complete experimental setup, including antenna placement, robot positioning, and meas-
urement geometry. Similar humanoid LOS blockage configurations have been reported in
previous indoor propagation studies [9], and the antenna configuration and measurement
procedure are consistent with established indoor channel characterization standards such
as ITU-R P.1238-13 [13]. In addition, the dielectric characteristics of the humanoid shell
materials are within the permittivity ranges reported for indoor polymeric and composite
structures [14].

2.2. Hybrid Propagation Model
2.2.1. Notation and Conventions

Throughout this paper, boldface symbols (e.g., E) denote vector quantities, while sca-
lar quantities are written in italic typeface. For simplicity of presentation, vector arrows
may be omitted in tables and figure captions when no ambiguity arises, while the vector
nature of the electromagnetic fields is preserved in mathematical formulations. The visi-
bility indicator is consistently denoted by V;, where V; = 1 indicates that a specular path
is visible from both transmitter and receiver, and V; = 0 otherwise. This notation is used
uniformly across all sections.

The Humanoid-Adapted Hybrid Model, developed as an extension of the Human-
Based Hybrid Model proposed in [9-11], accounts for humanoid-induced diffraction and
reflection near the line of sight, reproducing the characteristic attenuation and multipath
effects observed in short-range 28 GHz indoor scenarios. Thus, we classify humanoid ob-
stacles into two types. The central humanoid mainly introduces a double-edge diffraction
effect at its two vertical edges (as detailed in Figure 2), whereas the lateral robots primarily
contribute to specular and secondary reflections occurring on their side-facing shell sur-
faces, as illustrated by the propagation paths in Figure 3. Each category is modeled using
propagation mechanisms adapted to their respective positions and electromagnetic inter-
actions. In the following subsections, we present in detail the geometry, the theoretical
basis, and resulting and referenced equations of the DKED-based and Street-Canyon-in-
spired models, followed by a unified formulation used in our simulations and compari-
sons. The formulation and calibration presented in this work are based on a standing neu-
tral humanoid posture with fixed limb configurations and controlled lateral motion,
which serves as a reference scenario for repeatable indoor measurements. For clarity, Ta-
ble 1 summarizes the main parameters involved in the proposed hybrid DKED-Street-
Canyon formulation, along with their physical interpretation and sensitivity to humanoid
posture.

Table 1. Summary of parameters used in the hybrid DKED-Street-Canyon propagation model.

Symbol Description Physical Meaning Pose Dependency

Eios Line-of-sight field Direct Tx—Rx contribution No

Knife-edge diffraction from

E,E Diff fiel i
' Ep iffracted fields central humanoid edges

Weak
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Accounts for Tx/Rx incidence

Fjeom Geometric obliquity factor angles Yes
A ts for h id shell
Fna: Material correction factor Ccoﬁaieg; (;Igz:gls) she Weak

Combined geometric and mate-

Faqj  DKED adjustment factor . . Weak
rial correction
Complex relative permit-  Electromagnetic property of
gc P . No
tivity humanoid shell
. - Loss inside the humanoid shell
a Attenuation coefficient . No
material
B Phase coefficient Phase delay inside the material No
¢ Effective material path Thickness-dependent propaga- Yes
length tion path
D i i £ -
V. Visibility indicator etermines existence of specu Yes
lar path
rg  Fresnel reflection coeffi- Specular reflection from lateral
I . . Yes
cient humanoid
Total refl i is-
" Specular path length otal reflected propagation dis Yes

tance

Note: The formulation and calibration are based on a standing neutral humanoid posture with fixed
limb configuration. Variations in pose primarily affect geometric and visibility-related parameters.
Also, for readability, vector notation is omitted in Table 1; the corresponding quantities are treated

as vector electric fields in the analytical formulation.

