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Abstract

IEEE 802.16 WirelessMAN standard sp eci�es air in terface of a �xed p oin t-to-m ultip oin t

Broadband Wireless Access. IEEE 802.16 MA C pro vides extensiv e bandwidth allo ca-

tion and QoS mec hanisms for v arious t yp es of applications. Ho w ev er, details of pac k et

sc heduling mec hanisms for b oth do wnlink and uplink direction are left unsp eci�ed in the

standard. W e prop ose an e�cien t QoS sc heduling arc hitecture for IEEE 802.16 Wireless-

MANs. Our main design goals are to pro vide dela y and bandwidth guaran tees for v arious

kinds of applications and to main tain fairness among v arious 
o ws while still ac hieving

high bandwidth utilization. W e ha v e implemen ted IEEE 802.16 MA C in tegrated with our

arc hitecture in Qualnet 3.6. W e also presen t the sim ulation analysis of our arc hitecture.
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Chapter 1

In tro duction

1.1 Broadband Wireless Access

The rapid gro wth in demand for high-sp eed In ternet access for residen tial and business

customers has created a demand for \last-mile" broadband access. Ho w ev er, pro viding

\last-mile" broadband access with �b er or coax cable can b e v ery exp ensiv e, esp ecially in

dev eloping coun tries. A c heap er solution is Broadband Wireless Access (BW A). Broad-

band is a transmission facilit y where bandwidth is wide enough to carry m ultiple v oice,

video or data c hannels sim ultaneously . BW A is capable of pro viding high sp eed net w ork

access to a broad geographic area with rapid 
exible deplo ymen t at lo w cost. Other

adv an tages of BW A are high scalabilit y , lo w er main tenance and upgrade costs.

The IEEE 802.16 standard w as dev elop ed to pro duce high p erformance BW A systems.

The standard sp eci�es a WirelessMAN air in terface for �xed p oin t to m ulti-p oin t BW A

systems [1]. A Wireless MAN consists of at least one radio Base Station (BS) and one

or more Subscrib er Stations (SS) with a �xed p oin t-to-m ultip oin t top ology as sho wn in

�gure 2.1. It standardizes a common MA C proto col that w orks with v arious ph ysical la y er

sp eci�cations. It has b een designed to address systems op erating in 10-66 GHz frequency

range. BS is the cen tral en tit y and co ordinates transmission in b oth the directions.

1.2 Need for a QoS Sc heduling Arc hitecture for IEEE

802.16

With a tremendous increase in data services and real-time applications o v er wireless net-

w orks, IEEE 802.16 has b een designed to supp ort QoS for b oth con tin uous and burst y
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tra�c. In b oth do wnlink and uplink directions, pac k ets tra v ersing the MA C la y er in ter-

face are asso ciated with a service 
o w. A unique set of QoS parameters suc h as dela y ,

bandwidth etc are asso ciated with eac h MA C lev el service 
o w. In order to b etter supp ort

QoS in uplink direction, standard sp eci�es uplink sc heduling services for heterogeneous

classes of tra�c and bandwidth request-gran t mec hanisms. Eac h uplink 
o w is allo cated

bandwidth for transmission dep ending on the amoun t of bandwidth requested and its

sc heduling service t yp e. Ho w ev er, IEEE 802.16 standard do es not suggest pac k et sc hedul-

ing mec hanisms for do wnlink and uplink 
o ws so as to pro vide required QoS to v arious

applications. Sc heduling details are left as the resp onsibilit y of implemen ters.

Therefore, sc heduling mec hanisms are required for b oth do wnlink and uplink 
o ws.

In the do wnlink direction, sc heduling is relativ ely simple b ecause BS kno ws the exact

status of its queues and their QoS requiremen ts, hence, an existing sc heduling mec hanism

will su�ce. Ho w ev er, uplink sc heduling is more complex as it needs to b e in accordance

with uplink QoS pro visions pro vided b y IEEE 802.16. A single sc heduling mec hanism for

the en tire system will not w ork since uplink sc heduling in v olv es b oth SS and BS. They

need to co ordinate with eac h other for uplink bandwidth allo cation through request-gran t

proto col. While do wnlink sc heduling requires only one sc heduler at BS, uplink sc heduling

requires t w o comp onen ts, one at the BS and one at the SS. The comp onen t at BS allo cates

bandwidth to SSs and the one at SS sc hedules uplink pac k ets in the gran ted slot. Hence,

an e�cien t QoS sc heduling arc hitecture for the complete system is required to main tain

QoS and fairness for di�eren t t yp es of do wnlink and uplink 
o ws.

1.3 Problem Statemen t

IEEE 802.16 has b een dev elop ed k eeping in view the stringen t QoS requiremen ts of v arious

applications. Ho w ev er, it do es not suggest ho w to e�cien tly sc hedule pac k ets from v arious

classes to meet their div erse QoS requiremen ts. Therefore, an e�cien t QoS sc heduling

arc hitecture for IEEE 802.16 is required in order to pro vide QoS guaran tees to v arious

applications.

W e prop ose an e�cien t QoS sc heduling arc hitecture for IEEE 802.16 Wireless MANs

with a �xed p oin t-to-m ultip oin t top ology . Our main design ob jectiv es are to pro vide dela y

and bandwidth guaran tees to QoS sensitiv e applications and main tain fairness among

v arious 
o ws while still ac hieving high bandwidth utilization.
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1.4 Con tributions of this Pro ject

The signi�can t con tributions of this w ork are:

� An e�cien t QoS sc heduling arc hitecture for IEEE 802.16 WirelessMANs.

� Implemen tation of IEEE 802.16 MA C along with our prop osed QoS sc heduling

arc hitecture in Qualnet 3.6.

� Sim ulation analysis of our prop osed arc hitecture to sho w the e�ectiv eness of our

arc hitecture in pro viding QoS guaran tees to v arious real-time applications.

1.5 Dissertation Outline

As a starting p oin t w e did extensiv e study of IEEE 802.16 standard whic h w e brie
y

describ e in c hapter 2. W e presen t a brief o v erview of our prop osed QoS sc heduling ar-

c hitecture in c hapter 3. In that c hapter w e discuss our main design goals, v arious design

decisions and the rationale b ehind them. Chapter 4 pro vides a detailed description of

v arious comp onen ts of our arc hitecture. In order to p erform the sim ulation analysis, the

arc hitecture has to b e in tegrated with IEEE 802.16 MA C implemen tation. W e c hose

Qualnet 3.6 for this purp ose whic h is a w ell kno wn net w ork sim ulator. Ho w ev er, IEEE

802.16 MA C patc h is not a v ailable for Qualnet 3.6. In c hapter 5, w e discuss the imple-

men tation of IEEE 802.16 MA C and our arc hitecture in Qualnet 3.6. In c hapter 6 w e

presen t sim ulation results in whic h w e sho w that our arc hitecture meets the QoS guar-

an tees of v arious kinds of applications and ac hiev es high bandwidth utilization. Chapter

7 deals with the surv ey of some of the w ork done in 802.16 domain. W e �nally conclude

the rep ort b y p oin ting out the w a ys in whic h our w ork could b e extended.





