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ABSTRACT This paper presents classification, characterization and modelling of ultra-wideband (UWB)
on-body channel links while performing various physical exercises. The physical exercises mainly focus
on range-of-motion exercises in which the upper and lower limb movement is dominant. Such exercises
are suitable for various applications in medical domain such as rehabilitation, physiotherapy, in sports
for training and general-well-being. Wrist and ankle regions have been chosen for the wearable antenna
placement and three different antenna orientations have been considered with respect to the location
on the limb, inner, outer, and front region. The channel for various activities has been classified into
line of sight (LOS) and non-line of sight (NLOS) links based on computation of Kurtosis. On-body
statistical analysis and distance-dependent study is performed on two important channel parameters, path loss
magnitude and rms delay spread considering the LOS and NLOS links. The channel variation is attributed to
the location/orientation of the antenna, Tx-Rx distance, obstruction caused by the human body and different
categories of activities.

INDEX TERMS Ultra-wideband, channel classification and characterization, compact antenna, physical
activities.

I. INTRODUCTION
Physical activities and exercises are part of day-to-day life
and application specific domains such as physiotherapy, reha-
bilitation, and sports training. Monitoring and classification
of physical activities through various types of sensors has
gained a lot of interest due to the miniaturization of wearable
devices and advancement in wireless communication tech-
nologies [1]. Several types of technologies such as Optical,
Inertial and RF based technologies are reported in open
literature and in commercial domain for monitoring and
tracking physical activities, postures, and movements [2], [3].
Camera-based optical technologies are gold standard for
motion monitoring but are very expensive, have privacy
issues, suffer from occlusion, and preferred in lab-based
environment [4], [5]. Inertial sensors are relatively cheap and
commercially available but suffer from calibration and drift
errors [4], [5].

Among RF technologies, Ultra-Wideband (UWB) technol-
ogy is very suitable for wearable communication applications
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such as human localization, tracking and activity mon-
itoring [6]–[10]. UWB has attractive features such as
fine time resolution, low cost, low power, robustness to
multipath, compact antenna design and integration with other
technologies [11]–[14]. An important aspect of the UWB
body-centric communication is channel characterization of
the wearable nodes which vary with different locations
on the body, postures, and physical activities [15], [16].
Hence, it is necessary to obtain accurate classification,
characterization, and statistical analysis of the body-centric
links to optimize wireless devices and antennas for UWB
WBAN applications [17], [18].

UWB on-body channel analysis has been performed for
static scenarios with focus on the torso region in [19]–[23]
and various body locations in [24]. The on-body channelmea-
surements and modelling using compact wearable antennas
has been carried out in [19]–[23]. Generally, the Tx antenna
is placed on the torso region and the Rx nodes are located
over different regions of the human subject such as front/back
torso region, head and limb locations like wrist, shoulder,
thigh etc. [19]–[24]. Pseudo dynamic mode and posture
related on-body channel characterization has been carried out
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in [25]–[27]. In [25] four different on-body channels were
investigated with the human subject performing swinging and
random movements in the 3-9 GHz frequency range. The
Tx was placed on the belt and Rx locations considered were
head, chest, wrist, and ankle. Walking activity is performed
by a human subject in an indoor environment with the UWB
wearable antennas placed on different locations in [26].
Path loss (PL) is analyzed for the different positions for
3-5 GHz frequency range during the walking activity. Work
reported in [27] presents PL analysis in the 3.1-10.6 GHz
for the arm and leg swinging movement with the receiver
antenna mounted on the waist and Tx antenna mounted on
the wrist/ankles.

This paper presents experimental investigations regarding
on-body channel classification and characterization while
performing different physical exercises with the focus on
the upper limbs and lower limbs channel. As the human
subject performs different limb movements, the human
channel varies significantly [5]. Hence, different types of
links are formed such as line-of-sight (LOS) and non-line-
of-sight (NLOS) links, which have been accurately classified
through Kurtosis. Apart from channel classification for
various limb movements, statistical analysis is carried out for
two commonly used channel parameters namely PL and rms
delay spread (στ ). Channel models have also been derived
for PL and στ corresponding to different orientations of the
wearable antenna and LOS/NLOS links.

