B 1T 5% X

% IEEE 802.16e * - B & 4 st i e
Hi B A PEFR 5N 3E T 50

Enhanced Sleep Mode Operation for Energy Saving

in IEEE 802.16¢

Foyod L mLE

R IR o

RERKEB L+ XA



% |IEEE 802.16e ™ — i & 4 i i en

5 8 PR B (F 5 5

Enhanced Sleep Mode Operation for Energy Saving
in IEEE 802.16e

FopoA Ly Student : Sixian Zheng

I ERR I EH Advisor : Kuochen Wang

Bz« F

—

N S S R A SIS
oL o
A Thesis
Submitted to Institute of Computer Science and Engineering
College of Computer Science
National Chiao Tung University
in Partial Fulfillment of the Requirements
for the Degree of
Master
in
Computer Science

June 2007

Hsinchu, Taiwan, Republic of China

¢S E4 LA E



VA N~
92 A B - B

X O TR TR ES
g HHgmITAE  MEA BB E "

AT B S S

fe IEEE 802.16¢ F — 18 & 4 & i 6% 34 i A e ag 45 X S8 4F # X,

Enhanced Sleep Mode Operation for Energy Saving in IEEE 802.16¢

SRR TASKE ~ KRR A @i HRT o

TR R B LTSN F S A +2 8



Institute of Computer Science and Engineering
College of Computer Science
National Chiao Tung University
Hsinchu, Taiwan, R.O.C.

As members of the Final Examination Committee, we certify that

we have read the thesis prepared by Sixian Zheng
entitled Enhanced Sleep Mode Operation for Enerev Saving

in IEEE 802.16¢

and recommend that 1t be accepted as fultilling the thesis

requirement for the Degree of Master of Science.

Committee Members:

=N G e ST R

i

#

fp = ey

i {"/

Thesis Advisor: é’t/@———g
Director: [ Q—— éit”/ )Lw 7
/ J

Date:




(R SN RS | TSR, R

MATHX X EFRHEFHSHET

(RABRHAEITHEARIELRZRAR)

ABARE PTEAE PR S By AR AN B I 50 KA F SR T
REtRA Ao 95 BERE — SMEAFEE SR
Z 3

#XALE  fe [EEE 802. 16e T — {1 i 24tk i a1 it A) ok R 44 X 18
(7

B EAM

W A

ANUAFAREAF » LIER ~ SRV B S 3l oK i 4 M A K
PRGBS AN SN TEREE RS, 20 A
PLE) AL G LA R 2 B oY 0 Bl RS R LM A RS A4
B & # A R MRy ~ BE R SR R B 0 DU SRR S B L A S 46
st~ FHEA R BN RS R SLE N 0 W HT AT
Ed ~ BISE ~ FaRAPIEP -

o o TR L N e A A S
FARB G M4 KE & 4 154025 | R AN
He b e 55 4 2 | R

B AT FHEATAREEM

ﬁJ¥A=M%£
WERL: L

+ERE b # LA 2/ =




B x X & X #
L ET RS PE YT LT L

(Pt IeAl AT 2L BT E ZRA M)

RV T PP 2 A 3 0 B AR A B 30 aA KR TR S T
F2 30 AT wmo 95 RPEAYE — PMRGFALTSEM
Z i

e #a 8 4L IEEE 802. 16e F — 18 # 45 45 5 64 3% it A) b oR BL & 1€
AKX f B THA

W FE

AN AREAE > IERE - BRI B A RS AN
HHTEBREE -ARAE 2188 HEHHTRSHHFEZAE
69 0 Bl 3L AT KB K AT A AR AR ~ B A R4 L
S IEAE R A AT RATIE P EP -

REGEXHAAGEELEBEHETHEN(CRPHHF AR H A T2
T2 — P Ik s A X

i E i H B &k e

#"HMATHER
gv 9 B
RERL - =ﬁ\r o R

—

yHRE /' & [ A */a



B R A0 8 T4 R Lk
HE

(BRI A FOCTRN AR U & 2 18)
ID:GT009455601

AP E PR 23 U B Fe Al AFE B 2r 58 il RS TR A s T 42
BEREAE 05 BN — SRR S 2 e
AR B - fe [EEE 802. 16e F — 18 & 4 §E R o 29 AY pde i A8 X 1E

