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Abstract. We investigate power consumption of a mobile station with
the power saving class of type 1 in the IEEE 802.16e. We deal with
stochastic behavior of mobile station during not only sleep mode pe-
riod but also awake mode period with both downlink and uplink traffics.
Our methods for investigating the power saving class of type 1 are to
construct the embedded Markov chain and the semi-Markov chain gen-
erated by the embedded Markov chain. To see the effect of the sleep
mode, we obtain the average power consumption of a mobile station
and the mean queueing delay of a message. Numerical results show that
the larger size of the sleep window makes the power consumption of a
mobile station smaller and the queueing delay of a downlink message
longer.

Keywords: power saving class, IEEE 802.16e, sleep mode, embedded
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1 Introduction

The IEEE 802.16 standard [1] has been designed to provide communication paths
between subscriber stations and the base station as an emerging broadband wire-
less access system. An amendment to the standard, the IEEE 802.16e, has been
concluded in 2006 [2] with mobility so that subscriber stations can move during
services. This amendment[2] supports handover procedure and power saving of
the mobile station(MS).

Due to the mobility of stations, power saving is one of the significant issues
for the battery-powered MSs. The IEEE 802.16e defines sleep mode operations
called power saving classes of type 1, 2 and 3. Power saving class of type 1 is
recommended for connections of Best Effort (BE) and non-real time variable
rate (NRT-VR) types, power saving class of type 2 for connections of unsolicited
grant service (UGS) and real time variable rate (RT-VR) types, and power sav-
ing class of type 3 for multicast connection and managements operations.

As for the sleep mode operation of the power saving class of type 1 in the
IEEE 802.16e, a few studies have been done to evaluate its performance. Xiao[3]
proposed a simple model for power saving class of type 1 in the IEEE 802.16e
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for downlink traffic by focusing on sleep mode period. Xiao[4] and Zhang and
Fujise[5] extended Xiao’s model[3] to cover uplink and downlink traffics. Neja-
tian et al.[6][7] and Zhang[8] developed analytical models for non-Poisson traffic
arrivals. Nejatian et al.[6][7] assumed that the interarrival times of packets fol-
low Erlang distribution, whereas Zhang[8] assumed that the interarrival time
of downlink packet follows hyper-Erlang distribution. They[3][4][5][6][7][8] ob-
tained the average power consumption and the average delay during the sleep
mode period. They[3][4][5][6][7][8] focused only on the sleep mode period, so
they didn’t model any stochastic behaviors of packets during the awake mode
period.

Seo et al.[9], Park et al.[10], Han et al.[11] and Kong et al[12] proposed analyti-
cal models considering both awake mode period and sleep mode period. In Seo et
al.[9] and Park et al.[10], the mobile station was modeled as an M/G/1/K queue.
They[9][10] obtained the power consumption, mean downlink packet delay and
packet blocking probability. Han et al.[11] proposed an analytical model using
semi-Markov chain. Kong[12] mathematically analyzed power saving classes of
both type 1 and type 2. Their models[9][10][11][12] focused only on the downlink
traffic, i.e., they didn’t model any uplink traffic.

We investigate analytical performance on sleep mode operation of power sav-
ing class-type 1 in the IEEE 802.16e with both downlink and uplink traffics.
The main contribution of this paper is that we deal with stochastic behavior
of mobile stations during not only sleep mode period but also awake mode pe-
riod with both downlink and uplink traffics. In the literature mentioned above,
they analyzed either only downlink traffic [9][10][11][12], or only sleep mode
without awake mode[3][4][5][6][7][8]. Additionally, we find the mean queueing
delay to see how sleep mode affects on queueing delay. Our model also takes
account of practical setup times such as switching time from awake mode to
sleep mode, switching time from sleep mode to awake mode and close-down
time.

