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Abstract

This paper presents a comprehensive study of modelling human
body blockage (the most critical challenges in fifth-generation (5G))
effects on indoor millimetre wave (mmWave) communication links
at 32.5 GHz, a key frequency for 5G networks. Through controlled
experiments in a laboratory environment, we analyse signal
attenuation as a human subject obstructs the line-of-sight (LOS)
path between transmitter and receiver, recording received power at
incremental positions. To model the observed phenomena, we
propose a hybrid framework integrating deterministic and statistical
components: (1) a modified Double Knife-Edge Diffraction
(DKED) model with Gaussian-shaped blockage attenuation (20.8
dB peak at full blockage) and reflection-induced signal
enhancement (—15.0 dB peak from nearby objects), and (2) a log-
normal shadowing component (¢ = 11.8 dB) capturing
environmental randomness. Our results reveal strong agreement
between simulations and measurements, achieving a mean absolute
error of 3.2 dB and a correlation coefficient Rz = 0.89. The analysis
demonstrates that human-induced diffraction dominates near the
LOS centre, while multipath reflections significantly alter signal
strength at peripheral positions. We further derive practical
guidelines for 5G network design, recommending a 44.4 dB link
budget safety margin to account for combined blockage and
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shadowing effects. This work advances indoor mmWaves channel
modelling by unifying physics-based diffraction analysis with
empirical reflection characterization, the framework achieves strong
experimental validation and offers actionable insights for 5G
network design.
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INTRODUCTION

The exponential growth in mobile data demand has propelled
millimetre-wave (mmWave) frequencies into the forefront of fifth-
generation (5G) and beyond wireless systems, offering multi-Gbps
data rates through wide bandwidths [1]. However, mmWave signals
are highly susceptible to blockage by common obstacles,
particularly the human body, which can attenuate signals by 20-30
dB in indoor environments [2]. This vulnerability necessitates
accurate characterization of human-induced shadowing to ensure
reliable link budgets and beamforming strategies. While prior
studies have investigated blockage effects at mmWave frequencies,
most focus on outdoor scenarios or simplified static models, leaving
acritical gap in dynamic indoor channel modelling that accounts for
both diffraction and reflection phenomena.

Early work by Rappaport et al. [3] established foundational
mmWave propagation models, demonstrating severe attenuation
from human blockage at 28 GHz and 73 GHz. Subsequent studies
extended these findings through theoretical and experimental
analyses. For instance, MacCartney et al. [4] applied the Double
Knife-Edge Diffraction (DKED) model to human blockage,
achieving reasonable accuracy but neglecting environmental
reflections and body movement dynamics. At 60 GHz, Karadimas
et al. [5] characterized human shadowing using Fresnel zones but
reported discrepancies >8 dB in dynamic scenarios due to multipath
interference.

Recent efforts have emphasized frequency-specific analyses.
Alabish et al. [6] measured human blockage at 32 GHz, revealing
position-dependent attenuation patterns but omitting reflection
effects. Similarly, Dalveren and Alabish. [7] proposed a simplified
DKED-based model for 28 GHz indoor links but did not account for
signal enhancement from nearby scatterers. Notably, Obayashi and
Zander [8] highlighted the role of reflections in body-shadowed
channels, though their work focused on sub-6 GHz frequencies.
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Despite these advances, existing models inadequately address two
deterministic components (Blockage Attenuation, Reflection
Enhancement) and Random Shadowing for NLOS and LOS
scenarios critical aspects of indoor mmWave systems:

1. Dynamic Blockage Geometry: Human movement
introduces time-varying diffraction and reflection paths.

2. Reflection-Dominated Enhancement: Nearby objects (e.g.,
walls, furniture) significantly alter received power during partial
blockage.

This study presents a comprehensive hybrid model for indoor
mmWave communication systems at 32.5 GHz, rigorously
addressing the interplay of human-induced blockage, reflection-
assisted recovery, and environmental stochasticity.

In section Il details the experimental setup and measurement
methodology. Section Il derives the hybrid model, while Section
IV conclusions

LITERATURE REVIEW

Early studies on 5G/mmWave indoor channels have extended
classical log-distance and log-normal shadowing models to higher
frequencies. Rappaport et al. [2] demonstrated that mmWave links
at 28 and 38 GHz can be viable with directional antennas,
establishing baseline path loss exponents and showing significant
attenuation due to human blockage in both LOS and NLOS indoor
scenarios. Zakeri et al. [9] proposed a refined path loss model for
indoor 5G systems, emphasizing better alignment with ray-tracing
data by introducing correction factors specific to indoor materials
and layouts. Similarly, Wojcicki et al. [10] implemented Bayesian
particle filtering to estimate the path loss exponent in real time,
showing improved robustness in dynamic environments compared
to static log-normal fits.

