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Abstract — In this paper, an analysis of depolarisation in Body 

Area Networks for Body-to-Infrastructure communications based 

on a measurement campaign in the 5.8 GHz band in an indoor 

environment is performed.  Measurements were made with an off-

body antenna transmitting linearly polarised signals and dual-

polarised receiving antennas carried by the user on the body.  A 

Normal Distribution with a mean of 2.0 dB and a standard 

deviation of 4.3 dB is found to be the best fit for modelling cross-

polarisation discrimination.  The average correlation between the 

signals received by the orthogonally polarised antennas is below 

0.5, showing that polarisation diversity can be used.  A model is 

proposed for the average value of the standard deviation of the 

cross-polarisation discrimination ratio as a function of the 

transmitted polarisation, the mobility of users and link dynamics. 

Keywords— Body Area Networks, Depolarisation, Indoors, Off-

Body, User Mobility. 

I. INTRODUCTION

Mobile and wireless communications are constantly 
evolving, being very close to the goal of connectivity 
everywhere and at all times.  As microelectronics enables the 
development of semiconductors with higher levels of integration 
and lower energy consumption, it becomes possible to build 
devices with good computing resources, high autonomy, and 
very small dimensions.  The integration of radios in these small 
devices enables ubiquitous networks in which all devices are 
interconnected.  Body Area Networks (BANs) correspond to a 
set of wireless devices attached to the human body, being one of 
the latest achievements in ubiquitous and anytime 
communication [1].  BANs already play an important role in 
some applications, such as monitoring of the body's vital 
functions, operational scenarios in medicine, sports, military, 
police and civil defence, and entertainment. 

The propagation of signals between an on-body antenna and 
an off-body antenna in a Body-to-Infrastructure (B2I) or a Body-
to-Body (B2B) configuration involves many random variables. 
Therefore, the characterisation of the propagation channel in B2I 
and B2B scenarios, especially in terms of average system loss 
and fading, is very important for system development and design 
due to the influence of antennas position of the antennas on the 
body together with the mobility of the users and the dynamics of 
the environment. 

There are several studies in the literature on the influence of 
antenna polarisation in BANs.  In [2] and [3], the authors 
investigate how the radiation pattern and antenna polarisation 
affect the “path gain” between two on-body antennas.  In [4], 
three user mobility patterns with different dynamic 
characteristics (walking, weak walking and running) were 
considered; results were obtained for nine different polarisation 
schemes in terms of transmitter (Tx) and receiver (Rx) 
orientation, for six receiver locations.  In [5], a study on the 
propagation characteristics of creeping waves along the skin 
surface is presented and the performance in terms of antenna 
efficiency, reflection coefficient and maximum gain is compared 
among perpendicular, parallel and mixed polarisations relative 
to the skin.  These studies show that polarisation perpendicular 
to the skin is the best for on-body communication. 

In [6], by placing a Tx antenna on the body with linear 
polarisation and two Rx antennas outside the body (with vertical 
and circular polarisations), the authors investigated how 
different positions of the user's body affect depolarisation.  It 
was found that the signal received by the antenna with vertical 
polarisation varies with body position, while the antenna with 
circular polarisation is virtually unaffected.  The mismatch of the 
polarisation is, thus, influenced by the body position and the user 
movement. 

This paper presents a study on the impact of user mobility on 
the propagation channel in indoor BAN scenarios.  The results 
of an Ultra-Wideband (UWB) measurement campaign in a B2I This work received financial support from Gdańsk University of 

Technology by the DEC-06/2022/IDUB/II.1/AMERICIUM grant under the 
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scenario with standing, and walking users are presented.  The 
novelty of this work lies on the extension of the work in [7], by 
considering transmission with horizontally and vertically 
polarised signals and extending the analysis to the effects of user 
mobility, link dynamics and antenna visibility on depolarisation. 

This paper is structured as follows.  The measurement 
campaign, scenarios, equipment, and antennas are described in 
Section II.  A general description of the signal propagation 
aspects in BANs is given in Section III, together with a 
discussion of antenna visibility classification, link dynamics and 
user mobility.  The processing of the measured data is described 
in Section IV.  Section V analyses the dependence of the cross-
polarisation discrimination and its standard deviation on user 
mobility, link dynamics, antenna visibility and Tx polarisation.  
A model for depolarisation is presented in Section VI.  
Conclusions are drawn in Section VII. 

