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Abstract. It is of utmost importance in a wireless body area network (WBAN) to improve the lifetimes of
devices, while restricting latencies within allowable limits. These two demands are often conflicting, and a
method to ensure fairly good values for these parameters with a view to satisfying the requirements of the
WBAN application would be highly desirable. We consider CSMA/CA option of the medium access in 802.15.6
standard, and propose a sleep mechanism for the devices. An M/G/1 queue with repeated inhomogeneous
vacations model is used for the medium access in a typical WBAN network in hospital environments to see how
the requirements of lifetimes and delays are taken care of. An analytical method for finding the probability
generating function of the contention delay for medium access is developed first using Markovian techniques.
The results obtained are then used in the queueing model. Comparison of theoretical values with simulations
results shows a fairly close match and defines the conditions that affect the interplay of lifetimes and latencies.
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1. Introduction

A collection of medical devices with a coordinator, for
gathering information from the devices and then sending it
to a remote unit for monitoring the health conditions of
patients, constitutes a wirelss body area network (WBAN).
It supports the provision of health care for patients in
hospital or at home by facilitating the diagnosis of diseases,
by providing prompt responses to critical health conditions
and by continuously gathering and disseminating informa-
tion of patients to the health personnel [1].

Medical devices have two important constraints. They
should run for as long as possible with a given battery
capacity. Also, medical devices have strict latency
requirements that are characteristic of applications they are
serving. Some classes of medical applications and their
required data rates and latencies are specified in ISO/IEEE
11073 specification [2]. Most of the medical applications
like determination of blood saturation, blood pressure, heart
rate, temperature, etc. are of low data rate (less than 10
kbps), while applications like EEG, motion sensor, video,
etc. are of higher data rate. The quality of service (QoS)
requirements of these applications, namely reliability,
energy efficiency, and latency [3] that the network should
provide, are influenced to a great extent by the type of
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medium access method that is used. Contention-based
schemes such as CSMA/CA are more appropriate for low
data rate since channel resources can be effectively utilized,
whereas polling or scheduled access is suitable for appli-
cations with higher data rate as fair sharing of resources can
be ensured.

In the 802.15.6 standard, medium access is provided
using one of the following three modes. Mode 1 access has
beacons with superframes, Mode 2 access has superframes
without beacons and Mode 3 access has neither frames nor
beacons [4]. There are three categories of medium access
control mechanisms: (i) contention access that uses either
CSMA/CA or S-Aloha; (ii) improvised and unscheduled
access (connectionless, contention-free), which uses
polling/posting and (iii) scheduled access (connection ori-
ented, contention-free), also called 1-periodic or m-periodic
allocations.

Several works on medium access for WBAN have been
reported recently. Analytical work for throughput and delay
limits of IEEE 802.15.6 without considering any specific
MAC schemes is given in [5].

Simulation studies are described in [6], which investigate
the impact of the unique WBAN channel characteristics on
the trade-offs in the packet delivery vs latency vs consumed
energy. However, the study does not address the effec-
tiveness of these access methods in meeting the QoS
requirements like lifetimes or latencies of heterogeneous
traffic.
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Tachtatzis er al [7] give an analytical model for finding
out the device lifetime when IEEE 802.15.6 scheduled
mode is used for medium access. Tachtatzis et al [8] have
used integer programming to find out the lifetime of
applications mentioned in ISO/IEEE 11073 using Type I
scheduled access. In [9], the authors give an analytical
model for finding performance of WBAN network in
CSMA mode in saturation condition. Markovian techniques
have been used in their analysis. Their results showed that
in saturation condition the highest priority nodes occupy the
medium most of the time. The performance of IEEE
802.15.6 in non-saturation condition is studied in [10]. The
average delay is found out.

Motoyama [11] proposes a polling scheme for WBAN
with QoS capability.

A combination of polling and probabilistic contention
is used for random access in [12], which uses energy
harvesting to soften the problems arising from limited
battery capacities of body sensor nodes. The work,
however, does not focus on the performance of the
medium access protocol. In [13], we have investigated
CSMA/CA and polling, and evaluated their effectiveness
for QoS support in WBAN with multipriority traffic.
Analytical models for access delay and lifetime were
developed. Also, we proposed a sleeping schedule for
polling access scheme to extend device lifetime. Our
analysis of priority contention scheme and priority
polling scheme with and without sleeping revealed
superior lifetime performance in polling access with
proposed sleeping mechanism.

This paper is an extension of our work in [13]. Here we
propose a sleeping mechanism for CSMA/CA access.

In order to increase the energy efficiency in CSMA
access, nodes are put to sleep when there are no packets to
be transmitted. But there is a problem with long sleep times
because packet latencies get affected. In this paper we look
into a sleeping mechanism where a node goes into sleep for
a fixed time when there are no packets to be transmitted.
The node then wakes up and checks the state of the transmit
queue. If it is empty, the node continues with its sleep, else,
it begins transmitting packets. Once the packets are trans-
mitted completely, the node again sleeps and the process is
repeated. An M/G/1 queue with repeated inhomogeneous
vacations [14] is used as the queueing model. The analyt-
ical values are then validated using a Castalia simulator on
a typical configuration of medical devices with different
priority data, as found in a hospital setting. The focus of the
work is on the analysis of this network with the proposed
sleeping mechanism and its effect on the lifetimes and
latencies of the devices.

