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Abstract—Monitoring physical parameters from devices inside 
the body using Ultra Wideband (UWB) technology, enables the 
development of high bandwidth demanding applications at real 
time. The relative movement of the nodes deployed in the body 
due to breathing, can give rise to a frequency shifting effect, 
increasing the fading level in the propagation channel during 
transmissions. In this article, therefore, we present a study of the 
frequency effects on the propagation channel derived from the 
relative movement between two nodes of a wireless body area 
network (WBAN), at least one of them placed inside the human 
body, caused by breathing. The study is performed on the basis 
of the Doppler spectrum characterization in terms of the shape 
fitting and the frequency spread parameters derivation. 
Continuous wave (CW) signals have been used to cover the UWB 
range at four selected frequencies: 3.1 GHz, 4.8 GHz, 6 GHz and 
8.5 GHz, and a liquid phantom has been employed for emulating 
the dielectric properties of the high water content tissues at the 
considered UWB frequencies.  

Index Terms—Doppler, Body Area Networks, channel 
characterization, UWB, implant communications, breathing.  

I. INTRODUCTION
ESEARCH on smart medical implants in areas like sensors, 
biocompatible materials, antennas design, energy 
harvesting techniques and efficient communication 

systems, just to name a few, is bringing new ways of 
expanding the human medical monitoring concept                
[1]-[3]. Prevention and early detection of diseases as well as 
unattended treatments delivery will be a central element in 
future medicine, in order to improve the available medical 
resources and the patients’ quality of life [4]. 

The deployment of implanted devices implies the 
transmission of signals throughout the human body         
tissues. However, the human body imposes severe conditions 
to the propagation of radio signals transmitted from devices 
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placed inside due to the high propagation losses as well as the 
inherent heterogeneous nature of the living tissues [5]. This 
condition restricts the feasible frequency bands and, as a 
consequence, the available bandwidth for applications.  

Despite the IEEE 802.15.6-2012 standard for Body Area 
Networks (BAN) proposes the Medical Implants 
Communications Services (MICS) 402 MHz to 405 MHz band 
for the communication with implants [6], other bands as the 
ultra wideband (UWB) one, from 3.1 GHz to 10.6 GHz, have 
been under intense research for short-range radio 
interconnection links, with the aim of enhancing the narrow 
maximum bandwidth of 300 kHz available in the MICS band 
[7]-[10]. The application of UWB in scenarios demanding 
high data rates, like video transmission from wireless 
endoscopy capsules, has been under research in the last few 
years [11]-[13]. 

Depending on the relative position between communication 
nodes, considering at least one of them inside the body, three 
types of propagation channels can be identified as: in-body to 
in-body (IB2IB), in-body to on-body (IB2OB) and in-body to 
off-body (IB2OFF). The relative position between any of these 
communication pairs, transmitter (Tx) or receiver (Rx), can 
change during the transmission time giving rise to a 
displacement on the carrier frequency cf  or Doppler effect in 
the received signal. In absence of any external body position 
change, the main source of this motion could be associated to 
breathing. 

During inspiration, the diaphragm contracts moving down 
from 1-2 cm (quite breathing conditions) to 10-12 cm (forced 
breathing) compressing the upper abdominal organs at the 
same time the vertical dimension of the chest cavity increases 
[14]. The lateral and anteroposterior dimension of the thorax 
increases due to the contraction of the external intercostal 
muscles and the ribs movement. This produces an expansion 
of the chest typically ranging from 3 cm to 10 cm 
[15]. Besides, as the lungs get inflated, they fill the thoracic 
cavity causing a displacement and rotation of the heart 
[16]. The expiration, basically passive during quite breathing, 
returns the lungs and chest wall to its resting position. The 
inspiration-expiration cycle is repeated from 12 to 18 times 
per minute, increasing up to 50 times per minute during 
exercise [17].  

The number of studies addressing the effects of the human 
breathing in the communication channel is very limited in the 
literature [18]. The best of the authors’ knowledge, there is not 
any previous study of the Doppler effect caused by the human 
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breathing in the in-body channel applied to BANs at UWB 
frequencies. Thus, the main contribution of this paper is the 
quantification of the Doppler effect caused by the relative 
motion between communication nodes during breathing, 
considering at least one of them placed inside the body. The 
study was performed using continuous wave (CW) signals in 
the UWB range and the in vivo conditions were emulated 
using a liquid phantom with dielectric characteristics similar 
to the human high water content tissues, at the considered 
band. 