B X 45 54035 0 T RM

WE AR AR FEMZ LI e (AmE) kSR -
AR A B E AR R PR~ o) SR o S SRRk At
o S A BAAE Ty A P U E | AT B2 E 7S SURGHE
SCEFAE oA B s s o X RASR A A ME AJE R AR 2 4 E e
o B~ TR E

SOUH R IR B A W 2R Ak~ M~ T SR B B AR S0 0 AR Ak
6 ] AL A o2 -

BHABER

H Ay

MERL

_RH %-ﬂ‘—éﬁ*‘l?B



% IEEE 802.16e™ - B & 4 it ik eh
B & ] pER Ho 5 1E 1F 2 N

g4 ELE hREyoR IR B4

Pzl ~ FFAPFEIARFTY AT

T

i %o AR B (e [BEE 802, 16e)® 54 4 % § % Bripends g -

A3 AR R R DDERY S R A uF (TR F G O
R AR & G RE - BE RO o FH P AL RFT IR~ PR
Bost o ey TR 4L 0P oo & [EEE 802. 16e ¢ 0 v R F i &
RIS R T iF 3 N AR g A, 1T 2 11D - -

T A SRR A LE TG A

- BErL A SURFE o &

m’f*’é

T FRFNER NP G DB RIRGE o ARG Y o RN
PR R E - SRS - AP AR B R Y R
PR g BT > R EEBE T Il hite Yok - Bie

—~

Pl otk e Rt dl I PR EGRE Bl b gpdl 11 B EaR®



oo fFE k2w e DAy i &URFEe9 MOB_TRF-IND 4 - %‘gﬁ BB
AT B E . FdF 2T AT DR RAIREY > B i kg F P
B FI T B AR T LA o ek § R ORERPET o Rl
SRT LRIy Tonk o LR R AT 0 MOTR R Al BN
# d1en= 2 (E-LCFT) ¢ IEEE 802. 16e 0= 2 » ¥ & % 33%3] 68%:74 &
Pk o R EAPHE G R E e BPER o TR ot o APt 2 R
s B0 A 11 e7QoS(a 8) 7 Fo s i o1k I en 2 fv it 7 <0 [EEE 802. 16e
BREARPF > FEAPD 2R FRARAE S agd) [ fosgd) 11 2 pk

EB\%PUE’E %:Qﬁ’t’ i/)z’ﬁ izi}'lﬁ?ﬁj:ﬁio

M &30 : e o) 420 s oS o [EEE 802. 16e- 4 7 2 3] > PR -5 » WiMax o



Enhanced Sleep Mode Operation for Energy
Saving in IEEE 802.16e

Student: Sixian Zheng  Advisor: Dr. Kuochen Wang

Institute of Computer Science and Engineering
National Chiao Tung University

Abstract

The broadband wireless access (BWA) network, such as IEEE 802.16e, becomes more and
more popular in recent years. The power saving for mobile subscriber stations (MSSs) in this
network is a very important issue, because all MSSs operate on the limited battery power. The
MSSs are allowed to switch to the sleep mode to reduce their power consumption. In the
IEEE 802.16e, it classifies service connections into different types of power saving classes,
types I, 11 and 11, for power saving operation. In general, there may be more than one service
connection between a base station (BS) and an MSS. For efficient power saving, we have to
consider all service connections as a whole. In this thesis, we focus on unicast service
connections only (types | and Il). We eliminate the listening windows of the power saving
classes of type I. We also group several type Il packets into a single frame for transmitting
later while meeting its delay constraint. This is to reduce the number of listening windows of
the power saving classes of type Il. During the listening windows of type Il, the MSS will

receive the traffic indication (MOB_TRF-IND) message of all types. In this way, the MSS



can have more common free time among service connections in order to stay in sleep mode

longer. The longer the sleep periods is the more power saving the MSS can achieve.