However, traditional log-normal shadowing models often ignore the
complex environmental interactions inherent in indoor mmWave
channels. Vallet Garcia [11] emphasized the limitations of relying
solely on log-normal assumptions, noting systematic inaccuracies
when multipath, antenna orientation, or obstruction geometry is not
considered. These findings highlight the inadequacy of purely
statistical models in dynamic and obstacle-rich environments such
as indoor offices or labs.

To address physical interactions more explicitly, a separate line of
research employed the Double Knife-Edge Diffraction (DKED)
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model to characterize human-induced attenuation. MacCartney et
al. [12] applied DKED to 73 GHz indoor scenarios, showing
reasonable accuracy in predicting signal degradation during human
blockage. However, they acknowledged the model’s inability to
account for environmental reflections or human motion. Karadimas
et al. [13], working at 60 GHz, similarly modeled shadowing using
Fresnel zone-based calculations but reported significant mismatch
(>8 dB) under dynamic conditions due to unaccounted multipath
effects.

Recent works have tried to bridge deterministic modeling with
empirical data. Alabish et al. [6] conducted measurements at 32
GHz and found that human blockage induces highly position-
dependent attenuation, yet their work did not incorporate
environmental reflections. Dalveren and Alabish [7] proposed a
simplified DKED-based model for 28 GHz indoor links,
incorporating a single reflection component. While this yielded
reasonable accuracy, it still lacked a comprehensive treatment of
diffuse reflections and stochastic variation.

Obayashi and Zander [8] previously highlighted the importance of
reflections in body-shadowed indoor environments at sub-6 GHz,
proposing a body-shadowing loss model that integrates into ray-
tracing methods. However, their study focused on lower frequencies
and did not account for the high directionality and rapid signal
fluctuation present at mmWave bands.

Despite these contributions, existing models reveal critical
limitations, most DKED-based models treat humans as static
blockers with simplified shapes, omitting the effects of dynamic
movement and angular displacement. Moreover reflection-
enhanced signals, often present when nearby objects (walls, desks)
redirect mmWave energy, are typically ignored in DKED or log-
normal frameworks. in addition, Deterministic models fail to
incorporate statistical environmental randomness, while statistical
models fail to capture the physics of diffraction and reflection.
These gaps underscore the need for a unified framework that
captures both deterministic and stochastic aspects of indoor
mmWave propagation. This study addresses that need by proposing
a novel model combining log-normal shadowing with deterministic
human blockage attenuation and reflection enhancement
components. Specifically designed for indoor 32.5 GHz channels,
this approach provides better alignment with experimental results
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and offers a more realistic foundation for 5G network planning and
simulation in complex indoor environments.

iii. EXPERIMENTAL SETUP AND MEASUREMENT METHODOLOGY
This section details the experimental framework used to
characterize human body blockage effects in a 32.5 GHz indoor
channel. The methodology combines controlled measurements with
rigorous calibration to isolate and quantify dynamic shadowing
phenomena.

Hardware Configuration

. Signal Generation & Analysis: Transmitter (Tx): Keysight
E8244A signal generator (250 kHz—-40 GHz) set to 32.5 GHz with -
15 dBm output power. Receiver (Rx): Keysight E4448A spectrum
analyser (3 Hz-50 GHz) configured with a 2.4 KHz bandwidth.

« Antennas: Two identical PE9850/2F-20 horn antennas with 18
dBi gain, 18.3° horizontal beamwidth, and 16.7° vertical
beamwidth. Mounted at 1 m height on tripods to simulate access
point placement in indoor environments. Separated by 2 m to
establish a line-of-sight (LOS) link as shown in Figure 1a.

Figure 1a: Traversed perpendicular to the LOS path from 0.4 m (edge of
link) to 0.0 m (full blockage) in 10 cm increments

«  Cabling: Low-loss cables (10 dB total loss) with phase-stable
connectors are used.

. Laboratory Environment Dimensions: 8 m (length) x 6 m
(width) x 3 m (height). Key Obstacles as shown in Figure 1b.

Human Blockage Scenario

. Human Blockage Scenario: Subject Profile: Adult male, 1.75
m height, 0.47 m shoulder width. He traversed perpendicular to the
LOS path from 0.4 m (edge of link) to 0.0 m (full blockage) in 10
cm increments (21 positions). A Laser-guided alignment ensured
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consistent positioning relative to the Tx-Rx axis as shown in figure
la.