Chapter 2

IEEE 802.16 - Wireless MAN

Standard

IEEE standard 802.16 de�nes WirelessMAN air in terface for �xed p oin t-to-m ultip oin t

BW A systems that are capable of pro viding m ultiple services [1]. The standard giv es

sp eci�cation for medium access con trol la y er and ph ysical la y er of the OSI reference

mo del. The standard curren tly addresses 10-66 GHz frequency range. This c hapter

describ es IEEE 802.16 standard in brief.

2.1 Arc hitecture

A sc hematic wireless metrop olitan area net w ork is sho wn in �gure 2.1. It consists of a

cen tral radio BS and a n um b er of SSs. The BS is connected to public net w orks and can

handle m ultiple sectors sim ultaneously . The SS includes buildings lik e small o�ce, home

o�ce, m ulti-tenan t customers and small-medium en terprise. The 802.16 WirelessMAN

pro vides net w ork access to buildings through exterior an tennas comm unicating with the

BS. Eac h SS consist of a n um b er of users. Both BS and SS are �xed(stationary) whereas

users inside a building ma y b e �xed or mobile. Curren tly 802.16 WirelessMAN sp eci�es

tec hnology for bringing net w ork to a building only , users inside a building can connect to

eac h other using an y con v en tional in-building net w ork.

The 802.16 proto col stac k is illustrated in �gure 2.2 [2]. The ph ysical la y er consists

of t w o subla y ers, one of whic h is ph ysical medium dep enden t and deals with the actual

transmission. The other subla y er ab o v e it is T ransmission Con v ergence (TC) subla y er to

hide the di�eren t transmission tec hnologies from the medium access con trol la y er.
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Figure 2.1: Wireless Metrop olitan Area Net w ork.
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Figure 2.2: The 802.16 Proto col Stac k.
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The next la y er of the stac k is medium access con trol la y er whic h consists of three

subla y ers as follo ws.

1. The b ottom one is Priv acy Subla y er whic h deals with priv acy and securit y . Securit y

is a ma jor issue for public outdo or net w orks. This subla y er pro vides authen tication

for net w ork access and connection establishmen t to a v oid theft of service. It also

pro vides encryption, decryption and k ey exc hange for data priv acy .

2. Next subla y er is the MA C Common P art Subla y er (CPS). The 802.16 MA C is con-

nection orien ted. It is designed to mak e e�cien t use of sp ectrum. It supp orts

h undreds of users p er c hannel and pro vides high bandwidth to the users. It accom-

mo dates b oth con tin uous and burst y tra�c in order to supp ort v ariet y of services

suc h as constan t bit rate, real-time v ariable bit rate and so on.

3. The service sp eci�c Con v ergence Subla y er (CS) pro vides in terface to the net w ork

la y er ab o v e the MA C la y er. Its function is to map transp ort la y er sp eci�c tra�c

to 802.16 MA C whic h is 
exible enough to carry an y t yp e of tra�c. The 802.16

standard sp eci�es t w o service sp eci�c CSs. The A TM CS is de�ned for mapping

A TM services and the P ac k et CS is de�ned for mapping pac k et services to and from

802.16 MA C connections. It also preserv es or enables QoS, and enable bandwidth

allo cation.

2.2 Ph ysical La y er Details

IEEE 802.16 standard sp eci�es one ph ysical la y er sp eci�cation whic h op erates in 10-66

GHz frequency bands. W a v es in this sp ectrum are short in length, due to whic h, line-

of-sigh t propagation is necessary . Also millimeter w a v es in this frequency range tra v el in

straigh t line, as a result of whic h the BS can ha v e m ultiple an tennas, eac h p oin ting at

a di�eren t sector. This is sho wn in �gure 2.3 [2 ]. Eac h sector has its o wn users and is

indep enden t of the adjoining ones. Due to sharp decline in signal strength of millimeter

w a v es with distance from the BS, signal to noise ratio also drops v ery fast. F or this reason,

802.16 uses three di�eren t mo dulation sc hemes with F orw ard Error Correction (FEC) to

mak e the c hannel lo ok b etter than it really is. The 802.16 PHY supp orts adaptiv e burst

pro�ling in whic h transmission parameters, including the mo dulation and co ding sc hemes,
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Figure 2.3: The 802.16 T ransmission En vironmen t.

ma y b e adjusted individually to eac h SS on a frame-b y-frame basis. It supp orts c hannels

as wide as 28 MHz with data rates upto 134 Mbps [3]. Channels are additionally separated

in time via a frame i.e. eac h 28 MHz carrier is sub divided in to frames that are rep eated

con tin uously . Duration of eac h frame can b e 0.5 ms, 1 ms or 2 ms. A frame is again

sub divided in time via ph ysical slots. Num b er of ph ysical slots n in a frame is a function

of sym b ol rate and frame duration i.e. n = ( S y mbol R ate � F r ameD ur ation ) = 4. Eac h

frame is also divided in to t w o logical c hannels, do wnlink c hannel and uplink c hannel.

There is a do wnlink subframe corresp onding to do wnlink c hannel and uplink subframe

corresp onding to uplink c hannel.

The do wnlink c hannel is a br o adc ast channel . It is used b y BS for transmitting do wn-

link data and con trol information to v arious SSs. The BS is completely in con trol for the

do wnlink direction. It maps the do wnstream tra�c on to time slots and transmits a TDM

signal, with individual SS allo cated time slot serially . Eac h SS receiv es all p ortions of

the do wnlink except for those bursts whose burst pro�le is either not implemen ted b y the

SS or is less robust than the SSs curren t op erational do wnlink burst pro�le. Half-duplex

SSs do not attempt to listen to p ortions of the do wnlink coinciden t with their allo cated

uplink transmission.

The uplink c hannel is time-shar e d among all SSs. The BS is resp onsible for gran ting

bandwidth to individual SSs in the uplink direction through Demand Assigned Multiple
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Frame j-1 Frame j+1

Downlink Subframe Uplink Subframe

Adaptive

Frame j

Figure 2.4: The 802.16 TDD F rame Structure.

