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Abstract: In this paper, subject-specific narrowband (2.45 GHz) and ultra-wideband
(3–10.6 GHz) on-body radio propagation studies in wireless body area networks (WBANs)
were performed by characterizing the path loss for eight different human subjects of
different shapes and sizes. The body shapes and sizes of the test subjects used in this study
are characterised as thin, medium build, fatty, shorter, average height and taller.
Experimental investigation was made in an indoor environment using a pair of printed
monopoles (for the narrowband case) and a pair of tapered slot antennas (for the
ultra-wideband (UWB) case). Results demonstrated that, due to the different sizes, heights
and shapes of the test subjects, the path loss exponent value varies up to maximum of 0.85
for the narrowband on-body case, whereas a maximum variation of the path loss exponent
value of 1.15 is noticed for the UWB case. In addition, the subject-specific behaviour of
the on-body radio propagation channels was compared between narrowband and UWB
systems, and it was deduced that the on-body radio channels are subject-specific for both
narrowband and UWB system cases, when the same antennas (same characteristics) are
used. The effect of the human body shape and size variations on the eight different on-body
radio channels is also studied for both the narrowband and UWB cases.
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1. Introduction
In body-centric wireless networks, various units/sensors are scattered on/around the human body
to measure specified physiological data, as in patient monitoring for healthcare applications [1].
A body-worn base station will receive the medical data measured by the sensors located on/around the
human body. Body-centric wireless networks have a range of applications, from the monitoring of
patients with chronic diseases and care for the elderly, to general well-being monitoring and
performance evaluation in sports [2–6]. The human body is considered as an uninviting and even
hostile environment for a wireless signal. The diffraction and scattering from body parts, in addition to
the tissue losses, lead to a strong attenuation and distortion of the signal [1]. In order to design
power-efficient on-body communication systems, an accurate understanding of the wave propagation,
the radio channel characteristics and attenuation around the human body is extremely important. To
ensure the efficient performance of wireless body area networks (WBANs), the propagation channels
need to be modelled and characterised. In the past few years, researchers have been thoroughly
investigating narrow band and ultra-wideband on-body radio channels. In [7–14], on-body radio
channel characterisation was presented at the unlicensed frequency band of 2.45 GHz. UWB on-body
radio propagation channel characterisation for body-centric wireless networks have been presented
extensively in the open literature [15–27]. However, the sizes and shapes of the different human bodies
will affect the propagation path and lead to different system performances. In [28], on-body radio
channel measurement results for three different human body sizes were presented. From the
subject-specific on-body radio propagation prospective, very limited work is presented in the
literature [29,30] that is mostly based on the finite difference time domain (FDTD) technique. In
previous studies, there was not a sufficiently thorough analysis, and the number of phantoms was
limited. No experimental studies have been performed yet in the literature for subject-specific
behaviour, either by using narrowband or UWB systems. However, a thorough investigation and
analysis of subject-specific on-body radio propagation channels for a wider number of people with
different shapes, sizes and heights both in narrowband and UWB systems are required. A comparison
of the on-body radio channels subject specificity between narrowband and UWB is required in order to
specify which technology is more subject-specific.
Potential narrowband and ultra-wideband (UWB) body-centric wireless networks need to provide
efficient and reliable communication channels. Critical issues remain with regard to the human body
effect, shapes and sizes of the body, indoor propagations and radio channel characterization, which all
must be addressed before the concept can be deployed for commercial applications. In this paper,
subject-specific narrowband (2.45 GHz) and ultra-wideband (3–10.6 GHz) on-body radio propagation
studies in wireless body area networks (WBANs) were performed by characterising the path loss for
eight different human subjects (male) of different shapes, sizes and heights. An experimental
investigation was made in the indoor environment using a pair of printed monopoles (for the
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narrowband case) and a pair of tapered slot antennas (for the UWB case). A frequency domain
measurement set up was applied for both narrowband and UWB cases. The impact of different body
shapes and sizes on the on-body radio communication channel was analysed at 2.45 GHz and
3–10 GHz. In addition to this, comparison between narrowband and ultra-wideband on-body radio
propagation channel subject-specificity is also discussed.
The rest of the paper is organized as follows. Section 2 illustrates measurement setup and
subject-specific on-body radio channel characterization for narrowband communication. Section 3
presents measurement studies for UWB subject-specific on-body radio channel. In Section 4, a
comparison is presented between narrowband and UWB subject-specific studies, and finally, Section 5
draws the conclusion of the presented work.
2. Narrowband Subject-Specific On-Body Radio Propagation Channel Characterisation
A total of eight male human test subjects were considered in this study. The heights and weights of
the test subjects are listed in Table 1, together with the chest and waist circumferences. Figure 1 shows
the photographs of the test subjects used in this experiment.
Figure 1. The photographs of the eight test male subjects used for on-body radio
propagation channel measurement (the dimensions are shown in Table 1).
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Table 1. The dimensions of eight test subjects (male) used in this study.
Dimensions

