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Abstract—This paper presents energy performance analysis of 

recently proposed IEEE 802.15.6 body area wireless network 

standard. This standard has provided specifications for four 

possible communication links in body area network. This paper 

focuses on the body surface to body surface channel (CM3) and 

body surface to external node channel (CM4). We provide 

analytical expressions for bit error rate and outage probability 

for impulse response ultra wide band (IR-UWB) using 

differential binary phase shift keying (DBPSK) modulation. 

Energy consumption per bit for CM3 and CM4 channels have 

been calculated for desired bit error rate in different channel 

conditions. Simulation results show that CM3 is more energy 

efficient and has low BER and as compared to CM4 for the same 

received SNR values and it is more susceptible to Rician factor 

due to the varying LOS/NLOS components.  
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I.  INTRODUCTION 

Body Area Network is a mix of sensor network technology 
and biomedical engineering. Professor Guang-Zhong Yang, 
first defined the phrase "Body Sensor Network" (BSN) with 
publication of his book Body Sensor Networks in 2006. BSN 
technology represents the lower bound of power and bandwidth 
from the BAN use case scenarios. Whereas, BAN technology 
has many potential uses in addition to BSNs. Some common 
use cases for BAN technology are: Body Sensor Networks 
(BSN),Sports and Fitness Monitoring, Wireless Audio, Mobile 
Device Integration, and Personal Video Devices etc. Each has 
unique requirements in terms of bandwidth, power usage, 
latency, and signal distance. Wireless Personal Area Networks 
(WPAN) has the working group with standard IEEE 802.15 
which established a task group 6 to develop standards for BAN. 
The BAN task group has drafted a standard that covers a large 
range of possible devices. Using the standard, the developers 
can decide on how to balance data rate and power. Although 
the most obvious applications of BAN is the medical sector, 
there are more recreational uses to BAN. By this convenient 
means, patients and elderly people can keep track of their 
health conditions without frequent visits to the doctors offices. 
And the doctors can still, have access to the patients data and 
advise the patients accordingly. 

Sensors have been long used in medicine and public health 
[1],[2]. They are embedded in variety of medical instruments 
for use at hospitals, clinics, and homes, sensors provide 

physiological and physical health states that are critical to the 
detection, diagnosis, treatment and management of ailments to 
patients and their health care providers. Driven by modern and 
advancing technology, medical sensors have become 
increasingly interconnected with other devices. They are 
capable of interfacing to external devices via wired interfaces 
such as RS232, USB and Ethernet. More recently they have 
incorporated wireless connections, both short range, such as 
Bluetooth, Zigbee and near field radios to communicate 
wirelessly to nearby computers, personal digital assistants, or 
smartphones, and long range such as WiFi or cellular 
communications to communicate directly with cloud 
computing services. With such wireless connections possible 
sensor measurements can be sent to the caregivers while the 
patients go through their daily work life away at home thus 
practicing real-time medical sensing. 

IEEE 802 has established a task group called IEEE 
802.15.6 for the standardization of WBAN. This serves as a 
communication standard optimized for low power in-body/on-
body nodes for variety of medical and non-medical 
applications. This standard defines Medium Access Control 
(MAC) layer supporting several Physical (PHY) layers.  

II. SYSTEM, SIGNAL AND CHANNEL MODEL 

A. System Model 

In the system model we use two body sensor nodes (source 
node is called relayed node and helping node is called relaying 
node) and one external or hub node as proposed in IEEE 
802.15.6 two hop extension [3]. We assume that the selection 
of relaying node has already been made, e.g., the relayed node 
may select a node X as its relaying node if it recently received 
acknowledge frames sent from node X to the external node. 
The external node is a node that is not in contact with human 
body and it has a distance from human body in the range of few 
centimeters to up to 5 meters [4]. The system model in shown 
in Fig. 1. 

In order to consider the total energy consumption, all signal 
processing blocks at the transmitter and the receiver need to be 
incorporated in the model. We consider the energy 
consumption in the building blocks of the RF front-end of 
differentially encoded DPSK transceiver. The transmitter and 
receiver RF front-ends are shown in Fig. 2 and 3, respectively. 
We have neglected the energy consumption in the baseband 
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circuit (i.e., source coding, pulse shaping, and digital 
modulation) because the power consumption in the baseband is 
mainly defined by the symbol rate and the complexity of the 
digital logic. This power consumption is quite small [5] 
compared with the power consumption in the RF circuitry.  

