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Abstract

Wireless radio transmission performance in a realistic environment is a
significant issue for designing and evaluating in short-range transmission
technologies. Human body-shadowing is a significant propagation effect in
an indoor wireless communication network. This paper presents the mea-
surement model of impulse radio transmission with human body-shadowing
in an indoor environment with IEEE 802.15.4 multipath impulse parameters.
The impulse radio transfer function measurement model for the human body
impulse radio transfer function with frequency band cover from 3 GHz to
11 GHz. The optimum system evaluation of impulse radio transmission is
due to the human body and antennas. The characteristics of impulse radio
transmission loss are using decay factor, log-normal standard, clusters, and
ray arrival rate. The contributions of this research can be evaluating the
human body impulse radio transfer function. And the design of the wireless
radio system with the body shadowing effects and ambient environments.
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1 Introduction

Multimedia technology is widely affected in daily human life. Quality of
Service (QoS) is essential to achieve good performance in wireless com-
munication [1]. Wireless sensor network (WSN) technology is a promising
and challenging topic because it can apply to a vast scale of multimedia
applications [2]. Various wireless technologies were introduced to WSN,
e.g., Wi-Media, Bluetooth, ZigBee, LoRa, LTE, RFID, and ultra-wideband.
The ultra-wideband (UWB) technology has an advantage for providing
a high data rate, inexpensive device component, and low power require-
ment. Due to the benefits of the UWB, which provide good QoS for
WSN [3].

The UWB technology is a radio technology for use as a new scheme in
wireless impulse radio systems. The initial state in UWB technology, various
organizations and industries are participating in the development. Neverthe-
less, UWB is still not famous because the IEEE 802.15.3a standard was
never achieved due to the high price of commercial products [4]. However,
some organizations or companies are still urged to develop UWB technology.
The current trends of UWB are mainly focused on the design and optimiza-
tion of UWB circuits, including antenna, filter, oscillator. Some researches
focus on realizing personal area network system (PANS), body area network
system (BANS), smart device, and wireless localization [5]. The regulation
of UWB is widely developed in many countries. UWB technology appears
in various applications, e.g., medical service, tracking, smart home, smart
office, radar imaging, surveillance, and wireless localization. At present, the
IEEE standard for UWB can roughly separate into two standards, i.e., IEEE
802.15.6-2012 and IEEE 802.15.4-2020. The IEEE 802.15.6-2012 is used for
BANS, and the IEEE 802.15.4-2020 is used in a low-rate wireless network.
Both standards are described the general physical requirement for UWB
technology [6, 7]. The characteristic of the UWB transmission is applicable
for PANS that is used to interconnect between server and surrounding end-
device [8]. For example, in [9], UWB measurement has been done to classify
UWB propagation and transmission in small spacecraft that compare UWB
and narrowband.

One of the most emerging application is the WBAN, which allow wireless
communication to interact with current medical services [10, 11]. Several
pieces of research on WBAN using wideband communication have been
investigated. The investigation of ultra wideband body area network system
(UWB-BANS) with line-of-sight (LOS) and shadowing classification by
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using deep learning has been studied [12]. In [13], a study of wideband
propagation channels for BANS in a circular metallic indoor environment
has been proposed. The propagation channel of this research is evaluated in
terms of time delay. An off-body channel model is determined by Rician dis-
tribution, and stochastic Rician factor k for BANS in an indoor environment
is present in [14].

Furthermore, intrabody communication (IBC) is examined using impulse
radio to provide superior service of BANS with real-time communication
is discussed in [15]. The evaluation and investigation of UWB-BANS with
the human body model performed by different scenarios have been pre-
sented [16, 17]. In [18], the investigation of UWB impulse radio (UWB-IR)
technology for BANS application using a living animal has been evaluated.
Zero correlation duration (ZCD) code is introduced to improve the perfor-
mance of UWB-BANS is proposed to realize the advanced design and imple-
mentation of UWB-BANS [19]. In [20], UWB technology is applied with a
posture recognition method for indoor positioning. The posture recognition
algorithm, least-square estimation (LSE) method, and improved Kalman filter
are introduced to suppress the noise regarding distance error [21]. The indoor
propagation measurement with Rake reception for improving signal quality is
introduced in [22]. The indoor localization uses a wearable body sensor using
UWB technology with a particle filter to reduce position error [23]. From
the previous researches, the majority of the related research considers the
human body effect on UWB transmission channel evaluation, including with
different schemes of the evaluation model. However, there is no discussion
about the optimization at the receiver part.

