
 
Abstract—This paper investigates the characteristics of the 

complex received signal in body area networks for two 
environments at the opposite ends of the multipath spectrum at 
2.45 GHz. Important attributes of the complex channel such as 
the Gaussianity of the quadrature components and power 
imbalance, which form the basis of many popular fading models, 
are investigated. It is found that in anechoic environments the 
assumption of Gaussian distributed quadrature components will 
not always yield a satisfactory fit. Using a complex received 
signal model which considers a non-isotropic scattered signal 
contribution along with the presence of an optional dominant 
signal component, we use an autocorrelation function originally 
derived for mobile-to-mobile communications to model the 
temporal behavior of a range of dynamic body area network 
channels with considerable success. In reverberant environments, 
it was observed that the real part of the complex autocorrelation 
function for body area network channels decayed slightly quicker 
than that expected in traditional land mobile channels.     

I. INTRODUCTION 
Our knowledge of the characteristics of signal propagation in 
body area networks (BANs) has improved considerably over 
the last decade. Strong contributions have been made to the 
modeling of signal reception in both narrowband [1-4] and 
ultra-wideband BAN [5] systems. For narrowband BANs 
many different fading models such as Lognormal [1], Rice [2], 
Nakagami [3] and Weibull [3, 4] have been proposed to 
describe the variation of the received signal. While there is 
some discussion on the statistics of the fading model most 
suited to BAN communications, one thing that is prevalent in 
many of these studies is that human body movement and the 
characteristics of the local environment are important factors 
in determining not only the statistical distribution of the fading 
but also its variation in time. 

Due to the often repetitive nature of human body movement 
caused by both physiological and biomechanical processes, it 
is anticipated and indeed expected that noticeable correlation 
may exist between current and previous observations of the 
received signal [6]. A function that is useful for determining 
the variation of a stochastic processes is the autocorrelation 
function (ACF). At present our understanding of the 
autocorrelation in body area networks is somewhat limited. In 
[4] a Weibull correlation function was fitted to the amplitude 
data for a number of on-body channels assuming isotropic 
signal reception. The authors averaged a number of distinct 
on-body channels for walking and running scenarios and 
showed that the Weibull ACF best described the temporal 

data. In [6] autoregressive models were constructed after 
considering the autocorrelation statistics of the fading 
amplitude in BANs. Here the autocorrelation and cross-
correlation functions were shown to be dependent on body 
state and surroundings. 

In this paper we consider a very general complex ACF 
developed for mobile-to-mobile communications [7]. In this 
model signal transmission and reception can be non-isotropic 
and subject to an optional dominant component which 
predominates over the scattered signal contribution. At first it 
might seem unusual that models developed for mobile-to-
mobile communications could be applied to the study of signal 
propagation in BANs. However, although the signal 
propagation paths connecting on-body nodes are considerably 
shorter than traditional mobile-to-mobile communications, 
BANs share the characteristics that both ends of the link may 
be in motion and subject to scattering in both the vicinity of 
the transmitting and receiving nodes. 

The remainder of this paper is organized as follows. In 
Section II we describe the measurement setup and procedure. 
The complex signal model used for this study is introduced in 
Section III. The distribution of the in-phase and quadrature 
components is also investigated in Section III alongside the 
estimated power imbalance of the quadrature components.  
Section IV discusses the use of Von Mises distribution to 
model the angle of departure (AOD) and angle of arrival 
(AOA) of the transmitted signal in BANs. The complex 
autocorrelation function for non-isotropic mobile-to-mobile 
fading channels is then fitted to the experimental data. Finally, 
Section V finishes the paper with some concluding remarks. 

II. MEASUREMENT SETUP AND PROCEDURE 
Two separate measurement environments, namely an 

anechoic chamber and a reverberation chamber, were chosen. 
These environments are considered to be representative of the 
minimum (anechoic) and maximum (reverberation) 
environmental multipath conditions likely to be experienced 
by everyday BAN users. To facilitate a study of the complex 
signal variation solely due to body movements, the mechanical 
stirrers in the reverberation chamber were disabled. Seven on-
body receiver node locations, representative of a BAN, were 
also selected. These were the head, front chest, waist, knee, 
ankle, wrist, and elbow all situated on the right side of the 
user’s body. As shown in Fig. 1, the transmitter was located at 
the user’s left waist. This setup ensured that all on-body links 
were in non-line of sight (LOS) and that any dominant 
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component observed in the results was not due to free space 
propagation.  