 

Figure 1: System Model 

 

 
Figure 2: RF front-end for IR-UWB transmitter 

 

 
Figure 3: RF front-end for non-coherent IR-UWB receiver 

B. Signal Model 

We model the transmit signal as  

            (1) 

where m(t)=x(t)+jy(t) is a complex baseband signal with 

bandwidth B, power P
m

 and for i
th

 differentially encoded 

BPSK or QPSK, it is given by m
i
(t)=m

i−1
exp(jΘ

i
). The power 

in transmitted signal s(t) is P
t
=P

m
/2 . The corresponding 

receive signal is the sum of line-of-sight (LOS) path and all 

resolvable multipath components:  

 r(t)=R 
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where N(t) is the number of resolvable multipath components, 

ϕ
D

n

 is Doppler phase shift, α
n

 is the amplitude of receive 

signal, and τ
n
(t) is n

th
 path delay with path length r

n
(t) such 

that τ
n
(t)=r

n
(t)/c, (c is the velocity of light).  

We rearrange the phase of received signal as  

ϕ
n
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 (3) 

Then the received signal is given by  

 r(t)=R 
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 (4)  

C. UWB Channel Model 

In this paper, we choose IR-UWB and use the channel 

model of the frequency band 3.1−10.6GHz [4]. In the body 

area network communications, propagation paths can 

experience fading due to different reasons, such as energy 

absorption, reflection, diffraction, shadowing by body, and 

body posture. As shown in Fig. 1, there are two types of 

channel models (CMs) corresponding to two different 

transmission links: the body surface to body surface link 

(CM3) and the body surface to external node link (CM4). 

 

a) Body Surface to Body Surface CM3 

Let d
bb

 denote the distance between two body sensor nodes in 

millimeter (mm). According to the body surface to body 

surface channel model [Error! Reference source not found.] 

, the path loss model is given by  

PL(d
bb

)[dB]=10log
10

K+10log
10

(d
bb

)γ+ψ
dB

(5) 

where K and γ are constants, and ψ
dB

 is normal 

random variable with zero mean and standard 

deviation σ
ψ

. The time-varying impulse response 

h(τ,t) of this link, to impulse at t−τ is given by  

              h(τ,t)=Σ
N

n=1αn
(t)e−jϕ

n
(t)δ(t−τ

n
(t))             (6)  

where α
n
, τ

n
, and ϕ

n
 denote the path amplitude, path delay, and 

phase for the n-th path, respectively. N is the number of the 

delay paths, and δ is the Dirac function. The phase φ
n

 is 

modeled by uniform distribution over [0,2π). The path 

amplitude α
n
 is modeled by  
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where γ
0
 is a Rician factor and Γ is a decaying factor with 

Rician factor, S is a normal distribution with zero-mean and 

standard deviation of σ
S
. The random arrival time of multipath 

components with arrival rate λ is modeled by Poisson 

distribution as follow:  

   f(τ
n
|τ

n−1
)=λexp(−λ(τ

n
−τ

n−1
))       (8) 

Finally, the probability of N number of multipath components 

is given by  

         p(N)= 
 NNexp( N)

N!
 (9) 

where  N is the average number of the multipaths.  

 

b) Body Surface to External CM4 

The impulse response of a wireless channel between body 

sensor node and external node is given by  

h(τ,t)=Σ
M−1

n=0 β
n
(t)δ(t−τ

n
(t))  (10) 

here M is the number of arrival paths, modeled as Poisson 

random variable with mean  M  , τ
n
 is the timing of arrival 

paths, modeled as Poisson random process with arrival rate λ, 

and β
n
 is the amplitude for the n-th path, given by  

|β
n
|2=Ω

0
exp 









− 
τ

n

Γ
−k[1−δ(n)] ζ      (11) 

where Ω
0
 is pathloss in free space, k is NLOS effect of Rician 

factor, ζ∼lognormal(0,σ
ζ
) , and τ

0
=d/c  (d=TX-

RX distance and c is the velocity of light). The path loss Ω
0
 

depends on the environment and line-of-sight situation. In the 

WBASN channel model report [Error! Reference source not 

found., sec. 3.4], the value of Ω
0
 is calculated for the four 

different angles between body surface node and external node. 

For zero degree angle, Ω
0
 is given by  

Ω
0
[dB]=10log

10
K+10log

10
(d

be
)γ+y

dB
          (12) 

where d
be

 is the distance between body surface node and 

external node and y
dB

 is the average received signal power at 

t=τ
1
. The specific values of all the parameters in these two 

types of channels can be found in [Error! Reference source 

not found.]. 

 

 

III. PROBLEM FORMULATION 

A. Bit Error Rate Regime 

Channel model CM3 has been proposed in IEEE 802.15.6 

standard for this type of communication link. The channel gain 

α
n
(t) between transmitter and the receiver is given by equation 

(7). In addition, the path loss and shadowing are modeled as 

power falloff proportional to the distance and lognormal 

random variable, respectively, as shown in equation (Error! 

