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ABSTRACT

Wireless Body Area Network (WBAN) have been widely
used in many fields. With the development of energy har-
vesting technologies, applying energy harvesting (EH) nodes
to WBAN becomes more practical. In this paper, a Discrete-
Time Markov Chain (DTMC) model is built to analyze the
IEEE 802.15.6 Medium Access Control (MAC) protocol un-
der saturation condition in the WBAN with energy harvest-
ing devices. The long term performance including through-
put and energy consumption is then derived based on the
statistical characteristics of the analytical model. The sim-
ulation results demonstrate the accuracy of the analytical
model. A conclusion has been drawn from the results that a
better energy harvesting state will make the system perform
better, and the influence of the energy harvesting state will
be different for different priority nodes.
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eNetworks — Network performance analysis; Network
performance modeling; Network simulations;
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1. INTRODUCTION

With the development of the emerging Wireless Body
Area Network (WBAN) technology, a solid foundation has
been laid for pervasive healthcare monitoring system. W-
BAN has drawn increased attentions from healthcare com-
munity and engineering industry, due to its ability to im-
prove health care efficiency and service quality of Electronic
Health (eHealth) [7]. The WBAN usually contains one coor-
dinator and several power-constraint sensor nodes in, on, or
around human body, and physiological signals are collected
by the sensor nodes and then transmitted to the coordina-
tor for further analysis and observation [8]. However, the
battery capacity of these sensor nodes is very limited, even
replacing batteries periodically is not always available.

Fortunately, energy harvesting technology, which exploits
supercapacitors to collect energy from ambient sources, such
as electromagnetic source, solar source [11], has become an
essential technology for low-power WBAN to prolong the
system lifetime. Recently, energy harvesting technology has
been adopted in many healthcare applications, especially for
those where battery replacement is difficult or even impos-
sible. Although energy from harvesting nodes is limited and
stochastic, energy harvesting network can still work contin-
uously via advanced technologies [6].

IEEE 802.15.6 task group (TG6) has published the IEEE
802.15.6 standard [1] to support the highly reliable and low-
power wireless communication in WBAN. Quality of Ser-
vice (QoS), extremely low power and high data rate are the
main aims of IEEE 802.15.6 standard, and the MAC pro-
tocol is the key section of the standard. To better analyze
the performance of IEEE 802.15.6 MAC protocol, an ana-
lytical Markov Chain model has been constructed by many
researchers to model the process of CSMA /CA-based MAC
protocol as the state transition. Analyses under saturat-
ed condition, i.e., always having data to send, and unsat-
urated condition in an ideal channel have been carried out
in [10] and [4], respectively. It was shown in [10] that as the
length of payload increases, the reliability of a node decreas-
es, while the throughput increases. As the number of nodes
in the network increases, the energy efficiency and through-
put tends to decrease [4]. The different access phase em-
ployed on system degrades the throughput performance of
IEEE 802.15.6 network under unsaturated condition in ideal
channels [5]. However, none of the above analyses involved
energy harvesting technologies. In [12], an analytical model
for IEEE 802.11 network with energy harvesting devices was
proposed, but the analysis for IEEE 802.11 standard cannot
be directly applied to IEEE 802.15.6 standard due to the
difference in MAC protocol design.

In this paper, we propose a Markov Chain analytical mod-
el for IEEE 802.15.6 MAC protocol in the WBAN with en-
ergy harvesting nodes. As the average energy harvesting
rate is usually very small such that the harvested energy is
not enough for the nodes with common data arrival rate to
transmit their data in real time, here we assume the nodes
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Figure 1 Structure of superframe for beacon mode [1].

in the WBAN are under saturation condition, i.e., the n-
odes always have data to send. Our contributions can be
summarized as follows: 1) A four-dimensional DTMC mod-
el is built to analyze the system performance. Both MAC
property and energy harvesting property are involved in the
model. From what we know, it is the first time to build the
analytical model for IEEE 802.15.6 MAC protocol in the
WBAN with energy harvesting devices. 2) The long term
performance including throughput and energy consumption
is derived based on the statistical characteristics of the an-
alytical model.