We organize the rest of this paper as follows. In Section 2, we describe sleep
mode operation of power saving class of type 1 in the IEEE 802.16e. In Section 3,
we present a mathematical model for the power saving class of type 1. Embedded
Markov chains and semi-Markov chains generated by the embedded Markov
chain of MS are constructed. We obtain the average power consumption. In
section 4, we give numerical results and evaluate the performance of the power
saving class of type 1.

2 Sleep Mode Operation of Power Saving Class of Type 1
in IEEE 802.16e

A mobile station(MS) has two modes: awake mode and sleep mode. While the MS
is in the awake mode, it can send or receive data according to the BS’s bandwidth
scheduling. The MS sends a sleep mode request message (MOB SLP-REQ) to
the BS when there is no arrival message destined to the MS during the following
close-down time (called idle frame threshold[11]) after both the downlink buffer
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at the BS and the uplink buffer at the MS become empty. The MS receives a
sleep mode response message (MOB SLP-RSP) from the BS, which contains the
sizes of the initial sleep window, the final sleep window and the listening window,
and the MS goes into the sleep mode. A sleep mode consists of sleep windows and
listening windows, which are switched alternatively until the MS is notified of
the buffered data at the BS, or an uplink data message arrives at the MS. During
the sleep windows the MS may power down physical operation components. If no
messages arrive during a sleep window and a following listening window, the size
of the next sleep window is doubled, but not greater than the final sleep window.
A traffic indication message (MOB TRF-IND) shall be broadcasted by the BS
during the listening window to alert the MS of the appearance of downlink traffic
demand. When the MS receives a positive MOB TRF-IND, the MS terminates
the sleep mode and receives the pending data after the switching time from
sleep mode to awake mode. During the switching time from sleep mode to awake
mode, the BS requests the MS to send a bandwidth request header and confirms
that the MS is in awake mode. The sleep mode is also terminated immediately
if an uplink message arrives at the MS. Fig. 1 illustrates power saving class of
type 1.
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Fig. 1. Power saving class of type 1

3 Analytical Model

3.1 Assumtions

We assume that the downlink message arrivals at the BS toward the tagged MS
and the uplink message arrivals at the MS toward the BS follow independent
Poisson processes of rate λd and λu, respectively. The number of packets in a
downlink message has a geometric distribution with parameter ρd and the num-
ber of packets in a uplink message has a geometric distribution with parameter
ρu. Let Tj denote the length of the j-th sleep window. Let L denote the fixed
length of a listening window. The MS stays in the awake mode period for an
additional close-down time TC after the buffers become empty Let LAS denote
the switching time from awake mode to sleep mode. It is known that LAS needs
at least 4 frames. During the switching time, the MS sends MOB SLP-REQ and
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receive MOB SLP-RSP. Let LSA denote the switching time from sleep mode to
awake mode. It is known that LSA needs at least 3 frames.

Even though uplink arrivals and downlink arrivals are independent and are
served by uplink subframe and downlink subframe, separately, they share a com-
mon sleep mode period. Thus, two traffics interact each other. We assume that
capacity of each queue (in the BS for downlink message and in the MS for uplink
message, respectively) is infinite.

3.2 Analysis of Sleep Mode Period

We calculate the necessary probabilities for finding the steady-state probabilities
of the embedded Markov chain. We find the probability that the MS enters sleep
mode period from awake mode period after both queues become empty. If there
are neither downlink arrivals nor uplink arrival during a close-down time TC , the
MS sends a MOB SLP-REQ to the BS. After getting approval(MOB SLP-RSP)
at the last frame of switching time LAS from awake mode to sleep mode, the MS
goes into sleep mode period and powers down its physical operation components.
If any message arrives during the close-down time or the switching time LAS

from awake mode to sleep mode, the MS keeps on the awake mode period and
sends/receives the message. However, the BS cannot cancel the MS’s initiation
of the sleep mode period due to downlink arrivals during the last frame of LAS .
Let q1 be the probability that there are neither downlink nor uplink arrivals
during TC + LAS − 1 frames. Let q2 be the probability that there are no uplink
arrivals during the last frame of LAS.

q1 = e−(λd+λu)(TC+LAS−1)

q2 = e−λu .
(1)

After both queues become empty, the MS enters the sleep mode period with
probability q1q2.