% AT @_nn)
0r
n(air bt
“._n(PC/AB:
@B2) fn_(XPC/ S)

Fresnel Interface Zoom

ILLUMINATED AREA

~

~. EA
E.
~

XS - P SHADOW AREA :\_\_; RX

Figure 2. Top view of the double knife-edge diffraction (DKED) model, illustrating a static human-
oid blocking the line-of-sight (LOS). Solid lines indicate the incident and diffracted propagation
paths, dashed lines represent shadow region boundaries, and different colors are used to distinguish
illuminated and shadowed areas. The vectors EA and fB denote the diffracted electric field contri-

butions associated with the upper and lower knife edges, respectively.
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R _TP2

Figure 3. Top-view representation of the hybrid propagation model, combining DKED from the
central opaque humanoid with Street-Canyon specular reflections from the lateral humanoids. Solid
lines represent diffraction paths associated with the central humanoid (DKED component), while
colored oblique paths indicate specular reflections from the lateral humanoids following the Street
Canyon model. Different colors are used to distinguish the main propagation mechanisms and in-

teraction points.

2.2.2. DKED Component for the Central Humanoid

The humanoid is considered as a vertical opaque screen with two diffracting edges
as shown in Figure 2, which provides a top-view representation of the double knife-edge
diffraction (DKED) geometry induced by a static humanoid blocking the line of sight. The
central humanoid acts as a double knife-edge obstacle, where edges A and B generate
diffracted fields that illuminate the receiver region while creating a shadow zone along
the direct LOS. The illuminated and shadowed regions illustrate the dominant diffraction
mechanisms captured by the DKED model. The zoomed insets highlight the local diffrac-
tion geometry at the edges and the Fresnel interface used to account for material-depend-
ent reflection and transmission effects. DKED-based field strength is expressed as follows:

Epkep = Ea+ Eg 1)

where E, and Eg represent the diffracted contributions from edges A and B. To account
for the PC/ABS (Polycarbonate/Acrylonitrile Butadiene Styrene) and metallic structure of
the humanoids, which differ from biological absorption characteristics [10,11,15], we ap-
ply a correction factor calibrated from measurements as in [9] (Section V, Figure 8). The
geometric rationale follows the near-field obliquity framework discussed in [16] (Section
2).

Egyty, = (Ea+ Ep) F o4 (2)

Here F,4; is the product of Fyeom and Fp,g that implements the geometric oblig-
uity weighting of the diffracted fields, consistent with scalar diffraction theory (modified
Huygens—Fresnel) [16,17] (Section 2; Sections 3.4.3 and 3.5.2). F,,,; captures the material
contrast between humanoids (PC/ABS plastic shell) and the human body; The humanoid
parameters are calibrated from measurements, as in [9] (Section V, Figure 8). The factor
F 44j is applied only to the diffracted term (E4 + Ep) to correct the pre- and post-shadow
discrepancies observed with DKED. Specular paths are not re-weighted, since Fresnel-
based reflection is already incorporated in the specular components of the propagation
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model, consistent with ITU-R indoor channel recommendations [13], while the explicit
reflection coefficient I' is computed according to standard Fresnel formulations [18,19].

The dielectric properties of the humanoid shell material (PC/ABS) were not directly
measured in this work. Nominal values of the relative permittivity were initially selected
from representative ranges reported in the literature for common polymeric materials at
millimeter-wave frequencies, such as plexiglass, polypropylene, and polystyrene, whose
dielectric behavior is comparable to that of PC/ABS blends at 28 GHz [14]. These values
are used as indicative ranges rather than exact material constants, motivating the intro-
duction of the calibrated material correction factor F,,,,, which was calibrated using the
measured received power levels in the unobstructed and blocked configurations. As a re-
sult, Fj,q; should be interpreted as an effective correction factor that captures the com-
bined influence of the humanoid shell material, its finite thickness, and near-field interac-
tion effects under the specific experimental configuration considered. The calibration was
performed for a fixed humanoid posture and surface condition, and the same F,,,, was
consistently applied across all measurement positions in this study. It is worth noting that
changes in humanoid pose, the addition of clothing or surface coverings, or the use of
alternative shell materials would alter the effective electromagnetic interaction and would
therefore require re-calibration of F;,q;. The present formulation is thus intended to pro-
vide a controlled and repeatable reference scenario rather than a universal material pa-
rameter, enabling fair comparison between simulations and measurements in a well-de-
fined indoor setup. A summary of the parameters involved in Fgeom and Fpg is pro-
vided below for clarity.