To the best of authors knowledge on-body channel clas-
sification, characterization, and modelling of the upper and
lower limb movements during various physical exercises is
very limited. The channel information and statistical analysis
reported can aid in smart methodologies and algorithms
for wearable activity monitoring devices. The rest of this
paper is organized as follows. The measurement set-up
in an indoor environment for on-body measurements is
presented in section II. The channel classification for upper
and lower limb movements is presented in section III.
Channel characterization and statistical analysis is presented
in section IV and channel modeling with respect to distance
is presented in section V. The key findings are reported
in context with the channel variation in the same section.
Finally, the conclusion is presented in section VI with
highlights on the future aspects.

II. MEASUREMENT SET UP
Measurements are performed on real human subject in an
indoor environment in the 4-8GHz frequency range and using
compact mini-tapered slot antennas (TSA) 12 × 18 mm2 [5]
inspired from [19] which are placed on specific locations
on the limbs. The mini-TSA (Fig. 1 (a) and (b) schematic
and fabricated structure) has good performance in free space
and on-body in the desired frequency band (Fig. 1 (c)-(e)).
A female human subject with height of 160 cm and average
built is considered for performing upper and lower limb
movement activities. Fig. 2 (a) and (b) show the wearable
antenna placed on the left/right (L./R.) wrist (WR) and ankle

FIGURE 1. Mini-TSA antenna (a) schematic (b) fabricated structure. (c) S11
for free space and on-body scenarios. Azimuth radiation pattern for
(d) free space and (e) on-body scenario.

FIGURE 2. Human subject performing (a) upper limbs and (b) lower limb
activities with the wearable antennas placed on the wrist and ankle
region.

FIGURE 3. Various on-body antenna orientations (OUT, IN, FR) during
upper limb activities (a) Arm facing sideways, (b) Arm facing front and
lower limb activities (c) Legs facing front.

(AK) respectively. Three orientations of the antenna are
considered namely, facing outward (OUT), inward (IN) and
front (FR) as depicted in the schematic shown in Fig. 3.
Several exercises related to both limb movements, single
limb movements and limb bending are carried out with the
schematics presented in Fig. 4 (a) and (b) with details given
in [5].

Range of motion activities [28], [29] are performed in
different x-y/y-z/x-z planes and several angles (at interval
of 30◦/15◦) which lead to different displacement distance.
Summary of the wearable antenna location and that of the
reference is presented in Table 1. For both, single upper/lower
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FIGURE 4. (a) Upper limb movement activity: Both arms movement (A1-A4), Single arm movement (A5-A7), arm bending (A8-A11),
(b) Lower limb movement activity: Both legs movement (L1-L5), Single leg movement (L6-L9), Leg bending (L10).

TABLE 1. Limb exercise details and categories.

limb movements the reference angle is with respect to the
shoulder/thigh (SH/TH) region and for bending movement,
the elbow/knee (EL/KN) joint is the reference.

Thewearable antennas are connected to the two-port vector
network analyser (VNA) using low loss flexible cables to
provide freedom in limb movement activities. The sweep
is performed over 1601 frequency points in the 4-8 GHz
range. Data is recorded at different positions for each activity
for which the 30◦/15◦ displacement and the positions are
estimated through digital protractor with respect to the
reference joint. Themeasuredmagnitude and phase of the S21
is converted to the time domain by applying an inverse fast
Fourier transform (IFFT) to determine the channel impulse

response (CIR). Further convolution is carried out with the
UWB Gaussian pulse to obtain the received pulse.

III. CLASSIFICATION OF THE ON-BODY CHANNELS
Channel classification assists in obtaining important infor-
mation related to the propagation phenomenon occurring
between two wearable links. It provides information regard-
ing good (LOS) and bad (NLOS) links related to the wearable
antenna location. The variable nature of the body during
physical exercises forms different types of on-body channel
characteristics leading to obstructed and non-obstructed
links. Kurtosis is one such channel parameter which aids
in evaluation of the channel in terms of LOS/NLOS,
gives an idea of certain channel properties, hence, provides
guidelines for the design and development of channel/time of
arrival (TOA) estimation algorithms [14], [30]. Kurtosis κ is
mathematically defined as follows:

κ (x) =
1
σ 4

∑
i (xi − x̄)

4

N
(1)

where σ is the standard deviation of the variable x and x̄ is
the mean value of x. N is the number of samples of x.
A channel impulse response (CIR) with high κ , classifies

as LOS links and for NLOS links, κ will be lower due to high
multipath and low magnitude. The wearable antennas are
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FIGURE 5. CDFs for Kurtosis based channel classification (LOS and NLOS)
considering antenna orientation: OUT, IN, WR. Both limbs movement:
(a) Upper limbs (b) Lower limbs. Solid line represents LOS links and
dotted line represents NLOS links.