The antennas used in this study were compact (5 mm 
height) higher mode microstrip patch antennas which operate 
at 2.45 GHz [8]. The test subject was an adult male of height 
1.82 m and mass 90 kg. In the experiments, the antennas were 
mounted so that the radiating patch element was parallel to the 
body surface and they were connected to a vector network 
analyzer (Rhode & Schwarz ZVB-8 VNA) using calibrated 
low-loss coaxial cables. The VNA was configured to record 
measurements of S21 at 5 ms intervals for 30 seconds. For all 
measurements, the user performed two trials of a walking 
motion at a set location in both environments. Each of the 
individual, complex received signal data sets analyzed in this 
study consisted of 6000 samples, giving a cumulative total of 
168000 samples over both experiments. 
 

 
Fig. 1 Wireless nodes on the human body forming a BAN. 

III. FIRST ORDER STATISTICS OF THE IN-PHASE AND 
QUADRATURE COMPONENTS 

As a starting point for our analysis, we consider the 
assumption of Gaussian quadrature components which form 
the basis of many popular fading models such as Hoyt, 
Rayleigh and Rice. In Ricean fading channels, a dominant 
signal component exists which predominates over the 
scattered signal contribution. This situation is often 
characterized by the Ricean K parameter. The Ricean K 
parameter is defined as the ratio between the power of the 
dominant component (s2) and the total power of the scattered 
waves (2 2) which may be expressed as 2 22K s σ= [9]. 

The distribution of the received signal envelope in a Ricean 
fading channel can be expressed as in terms of the K 
parameter as [10] 
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where ( )0I •  is the modified Bessel function of the first kind 
order zero, r is the received signal amplitude and  is the 

mean signal power, 2E r  , given by 2 22s σΩ = + . As

0K →  , and hence the dominant component s decreases, the 
fading becomes closer to Rayleigh fading, and as K → ∞ , 
the channel no longer exhibits fading.  

Now let us define the complex received signal for a Ricean 
distributed fading channel. Letting ( )R t represent the received 

signal envelope of the Ricean fading process, then ( )R t   can 
be expressed in terms of its in-phase and quadrature 

components as ( ) ( ) ( )2 2

X YR t X Yμ μ= + + + where X and 

Y are mutually independent Gaussian processes with 
[ ] [ ] 0E X E Y= =  , and 

X
μ  and  

Y
μ the mean values of the 

in-phase and quadrature components. Grouping the scattered 
and dominant components together, for this model, the 
complex received signal, ( )z t , can be expressed as 
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where ( )g t  is the normalized complex received signal due to 

scattered contributions in the fading channel and ( )d t

represents the dominant signal component. 
To adapt the model given in (2) for use in BAN fading 

channels, we now use Akki and Haber’s model [11] to 
represent the scattered signal components. Using the notation 
given in [9, p.82], a mathematical reference model for the 
scattered component of the normalized flat fading complex 
received signal may now be written as 
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where N is the number of propagation paths, T

mf and R

mf are 
the maximum Doppler frequencies at the transmitter and 

receiver respectively, T

nθ  is the random angle of departure and 
R

nθ is the random angle of arrival, of the nth propagation path 
with reference to the transmitter and receiver velocity vectors 
respectively. The variable 

n
ϕ is a random phase uniformly 

distributed on [ ),π π−  and is independent of T

nθ and R

nθ for all 

n. The dominant component, ( )d t , can be expressed as 

( )( )exp 2 cos 2 cosT R

m d m dj f t f tπ π θ π θ− +  where dθ is the 

angle of arrival of the specular component [7]. 
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A. Gaussianity 
Figs. 2 and 3 show the empirical probability density 

function (PDF) of the in-phase and quadrature components of 
the BAN channel for a selection of on-body links in the 
anechoic chamber. Also shown for comparison are the 
estimated Gaussian distribution fits (shown as continuous 
lines). As we can see, the Gaussian distribution provides a 
reasonable fit for positions such as the wrist. However for 
some locations such as the knee (worst overall fit) and waist it 
is less satisfactory. 

In the reverberation chamber, due to the additional 
multipath components generated by the surroundings it was 
anticipated that the Gaussian PDF would provide an improved 
fit to the empirical PDF of the quadrature components. Figs. 4 
and 5 show the same locations considered above except this 
time for the reverberation chamber. Compared to the anechoic 
chamber, the majority of the on-body links were reasonably 
well approximated by the Gaussian distribution although for 
positions such as the chest and the knee the Gaussian PDF 
could not track all the changes in shape of the empirical 
distribution. The noticeably different shapes and locations of 
the in-phase and quadrature PDFs obtained for both 
environments show that the local surroundings are an 
important factor in determining the characteristics of on-body 
channels. 

B. Power Imbalance 
Another useful metric in the analysis of the received 

complex signal is that of the power imbalance between the 
quadrature components. Here we express the power imbalance 
as the ratio, in decibels, of the mean power contribution of the 
quadrature component to the mean power contribution of the 
in-phase component i.e. 