The instants in terminating sleep mode period are different for uplink traffic
and downlink traffic. In case that downlink traffic occurs during sleep mode
period, sleep mode period is ended in the next listening window. In contrast,
if there are uplink arrivals during sleep mode period, the sleep mode period is
ended immediately.

We consider two cases separately, and find the probability that there are i
downlink messages in the BS and j uplink messages in the MS at the beginning
of awake mode period, i.e. the end of sleep mode period.

– Case 1 - termination by uplink messages: If an uplink message arrives at the
MS during a sleep mode period, the MS terminates the sleep mode period
at the arrival frame and sends the message after the switching time LSA

from sleep mode to awake mode. Note that the arrivals of downlink mes-
sages during the same sleep window and the listening window do not affect
the termination of the sleep mode period. Let αu

n denote the probability that
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a sleep mode period is terminated by uplink arrivals at the MS during the
n-th sleep window or the n-th listening window.

αu
1 = 1 − e−λu(T1+L)

αu
n = e−λd(1−L+

∑n−1
k=1 (Tk+L))e−λu

∑n−1
k=1 (Tk+L)(1 − e−λu(Tn+L)) n = 2, 3, · · · .

(2)
Let hu

i,j be the probability that a sleep mode period is terminated by uplink
arrivals and there are i downlink messages in the BS and j uplink messages
in the MS at the beginning of the awake mode period. The probability hu

i,j

is obtained by

hu
i,j =αu

1

T1+L∑

k=1

e−λu(k−1)(1 − e−λu)

1 − e−λu(T1+L)

(λd(1 + k + LSA)ie−λd(1+k+LSA))

i!

e−λu(1+LSA)((λd(1 + LSA))j − (λdLSA)j)

j!

+

∞∑

n=2

αu
n

Tn+L∑

k=1

e−λu(k−1)(1 − e−λu)

1 − e−λu(T1+L)

(λd(L + k + LSA)ie−λd(L+k+LSA))

i!

e−λu(1+LSA)((λd(1 + LSA))j − (λdLSA)j)

j!
for i ≥ 0 and j ≥ 1

(3)
– Case 2 - termination by downlink messages: If a downlink message arrives

in the BS during a sleep mode period, a positive traffic indication message
(MOB TRF-IND) is sent at the beginning of the following listening window
and the sleep mode period is terminated. Note that the case that any uplink
messages arrive in the MS until the listening window in which the positive
traffic indication message is sent belongs to Case 1. Let αd

n denote the prob-
ability that a sleep mode period is terminated by downlink arrivals in the
BS during the (n − 1)th listening window or the n-th sleep window.

αd
1 = (1 − e−λd(1+T1))e−λu(T1+L)

αd
n = e−(λd+λu)

∑n−1
k=1 (Tk+L)−λd(1−L)−λu(Tn+L)(1 − e−λd(L+Tn)), n = 2, 3, · · · .

(4)
Let ai,0 denote the probability that a sleep mode period is terminated by
downlink messages and there are i downlink messages in the BS at the end
of the last sleep window. By the assumption that the sleep mode period is
terminated by downlink messages, any uplink messages cannot arrive in the
MS until the end of the last sleep window. ai,0 is obtained by

ai,0 =αd
1

1
1 − e−λd(T1+1)

(λd(T1 + 1))ie−λd(T1+1)

i!

+
∞∑

n=2

αd
n

1
1 − e−λd(Tn+L)

(λd(Tn + L))ie−λd(Tn+L)

i!

(5)
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Let ãi,j denote the probability that i downlink message arrive during the
last listening window(the listening window during which a positive traffic
indication message is sent) and the switching time LSA from sleep mode
to awake mode and j uplink messages arrive during the switching time
LSA.