Reference source not found.). In other words, on the top of 

path loss and shadowing, the signal is further attenuated by 

fading coefficient that depends upon Rician factor ( γ
0

), 

decaying factor (Γ), and a random variable (S) with normal 

distribution S∼(0,σ
S
) , given in equation (7). Let N be the 

actual number of resolvable multipaths in an impulse period 0 

to t. These multipath components are resolvable in wideband 

and can be combined at the receiver using maximal ratio 

combining techniques [Error! Reference source not found.]. 

π/2 differential binary phase shift keying (DBPSK) is adopted 

as the modulation format. The instantaneous received SNR is 

given by  

γ
b
=||α||

2

F 
E

b

N
0

                         (13) 

The received power of the N resolvable paths is estimated by 

using the power delay profile in equation (7)  

||α||
2

F= 
n=1

N
 10 

γ
0
+10log

10
 



exp 



− 

τ
n

Γ
+S

10          (14) 

The instantaneous bit error rate (BER) of DBPSK modulation 

in additive white gaussian noise (AWGN) channel is given by 

[Error! Reference source not found.]  

P
b
= 

1

2
e−||α

n
||
2

F 
E

b

N
0
                         (15) 

The probability density function (pdf) of the channel 

coefficient ( α
2

n ) can be determined by using function of 

random variables method [Error! Reference source not 

found.] and joint probability function of the product of two 

random variables [Error! Reference source not found.]. 

Given the pdf f(x,y) of two random variables X and Y, the PDF 

of V=XY is given by  

f
V
(v)= 

−∞

∞

 f
X,Y

(x, 
v

x
) 

1

|x|
dx  (16) 

Let G
n
=|α

n
|
2
, then (7) can be written as  
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Γ
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Let X=exp(− 

τ
n

Γ
) and Y=γ

'

0S
'
, where τ

n
 has poisson distribution 

and S
'
 has log-normal distribution. Using function of random 

variable method, we get the joint PDF f(x,y) as  

f(x,y)=λeλΓln|x| 
1

yσ 2π
e− 

 ( )ln|y/γ
'

0|

2

2σ
2      (18) 

Then, the pdf of G
n
 is given by  

f(G
n
)= 

x=1

0

  
λ

σ 2π
e ( )λΓ+1 ln|x|− ( )ln|G

n
/xγ

'

0|

2

/2σ
2

dx         (19) (19) 

Evaluation of this integral is intractable, therefore we adopt an 

alternative way. Equation (17) can be re-written for average 

value of channel gain as  

Ḡ(t)=E 











 
n=0

N(t)−1
 G

n
                    (20) 

Decomposing the above expression for LOS and NLOS 

components:  

Ḡ(t)=E 











G
0
+ 

n=1

N(t)−1
 G

n
 (21) 

Assuming the delay associated with LOS component is 

approximately equal to zero, then the PDF of the delay of the 

second arrival τ
1
 is given by (8)  

f(τ
1
)=λe−λτ

1                       (22) 

From (21), the first term is a function of random variable S 

with zero mean and variance σ
2

S , therefore 

E
S
[G

0
]=γ

'

0exp 







− 

τ
1

Γ
. With the substitution of this term, 

equation (21) becomes  

Ḡ(t)= 

τ
1

t

 [γ
'

0e
 



− 

τ
1

Γ +Ḡ(t−τ
1
)]λe−λτ

1dτ
1
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Substituting K
1
=γ

'

0λ and K
2
= 

1

Γ
+λ in above integral, we get  

Ḡ(t)= 

τ
1

t

 [K
1
e−K

2
τ
1+Ḡ(t−τ

1
)λe−λτ

1]dτ
1
      (24) 

The Laplace transform has applications throughout probability 

theory. We make use this transform to solve the above integral 

as  

Ḡ(Z)= 
1

Z
 

K
1

Z+K
2

+ 
λ

Z+λ
Ḡ(Z) (25) 

After some manipulation and taking inverse Laplace transform 

using Haeviside method, we get the following expression for 

the channel gain  

Ḡ(t)= 
K

1

K
2

2

 ( )K
2
−λ+(λ−K

2
)e−K

2
t+K

2
λt       (26) 

The average SNR at the output of MRC receiver for a UWB 

pulse transmitted at t=0 is  γ
b
=Ḡ(T) 

E
b

N
0

, where T is the period 

of UWB pulse. Hence, the BER is given by (15)  

 P
b,CM3

= 
1

2
exp(−Ḡ(T) 

E
b

N
0

)  (27) 

and  

 P
b,CM4

= 
1

2
exp(− β2(T) 

E
b

N
0

)  (28) 

where  β
2
(T)=K'

1
exp(−K'

2
T)+ 

λK'
1

K'
2

(1−exp(−K'
2
T))  with 

K'
1
=Ω

0
λexp(−k) and K'

2
= 

1

Γ
+λ.  