Measurement Protocol

. Full Blockage: Human subject stood stationary at x=0.0 m
(LOS midpoint), blocking the link for 30 seconds, and Partial
Blockage: Subject positioned at x=0.1,0.2,0.3,0.4 m for 10 seconds
each.
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Figure 1b: Laboratory Environment Dimensions.

Path Loss Calculation
. Measured Path Loss Calculation:

PLiyeasurea = Pt + Gt + G — Pr 1)
Where p; is transmitted power [dB], G;,G,- are the gain of antennas
[dBi] and P. is received power [dB].

«  Theoretical Free-Space Path Loss (FSPL):

FSPL(dB) = 20 logy, (%) )

Where A is the wavelength of the signal d is the distance between
the TX and RX
«  Shadowing Loss Extraction:

Xo = Plyeasurea — FSPL[dB] 3)
Where Positive X, Attenuation (blockage-dominated) and
Negative X, Enhancement (reflection-dominated).

iv. PROPOSED MODEL FOR INDOOR 5G COMMUNICATION
This section provides the details of the model used for the
measurement scenario. However, before diving into the specifics, a
brief explanation of an example of a common and practical path loss

7 Copyright © ISTJ A ginae auball (5 gin
Ayl g o slell 40 sal) dlaall



http://www.doi.org/10.62341/ahmg2080

International Scienceand ~ Volume 37 ) B kI 50 e
Technology Journal Part 1 aaall - m

Akl g glall 4 gal) Al ISTJ}\Q

http://www.doi.org/10.62341/ahmg2080

model is the log normal shadowing free-space model. This model is
widely used to show how the system may be impacted by a channel
that is assessed by the environment [9] [10] [11], expressed as:

PL(dB) = PL(d0) + 10n logy, (dﬂo) +X, 4
OR
PL(d) = FSPL+ X, wher X, ~N(u,0d%) (5)
Where d is the distance in meters and PL(d0) represents the free-
space path loss (FSPL) at the reference distance d0, and the linear
slope n is called the path loss exponent (PLE). Here, X,, which

reflects a random shadow fading (SF) effect, is a Gaussian random
variable (dB) with mean 0 and standard deviation c.

A. Proposed model

Considering the role of TX-RX disconnection distance and path loss
valuation adjustment, our research proposed the following general
propagation model based on two deterministic components
(Blockage Attenuation, Reflection Enhancement) and Random
Shadowing for NLOS and LOS scenarios:

. Blockage Attenuation: The deterministic loss X, (x) is
modelled using a Gaussian function as:
— —k(x— 2

Xblockage (x) - Xpeak-e (x xpeak) (6)
Where Xp,eqi is Peak loss at full blockage, Xpeq is Position of
maximum attenuation and k is Decay factor, k =75 m”"-2, calibrated
to match the attenuation slope.
. Reflection Enhancement: it is about accounts for signal
enhancement due to reflection, this happen when the value of
shadowing is positive, and its modelled as:

= —k(x—x 2
XTefle’Ction (x) = Xpeak enhancment- € (X=2peak) @)

Where Xp,qq is Peak enhancement at signal enhancement , Xp,eqk
is Position of maximum attenuation and k is Decay factor, k =50
m~-2, calibrated to match the attenuation slope.

. Random Shadowing : In our model, random shadowing

(denoted as X, andom) represents unpredictable, large-scale signal
variations caused by environmental factors that are not explicitly
modelled by the deterministic components (blockage attenuation
and reflection enhancement). This modelled as :

Xiandom ~ N (0,02),0 = 11.8 dB (8)
Where Standard deviation o derived from residuals between
deterministic predictions and measurements.
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. Total Path Loss Model:

PLtotal (x) = FSPL + Xblockage(x) + Xrefrection(x) +

Xrandor_n ) (11)
«  Received Power Equation:

The received power is calculated as:
P.= P+ G+ G, — Total Path Loss (12)
Effective Power  FSPL + Blockage + Reflection

B. Result and Discussion
The Gaussian attenuation profile (Xpockage (x)) underscores the

severe impact of human blockage at mmWave frequencies,
consistent with prior studies reporting 20-30 dB loss for torso
obstruction at 28-60 GHz. in this research, the sharp decay
(k=75 m”-2) highlights the spatial specificity of mmWave beams,
where minor displacements for example 0.1 m significantly alter
signal strength as shown in figure (2). Conversely, the reflection