The rest of the paper is organized as follows. In Section 2,
we give a brief introduction of IEEE 802.15.6 Standard, and
present the MAC specification. The analytical models in-
cluding energy harvesting model and Markov Chain model
are described in Section 3. Numerical results are presented
in section 4. Conclusions are drawn in Section 5.

Table 1 UP and Contention Windows (CW) of data [1].

UP Traffic designation Cw
0 Background (BK) 16,64
1 Best effort (BE) 16,32
2 Excellent effort (EE) 8,32
3 Video (VI) 8,16
4 Voice (VO) 4,16
5 Medical data and network control 4,8
6 | High-priority medical data and network control | [2,8
7 Emergency and medical implant event report 1,4

2. 1EEE 802.15.6 STANDARD

IEEE 802.15.6 Standard specifies short-range (human body
range) wireless communications in WBAN [1]. To provide
diverse service for various data, especially for emergency da-
ta, the standard defines different User Priorities (UPs) to
ensure the QoS of data transmission in the proximity of hu-
man body.

2.1 An overview of IEEE 802.15.6 MAC pro-
tocol

IEEE 802.15.6 specifies three operation modes in MAC
protocol and beacon mode with superframes is generally
used. In the mode, the transmission period in WBAN is di-
vided into multiple equal-length superframes starting with a
beacon frame. Each superframe is comprised of seven phas-
es which are Exclusive Access Phase 1 (EAP1), Random
Access Phase 1 (RAP1), Managed Access Phase (MAP),
Exclusive Access Phase 2 (EAP2), Random Access Phase
2 (RAP2), Managed Access Phase (MAP), and Contention
Access Phase (CAP) [1]. Structure of the superframe is il-
lustrated in Figure. 1. EAP can only be accessed by highest
priority exclusively. If the length of CAP is greater than
zero, B2 frame should be transmitted firstly as a flag after

MAP. In addition, resources are usually allocated through
polling mechanism in MAP. And nodes in EAP, RAP or
CAP access the channel by contention. Contention mecha-
nism in these access phases is either CSMA/CA or slotted
ALOHA. In this paper, we focus on the performance analysis
of CSMA /CA mechanism in IEEE 802.15.6 Standard. Thus,
our analysis is based on beacon mode with superframes in
which random access phase exists.

2.1.1 CSMA/CA mechanism

IEEE 802.15.6 Standard defines eight User Priorities (UP-
s) according to traffic designation, as shown in Table 1. N-
odes transmit data with different user priorities and may
access channel using CSMA /CA mechanism. A node in CS-
MA /CA mechanism maintains a backoff counter depending
on Wy, which is the window value of backoff counter in U Pj.
The value of backoff counter is set to a random integer rang-
ing from 1 to Wj. The value of W}, changes with the number
of retries r and can be formulated as follows,

r=20
r=odd,”r <m

CWk,min
Wk(T — 1)
min{CWk, maz, 2Wi(r — 1)}

Wi(r) =
r=even,r <m

(1)
where k is the UP of data processed by nodes. Besides,
CWy min and CWy maq are the minimum and maximum val-
ue of CW in priority k. And m is the maximum number of
retries.

Backoff counter of a node is locked or unlocked under sev-
eral conditions. Backoff counter is locked in the following sit-
uations: 1) System resets the backoff counter or the counter
decreases to zero. 2) Channel is occupied by other nodes
when the node is listening. 3) The current time is not in
RAP, CAP or EAP. 4) The current time is inside the period
of RAP, CAP or EAP, but the length between the current
time and the end of the phase is too short to send a frame.
On the other hand, the backoff counter is unlocked when
the channel has been idle for a Short Interframe Space (SIF-
S) period. At the same time, there is plenty of time for
completing frame transmission until the end of the phase.
In fact, nodes transmit packet when the value of backoff
counter decreases to zero. If the packet is sent successfully,
the value of 7 returns to zero. Otherwise, r is increased by
one. However, value of r will never exceed m.