This paper is organized as follows. The description of the 
elements involved in the measurement of the channel 
frequency responses is carried out in Section II. Section III 
defines the basic parameters used in the analysis of the 
measured data in the frequency domain. Data processing 
methodology upon the defined frequency parameters is 
described in Section IV. In Section V a theoretical time 
domain model for the breathing process is derived. Section VI 
describes the characterization of the considered time-variant 
channels in frequency. Finally, the main conclusions of the 
research are presented in Section VII. 

II. MEASUREMENTS SETUP

A. Measurement Elements Characteristics
Performing in vivo measurement in humans is neither

frequently available nor ethically accepted and usually can be 
emulated using phantom materials with electrical properties 
similar to a considered body tissue at a particular frequency.  

During this research, the thoracic cavity of a human being 
was simulated using an expanded polystyrene (EPS) foam 
container of external dimensions 28×28×28 cm3 and walls 
with 4 cm thickness. The container was filled with a liquid 
phantom designed to emulate the dielectric properties of the 
high water content tissues of the body (as muscles) at ultra 
wideband (UWB) frequencies from 3.1 GHz to 10.6 GHz. 
This phantom was formulated as a sucrose based solution 
(C12H22O11, 1.0 mol/l), as described in [19].  The real part of 
the complex permittivity rε  within the operation band was 
reported to present a variation from 30 to 50 at 25 ºC. The 
system lungs-trachea was implemented using an inflatable 
natural rubber latex sphere immersed in the phantom and 
connected to a 96 cm corrugated tube with a valve at the     
end. This valve allowed a manual insertion of air into the 
sphere at the same time it prevented the insufflated air from 
escaping unintentionally. Attached to the rubber sphere was 
mounted a planar antenna of dimensions 5 × 4.4 cm [20] used 
as transmitter (Tx). In order to avoid short-circuiting, the 
antenna immersed in the phantom was first covered with a 
latex rubber material of relative permittivity  similar to the 
air. The connection between Tx and the sphere was performed 
using adhesive tape. Therefore, the ensemble allowed us to 
emulate the movement of a transmitter device during 
breathing and to analyze the effect on the radio propagation 
channel.  

The placement position of a planar receiver antenna (Rx), 
with the same characteristics as Tx, was selected depending on 
the channel type under consideration as depicted in Fig. 1. The 

order of the measurements was arranged to consider first the 
most usual communication channels (IB2OB and IB2OFF), 
like in capsule endoscopy applications, and in the end, the 
IB2IB channel between two implanted nodes. Thus, during the 
IB2OB radio channel Doppler characterization Rx was fixed 
on the external side of the container facing Tx. The separation 
distance between Tx and Rx ranged from 13 cm for the resting 
position to 9 cm for the maximum Tx expansion. During the 
IB2OFF radio channel characterization Rx was placed out of 
the container at 4 separation distances: 10 cm, 20 cm, 30 cm 
and 50 cm. Finally, for the IB2IB channel characterization, Rx 
was first covered with the same latex rubber material used for 
Tx and immersed in the phantom. Both antennas were located 
at 7 cm from each other. 

Fig. 1.  Measurement elements setup. 

B. Channel Sounder

The ( )21 ,cS f t  scattering parameter, representing the time-

varying complex frequency response ( ),cH f t  of the channel 
for each channel configuration (IB2OB, IB2OFF and IB2IB) 
at the central frequency cf  and time t  was measured using a 
Vector Network Analyzer (VNA) model Agilent ENA 
E5072A controlled using a custom software developed in 
Matlab©.  

 The VNA was configured to transmit a CW sinusoidal 
signal at a single frequency cf  with a sampling time of 133 
samp/seg. This configuration allows measuring a maximum 
Doppler shift mf  of 66 Hz, enough for the current application. 
The noise floor of the measurements for the VNA 
configuration was kept below -105 dB. The detailed setup 
parameters of the VNA are listed in Table I. The maximum 
shifting distance between Tx and Rx was restricted to 4 cm to 
emulate a normal chest expansion during quite breathing 
conditions [15]. 