ãi,j =
(λd(L + LSA))ieλd(L+LSA)

i!
(λuLSA)jeλuLSA

j!
(6)

Let hd
i,j be the probability that a sleep mode period is terminated by down-

link arrivals and there are i downlink messages in the BS and j uplink
messages in the MS at the beginning of the awake mode period. Since we
consider no uplink arrivals during the last listening window, hu

i,j is obtained
as follows

hd
i,j =

i∑

k=1

ak,0ãi−k,j for i ≥ 1. (7)

Thus the probability hi,j that there are i downlink messages in the BS and
j uplink messages in the MS at the beginning of awake mode period is given
by

hi,j = hu
i,j + hd

i,j . (8)

3.3 Embedded Markov Chain

We consider an embedded Markov chain representing the numbers of downlink
and uplink messages, respectively, immediately after the following embedded
points:

– time epoch where an uplink or downlink message completes its transmission,
– the beginning of the transmission of a uplink message at the MS after the

uplink queue becomes empty,
– the beginning of the transmission of a downlink message at the BS after the

downlink queue becomes empty.

Let Xn be the number of downlink messages and Yn the number of uplink mes-
sages immediately after the n-th embedded point. Then, {(Xn, Yn)} is a discrete
time embedded Markov chain with state space {(0, 0), (i, 0), (0, j), (i, j)|i ≥ 1, j ≥
1}. Let {πi,j} be the steady-state probability of the embedded Markov chain.
Before we find one-step transition probability, we calculate the distribution of
the residence time of state (i, j) for the semi-Markov chain generated by the
embedded Markov chain.

Distribution of Residence Times. Let bi,j(n) be the probability that the
residence time at state (i, j) is n frames.

– b0,0(n) : We obtain the distribution of the residence time at state (0, 0) as
follows.
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b0,0(n) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

e−(λd+λu)(n−1)(1 − e−(λd+λu))

for 1 ≤ n ≤ TC + LAS − 1

e−λd(TC+LAS−1)e−λu(TC+LAS−1−LSA)(1 − e−λu)

for n = TC + LAS

0 for TC + LAS + 1 ≤ n ≤ TC + LAS + LSA + 1

e−λd(TC+LAS−1)e−λu(n−1−LSA)(1 − e−λu)

for TC + LAS + LSA ≤ n ≤ TC + LAS + T1 + L − 1 + LSA

e−λd(TC+LAS−1)−λu(TC+LAS+T1+L−1)(1 − e−λd(T1+1)−λu)

for n = TC + LAS + T1 + L + LSA

e−λd(TC+LAS+
∑N(n)

k=1 Tk+(N(n)−1)L)−λu(n−1−LSA)(1 − e−λu)

for TC + LAS +
∑N(n)

k=1 Tk + (N(n) − 1)L − 1 + LSA ≤ n

≤ TC + LAS +
∑N(n)+1

k=1 Tk + N(n)L − 1 + LSA

e−λd(TC+LAS+
∑N(n)−1

k=1 Tk+(N(n)−2)L)−λu(n−1−LSA)(1 − e−λd(TN(n)+L)−λu)

for n = TC + LAS +
∑TN(n)

k=1 Tk + N(n)L + LSA

(9)

where N(n) = max{m|TC + LAS +
∑m

k=1(Tk + L) + LSA ≤ n}, the number
of the sleep window during a sleep mode period.