Simulation results have shown that our proposed E-LCFT (enhanced longer common free

time) performs 33% to 68% better than the IEEE 802.16e Standard in terms of percentage of

sleep periods, which reflects power consumption. The overhead of the proposed E-LCFT is

that it has longer average packet delay than the IEEE 802.16e Standard. However, the QoS

requirements of type Il connections are still guaranteed. The proposed E-LCFT scheme is still

compatible to the IEEE 802.16e Standard, because our schemes only need to adjust the sleep

windows of types I and I1.

Keywords: energy consumption, energy efficiency, IEEE 802.16e, power saving class, sleep

mode, WiMax
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Chapter 1

Introduction

The original IEEE 802.16 standard [1] only supports fixed broadband wireless access
(BWA) in which all subscriber stations (SSs) are in fixed locations. The emerging IEEE
802.16e standard [2] enhances the mobility on the original standard so that mobile subscriber
stations (MSSs) can maintain its operation during their moving. The energy saving of mobile
devices is a very important issue, because the operation of mobile devices depends on limited
battery power.

In the IEEE 802.16e, there is always a base station (BS) to be a control center for many
MSSs in its radio range. Multiple MSSs may share an uplink channel via TDD to transmit
data, voice, and so on. For all MSSs, there are two operation modes: normal mode (or called
active mode) and sleep mode. The normal mode is the state that the MSSs transmit/receive
data with the BS. The sleep mode is a state in which an MSS conducts pre-negotiated periods
of absence from the serving BS air interface. These periods are characterized by the
unavailability of the MSS, as observed from the serving BS [2]. Every time MSSs want to
enter the sleep mode, they have to negotiate with the BS. The MSS stays at normal mode until

it gets the permission of entering the sleep mode from the BS. The goal of sleep mode



operation is intended to minimize the power usage of MSSs and to prolong the life time of

MSSs.

1.1 Sleep Mode Operation in IEEE 802.16e

When a connection is established, in order to reduce the power consumption, an MSS
can switch to the sleep mode if there is no packet to transmit.

The specification defines the sleep mode operation. In the sleep mode operation, the time
is divided into fixed sizes, called frames. A frame is the basic unit of time to send, receive and
listen. Before entering the sleep mode, the MSS has to send a sleep request frame to the BS. If
the MSS gains the approval from the BS, then it will enter the sleep mode. When an MSS
enters the sleep mode, it sleeps during the sleep window and wakes up at the listening
window to receive the MOB_TRF-IND (mobile traffic indication) message. If there is no
buffered packet for itself, it sleeps again until the next listening window. The actions of
sleeping and listening with updated size of sleep window are repeated until there is buffered
data for the MSS to transmit. The MSS also wakes up from the sleep mode when the MSS has

data to transmit to the BS.



1.2 Power Saving Classes in IEEE 802.16e

The IEEE 802.16e defines three power saving classes for different applications which
have different properties. Power saving class is a group of connections that have common
demand properties [2]. For different connections between the BS and the MS, there are
different QoS requirements. So we group different connections into different power saving
classes to match their QoS requirements. We first describe some common parameters in the

power saving classes as shown in Table 1

Table 1. Common parameters for power saving classes

Parameter Description

Thin the length of minimum time for one sleep window, which is equal to
Tinit

Tmax the length of maximum time for one sleep window

TL the length of listening window in the sleep mode for MSSs to check
whether there is buffered data in the BS

The three types of Power Saving Classes are described as follows [2]:



1.2.1 Power Saving Classes of Type |

It is recommended for connections of BE (best-effort) or NRT-VR (non-real
time-variable rate) service. The nth sleep window, called T,, is a variable. In the beginning of
the sleep mode, there is an initial sleep window Tn,. If it enters a continuous sleep period, the
sleep window will become a double of the previous one, until the length of sleep window
equals to the Tnax. The sleep window will stop increasing and become a fixed value. Equation

(1) presents the variation of T.