TABLE I 
VNA SETUP PARAMETERS 

IF	 10	kHz	
Span	 0	Hz	(Continuous	Wave)	

Sweep	Time	 60	s	
Nº	Points	 8005	
Tx	Power	 5	dBm	

cf 3.1	GHz,	4.8	GHz,	6	GHz		
and	8.5	GHz	

ε r
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III. FREQUENCY PARAMETERS DERIVATION

A. Radio Channel Frequency Dispersion
The characterization of the channel Doppler frequency shift

caused by the relative motion between Tx and Rx because of 
breathing was carried out from the measured 

  
S21 fc ,t( ) = H fc ,t( )  scattering parameter of the channel when

transmitting an unmodulated CW signal ( ) ( ){ }02 cj f ts t e π φ+=ℜ  

of central frequency cf . Due to the motion of Tx with respect 
to Rx, the received signal exhibits a deviation from cf , or 
Doppler effect. This frequency shift ρ , for a single frequency 

( )0fΔ = , can be described in terms of the Doppler power

spectrum function ( ),cD f ρ  obtained as the Fourier 
transformation (FT) of the channel autocorrelation function 

( )0,HR f tΔ = Δ  with respect to tΔ  as [21] 

D fc ,ρ( ) = RH Δf = 0,Δt( ) ⋅e− j2πρΔt dΔt∫ (1) 

As the FT of the autocorrelation of a time series is 
equivalent to the squared magnitude of the FT of the original 
series [21], we can calculate the Doppler power spectrum at a 
frequency cf  as 

D fc ,ρ( ) = F H fc ,t( ){ } 2
(2) 

From the Doppler power spectrum function two parameters 
of interest can be derived to describe the frequency dispersive 
behavior of the radio channel: the Doppler spread DB , defined 

as the frequencies range where the value of ( ),cD f ρ  is above 
a fixed threshold [22], and the Root Mean Square (RMS) 
Doppler spread [21], calculated as the second order moment of 
the spectrum as 

( )
( )

2

2
,

,
c

RMS
c

D f d

D f d

ρ ρ ρ
ρ

ρ ρ
= ∫

∫
(3) 

IV. DATA PROCESSING

The study of the Doppler effect caused by the movement 
between two antennas, at least one of them inside the body, 
during breathing was quantified in the frequency domain in 
terms of the Doppler spread DB  and the RMS Doppler Spread 

RMSρ . Theoretical values of DB  considering breathing as a 
perfect sinusoidal process at the same rate of each measured 
one for a 4 cm maximum expansion were first calculated as 
reference ( DrefB ) in all the considered scenarios. This enabled 
us to verify how close are the measured values with respect to 
the theoretical ones, when the breathing rate keeps constant 

during the considered time interval. In order to include the 
variation of the propagation speed in the phantom, the value of 
rε  for each considered frequency was taken into account in 

the theoretical derivation. Reference values of DB  for quite 
breathing conditions (12 breaths per minute) along with the 
values of rε  reported in [19] for each value of cf  are listed in 

Table II. As shown, the maximum value of 
 
BDref  is below 

6 Hz for the considered ideal conditions. 

TABLE II 
THEORETICAL DOPPLER SPREAD REFERENCE VALUES 

cf (GHz) rε DrefB (Hz)
3.1 59 2.54 
4.8 53 3.73 
6 49 4.48 

8.5 41 5.81 

At processing stage, each channel frequency response 
( ),cH f t  was first smoothed to reduce the noise using a

moving average filter [23]. This filter has a frequency 
response of magnitude ( )ˆH ω  as

H ω̂( ) = sin ω̂L / 2( )
Lsin ω̂ / 2( ) (4) 

where ˆ 2 / sf fω π=  , being sf  the sampling frequency. A
window size L=20 was selected as a trade-off between 
frequency resolution and smoothing level considering that the 
Doppler power spectrum has the energy concentrated within a 
bandwidth of 6 Hz for the breathing conditions. This way, the 
cutoff frequency of the filter encloses the considered band as 
depicted in Fig. 2, with a noise reduction level 4.5L dB≈ . 