 

 ( ) ( ) ( )( )2 2

1010 logimbalanceP dB E Q E It t=  (4)

 
where I(t) and Q(t) represent the signal levels of the in-phase 
and quadrature components respectively. The mean power 
imbalance for all of the links considered in this study are 
shown in Table I. In the anechoic chamber, for the majority of 
cases the power imbalance was quite low (~0 dB). In this 
environment, the chest and the knee positioned antennas 
recorded the greatest power imbalance between the in-phase 
and quadrature components which were 4.7 dB and 1.7 dB 
respectively. In the reverberation chamber, the power 
imbalance was generally lower than that for the anechoic 
chamber with both the elbow and knee experiencing the 
greatest imbalance which was less than 1.5 dB. 
 

TABLE I 
QUADRATURE COMPONENT POWER IMBALANCE IN DECIBELS 

Environment Ankle Chest Elbow Head Knee Waist Wrist 
Anechoic 
Chamber 0.1 4.7 0.2 0.1 1.7 0.6 0.2 

Reverberation 
Chamber 1.3 0.0 1.4 0.4 1.4 0.0 0.3 

 
Fig. 2 Empirical and estimated probability densities of the in-phase 
component for a selection of antenna positions in the anechoic chamber. 

 
Fig. 3 Empirical and estimated probability densities of the quadrature 
component for a selection of antenna positions in the anechoic chamber. 

 
Fig. 4 Empirical and estimated probability densities of the in-phase 
component for a selection of antenna positions in the reverberation chamber. 

-8 -6 -4 -2 0 2 4 6 8

x 10
-3

0

100

200

300

400

500

600

700

800

In phase component signal level (Volts)

P
ro

ba
bi

lit
y 

de
ns

ity

 

 
chest empirical

chest esimated
wrist empirical

wrist esimated

knee empirical

knee esimated
waist empirical

waist esimated

-8 -6 -4 -2 0 2 4 6 8

x 10
-3

0

100

200

300

400

500

600

700

800

Quadrature phase component signal level (Volts)

P
ro

ba
bi

lit
y 

de
ns

ity

 

 

chest empirical

chest esimated
wrist empirical

wrist esimated

knee empirical

knee esimated
waist empirical

waist esimated

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04
0

20

40

60

80

100

120

In phase component signal level (Volts)

P
ro

ba
bi

lit
y 

de
ns

ity

 

 

chest empirical

chest esimated
wrist empirical

wrist esimated

knee empirical

knee esimated
waist empirical

waist esimated

In phase component signal level (mV) 

Quadrature phase component signal level (mV)

In phase component signal level (mV) 

60



 
Fig. 5 Empirical and estimated probability densities of the quadrature 
component for a selection of antenna positions in the reverberation chamber. 

IV. COMPLEX AUTOCORRELATION 
Due to the positioning of nodes in BANs and physiological 

and biomechanical movements of the human body, it is 
anticipated that BAN channels will be subject to anisotropic 
signal transmission and reception. A PDF that can be used to 
model fading scenarios in which AOD or AOA of multipath 
waves is either isotropic or non-isotropic is the Von Mises 
distribution [12]. Letting  represent R or T as required, the 
Von Mises PDF for the angle of departure (or arrival) 
distribution of the scattered signal contribution, ( )f θΘ , is 
given by [12]   

 ( ) ( )[ ]
( )

[ )
0

exp cos
, ,

2
pf

I

κ θ θ
θ θ π π

π κΘ

−
= ∈ − (4)

where ( )0I •  is a modified Bessel function of the first kind 

order zero, 0κ ≥ , where κ   can represent 
T

κ  or 
R

κ as 
required, controls the width of the AOD or AOA of scatter 
components and p

θ accounts for the mean direction of 

departure or arrival distributed on [ ),π π− . When 0,κ =  (4) 
reduces to the uniform distribution and the fading experienced 
by the receiver is due to isotropic scattering. When  becomes 
larger, the AOD or AOA becomes increasingly unidirectional 
with    describing deterministic scattering. 

Letting [ ]E •  denote the mathematical expectation 
operator, the autocorrelation of a wide sense stationary 
complex process may be written as 

 ( ) ( ) ( )zz E z t z tφ τ τ∗= +  (5)

where ( )*z t  is the complex conjugate of ( )z t . Using (2) as 

a model for the complex received signal and assuming that R 
and T are independent random variables, the expectation in 

(5) normalized to Ω  for non-isotropic scattering conditions 
has been found as (6) [7, p.66] where ( )zzφ τ  represents the 
normalized ACF. 

