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Energy Management in the IEEE 802.16e MAC

Yan Zhang and Masayuki Fujise

Abstract— Energy management is an important component for
the emerging standard IEEE 802.16e supporting mobility. In this
paper, we characterize the standardized sleep mode in IEEE
802.16e. The comparison between our result and the simulation
shows that our analytical model is accurate in evaluating the
energy consumption and hence provides a potential guidance in
efficiently managing energy.

Index Terms—IEEE 802.16e, WiMAX, Wireless MAN, MAC,
energy efficiency, sleep-mode.

I. INTRODUCTION

HE IEEE 802.16 standard (or WiMAX) [1] is an emerg-

ing broadband wireless access system for bridging the
last mile, replacing costly wireline and also providing high
speed multimedia services. The amendment 802.16e [2] adds
mobility component for WiMAX and defines both physical
and MAC layers for combined fixed and mobile operations
in licensed bands. Due to the promising mobility capability
in IEEE 802.16e, the mechanism in efficiently managing the
limited energy is becoming very significant since a Mobile
Subscriber Station (MSS) is generally powered by battery. For
this, sleep mode operation is recently specified in the MAC
protocol [2] [3].

Fig. 1 shows the wake mode and sleep mode of an MSS.
Before entering the sleep mode, the MSS sends a request
message to Base Station (BS) for the permission to transit into
sleep mode. Upon receiving the response message from the
BS with parameters initial-sleep window (7,;,), final-sleep
window (1},4,) and listening window (L), the MSS enters
into sleep mode. After a sleep mode, the MSS transits back to
the wake mode again. As a consequence, the MSS alternatively
stays in wake mode and sleep mode during its lifetime.

Now, we focus on the mechanism in the sleep mode. The
duration of the first sleep interval 7 is equal to the initial-
sleep window T,;,. After the first sleep interval, the MSS
transits into listening state and listens to the traffic indication
message MOB-TRF-IND broadcasting from BS. The message
indicates whether there has been traffic addressed to the
MSS during its sleep interval. If MOB-TRF-IND indicates
a negative indication, then the MSS continues its sleep mode
after the listening interval L. Otherwise, the MSS will return
to wake mode. We term the sleep interval and its subsequent
listening interval as a cycle.

If the MSS continues sleep mode, the next sleep-window
starts from the end of the previous listening-window; and
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Fig. 1. Wake mode and sleep mode in IEEE 802.16e
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Fig. 2. Motivation

it shall double the preceding sleep interval. This process is
repeated as long as the sleep interval does not exceed the
final-sleep window T,,,,,. When the MSS has reached T4,
it shall keep the sleep interval as fixed 7),4,. That is, the
duration of sleep interval in the n'” cycle is given by

Tn :{ Tmin7

min(Qn_lei’ru Tmaw)a

In case there are incoming frames ' to a sleeping MSS,
the MSS exits the sleep mode in the next listening interval. In
contrast, if there are outgoing frames during the sleep interval,
the sleep mode is terminated immediately. As a consequence,
the instants in terminating sleep mode are different for differ-
ent traffics. It is thus necessary and reasonable to differentiate
the traffics in determining the sleep mode duration.

In [3], Xiao proposed a novel model to investigate the
energy consumption in IEEE 802.16e by considering the mes-
sage delivery from BS to MSS. In this paper, we will analyze
the energy consumption by considering both the incoming
frames and outgoing frames since the instants of terminating
sleep mode by incoming or outgoing traffics are different.
For instance, Fig. 2 shows a scenario with T,,;, = L = 1
and Tyuer = 2°Tin = 512. No incoming or outgoing
frames arrive during the 1t 277 ... 9*" cycle. During the
tenth sleep interval, there are a number of incoming frames;
and an outgoing frame arrives in the first slot. In case the

n=1

n>1 M

!For a particular MSS M, incoming frames refer to the packet flow sending
from other MSSs or BS to M; outgoing frames refers to the messages and
data sending from M to other MSSs or BS.
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Fig. 3. System model

frame directions are not differentiated, all these frames will
be temporarily stored until the sleep mode is terminated in
the tenth listening interval. The duration of the sleep mode is
(Th+ L)+ (T +L)+---+ (Tho+ L) = 1033. However, due
to the outgoing frame, the sleep mode is actually terminated
immediately at the first slot of the tenth sleep window. Hence,
the actual period of the sleep mode is (71 + L) + (T +
L)+ -+ + (Ty + L) + 1 = 521. The overestimated error
is (1033 — 521)/521 = 98.3%. As a result, it is necessary to
distinguish the incoming and outgoing traffics. This example
motivates our study for differentiating traffics and performing
complete evaluation of the energy management.

II. SYSTEM MODEL

We assume that the incoming and the outgoing frames
addressing to the MSS follow the Poisson processes with
rate A\, and \,, respectively. Then, the inter-arrival time of
outgoing frame, ¢4, follow the exponential distribution. Let
A = Ac.+ A4 be the total arrival rate to the MSS. Let e; denote
the event that there is at least one incoming frame during the

4" sleep window plus its preceding listening window. Then,
we have

Pr(e; = false) = e~ reTitl) s =1 2., )

Under the condition that the MSS terminates the sleep mode
during the n'" cycle, we distinguish three possibilities as
shown in Fig. 3. Accordingly, we denote E,(,k) as the consumed
energy during the case k(k = 1,2,3) provided that the MSS
terminates the sleep mode in the n‘" cycle. In addition, let ¢£Lk)
be the probability for case k(k = 1,2,3) under the condition
that the MSS terminates the sleep mode in the n** cycle. The
consumed energy during a sleep mode is expressed as

co 3
Energy =y Y EPoP (3)

n=1 k=1

where X denotes the average value of the random variable
X. Let Eg and Ep denote the consumed energy units per
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unit time in the sleep interval and the listening interval,
respectively.