Fig. 2.  Moving average filter frequency response positive side magnitude for 
a window size of 20. 

After the noise reduction stage, the Doppler power spectrum 
was calculated using (2).  From ( ),cD f ρ ,  BD  for a threshold
value of -35 dB below the zero normalized peak value and 

RMSρ parameters were derived.
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Due to the reception of multipath components is not angular 
equispaced and the existence of a dominant LoS component, 
the shape of ( ),cD f ρ  does not exhibit the typical Jake’s 
model bathtub shape. Instead, a symmetrical bell-shape 
decaying function with a maximum at 0 Hz is formed. In order 
to obtain a mathematical model of the Doppler spectrum shape 
a fitting procedure was carried out on the basis of three 
functions, selected for their continuity and existence in the 
range of x−∞ < < +∞ :  

1) Normal

D fc ,ρ( ) = 1

2πσ 2
e
− ρ−µ( )2

2σ 2 (5) 

2) Cauchy

D fc ,ρ( ) = λ
π

⎛
⎝⎜

⎞
⎠⎟

1

λ 2 + ρ −α( )2 (6) 

3) Laplace

D fc ,ρ( ) = 1
2s

e
− ρ−α

s (7) 

where µ  is the mean, σ is the standard deviation, λ and  s
are scale factors and α is the position of the maximum of the 
function. 

The goodness of fit between the real function and the 
estimated one was evaluated using the minimization of the 
Root Mean Squared Error (RMSE) criterion defined as 

RMSE = 1
n

Di fc ,ρ( )− Di fc ,ρ( )( )2

i=1

n∑ (8) 

where 
  
Di fc ,ρ( )− Di fc ,ρ( )  is the difference between the

i-esime sample of the real function and the estimated one.

V. BREATHING PROCESS MODELING

Because of the periodic nature of breathing, the amplitude 
variation of the received signal will be periodic as well. Under 
ideal conditions, the received signal would exhibit a sinusoidal 
pattern with a single central frequency value proportional to 
the breathing rate and constant amplitude. In real conditions, 
the frequency dependence of the inhomogeneous human 
tissues affects the received signal causing a reduction in the 
mean power and distortion. 

In order to derive a simplified theoretical model for the 
breathing process, the time variation of the received signal 
amplitude for a single value of  fc  can be described as  

H fc ,t( ) = A+ γ sin 2πβt +ϕ( ) (9) 

Where: 
• A  represents the mean received power in dBm.
• γ  represents the maximum excursion of the

oscillatory process around the mean value.
• β  represents the breathing rate ( BR ) expressed in

breaths per minute 
  
β = BR / 60( ) .

• ϕ  represents the initial phase offset in radians.

The A parameter is related to the static channel response at 
cf . The γ  parameter depends on the breathing depth, the 

channel response at the considered frequency and the 
multipath behavior. It can be obtained by visual inspection as 
half the mean peak-to-peak value for each measured 

  
H fc ,t( ) .

Finally, ϕ  can be obtained by fitting. As in the Doppler 
spectrum shape fitting, the selected goodness of fit criterion 
was the RMSE one using (8). In Fig. 3 is depicted the model 
derived using (9) for the IB2OB channel compared to 
measured values of 

  
H fc ,t( ) .

(a) (b) 

(c) (d) 
Fig. 3.  Measured values of 

  
H fc ,t( ) for the IB2OB channel. (a) 3.1 GHz,

(b) 4.8 GHz, (c) 6 GHz and (d) 8.5 GHz.

From the described model of breathing, it is possible to
obtain the theoretical maximum Doppler frequency shift as 

fm ≈
vfc

c / ′ε r

(10) 

where  v is the relative speed between Tx and Rx,  fc  is the 

operation frequency,  c  is the speed of light and  ′ε r  is the real 
part of the permittivity in the propagation medium at the 
considered frequency. Considering a maximum expansion 
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of 4 cm (for a chest excursion limit from 3 cm to 10 cm),  v  
can be derived from the relationship between the expansion 
range and the expansion time calculated as half of the 
oscillatory process period for each measurement as 

  
v = 4 ⋅10−2 ⋅ 2β( ) . From  fm , the theoretical Doppler spread

can be calculated as  

BD = 2 i fm  (11) 

As the model only considers a single central frequency, the 
theoretical value derived for  BD  can differ from the measured 
one when the breathing rate does not keep constant during the 
considered interval.   