Access TDMA (D AMA-TDMA). One k ey feature of 802.16 is that BS �rst allo cates

bandwidth to eac h SS to enable them to send requests for bandwidth needed to transmit

uplink data. BS then assigns a v ariable n um b er of ph ysical slots to eac h SS for uplink

data transmissions according to their bandwidth demand. This information is sen t to all

SSs through uplink con trol message.

2.2.1 Duplexing T ec hniques

The IEEE 802.16 supp orts b oth Time Division Duplexing (TDD) and F requency Division

Duplexing (FDD) for allo cating bandwidth on uplink and do wnlink c hannel [1].

� In TDD, uplink and do wnlink c hannels ma y share the same frequency c hannel but do

not transmit sim ultaneously . Eac h TDD frame has one do wnlink subframe follo w ed

b y an uplink subframe as sho wn in �gure 2.4. Ph ysical slots allo cated to eac h

subframe ma y v ary dynamically according to bandwidth need in eac h direction.

Bet w een t w o subframes a slot is used as a guard time to allo w stations to switc h

direction.

� In FDD, uplink and do wnlink c hannels op erate on separate frequencies. Do wnlink

transmissions o ccur concurren tly with uplink transmissions. Therefore, duration

of a subframe (do wnlink or uplink) is same as the frame duration. On do wnlink,

b oth full-duplex and half-duplex SSs are supp orted sim ultaneously . The FDD frame

structure is sho wn in �gure 2.5.
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Figure 2.5: The 802.16 FDD F rame Structure.

2.3 Do wnlink Subframe

The do wnlink subframe is as sho wn in �gure 2.6. A do wnlink subframe starts with a

pream ble used b y the ph ysical la y er for sync hronization. This is follo w ed b y the frame

con trol section whic h con tains Do wnlink Map (DL-MAP) for the curren t do wnlink frame

and one Uplink Map (UL-MAP) for uplink c hannel for a sp eci�ed time in the future.

It ma y con tain Do wnlink Channel Descriptor (DCD) and Uplink Channel Descriptor

(UCD) messages. DCD and UCD messages de�ne the c haracteristics of do wnlink and

uplink ph ysical c hannel resp ectiv ely . DL-MAP message sp eci�es frame duration, frame

n um b er, do wnlink c hannel ID and time when ph ysical la y er transitions (mo dulation and

FEC c hanges) o ccur within the do wnlink subframe. UL-MAP message sp eci�es uplink

c hannel ID, the start time of uplink subframe relativ e to the start of the frame and

bandwidth gran ts to sp eci�c SSs. Uplink bandwidth is allo cated to v arious SSs in terms

of mini-slots where eac h mini-slot is equal to 2

m

ph ysical slots ( m ranges from 0 through

7). Allo cation of mini-slots to v arious SSs for uplink transmission is stated in UL-MAP .

The con trol section is follo w ed b y a TDM p ortion whic h carries data, organized in to

bursts with di�eren t burst pro�les. Data is transmitted to eac h SS using a negotiated

burst pro�le in the order of decreasing robustness to allo w SSs to receiv e their data b efore

b eing presen ted with a burst pro�le that could cause them to lose sync hronization with the

do wnlink. Eac h SS receiv es and deco des the do wnlink con trol information and lo oks for

MA C headers indicating data for that SS in the remainder of the do wnlink subframe. In

FDD systems, the TDM p ortion ma y b e follo w ed b y a TDMA segmen t to b etter supp ort

half-duplex SSs. Man y half-duplex SSs ma y need to transmit earlier in the frame than
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Figure 2.6: The 802.16 Do wnlink Subframe Structure.

they receiv e and lose sync hronization due to their half-duplex nature. TDMA segmen t

con tains an extra pream ble at the start of eac h new burst pro�le that allo w them to regain

sync hronization. A TDD do wnlink subframe is same as FDD do wnlink subframe without

a TDMA segmen t.

2.4 Uplink Subframe

The uplink subframe is as sho wn in �gure 2.7. It consists of three classes of bursts whic h

are transmitted b y the SS [1]. They are:

� Bursts that are transmitted in con ten tion slots reserv ed for initial ranging.

� Bursts that are transmitted in con ten tion or unicast slots reserv ed for requesting

bandwidth.

� Bursts that are transmitted in unicast slots sp eci�cally allo cated to individual SSs

for transmitting uplink data.

An y of these burst classes ma y b e presen t in an y uplink subframe. They can o ccur in

an y order and an y quan tit y limited b y n um b er of time slots allo cated for uplink trans-

mission b y the BS. The SSs transmit in their sp eci�ed allo cation using the burst pro�le

giv en in UL-MAP en try . SS T ransition Gaps separate the transmissions of the v arious

SSs during the uplink subframe, follo w ed b y a pream ble allo wing the BS to sync hronize

to the new SS.
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Figure 2.7: The 802.16 Uplink Subframe Structure.

2.5 MA C Common P art Subla y er Details

The 802.16 MA C CPS sp eci�es the mec hanism to e�cien tly access the shared medium

i.e. the space through whic h radio w a v es propagate. On the do wnlink, the BS is the

only cen tral en tit y transmitting to the SSs. As a result, it do es not need to co ordinate

with other stations. The BS has a sectorized an tenna whic h is capable of transmitting to

m ultiple sectors sim ultaneously . All SSs in a giv en frequency c hannel and sector receiv e

the same transmission. Messages sen t b y the BS ma y b e unicast to a particular SS,

m ulticast to a group of SSs or broadcast to all SSs. SSs share the uplink c hannel in

D AMA-TDMA fashion.

The IEEE 802.16 MA C is connection-orien ted [1 ]. It maps b oth connection-orien ted

and connection-less services to a connection. Connection is a mec hanism for requesting

bandwidth, asso ciating QoS and tra�c parameters, and for v arious other actions related

to data comm unication. A connection is iden ti�ed b y a 16-bit Connection Iden ti�er (CID).

Eac h SS has a standard 48-bit MA C address whic h uniquely iden ti�es the SS and is used

for registering and authen ticating it. F or all future op erations CID is used as a primary

address. On en try to the net w ork, the SS is assigned three managemen t connections in

eac h direction as follo ws:

1. The �rst one is Basic connection used for the transfer of short time critical MA C

messages suc h as ranging etc.

2. The Primary connection is used for the transfer of longer, dela y toleran t messages,
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suc h as authen tication and connection setup.