N i T )s 1
Tn:{m'”‘ win o) 11> M

T n=1

min?

During the power saving classes of type I, the MSS is not expected to send or to receive

any MAC SDUs (service data unit). Fig. 1 shows the operation of power saving classes of

type I.

E= sleep window [[[Il] listening window

— ||= |§ ......

ALLLS

MNormal Mode Sleep Made Mormal Mode

P

Fig. 1.  Operation of power saving classes of type I.



1.2.2 Power Saving Classes of Type Il

It is recommended for connections of UGS (unsolicited grant service) or RT-VR service.
The nth sleep window, T, is a constant. It will not change during the sleep mode operation.

Each sleep window has the same size as Tinit. EQuation (2) presents the value of T,.
Tn = Tinit (2)

During the listening windows of power saving classes of type Il the MSS may send or

receive any MAC SDUSs. Fig. 2 shows the operation of power saving classes of type II.

E= sleep window [ listening window

|| B=........
P

Normal Mode Siéep Mode Normal Mode

FiF

Fig. 2.  Operation of power saving classes of type II.

1.2.3 Power Saving Classes of Type Il1

It is recommended for multicast connections or management operations All the MSSs
that entered the sleep mode use a pre-negotiated sleep window. After this period all MSs will

awake again to do their job. Equation (3) presents the value of sleep window T.
T = Tinit (3)

Fig. 3 shows the operation of power saving classes of type I11.

5



E= sleep window

Normal Mode Slee/p/ ﬁ{/lde Normal Mode

P

Fig. 3.  Operation of power saving classes of type IlI.




Chapter 2

Problem Statement

In general, there is usually more than one connection between the BS and the MSS at
one time. There are also different connection types among them. If we want to consider the
power saving efficiency, we have to consider all service connections as a whole. We define
free time as the total periods of sleep windows in the sleep mode for one connection and
common free time as the common periods of free time among several connections.

Fig. 4 is an example of sleep mode operation with two power saving classes (type I and
type I1). Each connection has its own free time indicated by sleep windows. In the state of the
MSS, the periods which are marked as “Sleep Time” is the common free time between the
two connections. The periods of sleep time is the actual time duration for the MSS to enter the
sleep mode to save power. Note that in Fig. 4, each connection has more free time in its own
sleep mode operation. However, the common free time that the MSS can enter the sleep mode
is much less than the free time of each connection. This is because the listening windows are
not at the same time periods between two connections.

To enhance power saving, the MSS needs a longer periods of common free time among
different connections. The basic idea of our approach is to reduce the number of listening

windows by grouping packets in the BS, that are originally scheduled to send in multiple



listening windows, and send them in one single listening window while meeting the delay

constraints of different connections so as to lighten the effect of dispersive listening windows.

Type | £
Connection i time
Type Ii =i V) ke . £ S
Connection  } P time
sure of MSS i||Z72] ||| || IIIIE

B scovein [ s e

Listening Window Wake Time

Fig. 4. Example sleep mode operation with two power saving classes.



Chapter 3
Related Work

In recent years, several researches focused on the performance analysis of sleep mode
operation in the IEEE 802.16e. However most of them only concentrated on the performance
analysis of power saving classes of type I. In [3][4][5], the authors proposed a model for
performance analysis of the sleep-mode operation for energy saving considering both
incoming and outgoing frames of MSSs. In [6], it examined the sleep mode operation in IEEE
802.16e in terms of the dropping probability and the mean waiting time of packets in the
queue buffer of BS. In [7], it adaptively configures different parameters (Tmin, Tmax, and power
saving threshold size) to adapt for different traffic types to achieve better power saving. Two
examples of FTP and CBR traffic were used to show its idea.

In [8], the authors proposed an MILI (multiple increase and linear increase) scheme to
adjust the sleep window dynamically based on different traffic patterns to save power and
reduce delay for the power saving classes of type I. They thought the doubling method is not
good for some traffic environments. Under light traffic, the sleep period should be larger. That
is, a longer sleep window should be used. On the other hand, if the traffic is heavy, a longer
sleep window may result in longer delay. Therefore, a shorter sleep window should be used.