A. IB2OB Radio Channel Model Parameters
The breathing model parameters after fitting the measured

time-varying frequency responses for the IB2OB channel at 
the selected frequencies are listed in Table III. 

TABLE III 
MEASURED IB2OB BREATHING MODEL PARAMETERS 

cf
(GHz) 

A γ β ϕ  RMSE

3.1 -53.75 2.19 0.147 3.19 0.60 
4.8 -75.07 2.33 0.134 3.48 1.46 
6 -91.08 9.49 0.122 2.72 2.50 

8.5 -85.29 3.41 0.117 1.54 2.51 

As it can be observed, the propagation losses get increased 
with the frequency. Thus, the mean received signal power 
(parameter A) gets reduced accordingly. An exception is 
found in the 6-8 GHz band where the IB2OB channel 
presented an attenuation greater than the surrounding 
frequencies. Conversely, because the parameter γ  depends on 
the depth of breathing, no dependency with the frequency is 
found. 

B. IB2OFF Radio Channel Model Parameters
The model fitting parameters for the IB2OFF channel at

each one of the considered distances are listed in Table IV. 
The same observations carried out for the IB2OB channel 
breathing process modeling applies to the IB2OFF    
scenario.  

The variation of the A model parameter with the distance is 
found to be higher with the frequency than with the distance, 
as seen in Table IV. This effect can be justified because part of 
the propagation takes place inside the liquid phantom with 
higher frequency dependent losses than the air. So the 
propagation outside the container, for the considered 
distances, do not affect in a significant way in terms of 
propagation losses. 

TABLE IV 
MEASURED IB2OFF BREATHING MODEL PARAMETERS 

Off-body 
distance 

(cm) 

cf
(GHz) 

A γ β ϕ  RMSE

3.1 -56.63 1.77 0.100 2.51 0.46 
10 4.8 -73.71 5.3 0.117 -2.52 1.65 

6 -84.59 2.68 0.117 2.39 1.27 
8.5 -86.59 1.72 0.100 -2.29 0.68 
3.1 -54.73 0.67 0.100 -2.19 0.24 

20 4.8 -68.49 0.77 0.133 -2.03 0.27 
6 -84.97 6.43 0.117 -1.29 1.49 

8.5 -90.69 2.01 0.117 2.44 1.0 
3.1 -54.13 0.79 0.117 -1.06 0.44 

30 4.8 -70.99 1.59 0.133 0.71 1.33 
6 -85.34 2.89 0.117 -1.89 2.57 

8.5 -89.74 2.57 0.133 1.71 1.07 
3.1 -57.21 1.82 0.133 1.28 0.43 

50 4.8 -69.41 0.99 0.133 -0.39 0.50 
6 -84.49 3.38 0.133 1.97 2.07 

8.5 -88.43 1.68 0.133 0.89 0.94 

C. IB2IB Radio Channel Model Parameters
Finally, the model parameters for the breathing process in

the IB2IB channel is presented in Table V. 

TABLE V 
MEASURED IB2IB BREATHING MODEL PARAMETERS 
cf

(GHz) 
A γ β ϕ  RMSE

3.1 -59.59 5.86 0.200 -2.80 1.97 
4.8 -93.02 6.66 0.217 -0.43 3.70 
6 -101.1 12.97 0.200 3.28 7.1 

8.5 - - - - - 

For the IB2IB channel, the only two feasible frequencies are 
3.1 GHz and 4.8 GHz because the mean received power falls 
below the noise level for the rest of considered 
frequencies. Besides, this power is observed to present a 
steeper transition between frequencies (33.4 dBm from 
3.1 GHz to 4.8 GHz), compared to the rest of propagation 
scenarios. 

VI. FREQUENCY RADIO CHANNEL CHARACTERIZATION

A. IB2OB Radio Channel
Because of the geometry, the propagation phenomenon was

carried out through two media (phantom + container wall) 
with different values of rε , being the second one similar to the 
air ( 0ε ). The inflatable sphere also presented a transition from 

rε  to 0ε probably affecting the multipath propagation inside
the container. 