Male 1

Male 2

Male 3

Male 4

Male 5

Male 6

Male 7

Male 8

Height (cm)
Weight (kg)
Chest Circumference (cm)
Waist Circumference (cm)

182
70
87
79

181
73
91
81

186
74
92
82

178
78
93
86

169
68
94
89

168
91
114
96

188
120
124
130

180
128
136
140

2.1. Measurement Settings
For the narrowband subject-specific on-body radio propagation channel study, a pair of printed
monopole antennas (working at 2.45 GHz) were used [31], as shown in Figure 2. The radiating
element of the printed monopole antenna was designed on the FR4 board with εr = 4.6 and a thickness
of 1.6 mm. There is a partial ground plane at the back side of the printed monopole antenna. The
radiation pattern of the printed monopole antenna becomes directive when it is placed on the human
body. A HP8720ES vector network analyser (VNA) was used to measure the transmission response
(S21) between two printed monopole antennas placed on the body. During the measurements, the
transmitter antenna connecting with the cable was placed on the left waist, while the receiver antenna
connecting with the cable was successively placed on 34 different locations on the front part of the
standing human body, as shown in Figure 3. The antennas were oriented with radiating elements
parallel to the body and facing outward. During the measurement, both transmitter and receiver
antennas were placed on the cloths of all test subjects. The clothing was consistent between the test
subjects used in this experiment. All the test subjects used in this experiment wearied a T-shirt and
jeans during the measurements. The test subjects were standing still during the measurements, and for
each receiver location and measurement scenario, 10 sweeps were considered. The effects of the cable
were calibrated out. The measurement campaigns were performed in the Body-Centric Wireless Sensor
Laboratory at Queen Mary, University of London [21].
Figure 2. Schematic diagram of the printed monopole antenna used in this study [31].
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Figure 3. On-body radio propagation measurement settings showing that the transmitter
antenna is on the left waist, while the receiver antenna is on 34 different locations of the
body. Rx, receiver; Tx, transmitter.

Left Waist

2.2. Narrowband On-Body Path Loss Characterisation
The path loss for the different receiver locations was calculated directly from the measurement data
of S21 (10 sweeps) averaging at 2.45 GHz. It is well known that the average received signal decreases
logarithmically with distance (for both indoor and outdoor environments). The path loss can be modelled
as a linear function of the logarithmic distance between the transmitter and receiver, as
explained in [32],
PL dB ( d )  PL dB ( d 0 )  10  log(

d
)  X
d0

(1)