This paper proposes the human body shadowing channel measurement
model based on the IEEE 802.15.4-2020 with multipath parameters. The
UWB-IR transmission channel is measured over the FCC regulation and the
IEEE standard at operating frequency at 3 GHz to 11 GHz is observed. The
optimum system is introduced at the receiver part of the UWB-IR channel
model as the post-processing technique to eliminate the dirty signal due
to noise. The measurement results are measured and recorded by using a
network equipment in the indoor environment. A time delay characteristic
evaluates the results. The structure of this research include. The Section 2
will describe the IEEE 802.15.4 multipath impulse radio model. The channel
measurement setup and human body shadowing multipath impulse radio
model are presented in Section 3. The multipath impulse radio characteristics
and model parameters are presented in Section 4. Finally, the conclusion will
be discussed in Section 5.
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2 IEEE 802.15.4 Standard Model

This paper models the UWB body-shadowing channel based on IEEE
802.15.4 multipath channel parameters. The transmission model uses a log-
normal probability density function rather than Rayleigh probability density
for the multipath gains. The UWB transmission channel with multipath
components are involved with impulse response in the discrete-time domain
is described as,

h(t) =
N∑
n=0

M∑
m=0

αn,mδ(t− Tn − τn,m) (1)

where N is a clusters number, M is a rays or propagation number in the n th
clusters, αn,m ism th multipath gain coefficient of the ray in the n th clusters,
Tn is the first arrival time of the n th clusters, τn,m is m th rays delay in the
n th clusters regarding to the first arrival time Tn.

By elucidation, τn,0 = 0 when assumed T0 = 0. The ray and the clusters
of arrival can be derive from a Poisson process distribution given by

p(Tn|Tn−1) = Λe−Λ(Tn−Tn−1), n > 0 (2)

p(τn,m|τ(m−1), n) = Λrayse
−λ(τn,m−τ(m−1), n), m > 0 (3)

where Λ is rate of clusters arrival and, Λrays is number of the arrival rays in
each path of each clusters.

In [24], The channel modification allows rays of the clusters to fade
independently, as shown in Figure 1. For example, a fading of each multipath
within-clusters arrival is associated with the arrival of incoming rays. The
UWB impulse radio coefficient is given by Equation (4), when the fading of
clusters and ray amplitudes are in logarithm form

αn,m = pn,mξnβn,m, (4)

with
log 10(ξlβk,l)

2 ∝ Normal(µn,m, σ
2
1 + σ2

2) (5)

or
|ξnβn,m| = 10(µn,m+i1+i2)/20, (6)

where i1 ∝ Normal(0, σ2
1) and i2 ∝ Normal(0, σ2

2) are independent, and
pn,m is equiprobable ±1. µn,m is mathematically described by

µn,m =
10 ln(Ω0)− 10Tn/Γ− 10 τn,m/γ

ln(10)
− (σ2

1 + σ2
2) ln(10)

20
(7)
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Figure 1 Characteristics of the multipath impulse radio [24].

Table 1 The determined of UWB multipath impulse radio parameters
Parameters Descriptions
Λ Number of arrival clusters
Λrays Number of arrival range in each clusters
Γ Decay factor of each clusters
γ Decay factor of each ray
σ1, σ2 The standard deviation of clusters and ray

The amplitudes of each ray arrival with all clusterss are given by

E[|ξnβn,m|2] = Ω0 exp(−Tn/Γ) exp(−τn,m/γ), (8)

where Tn is the excess delay of bin n and Ω0 is average amplitude of the first
arrival range of the first clusters.

In the previous equations, ξn represent the fading regarding to the n th
clusters, and βn,m associate to the fading of the m th rays of n th clusters.
There are five parameters to determine the multipath channel characteristics
regard to the characteristics of the UWB impulse radio, as present at Table 1.

As shown in Table 1, parameters of match system with transmission
waveform.
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Figure 2 Human body impulse radio antenna [17].