II. MEASUREMENT SCENARIO, SIMULATIONS AND SETUP 
The environment and measurement scenarios are described 

in detail in [7], [8] and [9], so only a brief description is given in 
this section.  The UWB measurements (500 MHz bandwidth) 
[10] were performed in the 5.8 GHz band in an empty 
conference room at the Gdańsk University of Technology, as 
shown in Fig. 1.  The user moved along three parallel routes 1 m 
apart, with the central route, Route C, located directly in front of 
the Access Point (AP). 

Two different user mobility conditions were considered: 
Standing, where measurements were taken at evenly spaced 
intervals of 0.5 m along each route, and Walking, where the user 
moved along the routes at a constant speed of about 1.3 m/s, the 
usual walking speed.  For the Standing scenarios, 50 consecutive 
Channel Impulse Responses (CIR) were recorded at each 
position, while for Walking, measurements were repeated 10 
times for each route.  Two directions of movement were 
considered for the user: Approach, where the user moved 
towards the AP, and Departure, where the user moved away 
from the AP. 

 
Fig. 1. Floor plan of the room with Walking routes (blue lines). 

Measurements were repeated for each antenna position on 
the body: Chest (front of the torso, To_F), Head (left side of 
head, He_L), Wrist (left lower arm, AL_L) and Leg (left lower 

leg, LL_L).  The height of the antennas was 1.3 m, 1.7 m, 
0.94 m, and 0.32 m for To_F, He_L, AL_L and LL_L, 
respectively. 

The properties of the antennas were calculated using 
Dassault Simulia CST Studio Suite [11], an electromagnetic 
simulation software based on the Finite Integration Technique.  
The properties of the on-body antenna were determined using a 
homogeneous human voxel model with an antenna-to-body 
distance of 16 mm as in measurements.  The properties of the 
AP antenna were determined by modelling a concrete wall and 
placing the antenna at a distance of 16 mm from the wall. 

III. CLASSIFICATION PARAMETERS 

A. Scenario implications 

In BANs, the dynamics of the channels depend on the 
scenario.  For example: in a concert, users move in an 
environment with many people but with a very limited radius of 
action; in a bus, users stand in an environment with many people 
but with limited mobility; in a park, users walk in a relatively 
open area; and in fitness activities, users walk and run in an 
outdoor or indoor environment.  In this work, channel dynamics 
are characterised by three different parameters: antenna 
visibility, link dynamics and user mobility. 

Regarding the visibility of the antennas, their placement has 
a significant impact on the signal behaviour, as different 
configurations can lead to a variety of cases in terms of visibility 
between Tx and Rx antennas.  The dynamics of the link between 
Tx and Rx antennas is related to the degree of movement of the 
different parts of the body.  The mobility of the user describes 
how the user moves in the scenario, e.g., standing, walking, or 
running.  The direction of the user's movement is also important, 
e.g., in To_F and Approach the antenna is pointed at the AP, 
while in Departure the user looks away from the AP and body 
shadowing occurs.  The propagation characteristics are not the 
same on the left and right side of the routes, i.e., on one side there 
is a wall mostly covered with PVC-framed windows while on 
the other side there is a concrete wall, resulting in different 
reflections. 

B. Antenna visibility, user mobility and link dynamics 

The classification of visibility between Tx and Rx antennas 
used in this paper follows the approach in [12], which depends 
on the relative position of these antennas and is divided into six 
categories: Line-of-Sight (LoS), Quasi-LoS (QLoS), 
Obstructed-LoS (OLoS) and Non-LoS (NLoS), with the two 
categories between LoS and NLoS further distinguishing 
between strong "s" and weak "w" signal strengths. 

When there is no body shadowing (routes C and W on 
Approach and routes C and D on Departure), a strong QLoS 
(sQLoS) condition is verified, while in the other cases body 
shadowing occurs (route D on Approach and route W on 
Departure), corresponding to a strong OLoS (sOLoS). For ToF, 
antenna there are LoS and sOLoS conditions for the approach 
and departure scenarios. 

The classification of antenna visibility for these scenarios, as 
a function of user movement direction, route, and antenna 
placement on the body, is shown in Table I. 

The effect of antenna visibility was simulated by first 
calculating the average antenna gain in each of the visibility 
zones (inHPBW, outHPBW, and shHem); an additional value of 
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10 dB was added for situations with body shadow [13].  Then 
these values were normalised assuming that the additional 
attenuation for LoS is 0 dB.  The full set for the different 
visibility conditions is given in Table II; the cases found in the 
actual measurements are marked in bold. 

TABLE I. VISIBILITY CLASSIFICATION. 