In [9], they analyze and evaluate the sleep mode operation in the power saving classes of type



I and Il. They showed that in order to achieve an optimal efficiency of energy saving, the

MSS should pre-negotiate with the BS to do the adaptive switching between power saving

classes of types | and Il according to the measured traffic intensity. In [10], they proposed two

scheduling algorithms (PS and AS) for power saving classes of type Il connections. The

schemes minimize the power consumption of an MSS and also guarantee the requirement of

QoS. They group packets into the same frame to reduce the number of listening windows. Fig.

5 gives an example that applies the PS. It groups two type Il packets into a single frame. The

number of listening windows is reduced and the sleep periods increase. As a result, there is

more free time for the MSS to enter the sleep mode and save more power. Table 2 summaries

the basic idea and characteristics of just mentioned existing approaches [7][8][10] and our two

proposed schemes (LCFT and E-LCFT).

OFDM frame DL/UL burst

sleep listen sleep listen sleep listen slecp  listen sleep

slecp listen sleep listen sleep

Fig. 5.  Periodic on-off scheme (PS) [10]
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Table 2. Qualitative comparison of existing IEEE 802.16e power saving schemes.

Scheme Type Basic idea Characteristics
Adaptive power | I or Il | Set different Tpin and Tmax for | Using examples of FTP and
saving strategy different traffic types to | CBR to explain how to
[7] achieve the best effect evaluate the worse case of
transmission and set the
parameters Tpminand Tmax to
save power
MILI [8] I Adjust the size of sleep | The size of sleep windows
windows  dynamically by | does not just double the
different traffic patterns previous one; it should be
adapt to real traffic patterns to
save power
Periodic on-off | 1l Group type Il packets in one | Reduce the number of frames
scheme (PS) connection and schedule them | to send from BS to MSS in
[10] using a smaller number of | order to increase the sleep
OFDM frames periods of the MSS to save its
power
Aperiodic I Group type Il packets among | Reduce the number of frames
on-off different  connections and | to send from BS to MSS in
scheme  (AS) schedule them using a smaller | order to increase the sleep
[10] number of OFDM frames periods of the MSS to save its
power
LCFT I & Il | Remove the listening windows | Increase the sleep periods of
(proposed) of type | the MSS to save its power
E-LCFT I & I | Remove the listening windows | Further increase the sleep
(proposed) of type I and group type Il periods of the MSS to save its

packets in one connection and
schedule them using a smaller
number of OFDM frames

power and enhance the power
saving of the LCFT

11




Chapter 4

Proposed Energy Saving Schemes

Because there are usually more than one service connection between a BS and an MSS,
we have to consider these connections as a whole. From Fig. 4, we know that if there is more
than one connection, the total common free time will decrease, because the total common free
time is the common periods of free time among all connections. If we can reduce the number
of listening windows in any connection, we can have more common free time among
connections, thus have more sleep time to save power. In this thesis, we propose two energy
saving schemes to increase the length of common free time and to enhance the energy saving
of sleep mode operation. Our schemes were designed for an environment that has both power
saving classes of type I and type Il connections. In our schemes, we didn’t consider the power
saving classes of type Il1, which is for multicast connections, since we focused on the unicast
connections only.

The first proposed scheme is called Longer Common Free Time (LCFT). Because the
power saving classes of type Il (for UGS, RT-VR) is time-sensitive, we only modify the
operation of the power saving classes of type I to have more common free time. For type I
connections, the MSS wakes up to listen the traffic indication message at each listening

window. The MSS returns to sleep mode again when there is no buffered data in the BS. The

12



basic idea of our LCFT scheme to removes the listening windows from the power saving

classes of type | connections and the traffic indication messages of power saving classes of

type | will be handled during the listening windows of power saving classes of type Il

connections. The reason to do so is because the power saving classes of type I is for

connections of BE and NRT-VR, which are time-insensitive.