The rest of the paper is organized as follows. Section 2
describes a Markov model for CSMA/CA access based on
802.15.6 standard. Analytical expressions for the mean and
generating function of service times of packets are devel-
oped. The proposed power saving mechanism for the
CSMA/CA access of 802.15.6 is described in section 3.
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Section 4 derives analytical expressions for the lifetimes
and latencies of devices in the network using the sleeping
mechanism proposed. Section 5 gives results of the simu-
lations performed and the comparison done with the ana-
lytical results. Section 6 concludes the paper.

2. MAC layer service time

The IEEE 802.15.6 standard specifies one-hop star and two-
hop restricted tree topologies. In the one-hop topology,
frames are exchanged between nodes and hub, while in the
two-hop restricted tree, hub and nodes may use a relay node
to exchange frames. In this paper we consider the one-hop
topology. Each node stands for a medical device, which can
be a sensor device that transmits the measured data to the
hub.

The structure of 802.15.6 standard superframe is as
shown in figure 1. The superframe is divided into Exclusive
Access Phase (EAP), Random Access Phase (RAP), Man-
aged Access Phase (MAP) and Contention Access Phase
(CAP). The standard allows setting of access phases other
than RAP1 to zero. A beacon is broadcasted by the hub to
all nodes at the beginning of each superframe. In this paper,
we consider the superframe as comprising EAP1 and RAP1
with all other phases set to zero. The standard allows dif-
ferent options for medium access. As per the standard,
medium access during EAP, RAP and CAP phases is
contention-based (via S-Aloha or CSMA/CA) and during
the Managed phase it is contention-free (via polling or
scheduled access). Since we consider contention-based
medium access option, we set the managed phase to zero.
EAP2, RAP2 and CAP are also set to zero for ease of
analysis. The standard allows eight user priorities (UPs)
with UP, as the lowest and UP; as the highest priority.
Each UP is associated with a particular contention window
range. The basic access mode of CSMA/CA (i.e., no RTS-
CTS) is used.

The CSMA/CA access of 802.15.6 standard is as fol-
lows. CWj i, is the minimum contention window size of
node with priority k. CWj 4 is the maximum contention
window size of node with priority k. W ; is the maximum
window size of the priority-k node at i backoff stage,
i > 0; my is the backoff stage for priority-k node such that
2" = CWj pax- R 1s the maximum backoff stage possible,
after which the frame is dropped. During the start of a
frame transmission by a node, backoff counter of the
node is set with a value that is randomly chosen from the
contention window [1, CWg ] depending on the priority
of the node. When the counter value becomes zero, frame
is transmitted. If a collision occurs, the node goes to the
next backoff stage with a new contention window, where
the upper limit of the contention window is chosen as per
the following rule: for iy, backoff stage of k” priority
node
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Figure 1. Superframe structure.
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During each backoff stage, the medium is sensed and the
counter is decremented if the medium is idle. The counter is
frozen if the medium is busy due to transmission, or if there
is no sufficient time for the current frame transmission to
finish before the end of the current access phase.

2.1 Discrete time Markov chain (DTMC) model

The access probabilities of UP; nodes for k € {0,1,...,7}
are computed by solving a set of eight DTMCs. The DTMC
for priority k is shown in figure 2. The notations used are
given in table 1.

The DTMC represents the backoff process of UP; node
and has stationary distribution {by;;}. The first index k
shows the priority of the user, while the second index i(i =
0,...,R indicates the backoff stage the process is currently
operating and the last index j(j = 0, ..., W) indicates the
backoff counter value. We make the assumption that ini-
tiation of transmission of a packet and its subsequent
completion does not extent over consecutive superframes.
The channel is assumed to be ideal with no frame error
because of forward error correction. Hence ¢ has a value
equal to 1.

Since we consider non-saturation condition, it is possible
that the queue becomes empty after successful transmission
or dropping of a frame. This condition is given by my,
which is the probability that the queue of the node is empty
when a data frame is either successfully transmitted or
dropped.

EAP is accessed by priority-7 frames only, while RAP
can be accessed by frames of all priorities. EAP1 time slots
are included in the Markov chain only for the highest pri-
ority nodes. Nodes with priorities 0,...,6 can access the
medium only during RAP1 time slots.

Hence, probability that the medium remains idle during
any slot in RAPI is given by HZ:O(I —1;)" and in EAPI1
by (1 — 17)"". The probability that the medium remains idle
during the backoff countdown of a node with priority k
where k = 0,...,6 is given by

7 n;
- 17‘[,’ !
Gk = HFO( ) ) (2)
(1 — ‘L'k)
Similarly, for a UP; node the corresponding probability
is

[T — )"
(1 — ‘L'7)

rapl eapl

q1

- rapl + eapl rapl + eapl

where rapl is the duration of RAP1 phase and eap]l is the
duration of EAP1 phase.

Py iaie 1s the probability that a node is in idle state and the
probability with which such a node in idle state starts a
backoff is given by f; = (1 — m0)qx-

Solving the Markov chain gives the steady-state proba-
bilities for all possible states. They are given by the fol-
lowing equations. For i =0,...,Rand j =0,..., Wy,

(Wi —j+ 1)(1 = a1’

b ij — b ) 4
ki Werdn %,0,0 4)
brio = (1 — qi)'broo, (5)
Wio—Jj+1
bro; = & b
k0, Wiode 40,0, (6)
k0
Prige = 77—~ bip0-
(1 —meo)qe ™

The stationary-state probabilities of the Markov chain must
obviously add up to unity:

R Wi
E E brij + Priae = 1, (8)
=0 j=0

R Wi R Wio

i=1

Z Z brij + Z brio + Z bioj + Prige = 1.  (9)
= =0 =

Using Egs. (4)—(7) in the normalization equation (9)
gives

L L 1= (1= gt
2_Z(Wk,i + 11— q) +&+

qr ‘5 L3 (10)
Wio +1 n 0

b =1.
2qx (1- ﬂk,o)CIk} K00

The channel access probability of a node of priority k is
given by

R
T = Zbk,;,o- (11)
i=0

Combining (5) and (11), we get
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Figure 2. Markov chain for UP; [13].