3. The Se c ondary connection is used for the transfer of standards-based managemen t

messages suc h as Dynamic Host Con�guration Proto col (DHCP), T rivial File T rans-

fer Proto col (TFTP).

SSs are also allo cated unidirectional transp ort connections for their con tracted service


o ws. Service 
o w de�nes the QoS parameters for the connection. Connections are also

reserv ed for con ten tion-based initial access, broadcast transmissions in the do wnlink and

broadcast and m ulticast p olling of the SSs bandwidth needs.

2.5.1 MA C Proto col Data Unit F ormats

The MA C Proto col Data Unit (PDU) is the data unit exc hanged b et w een the MA C la y ers

of the BS and its SSs [3]. The CS receiv es external net w ork Service Data Units (SDUs)

through CS Service Access P oin t (SAP) and asso ciates them to the prop er MA C service


o w and CID. MA C CPS receiv es this data from the CS and encloses it in the MA C PDU

to send it to its recipien t. It consists of a �xed length header, a v ariable-length pa yload

and an optional Cycle Redundancy Chec k (CR C). Header can b e of t w o t yp es: the generic

he ader and the b andwidth r e quest he ader . The MA C PDU with generic he ader con tains

MA C managemen t message or CS data in pa yload �eld while b andwidth r e quest he ader ,

used to request bandwidth for the connection, con tains no pa yload.

MA C PDU ma y con tain v arious t yp es of subheaders as follo ws.

1. Gr ant Management Subhe ader : It is used b y an SS to request for bandwidth to the

BS.

2. Packing Subhe ader : Tw o or more SDUs ma y b e pac k ed in to a single PDU whic h is

indicated b y pac king subheader.

3. F r agmentation Subhe ader : A SDU ma y b e fragmen ted in to t w o or more SDUs. The

fragmen tation subheader is used to indicate the presence and orien tation of SDU

fragmen ts in pa yload.

F r agmentation is the pro cess in whic h a MA C SDU is divided in to t w o or more MA C

SDUs. Packing is the pro cess in whic h t w o or more MA C SDUs are pac k ed in to a single
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MA C PDU. Both can b e used sim ultaneously for e�cien t use of bandwidth. A t the

receiving side, in v erse of these pro cesses is p erformed to k eep this format mo di�cation

transparen t to the receiving en tit y . Conc atenation is the pro cess b y whic h m ultiple MA C

PDUs ma y b e concatenated in to a single burst in either the uplink or do wnlink directions.

2.5.2 Net w ork En try and Initialization of an SS

V arious phases of net w ork en try and initialization of an SS are describ ed b elo w [1]:

� Channel A c quisition : On initialization, the SS scans the p ossible c hannels of do wn-

link frequency band. Once it gets a v alid do wnlink con trol message on an y of the

c hannel, it acquires a do wnlink c hannel. After deciding on the do wnlink c hannel to

use for transmission, SS attempts to sync hronize to the do wnlink transmission b y

detecting p erio dic frame pream bles. SS then searc hes for do wnlink con trol messages

to kno w do wnlink con trol parameters suc h as do wnlink c hannel Id, frame duration

etc. SS then w aits for UCD message from the BS in order to acquire an uplink

c hannel for transmission. It collects UCD messages with di�eren t CID and try eac h

one un til it gets a usable c hannel.

� Initial R anging : Ranging is the pro cess of acquiring the correct timing o�set suc h

that the SSs transmissions are aligned to a sym b ol that marks the b eginning of a

minislot b oundary [3]. After learning do wnlink and uplink c hannel parameters, the

SS scans UL-MAP message for initial ranging slots. In this slot, it will send an

initial ranging request with minim um p o w er setting and will try again with next

higher p o w er lev el un til it gets a resp onse from the BS. After receiving ranging

request from the SS, the BS commands a timing adv ance and a p o w er adjustmen t

to the SS in the ranging resp onse. The ranging resp onse also pro vides Basic and

Primary managemen t CID to the SS. This request/resp onse steps con tin ues un til

resp onse noti�es ranging successful or ab orts it.

� Ne gotiate Basic Cap abilities : After completion of ranging, the SS rep orts its PHY

capabilities to the BS. These include mo dulation and co ding sc hemes supp orted

b y the SS and whether it supp orts TDD, half-duplex or full-duplex FDD. The BS

resp onds with a message in whic h in tersection of the SS and BS capabilities are set

to `ON'.
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� SS A uthentic ation : The SS then authorizes itself to BS and exc hanges k ey .

� R e gistr ation : Registration is the pro cess b y whic h the SS receiv es its secondary

managemen t CID. T o register with the BS, the SS sends registration request to the

BS. The BS then resp onds with a registration resp onse. The v ersion of IP used on

the secondary managemen t connection is also determined during registration.

� IP Conne ctivity : After registration, the SS attains an IP address via DHCP and

establishes time of da y via In ternet Time Proto col. The DHCP serv er also pro vides

the address of the TFTP serv er from whic h the SS do wnloads a con�guration �le

whic h pro vides v endor-sp eci�c con�guration information.

� Conne ction Setup : Some service 
o ws for an SS are pro visioned with BS b efore

initialization of the SS. The BS sends request message to the SS to setup connections

for these pre-pro visioned service 
o ws b elonging to the SS. The SS resp onds with a

successful resp onse message to establish the connection.

Admitted connections are assigned uplink transmission slots for request and data trans-

mission as p er their service t yp e. This information is passed to eac h SS through uplink

con trol messages sen t on do wnlink c hannel. Eac h SS determines the start time and du-

ration of slots assigned to its connections. SS then transmits bandwidth requests and

uplink data appropriately in the assigned slots. This phenomenon o ccurs in ev ery frame.

2.5.3 Existing QoS Pro visions of IEEE 802.16

IEEE 802.16 pro vides mec hanisms to supp ort QoS for b oth uplink and do wnlink tra�c

through SS and BS. The principal mec hanism for pro viding QoS is to asso ciate pac k ets

tra v ersing the MA C in terface with a servic e 
ow . A servic e 
ow is a MA C la y er transp ort

service that pro vides unidirectional transp ortation of pac k ets in b oth uplink and do wnlink

direction. A set of QoS parameters suc h as a v erage dela y , minim um reserv ed bandwidth,

tra�c priorit y etc along with the direction are asso ciated with eac h servic e 
ow . During

the connection set up phase, these service 
o ws are established and activ ated b y BS and

SS. A unique CID is assigned to all activ ated service 
o ws. Man y higher la y er sessions

ma y op erate o v er the same MA C la y er CID if their QoS requiremen ts are same. Apart
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from this, in order to supp ort QoS in uplink direction, IEEE 802.16 standard pro vides

the follo wing features:

2.5.3.1 Uplink Sc heduling Services

IEEE 802.16 sp eci�es four sc heduling services for uplink 
o ws. Eac h connection in uplink

direction is mapp ed to one of these services. BS sc heduler follo ws a set of rules for eac h

uplink service while allo cating bandwidth to SSs for uplink transmission.