(— incoming traffic
3

1 2
Type |l ; -~
Connection

- 1 A
T,

(s

] O e
T
o, A g ey

EEEEEEEN

iAEEEEEES

IEEEEEE ..
S —
N 5

ALLEERRR RN NN

State of MSS

T
£
s
Tty Sk
Gt £t

- Sleep Window ||| ”” Sleep Time time

Listening Window Wake Time

Fig. 6.  Original scheme of power saving classes
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(— incoming traffic
3

el e ———
Connection t \ time
YN . . )
Connection

State of MSS

ALLEEREER NN

- Sleep Window |||||||| Sleep Time

Listening Window Wake Time

Fig. 7. Proposed method of power saving classes

In Fig. 6, there are three listening windows in the type I connection. The MSS has to

wake three times to listen the traffic indication message. If there is only one data coming at

time t, in the first and second listening windows, the MSS beeds to wake up and then return to

sleep right away. We can have longer common free time if we can keep sleeping at these two

listening windows.

In Fig. 7, the proposed LCFT method removes the listening windows from the power

saving classes of type 1 connection and the traffic indication message transmitted by the BS

will be handled during the listening windows of type Il connection. For example, in Fig. 7, the

incoming traffic at time t will be handled during the third listening window of type Il

14



connection. The advantage of our LCFT scheme is that for type | connections, the MSS

doesn’t need to wake up at all to listen the traffic indication messages from the BS. This

method reduces the effect of type I connections on common free time, and the MSS shall have

longer free time to enter the sleep mode. On the other hand, the method uses the periodic

characteristic of type Il connections to read type I traffic indication messages if any. Note that

the type 11 connection wakes up in a fixed period, so the delay of type | connections can be

bounded. In summary, this method eliminates of the listening windows of type I connections

to save more power while type I connections have bounded delays.

Besides the LCFT, we combine the idea of [10] to enhance the LCFT scheme. We called

it enhanced LCFT (E-LCFT). This E-LCFT scheme groups several type Il packets in one

connection into a single frame for transmission to reduce the number of frames that need to

transmit packets from BS to MSS. In this way, the sleep periods of this connection can be

increased. As a result, the MSS can have more common free time among different

connections to enter the sleep mode and save more power. The proposed two schemes, LCFT

and E-LCFT are compatible with the original IEEE 802.16e standard in terms of no change of

MSSs and no change of the communication mechanism between BS and MSS. The only

requirement is that the BS needs to be aware of LCFT and E-LCFT in order to set appropriate

values of Tpin and Trax. For the LCFT, assume a type | connection of the MSS sends a request

of sleep mode operation to the BS. Then, if the BS permits the request, it will set the

15



parameter Tini; to a very large number. For this type I connection, the MSS will not wake up

periodically to listen to the traffic indication message. If there are buffered packets for the

type | connections in the BS, the BS can transmit the packets to the MSS via the frames of

type 11 connections. If the data size of power saving classes of type I is small enough, we can

use the unused frame space of a type Il connection to transmit. Otherwise, the BS will

transmit the data to the MSS in the next frame and the MSS will stay awake to receive the

data. For the E-LCFT, the BS may group several type Il packets that are to be sent in separate

frames, into a single frame for transmitting later. In this situation, the BS only needs to adjust

Tmin to allow the MSS to sleep longer. Again, for E-LCFT to work, the only requirement is the

BS needs to be aware of E-LCFT. No other changes are necessary in the MSS or the

communications between BS and MSS.