Table 1. Some variables used in Markov model. [1 —(1- Qk)RH]
Tk = bk‘0,0 —_—|. (12)
Notation Explanation Gk
1y Number of UP; nodes Substituting Eq. (12) in Eq. (10), we get
Tk Access probability of UPy
R Maximum retry limit 1 X C1—(1- qk)R+1
Wi i Contention window of UPy, backoff stage i 7Z(kai + 1)(1 - qk)l + 1+
1-6 Packet error rate 24 i=1 qk (13)

Wio +1 0 } 1—(1—q)!
+ p=—
2qy (1 — me0) g dr
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The probability that a queue would be empty after a suc-
cessful data frame transmission or a data frame drop is
given by

7[](,0 = 1 — ;LkE[Sk] (14)
where E[Sy] is the average MAC layer frame service time
(mean contention delay) and A is the arrival rate of packets
at node k. From Eqgs. (13) and (14), we obtain 16 equations,
which can then be solved to obtain the 16 unknown vari-
ables 14 and my g, for k =0,...,7.

2.2 Mean contention delay of a UPy node

The service time Sy for a data frame is the time elapsed from
the instant the frame is put into service until the successfull
delivery or drop due to the exceeding of the retry limit. It is
the MAC layer contention delay. Its mean value is

E[Sk] = (1 — nk’())E[Sk_rl] + nk‘()E[Sk,z] (15)

where S; | and Sy, are the conditional service times, con-
ditioned on the queue being non-empty and empty,
respectively.

E[Sk1] =

PsE[Sks] + paE[Sk p] (16)

where Sy and Sy p are, respectively, the service times of
successfully delivered frame and dropped frame; p; and p;
are, respectively, the probability that a data frame is
dropped due to an exceeding of the retry limit and the

probability that a data frame is successfully delivered: p; =
(1—go)""" and p; = 1 — py.

E[Sis] (17)

where E[Bys] is the mean backoff duration, E[Cy ] is the
average time wasted in collision and Ty is the successful
transmission time. Average backoff delay depends upon the
number of successive retransmission attempts, the initial
backoff value at each stage and the duration for which the
backoff counter freezes due to the medium being busy. Let
o represent the time duration between successive counter
decrements. Between two successive counter decrements
the channel can be idle or it can be busy due to packet
transmissions. Packet transmission can be successful or can
result in collisions. We are considering the basic access
mechanism and therefore we can assume collision time
T. = T,. The average value of ¢ can then be expressed by
the following equation:

= E[Bkﬁs] + E[Ckﬁs] + T

Elo] = e + (1 — qi)qe(Ts + 1) + (1 — qi) qe(2Ts + 1) + -+

1 —qx
Gk

=1+

T.

(18)
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The average number of counter decrements for the i

Wii+1
backoff stage is . The probability that the frame is

successfully transmitted after I retry is (1 — g;)'qx. Hence,
the average backoff delay is

R I
Wei+1 1-—

E[Bis] = E (1 — 1) q E k‘2 (1 + I Ts>-
=0 qdk

i=0

(19)

Average time wasted by the frame due to its collision in all
the successive retransmission attempts is given by

R
ECes) =Y 1(1 — qi)'qiT.
=0

(20)
= (1 —qo)(1 = (1 = q0)")T..
The average time till the data frame is dropped is
E[Sk’D] = E[ka} + E[Ck_p] (21)

where E[Byp| is the backoff that has occurred before the

packet is dropped:
R
Wei+1 1-—
ik (1 +—2 T>
= 2 4k

E[Cyp] is the total collision time that has occurred before
the packet dropping:

E[Bip] = (22)

E[Cip) = (R+ 1)T.. (23)

The successful transmission time Ty = Ty + Tsirs +
Tack +2¢ and the collision time T, = Tyuy + Tsips+
Tpirs + @, where @ is the propagation delay.

If the data frame arrives when the node is in idle state,
the node enters the zeroth backoff stage in the next CSMA
slot. The residual time of the data frame in the idle slot will
be at most the duration of a CSMA slot. Hence
E[Sk2] = E[Sk.1]. Substituting Eqgs. (17) and (21) in Eq. (16)
we get the mean MAC layer service time of a frame.

2.3 Probability generating function of contention
delay

The probability generating function (pgf) of the service
time of a packet, neglecting the residual slot time a packet
sees on entering an idle queue, is given by

Gs, (2)

Gs,s(z) and Gs,,(z) are, respectively, the pgf of service
time of a successfully delivered frame and that of a dropped
frame.

= psGSk,s (Z) + pdGSk.D (Z) (24)
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Let B, be the total backoff time of a frame before it is
successfully delivered or dropped, N.; be the number of
successive collisions that the frame has experienced, 7, the
time wasted in each collision and 7Ty the transmission time.
The pgf of service time of a frame when successfully
transmitted is given by

GSk,s (Z) = E[ZBkJrNC'kTCJrTY]' (25)
Conditioning on N, x:
Gs,(2) = 2 E[E[%NeTe IN 4]
(26)

R
=" TE[P INew = IP(New = ).
=0

Let Gp,, := E[z% /N.x = [] be the pgf of backoff time with /
successive collisions. Let D; represent the backoff time
during the i backoff stage. The conditional backoff time is

Bk/(Nc.k:l):D0—|—D1+..._|_DI.