The Doppler spectrums were obtained from the FT of each 
measured ( ),cH f t  using (2). In Fig. 4 is depicted each one of 

the Doppler spectrums, for the considered values of  fc , 
normalized to 0 dB.  
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The Doppler parameters DB  and  ρRMS obtained from the 

measured ( ),cH f t  are listed in Table VI.  In order to evaluate 

the measured values of DB , theoretical reference values were 
first calculated using (10) and (11), and the derived model 
parameters from Tables III and V. The difference between 
measured and theoretical values are denoted as 

 
ΔBDref  and 

also included in Table VI. Negative values represent a 
measured  BD  lower than the reference one. 

(a) (b) 

(c) (d) 

Fig. 4.  Measured IB2OB Doppler Spectrum. (a) 3.1 GHz, (b) 4.8 GHz, 
(c) 6 GHz and (d) 8.5 GHz.

TABLE VI 
MEASURED IB2OB CHANNEL DOPPLER PARAMETERS

cf
(GHz) 

DB
(Hz) 

DrefBΔ
(Hz)

RMSρ
(Hz) 

3.1 1.63 -0.27 0.44 
4.8 2.37 -0.11 0.65 
6 1.63 -0.99 0.48 

8.5 1.78 -1.62 0.53 

As frequency increases, the fading in the channel gets more 
severe, causing the amplitude of the received signal to change 
quicker in time as depicted in Fig. 3. This behavior produces a 
broadening of the signal spectrum. From Table VI, as the 
frequency increases the measured values of  BD  get lower than 
the theoretical ones, with a maximum difference of 1.62 Hz 
for 8.5 GHz.  This can be explained from the fact that, because 
of the geometry, not all the space between Tx and Rx is filled 
with liquid phantom and the period of the real process is not 
constant during the measurement interval. With the exception 
of 8.5 GHz, the theoretical values of  BD present a difference 
lower than 1 Hz respect the measured ones.  

The shape of the time-variant IB2OB channel Doppler 
spectrum was evaluated to find the best fitting model. In Table 
VII the derived model parameters for the three considered 
fitting functions (Normal, Cauchy and Laplace) are listed. In 
addition, the RMSE goodness of fit criterion value, calculated 
using (8), is included in Table VIII. 

TABLE VII 
IB2OB DOPPLER SPECTRUM SHAPE FITTING PARAMETERS 

fc

(GHz) 
Normal Cauchy Laplace 

µ σ λ α  s  α  
3.1 -0.012 0.682 0.589 -0.013 0.826 -0.014
4.8 0.015 0.806 0.589 -0.021 0.796 -0.023
6 0.018 0.711 0.637 0.021 0.881 0.006

8.5 0.011 0.611 0.548 0.003 0.758 0.001

TABLE VIII 
IB2OB DOPPLER SPECTRUM SHAPE FITTING RMSE VALUES 

(GHz) 
Normal Cauchy Laplace 

3.1 0.072 0.066 0.063 
4.8 0.082 0.086 0.081 
6 0.074 0.071 0.069 

8.5 0.082 0.078 0.076 

As observed, the function that better fits the shape of the 
Doppler spectrum is the Laplace one. In general, the Normal 
function seems to present a less suitable fitting compared to 
the others as it can be observed in Fig. 5 for 3.1 GHz. 

Fig. 5.  Doppler spectrum shape fitting for 3.1 GHz. 

B. IB2OFF Radio Channel
Values for the derived Doppler parameters for each off-

body disposition are listed in Table IX. 
As in the IB2OB scenario, the theoretical calculated 

Doppler spread presents an absolute difference lower than 
1 Hz with respect to the measured one. Higher differences 
were found to relate to slight breathing rate changes and quick 
variations in the signal received power during the 
measurement interval.  

As in the IB2OB channel frequency characterization, the 
shape of the Doppler spectrum was evaluated to find the 
model that better fits the measured data. In Fig. 6 is depicted 
the value of the RMSE goodness of fit criterion for each fitting 

fc
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function and off-body distance averaged for the entire 
frequencies set. 