3. ANALYTICAL MODEL AND PERFOR-
MANCE ANALYSIS

In this section, we first describe the energy harvesting
model for sensor nodes and then develop a DTMC model
for the CSMA/CA-based MAC protocol of IEEE 802.15.6
Standard in the EH-based WBAN. Based on the analysis of
the DTMC model, we derive the close form formulations for
the system performance of the WBAN with energy harvest-
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Figure 2 State transition diagram of DTMC model.

ing nodes. Here we assume that the WBAN is in saturation
condition.

3.1 Energy harvesting model

Here we adopt a Poisson Distributed energy harvesting
model for each node [2], i.e., the amount of energy arriving
at the energy buffer of each node follows a Poisson Distri-
bution. Here the energy buffer of each node is assumed to
be unlimited. To simplify the analysis, we further trans-
fer the EH model from the Poisson process to a Bernoulli
process [12]. In this model, energy arriving at the buffer is
packetized into some units and Eyy.: is used to denote the
amount of one unit energy. If the quantity of energy arrival
in a time slot exceed FEyunit, we ignore the residual energy
and regard the arrival energy as one unit. Otherwise, we re-
gard the arrival energy as zero. Furthermore, it is assumed
that when a node is sensing the channel or transmitting a
packet, it can be charged simultaneously. Therefore, the
energy model can be expressed as follows,

_JEt-1) P~
E(t)_{E(t)+1 Po=1-P )

where ¢ is the index of time slot and E(t) is the state of the
energy buffer.

3.2 Discrete-Time Markov Chain model

A Discrete-Time Markov Chain (DTMC) model is used to
describe the process of CSMA/CA MAC protocol of IEEE
802.15.6 Standard. As stated in [3] that the power consump-
tion in Clear Channel Assessment (CCA) period is approx-
imately equivalent to the power consumption of transmis-
sion. Therefore, the energy consumption of channel sensing
and packet transmission can assumed to be an equal value
E:n, and is denoted as N energy units. The DTMC model
for CSMA/CA MAC protocol is then depicted in Figure. 2.
Notations used in this model analysis are defined in Table
2.

The contention process in the MAC protocol is modeled
as different state transition. Some identical state transition
probabilities in Figure. 2 are omitted [4]. System states in
the model are all observed at the end of each time slot. Ev-
ery state is a tuple with four elements, which is denoted by
{k,i(t),7(t),q(t)}. The first element denotes the user prior-
ity and the second element denotes the number of retries.
The third element is the value of backoff counter. The last
one is state of energy buffer g. When ¢ reaches to N, it
will be immediately used up by the node for CCA or trans-
mitting if backoff counter greater than one. However, when
the backoff counter decreases to one, the node will send the
packet immediately in next state where the backoff counter
equals to zero, so there need more energy in this state, i.e.,
2N units of energy for both listening and transmission. The
transition probability from state A to state B is denoted



Table 2 Notation Definitions.

Notations Definitions
k user priority k, k € (0, ...,7)
[ number of retries, i € (0, ..., m)
7 value of backoff counter, j € (0, ..., Wy ;)
q energy quantity of energy buffer, ¢ € (0,...,2N)
m maximum number of retries
dy probability of the idle channel
nk number of nodes in U Py
n number of nodes in WBAN
hi collision probability after frame transmitting
Tk transmission probability for the node in U Py,
e probability of leaving sufficient time
for frame transmission
bk.ij.q steady-state probability in certain state
Py probability that no energy arrives in a slot
Py probability that one unit energy arrives in a slot
N energy needed in CCA or transmission in units
Wik window value of backoff counter
in the ith retry of U Py,

by P(A|B) and the probabilities of some important state
transitions in DTMC are given as follows,

P(k,i,j,qlk,i,5,9) = Po,
j>2,qg<N-—-1lorj=1,q#2N
P(k,i,j,q+ 1|k, 5,q) = P,
j>2,qg<N-—-1lorj=1,q#2N
P(k,i,7,q|k,i —1,0,N) = Pyhi/ Wk,
1#0,j#0,9€(0,1)