Since Dy, ..., D; are independent random variables, we have

GBkJ = GDO (Z)GD] (Z)"'GDI (Z) (27)

Let the backoff time at i stage be the sum of intervals of X;
successive backoff counter decrements. The conditional
backoff time for the i stage is

D,/(X,:m) :Gl7i+62‘i+"'6m‘i (28)

01, > 02, .-.,0p,; are iid random variables and are inde-
pendent of the number of counter decrements m for backoff
stage i. Hence

Gp,(2) = Gx,(Gs(2)) (29)

where Gy, (z) is the pgf of the number of counter decre-
ments X; for backoff stage i.

Since the initial value of backoff counter at backoff stage
i is uniformly distributed in [1, W],
Wi Wi
1 iz (1-z ki)

Gx,(z) = == _
xi(Z) Wk,i 2 Z Wkﬁi (1 _Z)

(30)

The time interval between two successive counter decre-
ments has the pgf given by

z
Go(2) =zqx + 2 (1 —qu) + - = ﬁ’
(31)
Go— 7) — G(7 z Wk.i+1
Gy = Gl (G2) )

From Egs. (27) and (32)
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GBkJ (Z )

(33)

From Egs. (26) and (33) the pgf of service time for a
successfully transmitted data frame is given by

R ! _ Wig+1
Gs,s(2) = 2" ;zm 11 Gag) c(;f(az()z))v)vkj (1 - ) a

.
Il
(=}

(34)

Similarly, the pgf of the service time of a dropped packet is

(Gol2)) ™"
Go(2) Wi

G (Z) = Z<R+1)T( (35)

R Gylz) —
i=0 (1
Substituting eqs. (34) and (35) in Eq. (24), we get the pgf of
MAC layer service time of a frame. From the pgf, we

obtain the mean and second moment as follows:

0 O 0
ElSi] = 5, Gsita) =i EIS] = 55 Gs e + 5, G-

Z:I;

3. CSMA/CA with sleep mechanism

To improve the energy efficiency and hence the device
lifetime, the nodes can be made to sleep when there are no
packets to be transmitted. However, the packet latency will
increase if the node does not wake up promptly on the
arrival of a packet to the empty queue. We consider a
sleeping mechanism similar to the power saving mecha-
nism of IEEE 802.16e [14]. A node goes to sleep when the
queue becomes empty. After a fixed time, the node wakes
up and checks if the queue is still empty. If so, it goes again
to sleep; else, it begins transmitting packets until the queue
becomes empty. This process is then repeated. This sleep-
ing mechanism is followed by nodes of all priorities during
the RAP and by nodes of UP; in both EAP and RAP.
However, since nodes of UP;,k=0,...,6, cannot be
transmited during EAP, they can be made to sleep for the
entire EAP. A superframe with the sleeping periods is
shown in figure 3, in which the checking of queue for
packets and sleeping for a fixed duration is shown as Ty.
The sleep time T,,, is not applicable for priority 7 nodes.

¢+ veey o (T o [TTTM . « 000

|<— Teap _ TuTw  TwTwe<Tbl> <Th2>  <Th2se,»s|

Trem  Tcritical

Figure 3. Superframe structure with sleep.
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Tw

I«—Check Sleep

Figure 4. A sleep period.

Tw periods start from the beginning of the superframe itself
for priority 7 nodes.

Each such period of duration Ty is made up of two parts
(see figure 4). The first part represents the period during
which the node wakes up and checks whether there are any
packets in the buffer. If it does not find any packet in the
buffer, the node goes to sleep immediately. The second part
represents the sleep duration. On the other hand, if a packet
is present in the buffer, the node enters a busy period. The
node goes into backoff and when conditions become con-
ducive the node transmits.

For the sake of analysis, we consider the transmission of
packets as occurring in two phases. The first phase occurs
when the node finds for the first time in a superframe that the
buffer has at least one packet to be transmitted. The begin-
ning of the first phase can occur at the end of EAP period or
during the beginning of one of the Ty periods that follow
EAP (as shown in figure 3) for nodes with priorities 0-6. In
the case of priority 7 nodes, the first phase can begin at the end
of first Ty period in a superframe or during the beginning of
one of the subsequent Ty periods. The busy period represents
the time during which it transmits packets collected in its
buffer and the packets that arrive during the transmission of
the packets stored in the buffer. The end of a busy period is the
time at which the transmit buffer becomes empty. The
sleeping of node, characterized by the Ty periods, then
resume. The second phase begins when the node sees again a
non-empty buffer on waking up at the beginning of a Ty
period. The node transmits packets as in the first phase till the
buffer becomes empty. This process is repeated until either
enough time is not available in the current superframe period
to transmit the packets accumulated in the buffer or the end of
the superframe has reached. There can be multiple busy
periods Ty, during the second phase of transmission. 7¢icq; 1S
the fixed duration of time in a superframe where no trans-
mission is possible. This time takes into account the guard
time and some extra precautionary time. We make the
assumption that once a busy period starts, its completion
should occur within the same superframe. Busy periods
therefore should not cross into the critical period nor span
successive superframes. This requirement can result in situ-
ations where packets may be present in the buffer but the node
is unable to transmit. Or there can be situations where during
the current superframe there may be no more packets arriving
after the last busy period. We define such time intervals by
Trem- Trem 18 therefore the time left in the current superframe
period apart from T, cq;, during which time the node does
not transmit and therefore can sleep. The value of T, is
variable and is determined by the arrival rate and the con-
gestion in the medium. Packets arriving during 7)., and
Teriricar PeTiods are transmitted in the next superframe.