� Unsolicite d Gr ant servic e (UGS): UGS service 
o w t yp e is designed to supp ort

real time services that generate �xed units of data p erio dically , suc h as V oice o v er

IP . Here the BS sc hedules a �xed size data gran ts p erio dically without an explicit

request from the SS whic h eliminates the o v erhead and latency of SS requests to

meet the 
o w's real-time needs. UGS connections are not allo w ed to use an y request

slots. The k ey parameters of an UGS 
o w are Unsolicite d Gr ant Size, Nominal Gr ant

Interval , and T oler ate d Gr ant Jitter [1].

� R e al-time Pol ling Servic e (rtPS): rtPS is designed to supp ort real-time service 
o ws

that generate v ariable size data pac k ets p erio dically , suc h as MPEG video. The

service o�ers real-time, p erio dic, unicast request slots, whic h meet the 
o w's real-

time needs and allo w the SS to sp ecify the size of the desired gran t. rtPS connections

are not allo w ed to use con ten tion request slots. The k ey parameters of a rtPS 
o w

are Nominal Pol ling Interval, T oler ate d Pol l Jitter , and Minimum R eserve d T r a�c

R ate [1].

� Non-r e al-time Pol ling Servic e (nrtPS): nrtPS is designed to supp ort non real-time

service 
o ws that require v ariable size data gran ts on a regular basis, suc h as high

bandwidth FTP . It is similar to rtPS but o�ers unicast request slots less frequen tly

and SS is allo w ed to use con ten tion request slots. The k ey parameters of a nrtPS 
o w

are Nominal Pol ling Interval, Minimum R eserve d T r a�c R ate , and T r a�c Priority

[1].

� Best E�ort (BE): This service is designed to supp ort b est e�ort tra�c and o�ers no

guaran tee. SS is allo w ed to use b oth con ten tion and unicast request slots. The k ey

parameters of a BE 
o w are Minimum R eserve d T r a�c R ate and T r a�c Priority

[1].
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2.5.3.2 Bandwidth Request and Gran t Mec hanisms

In IEEE 802.16, access in the uplink direction is b y D AMA-TDMA. SSs use bandwidth

request mec hanism to sp ecify uplink bandwidth requiremen t to the BS. BS p olls SS b y

allo cating bandwidth to them for the purp ose of making bandwidth requests. Bandwidth

is alw a ys requested on p er connection basis. Bandwidth can b e requested b y sending

a bandwidth request pac k et or piggybac king it with a data pac k et. Requests can b e

aggr e gate or incr emental . When the BS receiv es an incr emental bandwidth request, it

adds the quan tit y of bandwidth requested to its curren t p erception of the bandwidth needs

of the connection. When the BS receiv es an aggr e gate bandwidth request, it replaces its

p erception of the bandwidth needs of the connection with the quan tit y of bandwidth

requested.

IEEE 802.16 sp eci�es t w o mo des for gran ting bandwidth requested b y SS.

� Gr ant Per Conne ction (GPC): In GPC mo de, BS sc heduler treats eac h connection

separately and bandwidth is explicitly gran ted to eac h connection. SS transmits

according to the order sp eci�ed b y the BS.

� Gr ant Per Subscrib er Station (GPSS): In GPSS mo de, BS sc heduler treats all the

connections from a single SS as one unit and gran ts bandwidth to SS. An additional

sc heduler is emplo y ed at SS whic h determines the service order for its connections

in the gran ted slot.

GPSS mo de is more scalable and e�cien t as compared to GPC. It is also capable of

pro viding lo w er dela y to real-time applications b ecause SS is more in telligen t in GPSS

mo de and can react quic kly to the needs of real-time 
o ws.

2.5.4 Con ten tion Resolution Algorithm

Collisions ma y o ccur during con ten tion slots in whic h all SS are allo w ed to transmit

ranging or bandwidth request. The pro cess of con ten tion resolution is based on truncated

binary exp onen tial bac k o�, with the initial and maxim um bac k o� windo w (sp eci�ed as

p o w er of 2) con trolled b y the BS. When an SS has some bandwidth request to send

and w an ts to en ter con ten tion resolution pro cess, it sets its in ternal bac k o� windo w to

initial bac k o� windo w. It then selects a random n um b er within its bac k o� windo w whic h
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indicates the n um b er of con ten tion transmission opp ortunities that the SS defers b efore

transmitting. If data gran t is allo cated to this SS in a subsequen t uplink subframe then

the con ten tion resolution is complete. Otherwise the transmission is lost if no gran t has

b een giv en within a pre-sp eci�ed time limit. The SS k eeps rep eating the whole pro cess

b y increasing its bac k o� windo w b y a factor of 2 un til it is less than the maxim um bac k o�

windo w. This pro cess con tin ues un til the maxim um n um b er of retries are reac hed after

whic h appropriate action is tak en.

2.6 Need for a QoS Sc heduling Arc hitecture for IEEE

802.16

As describ ed ab o v e, IEEE 802.16 has b een dev elop ed k eeping in view the stringen t QoS

requiremen ts of v arious applications. Ho w ev er, it do es not suggest ho w to e�cien tly

sc hedule pac k ets from v arious classes to meet their div erse QoS requiremen ts. Therefore,

an e�cien t QoS sc heduling arc hitecture for IEEE 802.16 is required in order to pro vide

QoS guaran tees to v arious applications. W e prop ose an e�cien t QoS sc heduling arc hitec-

ture for IEEE 802.16 Wireless MANs with a �xed p oin t-to-m ultip oin t top ology . The next

c hapter pro vides a brief o v erview of our prop osed QoS sc heduling arc hitecture.
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Ov erview of the QoS Sc heduling

Arc hitecture

Our prop osed QoS sc heduling arc hitecture is a distributed arc hitecture implemen ting

GPSS mo de for gran ting bandwidth to SSs. The arc hitecture supp orts all four kinds of

uplink services sp eci�ed in IEEE 802.16 standard.

3.1 Design Goals

Our main design go als are as follo ws:

� T o pro vide dela y and bandwidth guaran tees for v arious kinds of applications.