3 Impulse Radio Measurement and Post-Processing

3.1 Measurement Equipment

In this paper, the impulse radio sounder in the domain of frequency is
achieved by a vector network analyzer (VNA). The transmitted antenna (Tx)
and received antenna (Rx) are connected to port one and port 2 of VNA,
respectively. The experiment was done with the Tx-Rx antennas in a fixed
position, including human body shadowing. A low noise amplifier compen-
sated the loss in transmission cable. The omnidirectional propagation can be
achieved by using the biconical antenna as Tx-Rx antennas to represent the
UWB impulse radio’s characterization. The actual picture and the dimension
of the human body impulse radio antenna are present in Figure 2. In Figure 3,
an antenna transfer function characteristics are illustrated as magnitude and
phase. Table 2 provides the lists of the experimental parameters.

3.2 Experimental Location

In this experiment, the investigation of the shadow effect with human body in
a realistic indoor model is presented. The experimental setup, including the
Tx-Rx antennas and human body, are described in Figure 4. The experiment
was done in a classroom 6 meters wide, 12 meters long, and 3.5 meters
high. The acoustic absorption sheet is attached to a typical concrete wall.
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(a) Magnitude 

 
(b) Phase 

Figure 3 Human body impulse radio antenna transfer function: (a) magnitude and (b)
phase [17].
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(a) Human body measurement model side perspective. 

(b) Human body measurement model top view. 
Figure 4 Experimental setup: (a) human body measurement model side perspective and (b)
human body measurement model top view.

The ceiling has used a clipboard as ceiling material. The wooden door and
furniture are placed inside the experiment room.

3.3 Experiment Parameters Configuration

The human body impulse radio antennas are used to measure the human
body impulse radio evaluation in domain of frequency. UWB impulse radio
is measured and recorded by VNA. The Tx-Rx antennas are installed at 1.5
meters from the ground with vertical polarization. The antenna is fixed, and
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Table 2 Experimental parameters

Parameter Values

Frequency bandwidth 3.0 GHz to 11.0 GHz

Frequency sweeping point 1601 points

Tx antenna height 1.5 m

Rx antenna height 1.5 m

Polarization Vertical

Tx-Rx Separation distance 3 m

set the separation distance to be 2 meters. The calibration at the transmission
line and connector is done to increase the signal-to-noise ratio. Human body
is at a fixed position between Tx-Rx antennas.

3.4 The Optimum System

The optimum system is introduced to improve the UWB signal quality at
receiver part. The general Friis’ transmission formula is applied to evaluate
narrowband communication. However, the operating bandwidth is very wide.
Hence, the modify of this transmission formula is presented in [25]. With the
benefits of the extent of this transmission formula, the UWB transfer function
can be optimized by the optimum system, including with characteristics of an
input signal, free space propagation, and antenna. The steps of the optimum
system are as follows.

(1) Generate the input signal vinput(t) by convolution the input impulse with
the pulse shaping filter hinput(t) as described in

vinput(t) = δ(t) ∗ hinput(t), (9)

where ∫ ∞
−∞

h2
input(t)dt =

∫ ∞
−∞
|Hinput(f)|2df = 1. (10)

(2) Determine the UWB radio transfer function with extended Friis’ trans-
mission formula by

HHB−IR(f, d) = Hinput(f)Hfree(f, d)Hr(f)Ht(f), (11)

when

Hfree(f, d) =

(
c

4πd|f |

)
e−jkd, (12)
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when Hfree(f, d) is a transfer function in free space, Hinput(f) is an
input transfer function, Hr(f) is received antenna transfer function,
Ht(f) is transmitted antenna transfer function, k = 2π|f |/c is a propa-
gation constant, d is the separation between Tx antenna and Rx antenna,
f is operation frequency, and c is a speed of light.

(3) Estimate the optimum system by determining an optimum waveform
system as presented in

Hopt-s(f) =
H∗HB-IR(f)√∫∞

−∞ |H
∗
HB-IR(f)|2df

, (13)

and an isotropic form of the optimum system transfer function as

Hopt-s, iso(f) =
H∗HB-IR, iso(f)√∫∞

−∞ |H
∗
HB-IR, iso(f)|2 df

, (14)

while the condition of constant noise output power Einput is equal to 1.
(4) Determine UWB impulse radio impulse response hHB-IR(t) and opti-

mum system impulse response by inverse fast Fourier transform (IFFT)
to the UWB impulse radio transfer function HHB-IR(f) and the opti-
mum system transfer function Hotp-s(f), respectively.