The superframe duration is assumed to be long enough
for a node to transmit packets accrued from the 7., and
Terisicar Periods of the previous superframe and the packets
arriving in the EAP period of the current superframe. If this
were not the case, we would have packets piling up in the
buffer over successive superframes.

4. Lifetime and latency analysis

We use an M/G/1 queue with repeated inhomogeneous
server vacations [14] to model a node, in which the sleep
durations of the node correspond to the vacations of the
server. As mentioned earlier, in the first phase of trans-
mission, the first sleep period, which comprises 7., and
Teriticar Of the previous superframe and T4, of the current
superframe for nodes with priority 0-6, is different from the
subsequent sleep durations, and hence we have inhomo-
geneous vacations. This is also the case with priority-7
nodes, where the first sleep period is composed of T, and
Teriricar Of the previous superframe, and the first Ty of the
current superframe. In order to facilitate the analysis, we
ignore the state transitions and beacon reception time at the
beginning of each superframe. It is also to be noted that the
first sleep period is defined as the time for which a node
sleeps after the last busy period and the first time the node
wakes up to look for packets in the buffer.

A superframe Ty is made up of a sequence of subcycles
Ty,T,,Ts,...,Ty. A typical subcycle has the representation
shown in figure 5. During the beginning of periods Ty,
Tw>, ... the node checks whether there are packets to be
transmitted and goes to sleep if it does not find any. When
the node finds packets at the beginning of (V 4 1)" Ty
period in figure 5, it wakes up in Tyu.—up period. Packets
are transmitted during the busy period Tp;—Tp,. T} is the
first subcycle, also called the primary subcycle, while 75,
Ts,...,Ty are secondary subcycles, which are iid random
variables with the mean value E[T’].

E[) = E[T)) = - = E[Ty) = E[T],  (36)

Ty = E[Ta] + (N = DE[T'] + E[Tren] + Terivcar, N > 1.
(37)
4.1 Primary subcycle Ty

Primary subcycle T is made up of sleep, wake-up and busy
periods given by E[T1] = E[Tyeep, | + Twake—up + E[Thusy, |-

Packets

| ———
’J‘TwlTWZTWBTw4 TwV 7 Tb1/Th2
Twakeup

Queue empty Queue empty

Ti

Figure 5. A typical subcycle.
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E[Tseep,) = E[Tw1 + Twa + - - - + Twy].

We need to first compute the distribution of V, the number
of successive vacations. It is observed that the event V > i is

equivalent to the event of no arrivals during Z;;ll Twk.

Since we assume Poisson arrivals with rate J,
i-1

P(V >i) =exp(—A Y. Twi). Denoting by Li(s) := E[exp(-
k=1

sTwi)], the Laplace—Stieltjes transform (LST) of Ty, we

have P(V >i) = [[_, L«(%) and we have from [14]:

00 i—1

ElTaeep,) = Y E[Twi] | [ Li(4).

i=1 k=1

(38)

The first sleep period for the primary subcycle is given by

E[TWI] = Teritical + E[Trem] + Teap (39)
for nodes with priorities 0-6 and
E[TWI] = Tcritical + E[Trem] + TW (40)

for nodes with priority 7. The subsequent sleep periods of
primary subcycle is given by

E[Ty]=Tw,i=2,3,.. (41)

The mean sleep time for the primary subcycle of UPy—UPg
is then obtained as

E[Tsleepl] = (Tcritical + E[Trem] + Teap)"'
1 (42)

T(riti('al+E[Trem]+T4'UP))'T S —
V1 e Twi

e
The busy period when packets are transmitted during the
primary cycle is given by
I

—p (E[Tsleepl] + Twukefup)a

E[Tbuf)ﬂ} = 1—

(43)

where p = AE[Si] and E[Si] is the mean service time of a
packet obtained in section 3.

4.2 Secondary subcycles Ty, T3, ..., Ty

The secondary subcycles are also made up of sleep, wakeup
and busy periods:

/

E[T'| = E[Tseep,) + Twwake—up + E[Thusy,)- (44)
Similar to the primary subcycle
00 i—1
E[Tsleepz] - Z E[TWz] H Lk(i) (45)

i=1 k=1

However, the secondary subcycles have the same fixed
sleep period Ty, including the first sleep period.
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E[Tw] = Tw,i=1,2,... (46)

The mean sleep time of the secondary subcycle is then
obtained as

E[Tsleepz] = TW + TWe_Tw;L (47)

1 —eTwi’
The busy period of the secondary subcycle is given by

o

E[Tbusyz} = —p (E[Tsleepz] + Twakefup)'

T (48)

4.3 Lifetime calculation of nodes with priorities
0-7

Lifetime determination of nodes entails the calculation of
several parameters, which are defined in table 2. We
assume the system to be ergodic and the mean values are
obtained as long-term averages values. The long-term time
averages of Trem’ Nsc’ Nvl» NV2? Tonldlep TonActivel’ Tonldleg’
Tonaciive, and Nfygmes are found out using an iterative algo-
rithm (see Algorithm 1). During each iteration, the values
of these parameters are updated. N,; and N, are necessary
to find the energy consumed in the sleep—wakeup transi-
tions. They are found out as in [14]:

e —Stime 2

Ny =1 +m (49)
e—TWA

where S;;,,. stands for mean first sleep period of the primary
subcycle. It is defined as