� T o main tain fairness among v arious 
o ws based on their priorit y .

� T o ac hiev e high bandwidth utilization.

F airness in our con text means that the QoS guaran tees of a high priorit y 
o w are not

a�ected b y a lo w priorit y 
o w, b oth within an SS and across SSs. F or example, consider a

scenario sho wn in �gure 3.1. It consists of t w o SSs and a single BS. S S 1 has a UGS 
o w

and a rtPS 
o w. S S 2 has a rtPS 
o w and a BE 
o w. In this situation, our arc hitecture

needs to guaran tee that the burst y BE tra�c at S S 2 do es not a�ect the deadlines of rtPS


o w at S S 2 as w ell as dela y-sensitiv e 
o ws at S S 1. In addition to this, eac h SS m ust b e

allo cated minim um bandwidth reserv ed b y them to ensure that real-time deadlines are

met.
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Figure 3.1: Wireless Metrop olitan Area Net w ork.

3.2 Design Decisions

In order to meet the ab o v e stated design goals w e ha v e tak en follo wing design decisions:

� W e ha v e c hosen GPSS mo de for gran ting bandwidth to SS as it is scalable, e�cien t

and allo ws SS to react faster to the needs of real-time applications.

� BS allo cates uplink bandwidth to eac h SS based on SSs �xed and v ariable require-

men ts for v arious 
o ws using w eigh ted max-min fair allo cation strategy . High prior-

it y 
o ws are assigned more w eigh t to mak e sure that bandwidth requests for these


o ws are gran ted ahead of lo w er priorit y 
o ws.

� Eac h SS distributes the allo cated bandwidth among its v arious 
o ws based on their

priorit y and minim um bandwidth requiremen t using a com bination of strict priorit y

and W eigh ted F air Queuing (WF Q) sc heduling. UGS 
o ws, reserv ed rtPS, nrtPS

and BE 
o ws, and remaining 
o ws are serv ed in that order using strict priorit y

sc heduling. Order of transmission among reserv ed 
o ws is decided using WF Q

sc heduling. This design ensures that reserv ed 
o ws get higher priorit y while fairness

among them is ac hiev ed through WF Q sc heduling.

� In the do wnlink direction, 
o ws with minim um bandwidth reserv ation are serv ed

�rst. WF Q sc heduling is used to determine order of pac k et transmission for reserv ed


o ws. Remaining bandwidth is assigned to b est-e�ort 
o ws i.e. 
o ws with no

bandwidth reserv ations.
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3.3 Ov erview of the Arc hitecture

The blo c k diagram of our prop osed QoS sc heduling arc hitecture is sho wn in �gure 4.1. A

brief o v erview of the w orking of this arc hitecture is as follo ws:

� The follo wing sequence of ev en ts tak e place at BS MA C la y er:

{ The incoming IP pac k et is classi�ed in to one of the connections, shap ed and

placed in one of the do wnlink tra�c queues.

{ BS also receiv es uplink data and request pac k ets sen t on uplink c hannel b y

v arious SSs. Data pac k ets are handed to higher la y er while request pac k ets are

classi�ed and placed in the uplink gran t queue accordingly . P erio dic data and

request gran ts generated b y BS are also treated in the same manner as uplink

bandwidth requests.

{ Both the do wnlink tra�c queues and uplink gran t queues are examined b y

BS and the total bandwidth is divided in to do wnlink and uplink subframe

accordingly .

{ BS then sc hedules do wnlink data pac k ets in the bandwidth pro vided and cre-

ates do wnlink con trol message.

{ BS also allo cates uplink bandwidth to v arious SSs based on their bandwidth

demands and enco des this information in uplink con trol message.

{ A t the start of frame, BS transmits do wnlink and uplink con trol message on

do wnlink c hannel follo w ed b y do wnlink data for v arious SSs.

� The follo wing sequence of ev en ts tak e place at SS MA C la y er:

{ The incoming IP pac k et is classi�ed in to one of the connections, shap ed and

placed in one of the uplink tra�c queues.

{ SS also receiv es do wnlink and uplink con trol messages sen t b y BS on do wnlink

c hannel. SS listens to do wnlink c hannel for the en tire do wnlink subframe du-

ration to disco v er if there are an y do wnlink pac k ets in tended for it. Do wnlink

data pac k ets addressed to it are sen t to higher la y er.

{ SS determines its uplink transmission time and duration of transmission b y

deco ding uplink con trol message.
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{ SS also generates bandwidth requests to b e sen t to BS.

{ SS then sc hedules uplink data pac k ets and request pac k ets in the allo cated slot

and transmits them accordingly .

{ After completing uplink transmission, SS again starts listening on do wnlink

c hannel with the start of next frame.

A detailed description of the arc hitecture is giv en in the follo wing c hapter.



Chapter 4

Prop osed Arc hitecture Details

Our arc hitecture consists of v arious comp onen ts as sho wn in �gure 4.1. It mainly includes

do wnlink and uplink data classi�ers, tra�c shap ers at BS and SS, uplink map generator

at BS, do wnlink and uplink sc heduler. Some of the comp onen ts of our arc hitecture are

sp eci�ed in the standard while others are in tro duced b y us to meet QoS design goals. W e

no w explain the w orking of eac h comp onen t in detail.
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Figure 4.1: QoS Sc heduling Arc hitecture for IEEE 802.16.
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4.1 BS Do wnlink Data Classi�er

This comp onen t classi�es eac h incoming IP pac k et to b e transmitted on do wnlink c hannel

in to one of Downlink T r a�c Queues . In our design, there are n + 1 suc h queues, where

n is the n um b er of reserv ed do wnlink 
o ws as sho wn in �gure 4.1. There is a separate

queue corresp onding to eac h 
o w with minim um bandwidth reserv ations called as T yp e 1

queues. Eac h queue of T yp e 1 is iden ti�ed b y a unique CID. All the remaining 
o ws are

mapp ed to a single queue called as T yp e 2 queue. Classi�cation includes mapping the

IP pac k et to a particular CID and then placing it in a prop er queue. A set of classi�ers

are asso ciated with eac h CID. Eac h classi�er consists of a set of parameters suc h as IP

T yp e of Service v alue, IP Source and Destination address etc. A priorit y v alue is also

asso ciated with eac h classi�er. These classi�ers are applied to eac h pac k et in the order

of priorit y . The highest priorit y classi�er whic h matc hes the pac k et determines the CID

for the pac k et. Finally , pac k et is placed in one of the Downlink T r a�c Queues dep ending

up on its CID and bandwidth reserv ations for that connection.