P(k,i,j,qlk,i —1,0,N + 1) = Py_1hi/ Wi,
1#0,j#0,q € (1,2)
P(k,0,7,qlk,3,0,N) = Pg(1 — hg)/Wkg,o,
i#m,j#0,q€(0,1)
P(k,0,7,qlk,i,0,N + 1) = Py_1(1 — hg)/Wkg,o,
1#£m,j#0,q € (1,2)
P(k,0,7,qlk,m,0,N) = Py/Wgo0,5 #0,q € (0,1)
P(k,0,7,qlk,m,0,N +1) = Py_1/Wko,j #0,q € (1,2)
P(k,i,j — 1,q|k,i,j,N) = Py(dx.fx),j = 2,9 € (0, 1)
P(k,i,j,qlk,i,5, N) = Pg(1 = di fr),j = 2,9 € (0,1)
P(k,4,0,q|k,4,1,2N) = Py_n(dkfr),q € (N, N +1)

P(k,i,1,q|k,4,1,2N) = Pa—n(1 — di fr),q € (N,N + 1)

Based on the above transition probabilities, we could ob-
tain the steady-state probabilities of DTMC using property
that sum of all steady-state probabilities is equal to one,

m N+1 m 2N

E E bk,i,o,q+§ E b,i,1,q

i=0 g=N i=0 g=N
m Wk N—1 m Wk,

+ E E brijN + be,ijg =1
i=0 j=2 g=0 i=0 j=1

The probability of packet transmission 7, and the prob-
ability of CCA Peeq,,x can then be respectively calculated
by

N

m +1
T = E E br,i,0,q
i=0 =N

q

di fr P
N[@nzzuw+2249%?ﬁ

Pcca,k:
L R

where the collision probability after transmitting Ay and the
probability of the idle channel dj, are formulated as follows,

7
he=1-(1-7)" " J[ @-m)™
i#£k,i=0
7
dp = (1— 7';€)"’°_1 H (1—m)™
i#k,i=0

The corresponding transmission probability P;,, the prob-
ability of successful transmission of one node in UPy Psy,k,
and the probability of successful transmission in the WBAN
Ps,, can then be derived as follows respectively,

7
Pe=1-T[(-m" ®)
1=0
7
Psu,k — dekfk = kak(l — Tk)nk_l H (1 — Tz)n1 (4)
i#£k,i=0
7 7
1=0 1=0

3.3 Throughput

In this work, we assume that a failed transmission can
only be caused by collision. The throughput Sy is defined
as bits of packet transmitted successfully per second in U Py
and is formulated as

Psu,kLp

S =
F (1 - Pt'r) tidle + PtTPsutsu + PtT (1 -

(6)

Psu) 2tcol

where t;qic is the time duration of no transmission and L,
is the average packet length in bits. s, and t., are used to
represent the time duration for successful transmission and
collision, respectively,

tsu = tpacket + tACK + tSIFS (7)

teol = tpacket + tACKtimeout (8)

where tpqcket and tackx are the time periods to transmit a
data packet and an ACK packet, respectively. tsrrs is the
time duration of SIFS. tacktimeout 1s the ACK timeout.



Table 3 Values of simulation parameters.

Simulation parameters Values
Symbol Rate 187.5ksps

Slot length 376us

Average packet length 114bits
Data rate 303.6kbps

SIFS 75us

Prx 401 W

Prx 405uW

Pcca 405uW

3.4 Energy consumption

Due to the much smaller energy consumption in sleep
mode than channel listening or data transmission [3], we ig-
nore energy consumption in sleep mode in which CCA and
transmission are not performed. Energy consumption per
unit time of a node with U Py is denoted as

Psu,kEsu,k + (Tk - Psu,k) Ecol,k + Pcca,kEsca,k (9)
(1 - Ptr) tidle + PtrPsutsu + Ptr (1 - Psu) tcol

where FEs, 1 is the energy consumption for successful trans-
mission, which is comprised of energy consumption of pack-
et transmission and ACK reception. FEcq, is the energy
consumption for a failed transmission. Feccq,x is the energy
consumption in CCA.