Fgeom = /€0OS 07 cOsOp 3)

Fnar = exp(—a?) exp(—jpB2). (4)

£ =& -0 ) ()

n= & =n —jk (6)

a= Kok 7)

B = Kyn'. (8)

= o ©)

ko = 27” (10)

Faqj = |/c0s 07 cos Oy (exp(—a?) exp(—jB2)) (11)

o — attenuation coefficient in the material

B — phase coefficient in the material

¢ — effective path length in the material

ko — free space wavenumber

t — material thickness (along the surface normal)
k — wavenumber in the material

n’ — real part of the refractive index

n — complex refractive index

0, — transmission angle inside the material (Snell’s Law)
0r — RX obliquity angle used in Fyeop,

01 — TX obliquity angle used in Fyeor
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0, — reflection angle (equal to the incidence angle)
&€ — absolute permittivity (€ = £'E)

&' — real part of the relative permittivity

&E. — complex relative permittivity

o — angular frequency (w = 2nf)

2.2.3. Street-Canyon Component for Lateral Moving Humanoids

The two lateral humanoids are placed symmetrically with respect to the LOS and are
modeled as specular reflectors (as shown in Figure 3). For reflectori € {1, 2}, let P; be the
reflection point, 8; the incidence angle at P;, and:

ri £ eri + TpiR. (12)

The total geometric length of the specular path. The LOS Tx-Rx distance is ryg. specular
component (normalized by the LOS reference). With co-polarized vertical horns, Fresnel
terms are evaluated in TE polarization. The specular field from reflector i is:

ESC,E = ViairiTE(GiF Sc)iws- (13)

where V; € {0, 1} is a visibility indicator (the term is included only if P; is visible from
both Tx and Rx), and I'TE(8;; £,) is the TE Fresnel reflection coefficient at incidence 6;
for the air humanoid-shell interface with complex relative permittivity [20].

n=,/E. (14)

following the standard formulation of the complex refractive index for lossy dielectrics in
mmWave indoor propagation modelling [18,19,21].

The factor a; captures only free space spreading and the extra phase due to the
longer path (no material or polarization dependence):

a; = rr_, exp[—j ko(ri — rrg)], (15)

Equation (13) states that the lateral humanoid returns a scaled and phase-shifted copy of
the LOS field: I''* encapsulates material/polarization effects at the interface, while a; ac-
counts for geometry only (% spreading and differential phase). Visibility V; enforces that

only feasible specular paths contribute.

This formulation follows the classical street-canyon reflection approach used in millime-
ter-wave propagation studies, where lateral structures act as specular reflectors (see, e.g.,
Rappaport et al. [10]). While this model is traditionally applied to large-scale urban envi-
ronments, we extend the same principles to the humanoid lateral reflectors, which behave
as mobile specular surfaces under TE polarization, modifying Fresnel reflection condi-
tions and visibility factors as their positions evolve relative to LOS. The final received field
combines the corrected DKED contribution of the central humanoid with the dual specu-
lar street-canyon terms from the lateral humanoids.

In this framework, the street-canyon component is limited to first-order specular re-
flections from the dominant lateral humanoid surfaces. Higher-order reflections are not
explicitly included, as their contribution rapidly decreases due to increased propagation
distance, additional reflection losses, and reduced visibility conditions. Preliminary nu-
merical evaluations indicated that the inclusion of higher reflection orders provides only
marginal accuracy improvement compared to the resulting increase in model complexity.
As a representative numerical example, for a lateral offset of 0.9 m, the inclusion of an
additional reflection order modifies the predicted received power by less than 0.2 dB com-
pared to the first-order street canyon formulation. This variation remains significantly
smaller than the overall attenuation levels observed in the measurements, confirming that
higher-order reflections provide only marginal benefit in the considered configuration.
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Furthermore, considering those higher-order reflections interactions would considerably
increase model complexity and computational burden, without providing a commensu-
rate improvement in accuracy for the short-range indoor configuration considered here.
The resulting total field expression is presented in Section 2.2.4.