4.2 BS T ra�c Shap er

T r a�c Shap er is emplo y ed at BS to examine the incoming tra�c according to its param-

eters and shap e the tra�c whic h violates the parameters.

4.3 BS P erio dic Gran t Generator

This comp onen t generates p erio dic data and request gran ts for uplink 
o ws. It k eeps trac k

of all the admitted UGS, rtPS and nrtPS 
o ws. It generates one data gran t p er nominal

gran t in terv al for eac h activ e uplink UGS 
o w. Eac h gran t is generated at time t

k

where

t

k

= t

0

+ k � nominal g r ant inter v al and mark ed with a deadline equal to t

k

+ j itter .

Here t

0

is the initial reference time. Similar metho d is used for generating request gran ts

for rtPS and nrtPS 
o ws.

4.4 BS Uplink Gran t Classi�er

This comp onen t handles classi�cation of p erio dic gran ts and bandwidth requests. P eri-

o dic gran ts generated b y BS Perio dic Gr ant Gener ator and uplink bandwidth requests
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transmitted b y v arious SSs are fed to this comp onen t. It classi�es eac h gran t and request

pac k ets in to one of uplink gran t queues. In our design, there is an uplink gran t queue

corresp onding to eac h SS as sho wn in �gure 4.1. Classi�cation is done b y mapping CID

to the corresp onding SS.

4.5 BS F rame P artitioner

Our arc hitecture supp orts TDD for allo cating bandwidth for do wnlink and uplink c hannel.

In our design, w e use a �xed partition sc heme whic h divides the total frame bandwidth

equally b et w een do wnlink and uplink subframe.

4.6 SS Uplink Data Classi�er

This comp onen t classi�es eac h incoming IP pac k et to b e transmitted on uplink c hannel

in to one of Uplink T r a�c Queues . In our design, eac h SS has one queue for UGS 
o ws

called as T yp e 1 queue, a separate queue for eac h rtPS 
o w called as T yp e 2 queues, a

separate queue for eac h nrtPS and BE 
o w with minim um bandwidth reserv ations called

as T yp e 3 queues. All the remaining nrtPS and BE 
o ws are mapp ed to a single queue

called as T yp e 4 queue. These set of queues are called Uplink T r a�c Queues . The

classi�cation pro cess is same as in BS Downlink Data Classi�er .

4.7 SS T ra�c Shap er

The w orking of this comp onen t is similar to BS T r a�c Shap er .

4.8 SS Request Generator

Bandwidth request for v arious connections to b e transmitted in an uplink subframe is

generated b y SS R e quest Gener ator . F or eac h connection, aggr e gate request is generated.

A ggr e gate request for a connection is equal to the curren t queue length for that connection

i.e.

Ag g r eg ateR eq uest

i

= QueueLeng th

i
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4.9 BS Uplink Map Generator

This comp onen t is resp onsible for allo cating bandwidth to eac h SS for uplink transmission.

W e use max-min fair al lo c ation strategy for this purp ose [4]. Bandwidth is allo cated on

p er SS basis rather than on p er connection basis. Amoun t of bandwidth allo cated to eac h

SS is based on follo wing:

� Amoun t of bandwidth requested b y eac h SS for transmitting uplink data.

� P erio dic bandwidth requiremen t of SSs UGS 
o ws.

� Bandwidth required for making additional bandwidth requests.

Algorithm 1 giv es the algorithm for allo cating uplink bandwidth to eac h SS. Input

to this algorithm is total b ytes requested p er 
o w b y eac h SS. BS calculates total b ytes

requested for eac h 
o w p er SS b y examining uplink gran t queues. BS also calculates

total n um b er of b ytes requested for eac h uplink 
o w across all SS. Uplink bandwidth is

distributed among v arious SSs in t w o stages using max-min fair al lo c ation strategy .

� In the �rst stage, uplink bandwidth is distributed among four uplink 
o ws. In the

�rst round, eac h uplink 
o w is allo cated its p ercen tage of bandwidth, normalized b y

its w eigh t. This ensures that high priorit y reserv ed 
o ws are alw a ys satis�ed b efore

lo w priorit y 
o ws. In the second round, excess bandwidth allo cated to an y 
o w

is distributed among unsatis�ed 
o ws in prop ortion to their w eigh t. This pro cess

con tin ues un til either all four uplink 
o ws are satis�ed or no bandwidth is a v ailable.

� In the second stage, bandwidth allo cated to eac h 
o w is distributed among all SSs.

In the �rst round, bandwidth allo cated to UGS 
o ws is equally distributed among

all SSs. In the second round, excess bandwidth allo cated to an y SS more than its

requiremen t for UGS 
o ws is ev enly distributed among unsatis�ed SSs. This pro cess

con tin ues un til either UGS requiremen t of all SSs are satis�ed or no bandwidth for

UGS 
o ws is a v ailable. The ab o v e pro cess is rep eated for rtPS, nrtPS and BE 
o ws

to o. The order of transmission among SSs is decided according to the deadline of

UGS data to b e transmitted b y eac h SS.
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Some of the imp ortan t notations used in the algorithm are as follo ws:

total U pl ink B y tes = T otal b ytes a v ailable for uplink transmission.

r tP S R eq [ i ] = Bytes requested b y i

th

SS for rtPS 
o ws.

nr tP S R eq [ i ] = Bytes requested b y i

th

SS for nrtPS 
o ws.

B E R eq [ i ] = Bytes requested b y i

th

SS for BE 
o ws.

C B R R eq [ i ] = UGS data and request gran ts for i

th

SS.

C B R W eig ht = 4 i.e. W eigh t assigned to UGS 
o ws and request gran ts.

r tP S W eig ht = 3 i.e. W eigh t assigned to rtPS 
o ws.

nr tP S W eig ht = 2 i.e. W eigh t assigned to nrtPS 
o ws.

B E W eig ht = 1 i.e.W eigh t assigned to BE 
o ws.

f l ow R eq [ i ] = T otal b ytes requested for i

th

uplink 
o w across all SS.

f l ow Al l oc [ i ] = T otal b ytes allo cated for i

th

uplink 
o w across all SS.

f l ow W eig ht [ i ] = W eigh t assigned to i

th

uplink 
o w.

f l ow R eq S S [ i ][ j ] = T otal b ytes requested for i

th

uplink 
o w b y j

th

SS.

S S U pl ink B y tes [ i ] = T otal b ytes gran ted to i

th

SS for uplink transmission.

