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Abstract—The escalation of indoor wireless devices in recent
years has led to increased importance to the study of indoor
channel properties. Among other factors, movement of human
bodies cause time varying channel conditions. In this paper, a
dynamic channel model for signals affected by moving human
bodies is presented. The human body is modeled as 12 body
parts represented by dielectric cylindrical volumes of different
size. The received signal is assumed to be composed of a direct
component that might be subjected to shadowing, and multi-
path components due to reflection and diffraction effects. The
main tool of calculation used is ray tracing together with the
uniform theory of diffraction (UTD). The developed channel
model is validated using radio frequency (RF) measurements.
The significant improvement of the developed model over the
previously used model was proved by comparing the simulated
results with RF measurements.

Index Terms—Channel Model, Indoor Propagation, Fading,
Human Body

I. INTRODUCTION

HE use of indoor wireless devices has substantially

increased in recent years. This escalation is due to
the expansion of traditional communication devices such as
mobile phones and laptop computers, to less traditional ones
such as wirelessly communicating sensor nodes present in
smart homes, office buildings, and industrial environments.
The placement of these nodes varies considerably from one
application to the next, but when the nodes are placed indoors
and within the vicinity of human height, a body’s movement
can cause significant time-varying channel conditions. The
movement is even more compelling in such networks because
of the power constraints involved [1]. Thus, an accurate study
on the impact of a moving body and the characteristics of
indoor propagation channels is important.

Many of the studies on the effects of human bodies on
radio propagation in an indoor environment are purely sta-
tistically based as in [2]-[5]. These types of studies provide
empirical insights about the channel based on the conducted
measurements. To gain a deeper understanding, however, a
deterministic approach must be taken. To do this, a good
approximation of the shapes of obstacles and their positions
in the propagation environment is needed. M. Ghaddar et
al. [6] demonstrated that a conducting cylinder at microwave
frequencies can approximate the presence of a human body.
With the canonical shape of a conducting cylinder, the uniform
theory of diffraction (UTD) can be used to compute the total
received field. The UTD can account for the reflected waves
and, more importantly, the phenomenon of creeping waves,

which cannot be predicted with geometrical optics and the
Kirchhoff diffraction equation [7], [8].

A single-cylinder human model presented in [6] together
with ray tracing and UTD was used in [9] and [10] to study
the fading effects caused by the movement of a human body
in an indoor environment. However, the cylindrical human
model proposed in [6] could be an oversimplification of shape
and movement, especially when it comes to the lower part
of the human body. This is because neither the human shape
nor the movement is as uniform as assumed in the model.
A more accurate model of representing a human body and
its movement is presented in [11] and [12]. We used this
model in conjunction with ray tracing and UTD calculations to
determine a more accurate characterization of the propagation
mechanisms of indoor radio channels as they are affected by
moving human bodies, which is important for the design of
robust indoor wireless systems in crowded environments.

We investigated the effect of a moving human body crossing
the line-of-sight (LOS) link of the transmitter and receiver at
different heights, and we developed a dynamic channel model
to account for this interference (Fig. 1). Unlike the scenarios
reported in [8]-[10], we used a human body model with 12
body parts represented by dielectric cylindrical volumes of
different radii, except for the head, which was represented
as a sphere. We also utilized a human walking model to
describe the movement of the different body parts [11], [12].
We used ray tracing and UTD to accurately calculate the
received direct, reflected, and diffracted rays during time-
varying channel conditions caused by the movement of the
human body parts. We compared our developed model to one
reported in [6] with radio-frequency (RF) measurements at
different heights of the transmitting and receiving antennas.

II. THE HUMAN WALKING MODEL

The human gait has been studied extensively in bio-
mechanics and robotics, leading to the development of
computer-animated walking models as reported in [13] and
[14]. Such models provide detailed information on the move-
ment of human body parts, which is necessary to character-
ize the impact of such movement on time-varying wireless
channels. One commonly used computer-animated walking
sequence is the Thalmann model [11], [12], [15].

In the Thalmann model, the human body is composed of 12
body parts (legs, arms, trunk, head, and so on), 11 of which
can be represented by cylinders of various sizes. The head is
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Fig. 1. An indoor propagation scenario for a signal affected by a moving human body. The height of Tx and Rx was varied so that the effect of the upper
body (the trunk and arms) and the lower body (the legs) on the radio propagation channel could be studied in similar conditions.