– b0,j(n), j ≥ 1: Let bu
0,j(n) be the probability that the residence time at

state (0, j) is n frames and the next embedded point is the completion of a
transmission of an uplink message. Let bd

0,j(n) be the probability that the
residence time at state (0, j) is n frames and the next embedded point is the
arrival epoch of a downlink message during an uplink transmission. bu

0,j(n)
and bd

0,j(n) are obtained by

bu
0,j(n) = e−λd(n−1)(1 − ρu)n−1ρu (10)

bd
0,j(n) = e−λd(n−1)(1 − e−λd)(1 − ρu)n (11)

Additionally, the distribution of the residence time from state (0, j) is ob-
tained by

b0,j(n) = bu
0,j(n) + bd

0,j(n) for j ≥ 1. (12)

– bi,0(n), i ≥ 1: Let bd
i,0(n) be the probability that the residence time at

state (i, 0) is n frames and the next embedded point is the completion of a
transmission of a downlink message. Let bu

i,0(n) be the probability that the
residence time at state (i, 0) is n frames and the next embedded point is the
arrival epoch of an uplink message during a downlink transmission. bd

i,0(n)
and bu

i,0(n) are obtained by

bd
i,0(n) = e−λu(n−1)(1 − ρd)n−1ρd (13)

bu
i,0(n) = e−λu(n−1)(1 − e−λu)(1 − ρd)n. (14)
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Additionally, the distribution of the residence time at state (i, 0), i ≥ 1 is
obtained by

bi,0(n) = bd
i,0(n) + bu

i,0(n) for i ≥ 1 (15)

– bi,j(n), i, j ≥ 1: The residence time at state (i, j) is the minimum of trans-
mission time of a uplink message and a downlink message from the begin-
ning of the embedded point. Since we assume that the number of packets in
downlink and uplink messages have geometric distributions with parameter
ρd and ρu, respectively, the minimum of two independent geometric distri-
butions is also a geometric distribution with parameter ρ = ρd + ρu − ρdρu.
The distribution of the residence time at state (i, j) is obtained by

bi,j(n) = (1 − ρ)n−1ρ for i ≥ 1, j ≥ 1 (16)

One-step Transition Probabilities. To find the one-step transition probabil-
ities p(i,j),(k,l) from state (i, j) to state (k, l), we consider all possible transitions
at the following each state:

– p(0,0),(k,l): If a message arrives in the BS or the MS during a close-down
time or a switching time except the last frame (TC + LAS − 1 frames), the
MS stays in awake mode period and receives or sends the message. In this
case, the conditional probability gk,l, given that messages arrive during a
close-down time or the switching time except the last frame, that there are
k downlink messages and l uplink messages at the beginning of the frame
where the transmission starts again after the queues become empty is given
by

gk,l =
1

1 − e−(λd+λu)

λk
de−λd

k!
λl

ue−λu

l!
. (17)

If an uplink message arrives in the MS during the last frame of switching
time, the MS doesn’t enter the sleep mode period, and it sends the message
to the BS. In this case, the conditional probability g′k,l, given that uplink
messages arrive during the last frame of switching time, that there are k
downlink messages and l uplink messages at the beginning of the frame
where the transmission starts again after the queues become empty is given
by

g′k,l =
1

1 − e−λu

λk
de−λd

k!
λl

ue−λu

l!
. (18)

The probability sk,l that there are k downlink messages and l uplink messages
in each queues at the beginning of the frame where the transmission start
again after the queues become empty is obtained by

sk,l = (1 − q1)gk,l + q1(1 − q2)g′k,l + q1q2hk,l. (19)

In other word, p(0,0),(k,l), the one-step transition probability from (0, 0) to
(k, l) is sk,l.
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– p(0,j),(k,l): The probability that the next embedded point is the completion
of a transmission of an uplink message and k downlink messages and l uplink
messages arrive in a state (0, j) is given by

vu
k,l =

∞∑

n=1

bu
0,j(n)

λk
de−λd

k!
(nλu)le−nλu

l!
. (20)

The probability that the next next embedded point is the arrival epoch of a
downlink message during an uplink transmission and k downlink messages
and l uplink messages arrive in a state (0, j) is given by

vd
k,l =

∞∑

n=1

bd
0,j(n)

1
1 − e−λd

λk
de−λd

k!
(nλu)le−nλu

l!
for k �= 0

vd
0,l = 0.