term (Xreflection (X)) demonstrates how controlled multipath can
mitigate blockage. The —15.0 dB enhancement at x=0.3m
exemplifies environment-specific signal recovery, likely from
specular reflections off the lab desk. This aligns with mmWave
propagation studies advocating intentional reflectors like metal
surfaces to enhance coverage in obstructed environments. The high
shadowing deviation (0=11.8 dB) exceeds traditional sub-6 GHz
values (0=4:8dB), emphasizing mmWave’s sensitivity 10
environmental dynamics, figure (3). The total path loss framework
developed in this work, integrating deterministic and stochastic
components, provides critical insights into the challenges and
opportunities of indoor mmWave communications at 32.5 GHz. It
achieves strong agreement with experimental measurements as
shown in figure (4). The analysis of received power (Pr) in this study
reveals critical insights into the interplay between deterministic
signal degradation (blockage), reflection-assisted recovery, and
environmental randomness in indoor mmWave communications.
The received power analysis in this study bridges the gap between
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environment in a stochastic manner. By identifying how human
ckage, reflections, and shadows collectively shape Pr as shown
in Figure (5), we provide a roadmap for designing a robust indoor
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real-world

millimetre wave network.
— Gaussian Model: X,{x) = 20.8e™75¢
1 Peak Blockage O Measuredxy
(Full LOS Obstruction) X Model at Measurement Points
154
o
il
2 104
g
2 5
3
T
&
04 X x
0
.
Signal enhancement /0 0
00 01 00 - 03 04
Figure 3: Gaussian shadowing model vs measurements (32.5 GHz
Human Blockage)
0.035
/-\ — §=0,0=118
0.030 / \
0.025
Q /
9]
§ 0.020
[a]
% 0.015
o
o
0.010
0.005 // \\
00001 — ~—
=30 =20 -10 0 10 20 30
Shadowing Loss (dB)
Figure 3: PDF of random shadowing components
10 Copyright © ISTJ Ak ghas poball (3 ia

Al 5 sl A4 ) Alaal


http://www.doi.org/10.62341/ahmg2080

Received Power (dBm)

International Science and
Technology Journal
4,581 g o slall 41 gal) Alaal)

Volume 37 2l
Part 1 Aaal

Ayl g p gl Ao Al

Imtrwaational beimrs mad Taviasiags demraal

IST.1

http://www.doi.org/10.62341/ahmg2080

X

Human Blockage Effect
(Peak +20.8 dB @ 0.0m)
El
@ Measured Path Loss
8
Free-Space Path Loss
80 (68.7 d8 baseline)
Qs
w
0
|
£
K
& [ ]
65
Reflection EMsgcement 0
60 (Peak -15.0.dB @Wm}
55

= Deterministic Path Loss Model

OTZ
Position from LOS Path (meters)

T
01

T
04

Figure 4: Total Path Loss at 32.5GHz (Human Blockage Scenario)

@ Measured Data
—=- Deterministic Model
-30 o Model +30% CI
-40
[ 0
'y ]
-50 e
"""
. e
-
-
A
-
-60 P
-
4"
ﬂ"”
-
[
=70
-80
0.0 0.1 0.2 0.3 0.4
Position (m)

Figure 5: Received Power analysis at 32.5GHz (Human Blockage

V.

CONCLUSIONS

Scenario)

This research presents a novel approach to indoor mmWave
propagation modelling by enhancing the classical log-normal
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shadowing model with two key deterministic components: human
blockage attenuation and reflection-based signal enhancement.
While existing models have contributed significantly to
understanding indoor 5G path loss behaviour, they typically suffer
from three core limitations: oversimplified human geometry, lack of
dynamic blockage treatment, and omission of reflection effects from
nearby objects.

The proposed model introduces a Gaussian-based representation of
human-induced blockage, which captures the spatial specificity and
severity of attenuation observed when a human obstructs the LOS
path. Simultaneously, the inclusion of a reflection enhancement
term models the signal gain from nearby reflective surfaces a critical
feature often ignored in prior works. Furthermore, our approach
retains a log-normal shadowing component to account for stochastic
variations caused by environmental dynamics, integrating all three
aspects into a unified path loss model.

Experimental measurements were conducted using a controlled
indoor setup with precise alignment and high-frequency signal
capture to quantify signal variations as a human subject blocked the
LOS path. The results validated the model’s capability to predict
received power with high accuracy, showing a mean absolute error
of 3.2 dB and an R? value of 0.89 between measurements and
simulations. Our findings reveal that even minor spatial movements
of the human subject result in large signal fluctuations due to the
high directionality of mmWave propagation.

This work fills a critical gap in mmWave propagation research by
unifying deterministic physics-based modelling with statistical
variation in a single, compact framework. It moves beyond the
limitations of both log-normal shadowing models and pure DKED-
based approaches. By capturing the combined effects of human
blockage, reflection-induced enhancement, and random
environmental shadowing, this model offers a robust and realistic
tool for accurate indoor 5G network design. The methodology and
insights presented here provide a solid foundation for future
mmWave deployment strategies in complex indoor environments.
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