  On-body antenna 

Movement Route To_F He_L LL_L AL_L 

Approach 
C/W 

LoS 
sQLoS 

D sOLoS 

Departure 
C/D 

sOLoS 
sQLoS 

W sOLoS 

TABLE II. VISIBILITY CLASSIFICATION AND NORMALISED ATTENUATION. 

Visibility LoS sQLoS wQLoS sOLoS wOLoS NLoS 
Normalised 

attenuation,  

Ladd [dB] 
0 6.5 13.0 31.8 38.3 63.6 

 
As mentioned earlier, the user has two different mobility 

patterns: Standing and Walking.  Regarding link dynamics, the 
classification follows the proposal in [12], i.e., the link dynamics 
is classified as Low if the antennas are located on the body on 
the torso or on the head, and as Medium if they are placed on the 
leg or on the arm.  The values for classifying limb movements 
are based on an average human limb speed of 2 m/s [14], 
therefore Low, Medium and High dynamic links have values of 
0, 2 and 4 m/s respectively.  The classification of link dynamics 
according to this criterion is shown in Table III. 

TABLE III. LINK DYNAMICS CLASSIFICATION. 

On-body 

antenna 

Link 

dynamics 

To_F Low He_L 
LL_L Medium AL_L 

IV. DATA PROCESSING 

A. CIR processing 

The multipath components (MPCs) were calculated by 
deconvolving the CIRs with a modification of the procedure 
from [15] as described in [7], estimating both polarisations 
simultaneously for consistency.  Since propagation paths depend 
only on antennas positions, the received MPCs for the 
orthogonal polarisations have the same delays but different 
amplitudes [16].  The ITU-R definitions of polarisation were 
adopted [17], i.e., co-polarisation (CP) as the polarisation 
component identical to the expected one, and cross-polarisation 
(XP) as the component orthogonal to the expected one. 

For each measuring point at a certain distance from the AP, 
a series of measurements were taken at different times.  Thus, 
measurements depend on the time at which they were taken, on 
the distance to AP and on the route.  In addition to the three 
parallel routes (routes C, W and D), the polarisation transmitted 
by the AP (V-Pol or H-Pol), the mobility of the user (Standing 

or Walking), the type of movement of the user (Approach or 
Departure) and the placement of the antenna (To_F, He_L, 
AL_L, LL_L) must also be taken into account.  A total of 96 
cases were measured, each representing a different situation. 

The Rx power of each measurement, ,CP XP

RxP , for each 
polarisation (CP or XP) was calculated from the MPCs [18]: 
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where: 
• NMPC: number of MPCs of each measurement; 
• ,CP XP

MPCi
P : power of the ith MPC component; 

• t: CIR measurement time; 
• d: distance to the AP; 
• r: route. 

Since a series of CIR measurements were recorded at 
different times for each point, the average received power, i.e., 
the time average at each point, should be taken: 

 ( )
     ( )

 

, ,
_ m s mdBm dBm

, , ,CP XP CP XP

Rx t Rx i
t

P d r P t d r=  () 

where Nt is the number of time measurements at each point. 

B. Cross-polarisation analysis 

The cross-polarisation discrimination ratio, XPD, is defined 
as the ratio between the power received in the CP and the XP 
channels [17]: 
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where CP

RxP  and XP

RxP  are the received power in the CP and XP 
channel respectively. 

For each measurement point, the average depolarisation is 

 ( )
     ( )

 
_ _m s mdB dB

, , ,PD t PD CIR

t

X d r X t d r=  () 

For Standing, the variation of _PD tX  with distance along a 
route is mainly due to changes in user location, while for 
Walking it is also due to changes in measurement conditions 
coming from user mobility, in which case the movement of on-
body antennas must be considered.  In any case, the average 
along distance of _PD tX  in a given route, _PD tdX , is an 
indicator of depolarisation in the route: 

( )
   ( )

 
_ _ mdB dB

,PD td PD t

d

X r X d r=  () 

In addition, the variability of depolarisation along a route is 
given by the average of σXPD_td over distance: 
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( )
   ( )
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where Nd is the number of measurement points in each route. 
It is also of interest to evaluate the aggregated _PD tX  for a 

given case in space, _PD tAX , i.e., the _PD tX  for a particular on-
body antenna placement, polarisation, etc., to account for 
depolarisation characteristics in a given case: 

  ( )
 _ _dB dB

1

1 AN

PD tA PD t

iA

X X i
N =

=   () 
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1 AN
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The transfer of energy between CP and XP channels is of 
particular interest when it comes to depolarisation, because it 
offers the possibility of using orthogonal polarisations in a given 
channel by using the correlation between these two channels for 
this purpose.  First, the dependence of the received power for the 
channels CP and XP on the distance is eliminated by fitting a 
linear regression model.  Then the correlation coefficient for a 
given route, ρCP,XP, between the two polarisations is calculated 
[19]: 