B. Outage Probability 

The outage probability relative to minimum required SNR 

ϑ
0
 is defined as [Error! Reference source not found.]  

P
out

=p(ϑ<ϑ
0
)= 

0

ϑ
0

 f
G
(G)dG    (29) 

where ϑ=GE
b
/N

0
 is the total SNR of the impulses at the 

receiver. In the UWB transmission, inverse of the signal 

bandwidth is smaller then the coherance time ( 1/B<<T
c

) 

therefore, a deep fade can affect many simultaneous symbols 

and fading may lead to large error bursts, which cannot be 

corrected for with coding of reasonable complexity. Therefore, 

these error bursts can seriously degrade end-to-end 
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performance. For UWB transmission, an outage probability is 

specified so that the channel is deemed unusable for some 

fraction of time or space. Channel gain in dB can be written as  

G
n,dB

= 





 

K
dB

+10γlog
10

d+ψ
dB

n=0

γ
0
− 

10

ln|10|Γ
τ

n
+Y+K

dB
+10γlog

10
dn≠0

    (30) (30) 

where Y=ψ
dB

+S is a normal random variable with mean μ
ψ
+μ

S
 

and variance σ
2

ψ+σ
2

S  [Error! Reference source not found., 

(2.1.104)]. Total channel gain for a UWB pulse transmitted at 

t=0 is given by  

G
dB

(t)=||G
n,dB

||
F
=G

0
+ 

n=1

N(t)−1
 G

n,dB
          (31) 

Then the pdf f(G) of the total instantaneous channel gain is 

obtained from the convolution of the pdfs of sum of N gamma 

random variable τ
n
 and the sum of N normal random variables 

Y. It has been proven that τ
n
 is a gamma random variable with 

parameters (n,λ) [Error! Reference source not found.]. The 

pdf of the sum of Gamma random variables is given by 

[Error! Reference source not found., (2.9)]  

f
τ
(t)= 

C 
k=0

∞
 δ

k
tϱ+k−1λ

ϱ+k
e−λt

Γ(ϱ+k)
    (32) 

where ϱ, C, and δ are defined in [Error! Reference source 

not found.]. Using corollary 3 in [Error! Reference source 

not found.] with the condition that α
1
=1,α

2
=2  and so on, 

we get  

f
τ
(t)= 

λ  N( N+1)/2

Γ( N( N+1)/2)
t N( N+1)/2eλt   (33) 

Similar procedure for body surface to external node wireless 

channel CM4. 

 

IV. ENERGY CONSUMPTION 

A. Transmitter 

A transmitter can be partitioned into three parts in terms of 

power/energy consumption. This partitioning is shown in Fig. 

Error! Reference source not found.. Power consumption in 

baseband part is proportional to the data rate. RF portion is 

responsible to upconvert the data to desired carrier frequency 

and therefore its power consumption depends on the RF 

frequency. Finally, the PA section is needed to transmit the 

information over the wireless medium. Its power consumption 

depends on its efficiency and on the required transmission 

range. Generally, RF block and PA are the most power hungry 

parts in a transmitter. Transmitter power can be divided into 

three domains: i) transmission power P
ON

 i.e., the power 

required to transmit data over a distance d with desired BER, 

wake up power P
WU

 i.e., the power dissipated in RF block and 

PA during wake up period, and P
SL

 i.e., the power 

consumption in sleep mode.  

P
tx
=P

ON,t
+P

WU,t
+P

SL,t
 (34) 

 
Figure 4: Transmitter power partitioning 

 

 

The active mode power P
ON,t

 consists of the transmission 

power and the circuit power consumption P
c,t

 along the 

whole signal path.  

P
ON,t

=P
t
+P

PA
+P

c,t
 (35) 

where P
PA

 is the fraction of transmission power dissipated in 

power amplifier, and is given by P
PA

=ηP
t
 with constant η 

which depends on the drain efficiency and peak-to-average 

power ratio of power amplifier [Error! Reference source not 

found.]. Substituting in (Error! Reference source not 

found.) and using above equation we get the following form  

P
ON,t

=(1+η) 
ln|2  P

b
|−1

Ḡ(T)
N

0
R

b
Kdγψ+P

c,t
               (36) (36) 

The second term P
c,t

 is composed of power consumptions in 

digital to analog converter (DAC), UWB low pass filters 

(LPF), local oscillator (LO), and mixer. A typical low power 

3.1−10.6GHz transmitter using CMOS 65nm process 

consumed about 10.8mW from 1.2V source [Error! 