placed on the left (L.) wrist/ankle and right (R.) wrist/ankle
for the activities considered as shown in Fig. 4(a) and (b)
respectively. Figure 5(a) and (b) presents Cumulative Distri-
bution Function (CDF)s of the obtained classification results
for both arms (A1-A4) and legs movement (L1-L5) activities.
Different antenna orientations OUT, IN, WR are considered
and LOS/NLOS links are reported based on the measurement
data. Generally, κ in the range of 50-200 are in LOS situation
due to high peakedness of the CIR. For NLOS/partial NLOS
links, κ is very low ranging from 5-20 for total NLOS and
20-40 for partial NLOS links. The percentage of classification
of LOS and NLOS links is presented in Fig. 6 (a) and (b) for
all the categories of the upper and lower limb activities
respectively based onKurtosis considering different wearable
antenna orientations OUT, IN and FR.

A. UPPER LIMBS ACTIVITY
The wearable antennas are placed on the left (L.) wrist and
right (R.) wrist for both arm movement (A1-A4) activities
as shown in Fig. 4 (a). For OUT_WR antenna orientation,
25 % LOS links are observed and 75 % NLOS links are
observed. The IN_WR orientation has maximum number of
LOS scenarios while performing upper limb activities, due to
the higher occurrence of direct LOS path. For the FR_WR
orientation, there are more LOS links than NLOS by 5 %.

FIGURE 6. Stacked bar graph representing percentage of LOS and NLOS
on-body links classified during various (a) upper and (b) lower limb
activities for antenna orientations corresponding to OUT, IN, FR and
different activity categories.

which can be seen in the % classification results presented
in Fig. 6 (a).

For single armmovement (A5-A7), right arm is performing
the activity and the left arm is at rest which can be seen in
the schematics presented in Fig. 4 (a). Total NLOS situations
are observed for single arm movement for OUT_WR and
IN_WR antenna orientation due to obstruction caused by
the torso/thigh region. For the case of FR_WR orientation
of the wrist, there are 20 % chances of LOS scenarios
for the activities performed and rest 80 % links formed
are NLOS/partial NLOS scenarios. During arm bending
activities A8-A11, one of the antennas is placed on the outer
region of the shoulder, the other antenna is placed on the wrist
in three different orientations. OUT_WR has occurrence of
total LOS links. For IN and FR orientation, 60-80 % LOS
and 20-40 % NLOS links are observed.

B. LOWER LIMBS ACTIVITY
For both leg movements, the wearable antennas are placed
on the ankle region for different antenna locations as shown
in Fig. 4 (b). Considering L1-L5 activities, the OUT_AK
orientation has total NLOS links due to obstruction caused
from the legs, for IN_AK total LOS links are observed due to
the direct path propagation between the Tx and Rx, FR_AK
orientation leads to a 85 % LOS links and 15 % partial NLOS
links which occur due to the transition from LOS→ NLOS
while performing limb movement activity.

In single limb movement activities, the left leg is in static
position with the wearable antenna placed on the ankle region
and the right leg is performing various movements, L6-L10 as
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presented in Fig. 4 (b). Similar classification is observed as
that of both leg movement activities with OUT_AK having
total NLOS links, IN_AK with total LOS links and FR_AK
generally having LOS links and few NLOS links as shown
in Fig. 6 (b). For the leg bending scenario, both the antennas
are placed on the right leg as depicted in Fig. 4 (b). The
OUT_AK has total LOS links, IN_AK has 40 % LOS links
due to the respective orientations of the wearable antenna
placed on the ankle. FR_AK has no LOS links due to the
obstruction caused by the shank/thigh, which corresponds to
the channel type dependency on the antenna placement.

FIGURE 7. Log-normal PDFs of Kurtosis for various on-body antenna
orientations (OUT, IN, FR) during (a) Upper limb activities and (b) Lower
limb activities. Solid line represents LOS links and dotted line represents
NLOS links.

C. KURTOSIS ANALYSIS BASED ON WEARABLE ANTENNA
ORIENTATION
Fig. 7 represent log-normal probability density function
(PDF)s of Kurtosis for various on-body antenna orientations
for all the activity types for upper and lower limb activities.
The log-normal PDF parameters µ and σ [18] are presented
in each plot for the LOS and NLOS links which vary
depending on various factors such as the channel type,
orientation/location of the antenna. The PDF of the log

normal distribution with parameters µ and σ is given as:

f (x) =
1

xσ
√
2π

e−
(ln(x)−µ)2

2σ2 (2)

As observed in Fig. 7 (a) the PDF spread is highest for
IN_LOS links and lowest spread is observed for IN_NLOS
links for upper limb activities. Considering lower limb
movement activities analysis in Fig. 7 (b) for Kurtosis,
maximum spread is observed for FR_LOS and minimum for
IN_NLOS.