1) Case (1) in Fig. 3: In the first case, there is an outgoing
frame terminating the sleep mode during the n'" sleep interval.
This implies that there are no packets during the j*"(j =
1,2,---,n — 1) sleep interval. In addition, ¢, should be
greater than s T + (n — 1)L and concurrently less than
P i1 i+ (n— 1)L For the sake of presentation, we denote

W, = Z(Tj +L) )
j=1
In such case, we define an alternative random variable t;
satisfying

t' _ tgv Wn—l < tg < Wn—l + Tn (5)
97 1 0, otherwise.
Then, the average value of t; is given by
_ fW" 1+ Agre r%dx
t/
g fW” 1+T")\ e~ Mo%dy
(Wh-1 + /\—)(1 —e P Tn) — T e PeTn
- T (6)
The energy for the first case is expressed as
n—1
E() =Y T;Es+ (n—1)LEy
j=1
+ |t — ZT (n—1)L| Es
= [t, — (n—1)L]Es + (n — 1)LEy, )

Hence, the average energy consumption is given by

BV =r,

T —(n— 1)L] Es+(n—1LE, ()

where g is given in (6). The probability for the first situation
is given by

n—1

oV = Pr(W,_, < tg < Wo1+1T) H Pr(e; = false)
j=1

— e—(Ag-s-/\c)anl(l _ e—Ang) 9)

2) Case (2) in Fig. 3: In the second case, there is an
outgoing frame terminating the sleep mode during the n‘"
listening interval. This indicates that there are no packets
during the j**(j = 1,2,---,n) sleep interval. In addition,
ty should be greater than W,,_1 + T5,(= W, — L) and also
less than W,,. In such case, we denote an alternative random
variable ¢, satisfying

r oty W —L<ty,<W,

tg= { 0, otherwise. (10)

Then, the average value of t; is given by
7 VV‘Z:L_L )\gxe_)‘ﬂdx
g fv‘{,‘i’LL Age Mo dx

(W, + /\—i)(e)‘gL —1) — Le b

= S W an
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The energy for the second case is expressed as

E =) T;Es+ (n—1)LEy

j=1
+ [ty = Tj—(n—1)L| By
L ‘]:1
=Y "TiEs+ |t,- Y Tj| By (12)
j=1 j=1
Hence, the average energy consumption is given by
BY =3 "TiEs+ |t, -y Ty | Ep (13)

J=1 Jj=1

where g is given in (11). The probability for the second
situation is given by

P2 = Pr(W, — L <ty <W,) H Pr(e; = false)
Jj=1

= e O tAe)Wa (Aol _ 1) (14)

3) Case (3) in Fig. 3: As showing in the third illustration
in Fig. 3, there are incoming packets during the n'" sleeping
interval and temporarily buffering in BS. Moreover, during
this sleep interval 7T;,, there is no outgoing frames. Upon the
nt" sleeping completion, the MSS transits into the listening
state and will receive the broadcast message MOB-TRF-IND
with positive indication, and then terminate the sleep mode.
Thus, the energy is given by

n

E® = EY = ZTj Es +nLE; (15)
j=1
The probability for this situation is given by
¢\ = Pr(ty > T;+ (n—1)L)
j=1
n—1
. H Pr(e; = false)Pr(e, = true)
j=1
— ¢~ ATn {1 _ ef/\c(TmLL)} e et Was (1)

Substituting (8) (9) (13) (14) (15) (16) into (3), we can
calculate the power consumption during the sleep mode.

IIT. NUMERICAL RESULTS AND CONCLUSIONS

We choose the following parameters: Fg = 1, Ef, = 10
and L = 1. Fig. 4 shows the energy in terms of A with
different 7.,;, and T,,,,. We have developed a simulation
program to validate the analytical model. It is clear that the
analysis and the simulation match each other very well. The
comparison indicates that the consumed energy may be greatly
overestimated if the different consequences of incoming and
outgoing frames are not identified. Fig. 5 shows the energy
in terms of different ratio A,/A. with fixed A = 0.05. The
comparison shows that the consumed energy indeed varies
with the different frame directions. This is because, with more

313

200 200
| Tmin=1 \ Tmin=1
1501\ Tmax=1 150\ Tmax=256
> > \
> \ < \
@ \ [
[ c N
w 100 R W 100 \
~ ~
50 =3 50 5=
002 004 006 008 0.02 004 006 0.08
A r
\ Tmin=16 \ Tmin=16
1504, Tmax=16 1504\ Tmax=256

Fig. 4. Energy consumption in terms of A (A; = Ac = A/2). Solid
line: analysis (differentiating frame directions); dashed line: analysis (without
differentiating frame directions); symbol: simulation.
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Fig. 5. Energy consumption in terms of Ag/Ac (A = 0.05).

outgoing frames, the sleep mode is terminated instantaneously
by outgoing frames with higher probability, leading to shorter
sleep mode duration and consequently less energy consump-
tion during sleep mode. This will eventually result in higher
energy consumption during MSS’s lifetime.

In conclusion, we proposed an analytical model to eval-
uate the energy management in the IEEE 802.16e Wireless
MAN. The analysis has been validated by the simulation. The
methodology as well as the results in this paper provide a
potential guidance in efficiently managing energy.
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