Our schemes are designed for an environment with both power saving classes of type I

and type Il connections. If there are many connections of type I and less connections of type

I1, our schemes may not achieve a good performance. Because if too many buffered data have

to be transmitted with type Il frames, the average packet delay of type | connections will be

extended and the advantage of using unused frame space of type Il connections will not work

well.
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Chapter 5
Simulation Results and Discussion

5.1 Simulation Environment

We used Visual C++ to simulate and evaluate the performance of LCFT, E-LCFT and
the sleep mode operation in the IEEE 802.16e in terms of the percentage of sleep periods and
average packet delay. The percentage of sleep periods, which reflects the power consumption
of an MSS, is defined as (number of sleep frames) / (number of sleep frames + number of
listening frames + number of awake frames). The average packet delay is the average elapsed
time from the time that a packet enters the BS to the time that the packet completes its
transmission to the MSS. The simulation environment is similar to that in [10]. The duration
of an OFDM frame is assumed 5 ms, and the maximal data rate that a BS can offer an MSS is
assumed 1600 kbps. That is, the frame length is 1000 bytes. Eight different traffic connections
were defined and the parameters of them are described in Table 3 and Table 4. Some
parameters were referred from [4] and [10] and we modified part of them to demonstrate the
energy efficiency of our proposed schemes in every respect.

Connections A, B, C and D are power saving classes of type I, and connections E, F, G
and H are power saving classes of type Il. The main difference between connections in each

type is the variations of packet size and interval of packet arrival. This is to evaluate the

17



performance under different traffic loads. The values of packet size and interval of packet
arrival for each packet in type | connections were randomly generated from the ranges

specified in Table 3.

Table 3. Parameters of type | connections

Connection A B C D
Type | I I I
Packet size (Bytes) 1~1000 1~1000 1000~2000 1000~2000
Sleep Period (ms) [5, 320] [5, 160] [5, 320] [5, 160]
Interval of packet 1~350 1~180 1~350 1~180
arrival (ms)

Table 4. Parameters of type Il connections [10]

Connection E F G G
Type I ] I I
Packet size (Bytes) 160 160 800 800
Interval of packet 20 30 20 30
arrival (ms)

Delay constraint (ms) 100 100 100 100
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5.2 Simulation Results and Discussion

In Fig. 8, it shows the percentages of sleep periods using the three different schemes
(802.16e, LCFT and E-LCFT). The higher percentage of the sleep period is, the longer
common free time that an MSS can enter the sleep mode and save more power. The notation
A+E means that there are only two connections, A and E. It is a simple traffic environment.
By increasing the number of connections, the traffic environment becomes more complex. We
found that if the traffic environment becomes more complex, the percentage of sleep periods
will become smaller in all the three schemes. In all cases, both the proposed two schemes
performed better than the IEEE 802.16e. In Fig. 8, it shows that the percentages of sleep
periods of LCFT and E-LCFT are 14% to 50% and 33% to 68% more than IEEE 802.16€,
respectively.

The overhead of the proposed schemes (LCFT, E-LCFT) is that they have longer average
delay than the scheme of IEEE 802.16e. The reason is that we delay the listening windows
and reduce the number of listening windows. The buffered data in the BS are sent only after
the listening windows of type Il connections. However, we bounded the delay. The listening
windows were postponed by the evaluation with delay constraint of type Il connections. For
connections of power saving classes of type Il, we also guarantee their QoS. For the
connections of power saving classes of type I, we wouldn’t make their average delay longer

than the delay constraint of type II.
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Fig. 9 shows the average packet delay in different traffic environments. For type I (T1)
connections, the LCFT has 6% to 31% longer average packet delay than the IEEE 802.16e
scheme and the E-LCFT has 71% to 77% longer average packet delay than the IEEE 802.16e
scheme. For type Il (T2) connections, the LCFT has the same average packet delay as the
IEEE 802.16e scheme since the LCFT did not modify the sleep mode operation of type Il
connections. The E-LCFT has 84% to 88% longer average packet delay than the IEEE
802.16e scheme. The IEEE 802.16e scheme achieves the lowest packet delay, because its
MSS wakes up more frequently to transmit packets. Nevertheless, the simulation results
indicate that all schemes, no matter type | or type Il connections all satisfied the QoS
requirement in terms of delay constraints specified in Table 4.