where d is the distance between the transmitter and receiver, d0 is a reference distance set to a
measurement (in this study, it is set to 10 cm), PLdB(d0) is the path loss value at the reference distance
and Xσ is the shadowing fading. The parameter, γ, is the path loss exponent that indicates the rate at
which the path loss increases with distance.
In order to model the path loss as a linear function of the logarithmic distance, a least-squares fit
was performed on the measured path loss data for 34 different receiver locations, as shown in Figure 4.
Table 2 lists the value of path loss exponents and path loss at the reference distance d0 obtained for the
eight different test subjects. Due to the different body sizes, shapes and heights, the path loss exponent,
γ, varies for the different human bodies. In this study for the narrowband case, a maximum variation in
the path loss exponent of 0.85 is noticed (Male 1 and Male 8). The results show that the path loss
exponent generally increases with body size.
In the case of subjects with a low value of body chest and waist circumferences, such as Male 1,
Male 2 and Male 3, the path loss exponent is lower, whereas with large values of chest and waist
circumferences (Male 6, Male 7 and Male 8), the path loss exponent is higher. In this case, for thinner
subjects (Male 1, Male 2 and Male 3), the propagation between the Tx (transmitter) and Rx (receiver)
has more line of sight (LOS) than the test subjects with a higher volume of chest and waist
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circumferences, resulting in lower path loss exponents (γ = 3.2, γ = 3.25 and γ = 3.31 for Male 1,
Male 2 and Male 3, respectively). For the subjects with a higher radius of the curvature of the trunk,
such as Male 6, Male 7 and Male 8, the wave reaches the receiver through creeping wave propagation,
which has higher signal attenuation, thus leading to a higher value of the exponent (γ = 3.71, γ = 3.85
and γ = 4.05 for Male 6, Male 7 and Male 8, respectively). For the subjects with a higher volume of
chest and waist circumferences, the communication for some of the receiver locations is heavily
blocked by the different body parts, compared to the subject with a lower value of chest and waist
circumferences. In addition, the body tissues, reflection, diffraction and scattering from the body parts
are also different for various subjects, which contribute to the variation of path loss. For the on-body
radio channel, the propagation is mainly through creeping wave, free space and guided wave. Different
shapes and sizes of the test subjects affect the propagation mode for on-body propagation links.
Table 2. Narrowband on-body path loss parameters for the eight different test subjects.
The parameter, γ, is the path loss exponent, PLdB(d0) is the path loss at the reference
distance and  is the standard deviation of the normally distributed shadowing factor.
Path Loss
Parameters
γ
PLdB(d0) (dB)
σ (dB)

Male 1

Male 2

Male 3

Male 4

Male 5

Male 6

Male 7

Male 8

3.20
41.0
7.62

3.25
40.8
6.80

3.31
40.7
7.12

3.39
43.8
6.31

3.48
42.0
8.01

3.71
42.8
7.09

3.85
44.2
7.17

4.05
41.7
8.12

Figure 4. Measured and modelled path loss for narrowband on-body channels versus the
logarithmic Tx-Rx separation distance of different human test subjects (Male 1–Male 8).
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Xσ is a zero mean, normal distributed statistical variable and is introduced to consider the deviation
of the measurements from the calculated average path loss. Figure 5 shows the deviation of
measurements from the average path loss fitted to a normal distribution for the eight different test
subjects for the narrowband case. Table 2 lists the values of standard deviation of the shadowing factor
obtained for eight different test subjects. The standard deviation, σ, of the normal distribution was
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found to be the highest for Male 5 and Male 8, whereas the lowest is noticed for Male 2 and Male 4.
The results indicate that the standard deviation value, σ, varies for different test subjects.
Figure 5. Deviation of the measurements from the average path loss for different test
subjects (Male 1–Male 8) fitted to a normal distribution at 2.45 GHz.
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In order to compare the path loss for eight different human body types, eight different on-body
channels (shown in Figure 6) have been chosen. Figure 7 shows the variation in path loss for the eight
different on-body links for the eight test subjects.
Figure 6. The considered eight different on-body links chosen for the path loss comparison
of different test subjects.
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Figure 7. The variation of path loss for eight different narrowband on-body radio
propagation channels for different human test subjects.
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For the eight different links considered, due to the different shapes and sizes of the human body, a
maximum of 13.02 dB of variation of the path loss of an on-body channel was observed. This was
noted for the transmitter for the right wrist link (Rx 19) of Male 1 and Male 8, where the variation of
the path loss for this link of eight different subjects is mainly due to the different trunk sizes of the
different subjects. In the case of Male 1, the trunk size is much smaller than the trunk of Male 8, which
creates less non-line-of-sight propagation (NLOS) and less blocked communication, resulting in a
lower path loss value for this link for Male 1. For the receivers on the wrists and on the ankles, the
variation of the path loss between the different subjects is found to be higher. The maximum variation
of the path loss of different subjects for the left and right ankle links is 11.89 dB and 11.69 dB,
respectively. For the ankle channels, the variation of the path loss is due to the different height and size
of the legs of different subjects. The lowest path loss for both ankle links is noticed for the shorter
subject with a medium body size (Male 5), whereas the highest is noticed for the taller subjects with a
fatty body (Male 7 and Male 8). In the case of Male 5, the sizes of the legs are smaller than those of
Male 7 and Male 8; hence, the communication distance between Tx and Rx is less, leading to a lower
path loss value for this channel for Male 5.
For the receiver placed on the ear, it is possible to note that the path loss is higher for the taller
subjects with a larger curvature radius at the trunk, such as Male 7 and Male 8, and lower for the
thinner and shorter subjects with a smaller curvature radius (Male 5, Male 1, Male 2 and Male 3). The
maximum variation of the path loss of different test subjects for the left and right ear links is 8.64 to
9.25 dB, respectively. In this study, for different test subjects, the lowest path loss variation is noticed
for the ear and chest links. Table 3 summarizes the maximum path loss variation of each channel for
different test subjects.
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Table 3. The maximum path loss variation of each on-body link obtained among different
test subjects (narrowband).
Channel
Left chest
Right chest
Left ear
Right ear
Left wrist
Right wrist
Left ankle
Right ankle