TABLE IX 
MEASURED IB2OFF CHANNEL DOPPLER PARAMETERS

Off-body 
distance 

(cm) 

cf
(GHz) 

DB
(Hz) 

DrefBΔ
(Hz) 

RMSρ
(Hz) 

3.1 0.85 -0.42 0.23 
10 4.8 1.45 -0.73 0.39 

6 1.97 -0.65 0.58 
8.5 1.93 -0.97 0.49 
3.1 2.17 0.90 0.56 

20 4.8 3.08 0.60 0.87 
6 2.53 -0.09 0.69 

8.5 1.57 -1.86 0.45 
3.1 3.22 1.73 0.81 

30 4.8 3.07 0.59 0.90 
6 2.75 0.13 0.72 

8.5 3.13 -0.73 0.76 
3.1 3.13 1.44 0.85 

50 4.8 2.70 0.22 0.80 
6 1.90 -1.08 0.54 

8.5 3.05 -0.81 0.83 

Fig. 6.  Functions RMSE goodness of fit values for every off-body distance. 

As previously found, the function that better fits the shape 
of the measured Doppler spectrum is the Laplace one. As 
observed, there is little variation of the RMSE value as the 
off-body distance increases for any of the selected fitting 
functions (σ < 0.02).  

C. IB2IB Radio Channel
Values of the derived Doppler parameters for the in-body to

in-body channel are listed in Table X. 

TABLE X 
IB2IB CHANNEL DOPPLER PARAMETERS

cf
(GHz) 

DB
(Hz) 

DrefBΔ
(Hz)

RMSρ
(Hz) 

3.1 3.12 0.58 0.95 
4.8 5.87 1.83 1.54 
6 6.62 2.14 1.57 

8.5 - - - 

As already derived from Table V, the mean received power 
falls below the noise level for frequencies above 

4.8 GHz. Thus, only the 3.1 GHz to 4.8 GHz range is 
practicable.  

From Table X, as propagation occurs in a single medium of 
permittivity  ε r , measured and theoretical values of  BD are 
closer than in the other considered scenarios, presenting a 
maximum variation lower than in the rest of scenarios for the 
practicable band. 

Finally, the shape of the Doppler spectrum was evaluated to 
find the model that better fits the measured data on the IB2IB 
channel. In Table XI the RMSE goodness of fit criterion value 
for each one of the three considered fitting functions is 
listed. Opposed to the Laplace function that was found to 
better describe the shape of the Doppler spectrum in the 
IB2OB and IB2OFF scenarios, for the IB2IB one the Normal 
function is the best fit. The reason can be derived from the fact 
that because some of the measured data are very close to the 
noise level and both antennas are interacting in the near field 
area, there exists a higher random dispersion on the measured 
data as the frequency increases. 

TABLE XI 
IB2IB DOPPLER SPECTRUM SHAPE FITTING RMSE VALUES

cf
(GHz) 

Normal Cauchy Laplace 

3.1 0.081 0.134 0.124 
4.8 0.084 0.131 0.123 
6 0.088 0.107 0.101 

8.5 - - - 

VII. CONCLUSIONS

This paper presents a study of the human breathing 
influence on the radio channel in WBAN applications, 
considering at least one of the communication nodes inside the 
body and operating at UWB frequencies. Three propagation 
channels have been considered: in-body to on-body (IB2OB), 
in-body to off-body (IB2OFF) and in-body to in-body 
(IB2IB). The effects in frequency of the relative movement 
between nodes have been addressed in terms of the Doppler 
spread and the Doppler spectrum shape fitting.  

A simplified theoretical model of breathing, obtained by 
fitting the real channel measurements, has also been presented 
and used to derive reference values of the Doppler spread in 
each scenario. Reference values of  BD  have been found to 
reasonably fit the measured ones, with variations lower than 
1 Hz especially when the breathing rate keeps constant during 
the considered interval.  

From the study of the Doppler spectrum shape fitting, the 
Laplace distribution is found to be the best fit for the IB2OB 
and IB2OFF scenarios while the Normal one is a better option 
for the IB2IB scenario. 

Finally, because of the selected phantom presents an 
homogeneous propagation medium, results in real multi layer 
living tissues with different dielectric constants could differ, 
turning some of the considered frequency bands useless 
because of the high losses. 
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