2.2.4. Unified Field Formulation

The received field is modeled as the coherent superposition of three components: the
LOS contribution, the corrected DKED induced by the central humanoid, and the two lat-
eral reflections (Section 2.2). Visibility masks are introduced so that only physically feasi-
ble propagation paths contribute to the total field. The LOS component is included only if
the direct path is not blocked by the central humanoid, through the binary visibility factor
Vyos € {0, 1}. Similarly, each specular Street-Canyon component is included only if its cor-
responding reflection point is visible from both the transmitter and the receiver, through
individual binary visibility indicators V; € {0,1}.

Eiotat = ViosEros + ESREp + Y1Esci (16)

_)f)olgn = (iA + E)B)F adj 17)
For comparison with measurements, we also use a normalized form obtained by dividing
by the unobstructed LOS reference ELOS,ref (same geometry and frequency without
blockers):

T Etotal _ Eq+Ep 2 TE .
Etotal,norm 2 =24 - VLOS + = Fadj + Zi:l Viairi (0,-, gc)- (18)
ELosrefll [lELos,refll

This expression separates material/polarization effects (only in I'f%) from geomet-
ric/phase effects. Secondary bounces can be added on top of this baseline model.

3. Results

This section presents the normalized measurement results obtained with humanoid
robots, compares them with the predictions of the hybrid propagation model, and evalu-
ates the impact of secondary reflections and multipath components on the accuracy of the
model.

3.1. Normalized Measurement Results

The received signal strength was normalized using the value at 0.6 m as a reference.
The attenuation increases with lateral distance, reaching approximately -4.7 dB at 1 m.
These trends closely reflect those observed with real human subjects in [11] and are further
consistent with empirical measurements of body-blockage attenuation at comparable fre-
quencies reported in [22], supporting the electromagnetic representativeness of human-
oids under realistic indoor conditions.

Comparison with the Hybrid Model

Figure 4 compares the simulation output of the hybrid model (green, dashed) with
the normalized measurements obtained using humanoid-shaped obstacles (red, dotted).
The comparison is performed at five lateral offsets (0.6—-1.0 m). Overall, the absolute dif-
ference between model predictions and measurements remains below 3 dB for offsets up
to 0.7 m from the LOS, demonstrating that the hybrid model captures the dominant prop-
agation behavior near the Tx—Rx line. For offsets beyond 0.8 m, the model slightly overes-
timates attenuation, with deviations reaching approximately 5 dB at 1.0 m.

These discrepancies can be attributed to several unmodeled factors, including second
order reflections, finite-aperture and off-axis effects, and surface roughness. Variations in
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specular-point visibility on finite humanoid surfaces and polarization effects may also
contribute, as documented by Rappaport et al. [10]. These variations fall within uncer-
tainty margins typically observed in indoor propagation models (e.g., ITU-R P.1238-9 [13],
3GPP TR 38.901 [23]).

.
.
.
.

| |—®— DKED model
- A - Hybrid model
9Or @ Measurements

_10 1 1 1 1 1 1
06 065 07 075 08 085 09 0095 1

Distance between mobile obstacle and TX-RX line (m)

Normalized received signal strength (dB)
)

Figure 4. Normalized received signal strength as a function of lateral distance for humanoid obsta-
cles: measured values (red, dotted), DKED-based model (blue, solid), and hybrid model including
specular reflections (green, dashed).

3.2. Impact of Secondary Reflections

Figure 5 illustrates an enhanced version of the hybrid model which incorporates sec-
ondary reflections (i, j), TE Fresnel dependence, and antenna-pattern weighting. The in-
clusion of these additional phenomena significantly improves the agreement between
simulation and measurement, especially at larger lateral offsets where multipath becomes
more dominant.