( )  ( )  ( )( ), var varm m, , ,CP XP

CP XP Rx Rxr P d r P d r  − −=  () 

where ,
var

CP XP

RxP −  is the variability of the average received power 
over its linear behaviour, 

 ( )
 

 ( )
   ( )

 

,
var m dBm

, ,
_ m mdBm dBm

,

             , ,

CP XP

Rx

CP XP CP XP

Rx t Rx lin

P d r

P d r P d r

−

−

=

−

 () 

where ,CP XP

Rx linP −  is the linear regression of ,
_

CP XP

Rx tP . 

V. DEPOLARISATION ANALYSIS 

The analysis of signals depolarisation at the Rx antennas is 
important for the receiver design.  The depolarisation analysis is 
based on the average of XPD for each route, _PD tdX , with higher 
values indicating lower depolarisation. The correlation between 
the Rx power in the CP and XP channels, ρCP,XP, is a measure of 
the energy transfer between the two channels along the route 
(e.g., due to limb movement). 

Fig. 2 shows _PD tX  for Walking, Approach, route C. Limb 
movement (AL_L and LL_L) is clearly visible in the variations 
along the route, while To_F and He_L show more stable curves.  
Depolarisation is higher for Tx V-Pol, Fig. 2 (a), than for Tx H-
Pol, Fig. 2 (b). 

Fig. 3 shows the classification of link mobility and the 
standard deviation of XPD values aggregated by user dynamics, 
Tx polarisation and on-body antenna.  The aggregated standard 
deviation of XPD, _XPD tA , is in the range of [0.48, 0.94] dB for 
Standing and of [1.39, 2.68] dB for Walking, while for Walking 

it is 1.94 and 1.70 dB for Low dynamic links (To_F and He_L) 
and 2.42 and 2.47 dB for Medium ones (AL_L and LL_L).  
These values show a clear dependence of _XPD tA  on user 
mobility (Standing or Walking) and link dynamics (Low or 
Medium), with a higher _XPD tA  being associated with higher 
user mobility and link dynamics.  Fig. 3 also shows that for H-
Pol the values are higher than for V-Pol for all on-body antennas, 
which is confirmed for both Standing and Walking.  Overall, 

_XPD tA  has a value of 1.83 dB and 2.44 dB for V-Pol and H-
Pol, respectively. 

 
(a) Tx V-Pol. 

 
(b) Tx H-Pol. 

Fig. 2. _PD tX  for Walking, Approach, Route C. 

 
Fig. 3. _XPD tA  and link dynamics. 
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The average correlation coefficient, ,CP XP , for Walking is 
shown in Fig. 4. With the exception of the antenna attached to 
the arm (AL_L), ,CP XP  has positive values in the range 
[0.13, 0.73], with He_L having the lowest values in Departure, 
H-Pol, and LL_L having the highest value in Departure, V-Pol.  
The negative value of -0.37 for AL_L in Approach, V-Pol 
indicates a significant energy transfer between the channels due 
to the pendular movement of the arm.  This location is also the 
one with the largest value deviation in ,CP XP , i.e., between -
0.37 and 0.40. 

 
Fig. 4. ,CP XP  for Walking scenarios. 

Table IV shows the range of variation Δ (difference between 
the maximum and the minimum) together with other parameters 
for Walking.  For To_F, He_L and LL_L, ,CP XP  is in the range 
[0.49, 0.52] and thus almost constant, while for AL_L it is 0.18, 
which is due to the pendular movement of the arm.  The 
difference between the two orthogonal polarisations in ,CP XP  
is quite small (0.42 for V-Pol and 0.44 for H-Pol), as is the case 
for the routes (0.45 for route C and 0.42 for routes D and W).  It 
can be concluded that there is no significant dependence on 
polarisation and route.  Since 0.5 is normally accepted as a 
threshold for using diversity [20], it can be concluded that 
polarisation diversity can be used in this type of environment. 

TABLE IV. CP AND XP AVERAGE CORRELATION FOR WALKING. 

 Range Δ ,CP XP   

To_F [0.14, 0.65] 0.51 0.50 

He_L [0.13, 0.69] 0.56 0.52 

AL_L [-0.37, 0,40] 0.77 0.18 

LL_L 28, 0.73] 0.45 0.49 

VI. DEPOLARISATION MODEL 
The dependence of depolarisation on user mobility, 

polarisation, link dynamics and visibility between antennas was 
assessed by multivariable linear regression based on the least 
squares method using Matlab® [19] and [21].  The statistics of 
the model resulting from this regression show no significant 
dependence between _PD tdX  and any of the parameters being 
considered. 