TABLE I
HUMAN BODY PARTS TRANSLATIONS AND ROTATIONS DESCRIPTION.

Parameter Symbol
Lateral translation T_()
Horizontal translation Th(t)
Vertical translation Ty (1)
Forward/backward angle es(t)
Left/right angle LR(t)
Shoulder angle s(t)
Elbow angle s(t)
Hip angle s(t)
Knee angle s(t)
Ankle angle s(t)

Duration of cycle
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Fig. 3. The temporal structure of the walking cycle. HS: heel strike; T O:
toe off; Dys: duration of double support; Dy: duration of balance [15].

represented by a sphere, as shown in Fig. 2 [11], [15]. These
body parts are connected to each other by translations and
rotations (see Table I for descriptions) that are time dependent.

In the Thalmann model a walking cycle is defined as the
portion of motion between two successive contacts of the left
heel with the floor, as shown in Fig. 3 [11], [15]. While
the temporal structure is normalized by performing modular
arithmetic between the time and period, the spatial values

Fig. 2. The human body model with translations and rotations [15].



are normalized by the height of the thigh (H¢,). We will be
using relative velocity, vy, and relative time, t,, which can be
expressed as shown in (1) and (2) where V is velocity, t is
time, and T is the period of one cycle.
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There is an important relationship between the relative
velocity of a normal walking person and its cycle period, T,
given by (3) [11], [12], [15] as
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All of the trajectories in [12] are expressed as a function of
relative time, which ranges between zero and one. They are
synchronized with the left leg motion, and the left heel strike
is the origin [12], [15]. The trajectories of the right part of the
body are obtained by performing phase displacement of half
a cycle given by

t
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For modeling the trajectories of flexing at the knee, hip,
and elbow, a cubic spline that passes through control points
located at the extremities of the trajectories is used. These
control points define the angle of rotations and relative time
and are a function of the relative velocity. The cubic spline
used is a basic Hermit spline given by [12] as

h= 2s%+3s? (5)

where s is the increasing portion of relative time.
On the other hand, the trajectories of flexing the shoulder
are found by using

s(tr) =

Fig. 4 shows the variation of the elbow and the knee (for
the left side of the body) for one walking cycle with relative
velocity of unity obtained using the described method. Details
of the human walking model can be found in [12]. The time
dependent body part translations and rotations are used with
ray tracing and UTD calculations to characterize the time
varying channel conditions of indoor wireless systems caused
by moving human bodies.

3 9:88v,[0:5+ cos(2 ty)] (6)

IIT. RAY TRACING AND UTD

A method where diffraction can be incorporated into a
geometrical strategy and phrased in geometric terms forms
the basis for what has become known as the geometrical
theory of diffraction. The original form of this theory, however,
suffers from the shadow boundaries problems. The UTD was
developed to solve this problem [16], [17]. The first step
before applying the UTD is to use ray tracing techniques
to find different paths for the electromagnetic waves [7]. We
first considered circular cylinders to represent two human legs
crossing the LOS path between the transmitter and the receiver
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Fig. 4. The angular rotation of the elbow and knee with v = 1 obtained
using a cubic spline passing through control points.

as shown in Fig. 5(a). A maximum of four types of rays could
exist depending on the relative position between the cylinders
and the transmission link: a direct ray that exists when none
of the cylinders are blocking the LOS, in which case the
receiver is considered to be in a lit region; a reflected ray
from each cylinder that can only exist when laws of reflection
can be satisfied and neither the incident nor the reflected ray
is blocked from its path; and two diffracted rays from each
cylinder that can only exist if neither the incident ray nor the
diffracted ray from one cylinder is blocked from its direct path
by the other cylinder. Higher orders of reflected and diffracted
rays are neglected. A similar ray-tracing method is used for the
upper body, using three cylinders representing the two arms
and the trunk [Fig. 5(b)].

If we consider transmission in an indoor environment,
reflections from the floor, ceiling, and walls will contribute
to the total received signal. The total received electric field,
ET, can then be found by summing the contributions given by
each ray as in [7], [16]:
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X
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where E;j is the incident field, K is the total number of cylinder
reflected fields E,n, M is the total number of diffracted fields
Edn, and N is the total number of the flat surface-reflected
fields Erfn.

The incident field can be expressed as
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Ei(Rx) = Co

®)

where Sg is the distance between the point of transmission and
the point of observation, and Cp is a constant associated with
incident field power [7], [16].