Table II shows the parameter estimates for equation (6) 
obtained from the normalized empirical autocorrelation 
function. The empirical ACF was calculated for 400 sample 
lags (i.e. a continuous duration of 2 seconds) selected from the 
measured data.  The parameter estimates were obtained using 
a non-linear optimization algorithm in MATLAB. What is 
immediately obvious from Table II is that the parameter 
estimates for R are always greater than zero even for the 
reverberation chamber showing that signal reception in 
dynamic body area networks will be non-isotropic. Over both 
environments, the values of R and T tended to be largest for 
positions closest to the transmit antenna such as the chest and 
waist. For antennas positioned on the highly dynamic 
positions on the body such as the ankle, knee and wrist the 
spread of the AOA was greatest. The perceived spread of the 
AOD of the complex signal was generally observed to be 
lowest for the anechoic chamber with the increased multipath 
in the reverberation chamber reducing the size of T. 

Fig. 6 shows a selection of the real part of the complex 
autocorrelation function of (6) fitted to the empirical 
autocorrelation functions for the waist and wrist in the 
anechoic chamber. As we can see even over this considerable 
time span the model provided in equation (6) provides a good 
fit to the data. Overall, these are representative of the type of 
fits achieved. Fig. 7 shows the real part of (6) fitted to the 
empirical ACF for the ankle positioned antenna in the 
reverberation chamber. Also shown for comparison is the 
well-known autocorrelation model associated with Clarke’s 
signal reception model [13], ( ) ( )0 2 R

zz mJ fφ τ π τ=  where 0J  

is a zero-order Bessel function of the first kind. As we can see, 
in reverberant environments, the motion of the transmitting 
and receiving antennas in BANs mean that the real part of the 
complex ACF decays slightly quicker in BAN channels than 
traditional land mobile channels. Although not shown due to 
space limitations, it was observed from the results that because 
BAN channels are quite often subject to non-isotropic signal 
transmission, the cross-correlation between the in-phase and 
quadrature components is nonzero. 
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TABLE II 
PARAMETER ESTIMATES FOR ALL ON-BODY CHANNELS OVER BOTH ENVIRONMENTS (UNITS OF ALL DOPPLER FREQUENCIES ARE HZ & ANGLES ARE RADIANS)   

 Anechoic Chamber Reverberation Chamber 

Posn K R

mf  
T

mf  
R
pθ  

T
pθ  dθ  Rκ  Tκ  K R

mf  
T

mf  
R
pθ  

T
pθ  dθ  Rκ  Tκ  

Ankle 0.05 12.80 9.06 0.77 3.14 1.57 2.94 37.02 0.05 6.20 4.81 1.08 3.14 2.57 5.94 1.39 
Chest 0.26 41.05 41.18 0.00 3.13 0.48 192.71 78.68 0.09 13.28 12.08 3.13 0.00 1.34 1.98 36.40 
Elbow 0.17 8.73 8.93 0.00 2.72 1.73 5.69 5.57 0.22 7.66 7.79 0.00 3.14 1.22 6.39 3.48 
Head 0.25 4.35 3.62 0.56 3.14 1.55 4.33 2.47 0.05 48.92 50.00 3.14 0.26 1.29 131.90 55.67 
Knee 0.09 10.70 8.83 0.43 3.14 1.56 2.15 9.31 0.14 10.62 10.74 0.00 2.75 0.97 4.35 7.99 
Waist 0.24 13.56 13.43 0.00 3.13 0.20 27.00 60.18 0.17 30.65 31.47 0.00 2.84 1.60 11.39 29.40 
Wrist 0.15 9.35 7.44 0.79 3.11 0.00 3.27 24.79 0.04 23.92 20.15 0.49 3.14 2.10 3.24 6.51 

 

V. CONCLUSIONS 
In this paper we have investigated the characteristics of the 

complex received signal in body area networks for two 
environments at the opposite ends of the multipath spectrum. 
For anechoic conditions it has been found that the assumption 
of Gaussian distributed quadrature components as commonly 
assumed in popular fading models may not always be 
appropriate. For highly reverberant environments, the 
additional multipath generated by the local surroundings will 
mean this assumption may be judiciously applied. Overall the 
power imbalance between the quadrature components in BAN 
channels was found to be low. For the first time a non-
isotropic model with an optional dominant signal component 
was considered for the complex received signal in BANs. This 
model was used with the temporal autocorrelation function 
derived for mobile-to-mobile communications [7] to model the 
autocorrelation of complex signal reception in BANs. 
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Fig. 6 Real part of the normalized empirical ACF compared to model in (6) 
for the waist and ankle positioned antennas in the anechoic chamber. All 
parameter estimates for the theoretical model are given in Table II. 

 
Fig. 7 Real part of the normalized empirical ACF compared to model in (6) 
for the ankle in the reverberation chamber. All parameter estimates for the 

theoretical model are given in Table II. 
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