Reference source not found.]. 

B. Receiver 

Low complexity UWB non-coherent receivers are very 

attractive for BAN applications because of very low power 

consumption (on the order of 10−100μW), but the drawbacks 

are high noise and interference. A typical receiver RF section 

consists of a UWB bandpass filter (BPF), low noise amplifier 

(LNA), UWB LPF, a square law device, intermediate 

frequency amplifier (IFA), and analog-to-digital converter 

(ADC), as shown in Fig. Error! Reference source not 

found.. In case of coherent detection, the squarer is replaced 

by mixer and LO. A Low-Power CMOS RF front-end for non-

coherent IR-UWB receiver consumed 17.5mA from 1.8V 

battery source [Error! Reference source not found.], 
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whereas, Verhelst et. al. [Error! Reference source not 

found.] have presented an IR-UWB coherent receiver which 

consumes 22.9mW with 1.8V supply. The choice of 

noncoherent versus coherent modulation is a key system-level 

tradeoff [Error! Reference source not found.]. Although 

coherent signaling schemes utilize bandwidth more efficiently 

and achieve better sensitivity than noncoherent schemes, for 

low-datarate systems these benefits come at the cost of 

degraded energy efficiency when normalized by data rate. 

This is due to the power cost of phase tracking hardware for 

coherent architectures. In this work, we have considered 

coherent receiver. Power consumption in receiver is given as  

P
rx

=P
ON,r

+P
WU,r

+P
SL,r

 (37) 

The receiver ON state power is composed of; power 

consumption in receiver circuitry during data reception as well 

as the power consumption during listening the medium, i.e., 

P
ON,r

=P
c,r

+P
LS

. The receiver circuit power consumption 

P
c,r

 is given by the sum of power dissipations in UWB 

bandpass filter (BPF), UWB LPF, low noise amplifier (LNA), 

intermediate frequency amplifier (IFA), mixer, LO. and analog 

to digital converter (ADC). 

V. SIMULATION RESULTS 

In this section, we provide computer simulations using 

MATLAB. Bit error rate curves have been plotted against 

received SNR for CM3 and CM4 body area wireless channels. 

Values of constant parameters in CM3 and CM4 channels are 

given in table Error! Reference source not found. and table 

Error! Reference source not found., respectively. 

In Fig. Error! Reference source not found. BER 

performance of CM3 channel has been shown for different 

distances between body surface to body surface wireless 

nodes. For low values of E
b
/N

0
 there is a large error rate for all 

distances, but for the values greater than 20dB BER 

performance is abruptly improved, especially for shorter inter-

node distances. Fig. Error! Reference source not found. 

shows the BER performance for CM4 channel. It can be seen 

that the performance improvement in CM4 is not comparable 

to CM3 because of changing LOS and NLOS components due 

to the random motion of human body. Also this channel has 

usually large inter-node distance causing more pathloss, 

shadowing, and fading. Fig. Error! Reference source not 

found. proves the effect of LOS/NLOS on BER performance. 

The total energy per bit has been evaluated in Fig. Error! 

Reference source not found. and Fig. Error! Reference 

source not found. for CM3 and CM4, respectively. Fig. 

Error! Reference source not found. shows that the effective 

energy per bit also increases exponentially with transmission 

rate R
b
 because increasing the bit rate, increases the number of 

MAC payload bits as well as the overhead bits, hence the 

energy consumption per payload bit is increased. 

VI. CONCLUSIONS 

Energy performance analysis of two commonly used wireless 

body area channel namely, CM3 and CM4, has been given in 

this paper. Analytical expressions for BER performance and 

channel gain probability distribution function with DBPSK 

modulation and IR-UWB transmission technology are derived. 

Energy consumption per bit for desired BER has been 

evaluated for CM3 and CM4. Simulation results depict that 

CM4 channel is more prone to BER because of the changing 

positions of human body. Results give the clue of using timely 

selective usage of two-hop extension (relay communications) 

to compensate the deep fade that can affect many 

simultaneous symbols and lead to large error bursts. 

 

 

 

 

 

 

 
Figure 5: BER curve for CM3 channel 

 
Figure 6: BER curve for CM4 channel 
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Figure 7: BER performance with different NLOS effects 

 

 
 

 
Figure 8: Total energy consumption per bit in CM3 
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Figure 9: Total energy consumption per bit in CM4 
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