Maximum Path Loss (dB) Variation
7.52
8.95
9.25
8.64
12.10
13.02
11.79
11.69

For the narrowband case, the lowest path loss is noticed for the left wrist and left chest links for all
eight test subjects. The path loss for each different location is averaged over the eight test subjects. The
subject-averaged path loss values for the left the chest, the right chest, left ear, right ear, left wrist,
right wrist, left ankle and right ankle are 52.64, 70.77, 68.32, 72.71, 44.14, 70.72, 66.41 and 67.47 dB,
respectively. Results show that, for the narrowband case, the subject-averaged highest path loss is
noticed for the right ear, right wrist and right chest channels, while the lowest is at the left wrist and
left chest channels.
3. Ultra-Wideband (UWB) Subject-Specific On-Body Radio Propagation Channel
Characterisation
Similar to the previous section, the subject-specificity of the ultra-wideband (UWB) on-body radio
channel is investigated by considering the same eight test subjects. For the ultra-wideband
subject-specific on-body radio propagation channel study, a pair of coplanar waveguide (CPW)-fed
tapered slot antennas (TSA) was used [33], as shown in Figure 8. The CPW-fed miniaturized
ultra-wideband TSA is fabricated on RT/Duroid board with a permittivity of εr = 3 and a thickness of
1.524 mm. The total size of the TSA is 27 mm × 16 mm2. The radiation pattern of the ultra-wideband
tapered slot antenna becomes directive when it is placed on the human body. In order for a fair
comparison to be made between narrowband and ultra-wideband subject-specific on-body radio
propagation channels, the printed monopole antenna was used for the narrowband case, while the
tapered slot antenna was used for the UWB case. The printed monopole and the tapered slot antenna
(TSA) have the same radiation characteristics.
3.1. Measurement Settings
The UWB subject-specific on-body radio channel measurements were also performed in the
frequency domain, using a vector network analyser (Hewlett Packard 8720ES-VNA) and two cables,
connecting two stand-alone identical TSA antennas, to measure the transmission response (S21) in the
frequency range of 3–10 GHz. The frequency range was set to 3–10 GHz, with 1601 points and with a
sweep time of 800 ms. Like the narrowband study, 34 different receiver locations were considered. For
this case, the transmitter and receiver antennas were placed exactly on the same locations as for the
narrowband case. During the measurements, the subject was standing still, and for each receiver
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location and measurement scenario, 10 sweeps were considered, as was performed for the narrowband
case. The UWB subject-specific on-body radio channel measurements were also performed in the
Body-Centric Wireless Sensor Laboratory, Queen Mary University of London [31]. For both
narrowband and UWB subject-specific on-body radio channel experiments, the environment of the
sensor laboratory was kept constant.
Figure 8. Dimensions and geometry of the coplanar waveguide (CPW)-fed tapered slot
antenna (TSA) used in this study [33].