A statistical model for _PD tdX , a measure of depolarisation 
along a route, was obtained by fitting probability density 
functions to measurement data.  Several statistical distributions 
were tested and the Normal Distribution, with a mean of 2.0 dB 
and a standard deviation of 4.3 dB, is the best fit.  The fit passed 
the χ2, the Anderson-Darling and the Kolmogorov-Smirnov tests 
with a significance value of 0.05 and showed a correlation value 
of 0.98, [22] and [23]. 

The dependence of _XPD td , a measure of average mobility 
along a route, on user dynamics, Tx polarisation, link mobility 
and antenna visibility, is represented by a multivariable linear 
regression that aims to provide an accurate estimate while 
keeping complexity low, given by: 

 _ dB
max max

0.66 0.95 0.37 0.62m d

TxXPD td

m d

u l
p

u l


 
= + + + 

 
 () 

where: 
• 

Txp : Tx polarisation (0 if vertical, 1 if horizontal); 
• 

mu : user mobility (0 m/s for Standing and 1.3 m/s for 
Walking); 

• 
dl : link dynamics (0 m/s for Low and 2 m/s for 

Medium). 
This model has a coefficient of determination, R2, of 0.90, an 

adjusted R2 of 0.89 and a mean square error of 0.27 dB.  The 
residuals are not biased and show a Normal Distribution with a 
zero mean and a standard deviation of 0.26 dB, passing the χ2 
and the Anderson-Darling tests [24]. 

The proposed model can be analysed in more detail by 
looking at the Standing/Walking and V-/H-Pol scenarios.  As 

_XPD td  is a measure of average mobility along the route, the 
analysis of the model parameters in Table V shows a clear 
dependence of _XPD td  on user dynamics and an independence 
of visibility between antennas; it is approximated by a constant 
value of 0.66 dB in Standing, where the user is at fixed positions, 
while the value is higher in Walking, but depends on Tx 
polarisation and link dynamics and is higher for H-Pol. 

TABLE V. VALUES OF _XPD td . 

um ld pTx _XPD td  

[dB] 
Standing --- --- 0.66 

Walking 

Low 
V 1.61 

H 1.98 

Medium 
V 2.23 

H 2.60 

VII. CONCLUSIONS 
This paper presents an analysis of depolarisation in 

propagation of BAN communications in an off-body 
configuration, in an indoor scenario from an Ultra-Wideband 
measurement campaign using Channel Impulse Responses in the 
5.8 GHz band, performed in an empty room at Gdańsk 
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University of Technology.  A fixed Tx antenna was used with 
vertical and horizontal polarisations, while a user wore dual-
polarised Rx antennas on the body, standing at fixed positions 
or walking towards or away from the Tx antenna along three 
parallel routes.  The cross-depolarisation discrimination ratio, 
XPD, were calculated from the measurements. 

The analysis focuses on antenna visibility (classified 
according to their alignment and body shadowing conditions), 
link dynamics (classified according to the movement pattern of 
the on-body antenna) and user mobility (classified according to 
human mobility, i.e., Standing or Walking).  Three visibility 
conditions were considered: LoS, when both HPBWs of the off-
body and on-body antennas are aligned; sOLoS, when the 
HPBW of the off-body antenna is directed to the back of the on-
body antenna and body shadowing is present; and sQLoS, when 
the off-body and on-body antennas are aligned but their HPBWs 
are not.  

The analysis of depolarisation was based on the average 
value and on the correlation between the received orthogonal 
polarisations for each route.  The average correlation values for 
the three routes are almost all positive, with only one exception, 
for the on-body antenna on the wrist, indicating a significant 
energy transfer between the channels due to the pendular motion 
of the arm.  The average correlation is in the range [0.35, 0.40], 
which shows no dependence on polarisation or route and 
indicates that polarisation diversity can be used as it is below 
0.5. 

The average XPD for each route is well modelled by a 
Normal Distribution with a mean of 2.0 dB and a standard 
deviation of 4.3 dB.  In addition, a model is presented for the 
average standard deviation of XPD as a function of transmitted 
polarisation, user mobility and link dynamics. 

Future work will address the influence of the presence of 
other people in the environment and their different behaviour, 
i.e., standing, gesturing, and walking, will be investigated. 
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