(21)

The one step transition probability p(0,j),(k,l), j ≥ 1 from state (0, j) to state
(k, l) is obtained by

p(0,j),(k,l) =

{
vu

k,l−j+1 + vd
k,l−j , l ≥ j

vu
k,0, l = j − 1

(22)

– p(i,0),(k,l): The probability that the next embedded point is the arrival epoch
of an uplink message during a downlink tranmission and k downlink messages
and l uplink messages arrive in a state (i, 0) is given by

wu
k,l =

∞∑

n=1

bu
i,0(n)

1
1 − e−λu

(nλd)ke−nλd

k!
λl

ue−λu

l!
for l �= 0

wu
k,0 = 0.

The probability that the next embedded point is the completion of a trans-
mission of a downlink message and k downlink messages and l uplink mes-
sages arrive in a state (i, 0) is given by

wd
k,l =

∞∑

n=1

bd
i,0(n)

λk
de−λd

k!
(nλu)le−nλu

l!
(23)

The one step transition probability p(i,0),(k,l), i ≥ 1 from state (i, 0) to state
(k, l) is obtained by

p(i,0),(k,l) =

{
wu

k−i,l + wd
k−i+1,l, k ≥ i

wd
0,l, k = i − 1

(24)

– p(i,j),(k,l), i, j ≥ 1: The probability that k downlink messages and l uplink
messages arrive in a state (i, j) is given by

rk,l =
∞∑

n=1

(1 − ρ)n−1ρ
(nλd)ke−nλd

k!
(nλu)le−nλu

l!
. (25)
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A transition can occur by the transmission of a downlink or uplink message.
The probability that a transition occurs by the transmission of a downlink
message is given by

pd =
ρd − ρdρu

ρd + ρu − ρdρu
(26)

The probability that a transition occurs by the transmission of an uplink
message is given by

pu =
ρu − ρdρu

ρd + ρu − ρdρu
(27)

The probability that a transition occurs by the transmission of both downlink
and uplink messages is given by

pdu =
ρdρu

ρd + ρu − ρdρu
(28)

The one step transition probability p(i,j),(k,l), i, j ≥ 1 from state (i, j) to
state (k, l) is obtained by

p(i,j),(k,l) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

rk−i+1,l−jpd + rk−i,l−j+1pu + rk−i+1,l−j+1 , k ≥ i and l ≥ j

r0,l−jpd + r0,l−j+1pdu, k = i − 1 and l ≥ j

rk−i,0pu + rk−i+1,0pdu, k ≥ i and j = l − 1
r0,0pdu, k = i − 1 and j = l − 1

(29)

Balance Equations By (19)-(29), the steady-state probabilities {πi,j}∞i,j=0 of
the embedded Markov chain satisfy the following balance equations

πk,l =
∞∑

i=0

∞∑

j=0

πi,jp(i,j),(k,l) (30)

and the normalization condition
∑∞

i=0

∑∞
j=0 πi,j = 1. In calculation, we restrict

the state space by large i and j.

3.4 Power Consumption of Mobile Station

Now we consider a semi-Markov chain generated by the embedded Markov chain
to find the mean residence time of the semi-Markov chain at state (i, j) and to
derive sleep mode ratio which is defined as the proportion of the sleep mode
period. The mean residence time ηi,j of the semi-Markov chain at state (i, j) is
given by

ηi,j =
∞∑

n=1

nbi,j(n) (31)

We obtain the expected length of a sleep mode period as follows.