Since we can bound the average packet delay under the delay constraint of type Il
connections in our schemes, here we present another simulation results of the percentage of
sleep periods and average packet delay with a tight delay constraint in Fig. 10 and Fig. 11,
respectively. The parameters of connections E’, F’, G’, and H’ are the same with connections
E, F, G and H respectively, except the delay constraint. We changed from the loose delay
constraint of 100 ms to a tight delay constraint of 30 ms. The simulation results still show that
the LCFT is 14% to 50% better than IEEE 802.16e and the E-LCFT is 26% to 57% better than
IEEE 802.16e in terms of the percentage of sleep periods. The average packet delay of the

LCFT is still the same as the IEEE 802.16e scheme, but the average packet delay in the
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E-LCFT decreases obviously. This is because the value of delay constraint affects the length

of sleep interval in type Il connections. For type I  connections, the E-LCFT has 38% to 44%

longer average packet delay than the IEEE 802.16e scheme. For type Il connections, the

E-LCFT has 33% to 67% longer average packet delay than the IEEE 802.16e scheme. If the

delay constraint is set smaller, the average packet delay in the E-LCFT will become smaller.

This is because we use the delay constraint to calculate the number of packets that can be

grouped into a single frame for transmitting and thus to guarantee the QoS.

The listening windows of type Il connections can transmit the MAC SDUs (service data

units). If the size of a type Il packet is smaller, the unused space in the listening window will

be larger. In this situation, we can have higher probability to transmit type | packets within the

type Il listening window. Then the MSS will have more frames to enter the sleep mode. In Fig.

12, it shows the effect of packet size on the percentage of sleep periods. The A+E and C+E

have more sleep periods than the A+G and C+G, respectively, because the packet size in

connection E is smaller than that in connection G. The A+E also has a higher percentage of

sleep periods than the C+E, because the packet size of A is smaller than that of C.

Note that the proposed two schemes were designed to piggyback the type I connection’s

traffic indication message at the type Il connection’s traffic indication message. If the number

of type 1l connections is much less than type | connections, the percentage of sleep windows

of our schemes will become smaller and the average delay may become longer. In the
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following, we will evaluate this situation. In Fig. 13, there is only one type Il connection E in

the following cases: A+E, A+B+E and A+B+C+D+E. The average packet delay increases

when the number of type | connections increases. This is because the total size of buffered

packets is larger than the unused space that a listening window of type Il can provide. The BS

then has to transmit the unsent packets with another frame(s) and the packet delay becomes

longer. In the case of A+B+C+D+E+F, there are two type Il connections of equal packet size.

Comparing between A+B+C+D+E and A+B+C+D+E+F, the average packet delay of the latter

is smaller than the former, since the latter has more type Il connections of equal packet size.

Therefore, the proposed two schemes are suited to environments that allow type I

connections to utilize its unused space in a frame to carry type I’s packets.
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Chapter 6
Conclusions and Future Work

6.1 Conclusions

We have presented two efficient energy saving schemes for the sleep mode operation in
IEEE 802.16e. We remove the listening windows of power saving classes of type | and group
several type Il packets into a single frame for later transmitting. The main idea of our
proposed schemes is to reduce the number of listening window in all service connections, so
that there is more common free time for the MSSs to enter the sleep mode and save more
power. From simulation results, the LCFT and E-LCFT performed 14% to 50 % and 33% to
68% better than the IEEE 802.16e scheme, respectively, in terms of percentage of sleep
periods. However, the overhead of our proposed schemes is higher average packet delay. The
LCFT and E-LCFT have 6% to 77% and 84% to 88% longer average packet delay than the
IEEE 802.16e scheme, respectively. Nevertheless, the delay of each type Il connection still
met its delay constraint. That is, the QoS requirements of type Il connections in our proposed
two schemes are still guaranteed. The proposed schemes are compatible with the original
IEEE 802.16e standard, because we only need to adjust the parameter values of sleep mode

operation of types | and Il in the base station.
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6.2 Future Work

In this work, we did not consider the buffer size in the BS and we created the type | and
I connection traffic for possible cases. In the future, we may consider a limited buffer size in
the BS to address possible packet loss and use real traffic patterns of different types of

connections to further evaluate the energy efficiency of the proposed approaches.
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