3.2. UWB On-Body Path Loss Characterisation
The path loss for each receiver location is directly calculated from the measurement, averaging over
the frequency band of 3–10 GHz. A least-squares fit method is applied on the measured path loss data
for 34 different receiver locations to extract the path loss exponent for eight test subjects, as shown in
Figure 9. Table 4 lists the values of path loss exponent γ obtained for different test subjects. It can be
noted that the path loss is affected by the body size. The conclusions are similar to the ones drawn in
the previous section for a narrowband system. In particular, it is noted that subjects with a larger body
size show higher values of the path loss exponent. For the UWB case, the value of the path loss
exponent, γ, ranges from 1.91 (Male 1) to 3.06 (Male 8). It can be noted that subjects (such as Male 6,
Male 7 and Male 8) having a bigger curvature radius at the waist and chest hence present a higher
value of γ. For the UWB case, due to different body sizes, shapes and heights, a maximum variation in
the path loss exponent of 1.15 is noticed (Male 1 and Male 8). For this case, Male 1 has the
lowest chest and waist size circumferences compared with Male 8, resulting in the lowest path
loss exponent.
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Figure 9. Measured and modelled path loss for ultra-wideband on-body channel versus the
logarithmic Tx-Rx separation distance of different human test subjects (Male 1–Male 8).
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Figure 10 shows the deviation of measurements from the average path loss fitted to a normal
distribution for the eight different test subjects for the UWB case. The values of the standard deviation,
σ, of the shadowing factor obtained for eight different test subjects are listed in Table 4. As with the
narrowband results, the standard deviation, σ, of the normal distribution was found to be higher for
Male 5 and Male 8. Results indicate that the standard deviation value, σ, varies for different test
subjects, as was found in the narrowband system.
Figure 10. Deviation of the measurements from the average path loss for different test
subjects (Male 1 to Male 8) fitted to a normal distribution at the UWB.
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Table 4. Ultra-wideband on-body path loss parameters for different test subjects. The
parameter, γ, is the path loss exponent, PLdB(d0) is the path loss at the reference distance
and σ is the standard deviation of the normally distributed shadowing factor.
Path Loss
Parameters
γ
PLdB(d0)
σ

Male 1

Male 2

Male 3

Male 4

Male 5

Male 6

Male 7

Male 8

1.91
51.2
7.36

2.0
51.6
7.27

2.08
50.4
6.90

2.19
51.8
7.61

2.33
50.7
8.30

2.62
50.5
6.86

2.8
49.0
6.60

3.06
48.7
7.80
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Like the narrowband system, eight different on-body radio communication channels (as shown in
Figure 6) have been chosen for the UWB case, in order to compare the path loss for eight different
human body types. Figure 11 shows the variation in path loss for eight different ultra-wideband
on-body radio links of different human test subjects. Due to different shapes and sizes of the human
body, the path loss varies for each different receiver location on the body. For the considered eight
different radio links, a maximum of 14.21 dB of variation in the path loss of an ultra-wideband
on-body radio channel was observed. The maximum variation of path loss is noted for the transmitter
for the right wrist link (Rx 19) of Male 1 and Male 8. In the UWB case, the same conclusion is drawn
as in the previous section for a narrowband system. In particular, subjects with higher chest and waist
circumferences (Male 6, Male 7 and Male 8) show a higher path loss value for the wrist links,
compared with the subjects with smaller chest and waist sizes (Male 1, Male 2 and Male 3). For
different subjects, the higher path loss variation is noticed for the receivers on the wrists and on the
ankles, while the lowest path loss variation is noticed for the ear and chest links. Table 5 summarizes
the maximum variation of the path loss for different on-body channels of different test subjects.
Figure 11. Variation of the path loss for eight different UWB on-body radio propagation
channels of different human test subjects.
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Table 5. The maximum variation in the path loss of each on-body radio link obtained
among different subjects (UWB).
Channel
Left chest
Right chest
Left ear
Right ear
Left wrist
Right wrist
Left ankle
Right ankle