Rsleep =
∞∑

n=1

αu
n[

n−1∑

j=1

(Tj+L)+
Tn+L∑

k=1

k
e−λu(k−1)(1 − e−λu)

1 − e−λu(Tn+L)
]+

∞∑

n=1

αd
n

n∑

j=1

(Tj+L)+LSA

(32)
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Sleep mode ratio is given by

Sleep Mode Ratio =
π0,0q1q2Rsleep∑∞
a=0

∑∞
b=0 πa,bηa,b

(33)

The MS is assumed to consume its energy by Eawake (mJ) per one frame in the
awake mode period and Epowersaving per one frame in the sleep window. The
energy of the MS is consumed additionally by Echange when the MS switches
from a sleep window to a listening window. The average energy consumption
during a sleep mode period is obtained by

Esleep =
∞∑

n=1

αu
n

[ n−1∑

j=1

(TjEpowersaving + LEawake) +
Tn∑

k=1

kEpowersaving
e−λu(k−1)(1 − e−λu)

1 − e−λu(Tn+L)

+
L∑

k=1

(TnEpowersaving + kEawake)
e−λu(Tn+k−1)(1 − e−λu)

1 − e−λu(Tn+L)
+ nEchange

]

+
∞∑

n=1

αd
n

n∑

j=1

(TjEpowersaving + LEawake + Echange) + LSAEawake.

(34)
The average energy consumption per one frame during a sleep mode period is
given by

ES =
Esleep

Rsleep
(35)

Thus the average power consumption with both uplink and downlink traffics can
be derived as follows:

Power Consumption =(Sleep mode Ratio)ES+(1−(Sleep mode Ratio))Eawake

(36)

3.5 Queueing Delay

The steady-state probability π∗
i,j for the semi-Markov chain generated by the

embedded Markov chain in subsection 3.3 is given by

π∗
i,j =

πi,jηi,j∑∞
a=0

∑∞
b=0 πa,bηa,b

. (37)

Let X(t) be the number of downlink messages and Y (t) the number of uplink
messages at time t. To find the queueing delay for both uplink and downlink
traffics, the steady-state probability pk,l for a stochastic process (X(t), Y (t)) is
given as follows[13]

pk,l =
k∑

i=0

l∑

j=0

π∗
i,j

ηi,j

∞∑

n=1

P (k − i downlink arrivals, l − j uplink arrivals in [0, n])bi,j(n)

=
k∑

i=0

l∑

j=0

π∗
i,j

ηi,j

∞∑

n=1

(λdn)k−ie−λdn

(k − i)!
(λun)l−je−λun

(l − j)!
bi,j(n)

(38)
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Thus, the downlink mean queueing delay and uplink mean queueing delay are
respectively obtained by

mean queueing delay for downlink message =
1
λd

∞∑

i=0

∞∑

j=0

ipi,j − 1
ρd

mean queueing delay for uplink message =
1
λu

∞∑

i=0

∞∑

j=0

jpi,j − 1
ρu

.

(39)

4 Numerical Results

For numerical results, we use the following parameters:

– Listening Window L : 2 frames
– Close-down time TC : 5 frames
– LAS : 4 frames
– LSA : 3 frames
– Eawake : 10 mJ
– Epowersaving : 1 mJ
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– Echange : 10 mJ
– λd : 0.01 /frame
– λu : 0.01 /frame

The length of a message is assumed to be geometrically distributed with mean
10 frames.

Fig. 2 depicts (a) the average power consumption, (b) the mean queueing delay
for a downlink message and (c) the mean queueing delay for an uplink message
as the initial sleep window increases from 4 frames to 256 frames. In Fig. 2,
we assume Tmax = 256 frames. We see that the average power consumption
decreases and the mean queueing delay for a downlink message increases, as the
initial sleep window increases. However, the mean queueing delay for an uplink
message does not depend on the initial sleep window size.

Fig. 3 depicts (a) the average power consumption, (b) the mean queueing
delay for a downlink message and (c) the mean queueing delay for an uplink
message as the final sleep window increases from 8 frames to 512 frames. In Fig.
3, we assume Tmin = 8 frames. We also see that the average power consumption
decreases and the mean queueing delay for a downlink message increases, as the
final sleep window increases. The final sleep window does not influence the mean
queueing delay for an uplink message.
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