Normalized received signal strength (dB)

-8 I |[—=— DKED model ]
oll” A - Hybrid model
@ Measurements
-10 ! . : L ; : L

06 065 07 075 08 08 09 0095 1
Distance between mobile obstacle and TX-RX line (m)

Figure 5. Comparison between measured data and hybrid model simulations with and without in-

clusion of secondary reflections (street-canyon components).
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The analysis shows that at 0.7 m, both simulations—with or without secondary re-
flections (single interaction on each lateral humanoid)—yield small errors (below 0.2 dB),
indicating a LOS-dominated regime where diffraction and direct paths suffice. However,
beyond 0.8 m, the situation changes significantly as the version of the hybrid model in-
cluding secondary reflections shows a clear advantage in accuracy. In addition to the qual-
itative comparison shown in Figure 5, quantitative error metrics were computed between
the proposed hybrid model and the measured data overall lateral offsets. The mean abso-
lute error (MAE), root mean square error (RMSE), and maximum absolute error summa-
rized in Table 2, were computed over all lateral offsets using the averaged received-power
values, following standard practices for model-measurement comparison in indoor mil-
limeter-wave propagation studies [10].

Table 2. Quantitative error metrics between measurements and hybrid model predictions.

Metric Value (dB)
Mean Absolute Error (MAE) 0.16
Root Mean Square Error (RMSE) 0.22
Maximum Absolute Error 0.30

These error values remain well below typical shadowing and large-scale fading var-
iations reported for indoor millimeter-wave channels, which commonly reach several dec-
ibels [7,23]. This confirms that the observed deviations are acceptable for system-level
simulations and indoor propagation modeling.

Table 3 provides a quantitative comparison between the relative contribution of re-
flected paths as a function of reflection order and the deviations observed in the experi-
mental results. While second order reflected paths may exist, their expected contribution
is approximately 8 dB lower than the first-order term under the considered geometry and
material properties, due to the combined effect of longer propagation paths and additional
reflection losses. This places their contribution within the range of residual discrepancies
observed in the measurements and typical indoor shadowing variations at 28 GHz, ren-
dering higher-order reflections non-dominant and not reliably isolable within the present
experimental setup.

Table 3. Quantitative comparison of reflected-path contributions and experimental deviations.

Reflection F_Mat F_Geom Relative Observed
Order (Material Factor) (Geometric Factor) Contribution (dB) Deviation in Results
MAE = 0.16 dB,
2 2 =
1 [T (L1/L1)>=1 0 dB (reference) RMSE ~ 022 dB

Residual deviation
uptox5dBatl.0m
Below dominant con-
tribution

2 IT14<0.25 (2.0/2.572 = 0.64 ~8 dB

3 IT'16 <0.0625 <(2.0/2.8)2 <-14 dB

3.3. Absolute Error Evaluation

To quantify this improvement, the absolute error is evaluated as:
Agps= |Psim — Pmeasl (19)

The error curves in Figure 6 show that at 0.7 m, both model exhibit very small differ-
ences (less than 0.2 dB), consistent with scenarios dominated by LOS and first-order paths.
Beyond 0.8 m, the enhanced model clearly outperforms the baseline one, highlighting the
impact of secondary reflections on accuracy.
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Although the improved model substantially reduces error, small residual differences
remain, reflecting physical effects not yet modeled, such as higher-order multipath, sur-
face roughness, and dynamic variations. These aspects represent potential directions for
further refinement.

Comparison of Absolute Differences Between Simulation and Real Measurements
I

I | 1 I I 1
5k Without Secondary Reflections
n =l=With Secondary Reflections
z
o 4T ]
0
c
4
o3 .
£
T |
’
0
E 2 b b ’ -
¢ P ”
0
a1r L~ .
L
=~ 7
D.' P Wt - 1 1 1 1 1

06 065 07 075 08 0.35 09 0.95 1
Distance (m)

Figure 6. Absolute error between simulation models and experimental measurements, with and

without inclusion of secondary reflections.