Stime == Tcritical + E[Trem] + Teap, k = Oa RS 6

- - (51)
= 1eriticar + E[Trem] + TW7 k=17
N
Tontdie, = % [PsE[Bi.s] + paE[Br.p]] (52)
N
Tontdies = % [PsE[Br.s] + paE[B.p)| (53)
N
TonActivel = % [Ps(E[Ck,S} + Ts) +pdE[Ck7D]] (54)
N
Towrves = 15 Po(ELChs] + )+ paEICupl] - (59)
where N, and Ny are given by
qu = l(Tsleepl + Twake—up) (56)
Nq2 = ;L(TsleepZ + Twake—up)- (57)
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Algorithm 1 Algorithm for computing the long —time
averages of necessary parameters

Initialize:
Nfra'mes =1
E[Trcm,] =0

Tremprev = Trap

Stime1 = Stime —E[Trem]
it (k=1)

Teap =0

end

Compute ETsicep, |, E[Tsiceps,]

Compute Ny2, Ng2

Compute Tonrdiess TonActives

while abs( Tyemprev —E[Trem]) > €
Compute : Ny1 Ng1

Compute : Tonrdle, , TonActive,

TremPrev = E[Trem]

TsteepCurrent = ElTsicep,] —E[Trem] —Teritical
if (Tsf < Tsicepcurrent + Twakeup + Tontdie; +
TonActive, + Teritical)

if (Tsicepcurrent > Tsy)

Ty = mod (TsieepCurrent » Tsf)

N _ TsicepCurrent —Ti
f’l’a?’!LL’S - Tisf

if (T} < Teap)

Tsicepcurrent = TsicepCurrent =11 + Teap
end

Stime1 = Teritical + Nframes Tsf + Teap
if (Ty > Teap)

if (Nframes +1) Tsp < TsieepCurrent +
Twakeup + Tonidie;, + TonActive, + Teritical)
Tsteepcurrent = TsieepCurrent =11 +

Tsy + Teap

Stimel = Teritical + (Nframes + 1) Tsy
+ Teap

Nframes = Nframes + 1

end

end

Nframes = Nframes + 1

else

Stimel = Tsg + Teap + Teritical
Tsieepcurrent = Tsf + Teap

Nframes = 2

end

end

Compute : Trem, Nsc

Compute : Stime, Tsicep1

end

Table 2. Parameters used in the algorithm.

Stime Mean first sleep period of the primary subcycle
Stimel First sleep period of primary subcycle excluding T,
Ticep, Total sleep time for the primary subcycle
Tsicep, Total sleep time for a secondary subcycle
Ny Mean number of sleep periods in the primary
subcycle with fixed duration (Tyw)
Ny Mean number of sleep periods in a secondary
subcycle
Ny Mean number of packets arriving during sleep time
and wake-up time of primary subcycle
Ny Mean number of packets arriving during the sleep
and wake-up time of secondary subcycles
Tontdie, Mean backoff time during the busy period of primary
subcycle
Tonactive, Mean transmission time during the busy period of
primary subcycle
Tonidie, Mean backoff time during the busy period of
secondary subcycle
TonActives Mean transmission time during the busy period of

secondary subcycle
TteepCurrens Time slept in the current superframe during the
primary subcycle

Ny Number of secondary subcycles

Nframes Mean number of consecutive superframes through
which it sleeps + 1

Tremprev Mean value of T}, in the previous iteration

TsiecepCurrens 1S @ parameter used within the algorithm to
find out the number of superframes a node sleeps conti-
nously. The algorithm converges when the updated value of
Tem during successive iterations becomes invariant. During
each iteration T, is computed as follows:

Trem = mod ((N framesTsf - TsleepCurrent - Twakefup
— Llonldley — TonActivel - Tcritical)a (Tsleepz + Twake—up (58)
+ Tonldlez + TonActivez))-

N, is also updated in each loop using the expression given
below.

Nsc = ((N fmmesTsf - TsleepCurrent - Twakeup
— Llonldley — LonActive;, — Tcrirical) - Trem)/<Tsleep2 (59)
+ Twakeup + Tunldlez + TonActivez)~

If sleep time ends within the EAP period, the sleep time
gets extended to the end of EAP period. The transmission in
the primary subcycle then starts at the beginning of the
RAP period. On the other hand, if the sleep ends inside the
RAP period, we see whether the transmission can complete
within the current RAP period. If not, the sleep period gets
extended to the end of the EAP period of the next super-
frame, and busy period of the primary subcycle starts when
it wakes up. We then find out T}, and N,.. We update the
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values of the total sleep time of the primary subcycle and
the cycle repeats. The same procedure is valid for priority-7
nodes except that checking of packets starts in the EAP
period. Consequently T,,, is made zero; & is taken as
0.000001.

4.4 Energy consumption by nodes

N, rames 1
ESl€€p1 = (Teap (memes) + ((Ts - Teap) M +

Ty
(Nvl - 1))(TW - Th) + Trem + Tcritical)Psleem
(60)
Elisrenll = ((Ts - Teap)<Nframes - ])(Tsleepr/TW)+
(Nvl - I)Tsleepr)PsleepRX7
(61)
Elisrean = ((Tv - Teap)(memes - 1)(TrxSleep/TW)+
(Nvl - l)TrxSleep)PrxSleep-
(62)

Elisten; is the total energy consumed while checking the
presence of packets in buffer in primary subcycle (table 3).
Hence

Elisten, = Elistenl, + Elistenl,, (63)
Eidlel = (Tgn[dlel)Pidle, (64)
Eactivey = (Tacrive, ) Pactive. (65)

Total energy consumed by the node during primary
subcycle:

Etot; = (Esleep; + Elisten; + Eidle, + Eactive;). (66)
Similarly for the secondary subcycles
Esleepy = Ny (Tsleepy — (Nyo — 1)T3)Psieep, (67)
Elisteny = Ny((Nv2 — 1) (TsteepraPsicepry (68)
+ TxsicepPrssicep) + TsiceprxPicepryc) s
Eidles = (Tynar, ) Pidle, (69)
Eactive; = (Tyerive, ) Pactive. (70)

Total energy consumed by the node during secondary
subcycles:
Etot, = (Esleep, + Elisten, + Eidle; + Eactive;). (71)

Lifetime of a node (in days) is then calculated as follows:
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Eb x Ivfmmes X Txf
(Etot) + Etoty) X 60 x 60 x 24"

Lifetime = (72)

4.5 Mean packet delay

The mean delay for packets transmitted during the primary
and secondary subcycles are computed using equations in
[14]. In using those equations in [14], we first derived
corresponding entities in our model, the details of which are
skipped.