E, =

Esu,k - tpacketPTX + tACKPRX (10)
Ecol,k = tpacketPTX (11)
Ecca,k = tecaPoca (12)

where Prx and Prx are the power consumption of trans-
mission and receiving, respectively, Pcca is the power con-
sumption of CCA, and t.., represents the time duration for
CCA.

4. NUMERICAL RESULTS

In this section, some simulation results are obtained to
demonstrate the effectiveness of the proposed analytical mod-
el for IEEE 802.15.6 MAC protocol. Here we only focus on
the random access mechanism in IEEE 802.15.6, thus the
manage access phases are left out in each superframe [1].
Parameters used in the simulations are summarized in Ta-
ble 3. Although eight UPs are defined in IEEE 802.15.6
standard, we only use four UPs, i.e., UPy, UP2, UPy, UPs
in the simulations as four UPs are enough for performance
analysis in WBAN [9]. The number of energy units required
for packet transmission N can be determined in terms of
different harvesting technologies [11] and here we alter it in
some simulations to see its effect for system performance.

In Figure. 3, by fixing P = 0.6 and N = 25, the per-
formance curves are plotted for different user priorities as n
varies. As shown in Figure. 3a and Figure. 3b, the transmis-
sion probability and the throughput decrease monotonically
as n increases. It is due to the fact that more collisions
happen if there are more number of nodes involved in the
WBAN, which results in lower transmission probability and
throughput. We could also find that higher priority nodes
tend to achieve higher throughput since they access channel
more frequently. As shown in Figure. 3c, the power con-
sumption of different UPs increase as n increases since there

are more nodes consuming energy. Although the lower pri-
ority nodes have higher power consumption, the difference
of power consumption among different UPs is very small. It
is because that lower UP nodes have larger CW and they
need to sense channel more frequently, and the higher UP
nodes transmit packet more often. The power required in
CCA and transmission is equally considerable.

In Figure. 4, we test the impact of N and P; to the system
performance. As shown in Figure. 4a, by setting P; = 0.6
and N = 1000, the probability of packet transmission almost
remains unchanged with increasing n, which indicates that
the number of nodes almost has no impact on throughput.
This is because a large N implies a long energy-waiting peri-
od for transmission or CCA, and thus low packet transmis-
sion probability. Therefore, increasing n in the WBAN does
not result in more collision, and certainly has little impact
on system throughput. By setting n = 12 and P; = 0.6, the
influence of varying N to the system performance is shown
in Figure. 4b, where the packet transmission probability de-
creases as N increases due to the longer energy-waiting pe-
riod. We can also find that the gap of packet transmission
probability between each UP becomes smaller as N increas-
es. It is because higher UP nodes have larger probability
to transmit and thus need more energy. Therefore, a weak
energy harvesting ability affects their performance more.

Figure. 4c plots the packet transmission probability ver-
sus the energy arrival probability with n = 12 and N = 25.
We can find that, as P; increases, the probability of pack-
et transmission also increases. With higher energy arrival
rate, nodes recharge more quickly and sense channel more
frequently. Consequently, the access probability of nodes
tends to increase. Furthermore, the higher priority nodes
achieve higher increasing rate compared to the nodes with
lower priority. The result can be explained as follows. De-
spite the smaller CW of the higher priority nodes, if the
higher priority nodes lack of energy, they are not able to
sense the channel or transmit the packet. Thus, the perfor-
mance of the higher priority nodes approach to that of the
lower priority nodes for small energy arrival rate. However,
if there are more energy arriving to the nodes, the supe-
riority of higher priority nodes would reveal and they will
achieve more opportunities to transmit packets.

S. CONCLUSIONS

In this paper, we develop a DTMC model for IEEE 802.15.6
MAC protocol in the WBAN with energy harvesting nodes.
The long term performance of the WBAN in terms of through-
put and energy consumption is analyzed. The effectiveness
of the analytical model is demonstrated by the simulation
results. This work is the first step to evaluate the perfor-
mance of IEEE 802.15.6 MAC protocol in the WBAN with
energy harvesting nodes. In the future work, we will con-
sider a more practical energy arrival model. We will also
consider the unsaturated case, i.e., the packets are arrived
in each node based on some data arrival model, e.g., Poission
arrival model.
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