4. Discussion

Based on the results obtained from measurements using humanoids as obstacles,
these results demonstrate good agreement with the theoretical assumptions underlying
the hybrid propagation model. A strong attenuation trend is observed with increasing
lateral offset, reflecting the expected transition between direct and dominant first-order
paths, as well as scenarios where multipath interactions and edge diffraction become sig-
nificant. The physical structure of humanoids implies an interaction mechanism that de-
pends on the material used, making it objectively different from that of biological tissues.
Thus, structural layers made of the PC/ABS plastic shell and metal exhibit lower absorp-
tion and higher reflectivity compared to the human body, which could explain a slight
reduction in attenuation for offsets between 0.6 and 0.8 m compared to human data re-
ported in the literature. Nevertheless, it can be observed that the differences remain within
the expected margin of uncertainty for existing indoor channel models, indicating that
humanoids can be a viable substitute for human-body blocking experiments in a con-
trolled laboratory environment. These observations are consistent with recent analyses of
human-body blockage at millimeter-wave frequencies, which highlight significant varia-
bility due to body geometry, posture, and angular orientation [24]. Compared to recent
works based on stochastic or data-driven approaches, including machine learning tech-
niques combined with random positioning of human structures, machinery, or environ-
ment mapping using remote sensing tools, the present study adopts a fundamentally de-
terministic modeling strategy grounded in ray theory and geometrical theory of diffrac-
tion. Although such data-driven approaches have demonstrated strong prediction capa-
bilities in complex environments, they often rely on extensive sensing infrastructure and
large-scale datasets, which may limit their applicability in controlled experimental scenar-
ios.
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In contrast, while recent sensing-assisted channel modeling approaches exploit im-
ages or LiDAR point clouds to infer propagation characteristics from environmental per-
ception [25,26], the proposed framework follows a complementary strategy based on con-
trolled humanoid-induced blockage. This approach enables a physically interpretable and
repeatable analysis of diffraction and reflection mechanisms governing indoor millimeter-
wave propagation, without requiring external sensing hardware or environment recon-
struction. By focusing on dominant propagation paths linking the transmitter and receiver,
the proposed model provides a robust baseline for analyzing blockage effects under re-
producible laboratory conditions.

In order to further enhance propagation prediction capabilities, future work will con-
sider extending the proposed framework by integrating environment mapping tech-
niques based on remote sensing tools and machine learning approaches. Such extensions
would enable more realistic modeling of complex indoor layouts, including the spatial
distribution of robots, machinery, and human activity patterns, while preserving the
physically grounded nature of the proposed deterministic modeling approach.

In the NLoS configuration involving three humanoid robots, the received signal is
primarily governed by diffraction around the central blocker and first-order reflections
introduced by the lateral humanoids acting as moving reflective surfaces. This observa-
tion explains the increased role of multipath components observed in the following anal-
ysis. The inclusion of secondary reflections in the proposed hybrid model is motivated by
the need to capture dominant multipath mechanisms that arise in indoor environments
when the line-of-sight component is partially or fully obstructed. In the considered NLoS
configuration involving multiple humanoid obstacles, first-order reflections from the floor
and lateral structures can contribute significantly to the received field, particularly at
larger lateral offsets. The adopted modeling approach intentionally limits the reflection
order to maintain a balance between physical accuracy and computational simplicity, en-
suring that the model remains analytically tractable and suitable for practical indoor chan-
nel characterization. The idea of including secondary reflections in the improved formu-
lation leads to a significant improvement in model-measurement agreement, particularly
for offsets greater than 0.8 m. At this level, multipath reflections due to the floor and lateral
structures can exert a more pronounced influence on the received field. This suggests that
complex indoor environments cannot objectively be accurately modeled by diffraction-
based approaches alone, and that it would be advantageous to integrate localized Fresnel
reflection phenomena and path exclusion based on visibility.