Thus, we get the mean delay for a packet transmitted in
the primary subcycle follows:

1 E[S,
D]:% 4 [k]

eTwl
(Slime + Twakeup) + e_s'imMTW ETT

—1
T'2 e*Srimej-
2 w
X (Srime + 1 — e_Twi +
Tw)~

wake—u e
1 —up n
Stime e Stime? TW eTW/l

2 -1

S T -8 ,AT eTWi (73)
( time + wakefup) + e Diime WeTWT

1
2 7Srim<‘j~
@ 4 Tye
time 1 _ e_TWA

eTW2
2 ((Stime + Twake*up) + efs,,',,wl TW m)

Twakeup

+p

2E[S3]
2(1-p)

Similarly, mean packet delay for secondary subcycle is
obtained as follows:

+ E[Si] +

J 1~ ElSd i
D, == Tw —Twi
~Ty e’ boe
(TW + Twakeul)) +e v TW eTWAi—l
T ) Twh

Ty + =5 e W Ty
+ Twakeup ‘ eTw? *

(Tw + Twakewp) + € T —p—

72
w
p l—e’TW*)

2 (TW + Twakeup + e_TWiTW ere;‘j/;1>

JE[S}]

E[Sk] —l—m.

(74)

Finally, mean packet delay averaged over both primary and
secondary subcycles is obtained as follows:
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Table 3. Parameters used for energy calculation.

Table 5. WBAN traffic and priorities.

Power consumed while changing from receive to sleep

PrxSleep state

Pyieeprx Power consumed while changing from sleep to receive
state

Piare Power consumed during backoff/receive state

Pctive Power consumed during transmit state

Tteepry Transition time from sleep to receive state

T xSicep Transition time from receive to sleep state

Th Tsleepr + TrxSleep

Esleep, Energy spent during sleep for primary subcycle

Elistenl, Energy spent for sleep-to-receive transitions for
primary subcycle

Elistenl, Energy spent for receive-to-sleep transitions for
primary subcycle

Eidle, Energy spent on idle listening during backoffs for
primary subcycle

Eactive;  Energy spent on transmissions for primary subcycle

Esleep, Energy spent on sleep by the node for secondary

subcycles
Elisten, Energy spent on wake-up’s for secondary subcycle
Eidle, Energy spent on idle listening during backoffs for
secondary subcycle
Eactive, Energy spent on transmissions for secondary subcycle

Table 4. Nodes and their parameters.

Up Node NN PR PS

0 ECG 1 2p/s 100B
0 EEG 1 2pls 100B
1 ECG 1 2p/s 100B
1 Blood pressure 1 2pls 100B
2 EEG 1 2p/s 100B
2 EEG 1 2p/s 100B
3 Glucose 1 1p/s 100B
3 Oxygen saturation 1 1p/s 100B
4 EMG 1 1p/s 100B
4 EMG 1 Ip/s 100B
5 Temperature 1 1p/s 100B
5 Respiration rate 1 1p/s 100B
6 ECG 1 0.25p/s 100B
6 ECG 1 0.25p/s 100B
7 ECG 1 0.5p/s 100B
7 ECG 1 0.5p/s 100B

UP: user priority, NN: number of nodes, PR: packet rate, PS: payload size
(byte).

N\D; + Ny .N,D,

D == n n
e N; + NN,

(75)
where N; is the mean number of packets arriving during the
sleep and busy time of the primary subcycle and N; is the

mean number of packets arriving during the sleep and busy
time of the secondary subcycle.

UP CW,in CW,ax Traffic

0 16 64 Background

1 16 32 Best effort

2 8 32 Excellent

3 8 16 Video

4 4 16 Voice

5 4 8 Medical data

6 2 8 High-priority medical data
7 1 4 Emergency report
Table 6. Path loss parameters.

d() 1.0 m
PL(do) 55 dBm
n 2.4
sd 4 dB

5. Simulation results

The analytical results are validated via simulation studies
using the Castalia simulator. Variations in the results are
then explained. The results reported are for a WBAN with
16 nodes and Poisson packet arrival process at each node
with rate A that has values as specified in table 4.

The nodes are given user UPs ranging from 7 to 0, where
7 denotes the highest UP and 0 the lowest UP. Each priority
is associated with a characteristic contention window range
shown in table 5.

Apart from the 16 nodes used, there is also a hub whose
function is to collect information transmitted by the nodes.
The nodes are placed on different parts of the body. The
hub is assumed to be awake all the time. Hub can have
energy that can be replenished without much difficulty.

IEEE 802.15.6 specifies three different physical (PHY)
layers, namely narrow band (NB), ultra-wide band (UWB)
and human body communications (HBC). For this study,
the NB PHY is considered, specifically, ISM 2.4 GHz.