Maximum path loss (dB) variation
8.8
8.24
9.4
9.28
12.62
14.21
10.89
10.29
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For the UWB system, the lowest path loss value is noticed for the left wrist and left chest links for
all eight test subjects. The path loss for each different location is averaged over the eight test subjects.
The averaged path loss for the left chest, right chest, left ear, right ear, left wrist, right wrist, left ankle
and right ankle is 53.50, 68.80, 66.20, 72.84, 59.62, 74.87, 61.59 and 68.55 dB, respectively. Results
show that for the UWB system case, the subject-averaged highest path loss is noticed for the right
wrist, right ear and right chest channels, while the lowest is for left chest and left wrist channels. For
the UWB case, nearly the same trends are noticed as was noticed for the narrowband case.
4. Narrowband vs. Ultra-Wideband Subject-Specific On-Body Radio Propagation Channels
Based on the studies in the previous two sections, a comparison between narrowband and
ultra-wideband subject-specific on-body channel characterisation is made here.
 For the narrowband case at 2.45 GHz, the path loss exponent is in the range of 3.20 to 4.05,
while for the UWB (3–10 GHz) case, it is in the range of 1.91 to 3.06.
 It is noted that, for the narrowband on-body radio propagation case, due to the different sizes,
shapes and heights of the test subjects, the path loss exponent value varies up to a maximum of
0.85. For the UWB case, for different subjects, the path loss exponent value varies up to a
maximum of 1.15. From this study, it is observed that, for different test subjects, the
ultra-wideband system shows a higher variation of the path loss exponent value (0.3). The
maximum path loss exponent variation for different test subjects in the UWB case is very close
to the narrowband system. Table 6 summarises the dimensions and narrowband and UWB path
loss exponents of the eight test subjects.
 For the eight different on-body links considered, for different test subjects, a maximum of
13.02 dB of variation in path loss value of an on-body radio channel (left waist to right wrist) is
noticed for the narrowband system, while for the UWB system, it is noticed to be 14.21 dB. For
the UWB case, nearly the same trends are noticed as was observed for the narrowband case.
 The values of path loss exponents γ are found to be higher for the narrowband case than the ones
found for the UWB system. In the narrowband case, there is only one frequency band of
operation (2.45 GHz), which has fewer effects (reflection, diffraction, scattering and so on) from
the indoor environments and human body parts. On the other hand, in the UWB case, there are
many frequency components (3–10 GHz) that have more effects from indoor environments and
human body parts, resulting in a lower path loss exponent, as compared with the narrowband
case. UWB technology is highly robust in multipathing; hence, the path loss value is lower at a
higher distance, resulting in a lower path loss exponent.
 At the reference distance, the path loss value is found to be higher for the UWB on-body radio
channel (average, 8 dB) compared with the narrowband system. At lower communication
distances between the Tx and Rx, the path loss value for UWB on-body radio channels is found
to be higher compared with the narrowband case (such as the left wrist and left chest links).
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Table 6. The dimensions (heights, shapes and sizes) and narrowband and UWB path loss
exponents of the eight test subjects.
Dimensions and path loss
exponents
Height (cm)
Chest circumference (cm)
Waist circumference (cm)
Weight (kg)
Path loss exponents (γ) for the
narrowband system at 2.45 GHz
Path loss exponents (γ) for the
UWB system at 3–10 GHz

Male
1
182
87
79
70

Male
2
181
91
81
73

Male
3
186
92
82
74

Male
4
178
93
86
78

Male
5
169
94
89
68

Male
6
168
114
96
91

Male
7
188
124
130
120

Male
8
180
136
140
128

3.20

3.25

3.31

3.39

3.48

3.71

3.85

4.05

1.91

2.0

2.08

2.19

2.33

2.62

2.8

3.06

5. Conclusions
In this paper, the subject-specificity of the narrowband (at 2.45 GHz) and ultra-wideband
(3–10 GHz) on-body radio channels in wireless body area networks (WBANs) was investigated by
considering eight human test subjects of different shapes, heights and sizes. The experimental
investigation was made in the indoor environment. The impact of different body shape, height and size
on the on-body radio communication channel path loss was investigated and analysed at 2.45 GHz
and 3–10 GHz. The results demonstrated that both the narrowband and ultra-wideband on-body radio
propagation channels are subject-specific. Results demonstrated that, due to the different sizes, heights
and shapes of the test subjects, the path loss exponent value varies up to a maximum of 0.85 for the
narrowband on-body case, whereas a maximum variation of the path loss exponent value of 1.15 is
noticed for the UWB case. The maximum path loss exponent variation for different test subjects in the
UWB case is very close to the narrowband cases. The effect of the human body shape and size
variations on the eight different on-body radio channels is studied, in which the results demonstrated
that, for certain on-body links (e.g., left waist to right wrist), the changes in body shape can lead to a
significant variation (up to 13.02 dB for narrowband and 14.21 dB for the UWB case) in the path loss.
The results indicate that, for different test subjects, the path loss varies as maximum for the wrist and
ankle channels and minimum for the ear and chest links in both cases. The UWB and narrowband
systems show nearly the same trends of path loss for different on-body locations for different
test subjects.
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