(5) Calculate the output waveform corresponding to the optimum system
votp-s(t) in mathematical form by

votp-s(t) = hHB-IR(t) ∗ hotp-s(t), (15)

and in the isotropic case is given by

votp-s, iso(t) = hHB-IR, iso(t) ∗ hotp-s, iso(t). (16)

(6) Finally, the output spectrum of the optimum system can obtain by

Vopt-s(f) = HHB-IR(f)Hotp-s(f), (17)

Vopt-s, iso(f) = HHB-IR, iso(f)Hotp-s, iso(f), (18)

while Vopt-s-iso(f) is the isotropic form of the output spectrum of the
optimum system.

4 Experimental Results and Extracted Parameters

From the time delay characteristic results, the UWB impulse radio character-
istics with the multipath component can be observed by power delay profiles
(PDPs) and extracted parameters.
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Table 3 Time dispersion characteristics

Parameters Values

τ̄ (ns) 22

τrms (ns) 20

NP10dB 11

NP (85%) 26

Table 4 The model parameters for the body-shadowing channel

Model Parameters Descriptions Extracted Values

Λ[ns−1] Number of arrival clusters 0.08

Λray[ns−1] Number of arrival range within each clusters 3.1

Γ[ns] Decay factor of each clusters 19

γ[ns] Decay factor of each ray 6

σ[ns] The standard deviation of clusters and ray 6.6

4.1 UWB Impulse Radio Characteristics

The time dispersion of the multipath channel is an important factor that
determines radio channel characteristics, including with mean exceed delay
τ̄ , root mean square delay spread τrms, and number of propagation rays within
10 dB threshold. These main characteristics are extracted from the PDPs with
assumed the noise level as 20 dB of peak presented in Figure 5. To obtain

Figure 5 Delay characteristic of human body shadowing propagation.
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Table 5 The comparison of measured and model time dispersion characteristics
Parameters Measured Model
τ̄ (ns) 22 22
τrms (ns) 20 23
NP10dB 11 18
NP (85%) 26 60

τ̄ and τrms, the amplitude and delay of the first arrival rays are normal-
ized. The τ̄ and τrms are mathematically explained in [26]. The extracted
time dispersion characteristics from the measurement data are illustrated in
Table 3.

4.2 Impulse Radio Transmission Model Parameters

The IEEE 802.15.4 impulse radio model parameters are given by investi-
gating the multipath propagation in the PDPs. The model is ordered to fit
the measured transmission data. Figure 6 shows the normalized PDPs after
post-processing with the optimum system, clusters arrival time intervals, the
number of arrival ray clusters, and best Poisson fitting. This result explains
with Poisson arrival assumption. The effects of multipath impulse radio
transmission due to the human body, antennas, and ambient environment.
Table 4 shows the parameters extracted from the measurement channel as

Figure 6 The normalized PDPs after post-processing with the optimum system, extracted
clusters of arrival, ray of arrival and best Poisson fitting.
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described in Section 3. The parameters from the table can be used to gen-
erate the channel according to the body-shadowing in an indoor model, as
illustrate in Figure 2. Table 5 shows the comparison of the measurement and
model for the body-shadowing channel based on IEEE 802.15.4 multipath
impulse radio. As shown in the table, the time dispersion characteristics of
the measurement results are close to the model [20].

5 Conclusions

This paper evaluated the human body impulse radio transmission with IEEE
802.15.4 standard based on actual measurement data. The IEEE 802.15.4
standard multipath transmission waveform and time dispersion parameters
are evaluated with the power delay profile with the optimum system model.
The multipath impulse radio parameter results evaluation is included the
clusters and ray arrival rates, decay factor, and log-normal standard deviation.
The effects of multipath impulse radio transmission due to the human body,
antennas, and ambient environment are shown in figures. This research merit
is useful for designing and evaluating the human body impulse radio for
short-range wireless communication systems.
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