The model CM3 A, for WBAN, is taken as the channel
model. The path loss is given by

d

PL(d) = PL(dy) + 10n logd—O + Xsa (76)
where d is the distance between a node and the hub in
metres. PL(dp) is known path loss at a reference distance
dy, 1 is path loss coefficient and X, is a Gaussian random
variable, with zero mean and standard deviation equal to sd.
The values for different parameters of the path loss model
are given in table 6. The modulation scheme used in the
transceiver is DQPSK with noise floor equal to —87 dBm.
The buffer size for the packets is 1000 byte, which means it
can hold at the most 10 packets at any given time.
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Table 7. Simulation parameters.

CSMA slot 125 ps
Tcritical 1 ms
Application payload per packet 100 byte
Allocation slot length 1 ms
Superframe length 150 ms
Battery capacity 560 mAh
Table 8. Transceiver characteristics.
Tx-Rx , Rx-Tx (transition time) 0.02 ms
Rx—Sleep, Tx—sleep (transition time) 0.194 ms
Sleep—Rx, sleep—Tx (transition time) 0.05 ms
Transmit power level —10 dBm
Tx ( power consumed) 3 mW
Rx (power consumed) 3.1 mW
Tx—Rx, Rx-Tx (power consumed) 3 mW
Sleep—Rx, sleep—Tx (power consumed) 1.5 mW
Rx-sleep, TX-sleep (power consumed) 1.5 mW
Sleep power level 0.05 mW
200 A 16
WS 16
[A32
- 1507 [Js32
& A 64
£
e
K
= 50
0 0 1 2 3 4 5 6 7
Node Priority

Figure 6. Lifetime of UPy—UP; nodes for EAP/TSF =0.1; A:=
analytical, S:= simulation.

Simulation parameters chosen for the study are as shown
in table 7 and the parameters assumed for the transceiver
are listed in table 8.

The focus of the simulation studies is to find the per-
formance of the network with respect to lifetimes and
latencies and to compare it with the analytical results. For
most WBAN applications, emergency nodes generate
information occasionally, which in turn justifies a small
EAP fraction compared with RAP. Increasing the EAP time
interval in a superframe will only serve to increase the
average delay of the lower priority nodes.

Latency of a packet is the time from the moment it
arrives at the node’s input buffer to the time when it is
successfully received at the hub. Lifetime of a node is
determined by finding the energy spent on a superframe,
and then finding the number of superframes it can live
through for a given battery capacity.

The simulation study is conducted by assigning different
fixed values for the time interval, T, during which a node
sleeps before examination of the presence of packets. The
sleep intervals used are 16, 32 and 64 CSMA slots.
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Figure 7. Lifetime of UPy—UP; nodes for EAP/Tsr = 0.3; A:=
analytical, S:= simulation.
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Figure 8. Latencies of UPy—UP; nodes for EAP/Tsp = 0.1; A:=
analytical, S:= simulation.
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Figure 9. Lifetime of UPy—UP; nodes for EAP/Tgr = 0.1 and
Tw = EAP.

Figures 6 and 7 show the lifetimes of nodes for EAP/TsF
equal to 0.1 and 0.3, respectively. The figures show fairly
good match between analytical and simulation values. In
each case, it can be seen that the lifetimes are fairly same
for nodes of all priorities for a particular T,, except for the
highest-priority nodes, which have slightly lesser values.
This is understandable, since highest-priority nodes can be
active in the EAP periods, while nodes with other priorities
sleep during this period and sleep times in the RAP period
do not differ much because of the low arrival rate of data
packets. Lifetimes show good increase as T, increases. The
nodes can sleep for longer times with lesser number of
wake-ups as T, increases. In fact increasing Ty has a
greater effect on the lifetimes of nodes compared with an
increase in EAP/Tsr ratio. The latencies of nodes also show
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Figure 10. Lifetime of UPy—UP7 nodes for EAP/Tsr = 0.3 and
Tw = EAP.
15 Il Analytical

I Simulation

Latency (ms)

0 1 2 3 4 5 6 7
Node Priority

Figure 11. Latencies of UPy—UP; nodes for EAP/Tsr = 0.1 and
Tw = EAP.
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Figure 12. Latencies of UPy—UP; nodes for EAP/Tsr = 0.3 and
Tw = EAP.

a fairly good match between analytical and simulation
values (see figure 8).

It would be worthwhile to see the behaviour of nodes with
respect to lifetimes and latencies when Ty is set to EAP
(figure 9). The lifetimes of nodes hover around the 300 days
mark when EAP/Tsr becomes 0.3 as shown in figure 10.

The latencies increase with EAP/Tgr, but values are
comparable, irrespective of the priorities. Obviously, as Ty
increases, the latencies increase (figures 11 and 12).

It can be deduced, from the results of simulation and
analytical studies performed for finding out the latencies
and lifetimes of nodes, that Ty can be used as a parameter
to control the lifetimes/latencies of devices according to our
requirements for a given EAP/Tgr ratio. Furthermore,
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EAP/Tsr itself can be used as a measure to fine-tune our
latency and lifetime requirements.

The net result boils down to the question of determining
which parameter is more important for a particular WBAN
application and choosing the appropriate sleep mechanism
and parameters.

6. Conclusion

The simulation studies show that the analytical results for
latencies and lifetimes match with simulation results to a
good extent for EAP/Tsr values chosen, thereby validating
the analytical model. The interrupted sleeping model pro-
duces a low latency value for nodes of all priorities. Ty can
be used as a parameter to control the lifetimes and latencies
of nodes according to the requirements of the applications.
At the same time, nodes sleeping during the absence of
packets in the transmit buffer help increase the lifetimes of
devices.
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