As mentioned in a previous section regarding the methodology, it is important to
note that the adopted implementation is limited to 2D lateral movements and assumes a
uniform humanoid orientation and posture in the event of obstruction. Effects such as
body tilt, limb spacing, surface roughness, polarization-dependent scattering, and tem-
poral motion profiles are not fully modeled. These limitations may open possibilities for
extending the model, including the complete 3D modeling of the field’s interaction with
the humanoid, the integration of dynamic angular movements, and even the analysis of
attenuation statistics, such as the threshold crossing rate and the average attenuation du-
ration. It should be noted that the experimental validation presented in this study is in-
tentionally limited to a single indoor environment, a specific humanoid platform, a fixed
link distance, and a carrier frequency of 28 GHz using directional horn antennas. As such,
the reported results are not claimed to be universally representative of all humanoid ro-
bots or indoor millimeter-wave scenarios. Rather, the proposed framework is intended to
demonstrate the physical relevance and reproducibility of humanoid-based blockage
modeling under controlled conditions. Variations in humanoid size, shell materials, an-
tenna patterns, operating frequency, and propagation distance are expected to quantita-
tively affect the attenuation levels, while the underlying diffraction and reflection-driven
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mechanisms captured by the model are expected to remain qualitatively valid. Future
work will focus on extending the proposed framework to account for more complex hu-
manoid dynamics and three-dimensional propagation effects. This includes the investiga-
tion of varying humanoid postures, limb configurations, and dynamic motion patterns, as
well as the integration of higher-order reflections in more complex indoor environments.
Additional measurement campaigns involving different humanoid sizes, surface materi-
als, and antenna configurations will also be considered to further assess the generality of
the proposed model.

5. Conclusions

Indoor environments today have become significantly more dynamic, connected,
and populated by moving agents. In this context, understanding how humanoid robots
interact with millimeter-wave signals becomes not only relevant, but necessary. In this
work, we examined a propagation model originally developed for humans and evaluated
its applicability to humanoids. Beyond the human-based model, we extended the formu-
lation to include angular effects and secondary reflections This extension was imple-
mented and evaluated within a controlled humanoid-based scenario, demonstrating that
the underlying physical mechanisms remain valid when human blockers are replaced by
programmable robotic agents. These additions proved useful, especially when humanoids
introduce additional dynamism in the environment. Overall, the simulation results match
our real-world measurements reasonably well. Although no direct side-by-side measure-
ments with human subjects were conducted in this study, the observed attenuation trends
obtained with humanoid robots are consistent with previously reported human-body
blockage results, supporting the use of humanoids as controlled and repeatable experi-
mental blockers. The hybrid model showed acceptable agreement with the measured data,
although deviations of up to 5 dB were observed at a lateral distance of 1.0 m. These dis-
crepancies indicate that, in its current form, the model does not capture all underlying
physical mechanisms, such as secondary reflections, multiple bounces, or mobility-in-
duced effects. Despite these limitations, the model proposed in this work remains a relia-
ble analytical tool for interpreting signal behavior in the presence of moving humanoid
obstacles. From an application perspective, the proposed humanoid-based modeling
framework is particularly relevant for indoor scenarios such as smart factories, laborato-
ries, and office environments, where robotic agents operate in close proximity to wireless
access points and human users. The ability to reproduce blockage dynamics in a con-
trolled and repeatable manner makes the model suitable for link-budget analysis, block-
age-aware system evaluation, and robust studies of millimeter-wave indoor links under
realistic operating conditions. Extending the model to include higher-order reflections,
motion, and more detailed surface descriptions would be a natural continuation toward
improving accuracy in future studies.
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Abbreviations

The following abbreviations are used in this manuscript:

DKED Double Knife-Edge Diffraction
5C Street Canyon Model

UTD Uniform Theory of Diffraction
LOS Line of Sight

mmWave  Millimeter-Wave

Tx Transmitter

Rx Receiver

HPBW Half Power Beamwidth
PC/ABS Polycarbonate/Acrylonitrile Butadiene Styrene
Fgeom Geometric Correction Factor
Fmat Material Correction Factor
Fadj Adjustment Factor

VLOS Line-of-sight Visibility Factor
Vi i-th Reflector Visibility Factor
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