IV. PATH LOSS AND RMS DELAY SPREAD STATISTICAL
ANALYSIS
A. ON-BODY CHANNEL PARAMETER STATISTICS WITH
RESPECT TO ACTIVITY TYPE
Two channel parameters PL and στ are statistically analysed
for all the activities and orientations considered. The path loss
is obtained as mean path gain over the measured frequency
band, as shown in the equation [31]:

PL (d (p))= −20.log10

{
1
10

1
Nf

∑10

j=1

∑Nf

n=1

∣∣∣Hp
j (n)

∣∣∣}
(3)

where PL(d(p)) is the path loss at the position of p, at which
the distance between the Tx and Rx is a function of the
position p, thus the distance is denoted by d(p). Nf is
the number of frequency samples of the VNA. Hp

j (n) is
the measured S21 for the position p, jth snapshot, and nth

frequency sample. The rms delay spread is given by στ which
describes the time dispersive properties of the channel (h)
and [32] is defined as:

στ =

√√√√∑
k (τ k − τm)

2. |h(τk ; d)|
2∑

k |h(τk ; d)|
2 (4)

where τk are the multipath delays relative to the first
arrivingmultipath component and d is the separating distance
between the Tx and Rx. The στ is higher for NLOS links in
comparison to LOS links due to high MPCs and spread of
the channel for NLOS scenarios. For on-body communication
the human subject is the main source of obstruction, which
leads to spread of the signal and multipath components for
the NLOS scenarios.

The mean and standard deviation (STDEV) values of PL
and στ have been presented in Fig. 8 (a) and (b) respectively
for different activity categories and orientations of the on-
body antenna. Fig. 9 (a) and (b) depict the mean and standard
deviation values for the leg movement activities. Overall,
the magnitude of PL and στ is higher for the NLOS links in
comparison to LOS links due to the significant attenuation
caused by the obstructed path and presence of high multipath
for NLOS scenarios. From the analysis it can be observed
that the magnitude of PL and στ for the lower limb activities
has less magnitude in comparison to upper limb activities.
This is because the on-body antennas on the upper limbs are
often obstructed by the torso region during physical activities
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FIGURE 8. (a) Path loss magnitude and (b) RMS delay spread statistics
(mean and STDEV) for LOS and NLOS links during upper limbs activities.
Shaded region refers to the activity categories: Both arms movement
(A1-A4), single arm movement: (A5-A7), bending arm movement:
(A8-A11).

which leads to NLOS links between the Tx-Rx. The distance
between the Tx-Rx links also plays an important role in the
magnitude of the channel parameters observed. During the
physical activities performed, the displacement of the arms
is higher for several activities in comparison to the lower
limb activities leading to higher magnitude of PL and στ .
As observed from Fig. 8 (a) and Fig. 9 (a), the standard
deviation is much larger for LOS links in comparison to
NLOS links due to wider range of PL values obtained for
LOS links. Considering the standard deviation values for στ ,
higher variation is observed for NLOS links in comparison to
LOS links as observed in Fig. 8 (b) and 9 (b).

B. ON-BODY CHANNEL PARAMETER STATISTICS WITH
RESPECT TO WEARABLE ANTENNA ORIENTATION
Fig. 10 and Fig. 11 represent log-normal PDFs of PL and
στ for various antenna orientations considered for upper and
lower limb activities, respectively. The upper and lower limb
activities consider all the activity categories which are both
limb movements, single limb movement and limb bending.
The log-normal PDF parameters µ and σ are presented in
each plot for the LOS and NLOS links which depends on
the wearable antenna orientation and type of link formed.
As observed in Fig. 10 (a) the PDF spread is highest for
IN_LOS links for on-body PL measurements and lowest
spread is observed for OUT_NLOS links. For στ , highest
spread of the data is observed for FR_NLOS links and lowest

FIGURE 9. (a) Path loss magnitude and (b) RMS delay spread statistics
(mean and STDEV) for LOS and NLOS links during lower limbs activities.
Shaded region refers to the activity categories: Both legs movement
(L1-A5), single leg movement: (L6-L9), bending leg movement: (L10).

spread is observed for IN_LOS links which can be predicted
from Fig. 10 (b). Considering lower limbmovement activities
analysis in Fig. 11 (a) for PL measurements, maximum
spread of data is observed for IN_LOS and minimum for
IN_NLOS. In case of στ , the maximum spread is observed
for OUT_NLOS links and minimum for IN_LOS links which
can be inferred from Fig. 11 (b).

V. PATH LOSS AND RMS DELAY SPREAD VS. DISTANCE
Variation of PL magnitude with distance is analysed in
this section for various orientations (OUT, IN, FR) of the
wearable antenna. The distance between various Tx-Rx
locations for various postures (based on angle locations)
during the physical activities are calculated geometrically by
approximating the body model as depicted in Fig. 4 (a)-(b)
respectively. The analysis is carried out considering all types
of activities for upper and lower limb movements. A least
square fit is performed on the measured PL results to obtain
the path loss (PL0) at reference distance and PL exponent
denoted by γ . The path loss can be modeled as a function
of distance using the following expression [33].

PLdB (d) = PLdB (d0)+ 10γ log10

(
d
d0

)
(5)

where, d0 is the reference distance set to 10 cm for on body
channels, path loss (PL0) is the path loss at reference distance
d0 and γ is the path loss exponent.
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FIGURE 10. Log-normal PDFs of the (a) Path loss and (b) RMS delay
spread for various on-body antenna orientations (OUT, IN, FR) during
upper limb activities. Solid line represents LOS links and dotted line
represents NLOS links.

TABLE 2. Path loss magnitude: arm and leg activity.

Path loss magnitude vs distance for LOS and NLOS links
is presented in Fig. 12 for FR orientation of the wearable
antenna during upper limbs activities. Table 2 summaries the
PL0 and γ values for various orientations and upper/lower
limb activities. PL magnitude and PL0 is higher for NLOS
links when compared with LOS links whereas the γ is higher
for LOS in comparison toNLOS. This is because the variation
in PL magnitude is much larger for LOS links ranging from
25-55 dB in comparison to NLOS links generally ranging
between 60-65 dB.

The rms delay spread can also be modeled as a function
of Tx-Rx separation distance as the amount of multipath

FIGURE 11. Log-normal PDFs of the (a) Path loss and (b) RMS delay
spread for various on-body antenna orientations (OUT, IN, FR) during
lower limb activities. Solid line represents LOS links and dotted line
represents NLOS links.

FIGURE 12. Variation of the PL magnitude with distance (measured and
modelled) for LOS and NLOS on-body links for FR orientation of the
wearable antennas during upper limb activity.

and spread increases with distance. Rms delay spread for
various on-body channel links are analyzed for upper and
lower limb activities for various orientations of the wearable
antennas. Parameters related to the linear fitting model (στ
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FIGURE 13. Variation of the rms delay spread with distance (measured
and modelled) for LOS and NLOS on-body links for FR orientation of the
wearable antennas during lower limb activity.

TABLE 3. RMS delay spread: arm and leg activity.

(d = 10 cm) and Slope) of the measured values are
computed for various on-body links and postures during the
limb activities. Comparing LOS and NLOS στ values, the
multipath components and spread is much stronger for NLOS
links due to the presence of the human subject as obstruction.
Fig. 13 depicts the measured and modeled στ values for
the LOS and NLOS on-body links for the FR orientation
during the lower limb activities. Table 3. summarizes the
fitting parameters for various LOS and NLOS for different
antenna orientations for upper and lower limb activities. The
στ values, στ at d = 10 cm and slope is higher for NLOS
links in comparison LOS links. The on-bodyNLOS links vary
from 10-30 nsec and the LOS links are generally below 6 nsec
during various physical activities carried out.

VI. CONCLUSION
In this work on-body channel classification, characterization
and modelling has been investigated for various upper and
lower limb movements. The on-body channel information
can be utilized for tracking and monitoring applications in
healthcare domain such as rehabilitation, assisted living, and
preventive healthcare. Kurtosis has been found as a very
suitable parameter for classification of LOS and NLOS links
for upper and lower limbs on-body channel links with an
accuracy higher than 98 %. Path loss and rms delay spread
on-body statistics, characterization and modelling analysis
has been carried out for the various physical exercises.
Distance dependent analysis has also been reported showing
variation in the results for upper and lower limbs activities.

The investigations give insight on various aspects of the
variation in on-body channel characteristics for various
limb movements, location and orientation of the wearable
antennas and suitable placement of the wearable antenna
while performing physical exercises.
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