Algorithm for allo cating bandwidth to SSs for uplink transmission is describ ed b elo w:

Algorithm 1 BS Uplink Map Generator

1: 
o w Req[1] = 
o w Req[2] = 
o w Req[3] = 
o w Req[4] = 0;

2: 
o w Allo c[1] = 
o w Allo c[2] = 
o w Allo c[3] = 
o w Allo c[4] = 0;

3: 
o w W eigh t[1] = CBR W eigh t; 
o w W eigh t[2] = rtPSW eigh t;


o w W eigh t[3] = nrtPSW eigh t; 
o w W eigh t[4] = BEW eigh t;

/*Flo w n um b er 1 for UGS, 2 for rtPS, 3 for nrtPS and 4 for BE.*/

4: totalSS = N; /*T otal n um b er of SS is N .*/

5: for all j = 1; j � total S S ; j + + do

6: 
o w Req SS[1][j] = CBR Req[j]; 
o w Req SS[2][j] = rtPS Req[j];


o w Req SS[3][j] = nrtPS Req[j]; 
o w Req SS[4][j] = BE Req[j];

7: 
o w Req[1] += CBR Req[j]; 
o w Req[2] += rtPS Req[j];


o w Req[3] += nrtPS Req[j]; 
o w Req[4] += BE Req[j];

8: end for



28 Chapter 4. Prop osed Arc hitecture Details

/*Uplink bandwidth is distributed among all four 
o ws using max-min allo cation.*/

9: while

P

4

i =1

f l ow W eig ht [ i ] != 0 && totalUplinkBytes != 0 do

10: extraBytes = 0; totalW eigh t =

P

4

i =1

f l ow W eig ht [ i ];

11: for all i = 1; i � 4; i + + do

12: 
o w Allo c[i] += b

f l ow W eig ht [ i ]

total W eig ht

c * totalUplinkBytes;

13: if 
o w W eigh t[i] != 0 && 
o w Req[i] � 
o w Allo c[i] then

14: extraBytes += 
o w Allo c[i] - 
o w Req[i];

15: 
o w Allo c[i] = 
o w Req[i];

16: 
o w W eigh t[i] = 0; /*W eigh t is set to 0 for satis�ed 
o ws.*/

17: end if

18: end for

19: total U pl ink B y tes = extr aB y tes ;

/*Extra Bytes will b e distributed among unsatis�ed 
o ws.*/

20: end while

/*F or all uplink 
o ws, 1 = UGS, 2 = rtPS, 3 = nrtPS, 4 = BE.*/

21: for all i = 1; i � 4; i + + do

22: totalSS = N; /*T otal n um b er of SS is N .*/

23: if 
o w Req[i] == 
o w Allo c[i] then

24: for all j = 1; j � total S S ; j + + do

25: SSUplinkBytes[j] += 
o w Req SS[i][j]; 
o w Req SS[i][j] = 0;

26: end for

27: else

28: for all j = 1; j � total S S ; j + + do

29: satis�ed[j] = 0; /*Keeps trac k of SSs with unsatis�ed requests.*/

30: end for

/*Bandwidth allo cated to i

th


o w is distributed among all SSs using max-min

allo cation.*/

31: while 
o w Allo c[i] > 0 do

32: extraBytes = 0; 
o w Allo c SS = b

f l ow Al l oc [ i ]

total S S

c ;

33: for all j = 1; j � N ; j + + do

34: if satis�ed[j] == 0 then

35: if 
o w Allo c SS � 
o w Req SS[i][j] then
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36: SSUplinkBytes[j] += 
o w Req SS[i][j];

37: extraBytes += 
o w Allo c SS - 
o w Req SS[i][j];

38: 
o w Req SS[i][j] = 0; satis�ed[j] = 1; totalSS -= 1;

39: else

40: SSUplinkBytes[j] += 
o w Allo c SS;

41: 
o w Req SS[i][j] -= 
o w Allo c SS

42: end if

43: end if

44: end for

45: 
o w Allo c[i] = extraBytes; /*Extra Bytes will b e distributed equally among

unsatis�ed SSs.*/

46: end while

47: end if

48: end for

49: for all j = 1; j � N ; j + + do

50: SSUplinkBytes[j] +=

total U pl ink B y tes

N

;

51: end for

4.10 BS Do wnlink Sc heduler

This comp onen t is resp onsible for sc heduling pac k ets from Downlink T r a�c Queues at BS

for transmission on do wnlink c hannel. In our design, bandwidth allo cation to b oth t yp es

of queues follo ws strict priorit y discipline. P ac k ets from T yp e 1 queues are transmitted

�rst. Remaining bandwidth after transmission of all pac k ets from T yp e 1 queues, if an y ,

is allo cated to pac k ets from T yp e 2 queue. In our implemen tation, w e use W eigh ted

F air Queuing (WF Q) sc heduling algorithm to serv e the 
o ws fed to T yp e 1 queues [5].

WF Q w eigh t for the 
o ws of T yp e 1 queues is assigned based on the minim um bandwidth

reserv ed b y them. P ac k ets from a single queue are serv ed in the FIF O order.

4.11 SS Uplink Sc heduler

This comp onen t is resp onsible for sc heduling pac k ets from Uplink T r a�c Queues at SS

for transmission on uplink c hannel. Eac h SS determines its slot duration and transmission
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time through the uplink con trol message sen t b y BS. Bandwidth allo cated to eac h SS for

uplink transmission m ust b e prop erly allo cated to v arious uplink 
o ws so as to satisfy

their QoS requiremen t.

In our design, eac h SS uses a com bination of strict priorit y sc heduling and WF Q

sc heduling to serv e v arious uplink 
o ws. T yp e 1 queue for UGS 
o ws is the highest priorit y

queue and is serv ed �rst. SS then transmits bandwidth request pac k ets for v arious 
o ws

other than UGS 
o w. P ac k ets from T yp e 2 and T yp e 3 queues are serv ed next. W e use

WF Q sc heduling algorithm to serv e the 
o ws fed to T yp e 2 and T yp e 3 queues. WF Q

w eigh t for the 
o ws of T yp e 2 and T yp e 3 queues is assigned based on the minim um

bandwidth reserv ed b y them. The remaining bandwidth after serving all higher priorit y


o ws is allo cated to T yp e 4 queue. P ac k ets from a single queue are serv ed in the FIF O

order.

Supp ose an SS has four uplink 
o ws of eac h t yp e. Both rtPS and nrtPS 
o ws has

minim um bandwidth reserv ation while BE 
o w has made no bandwidth reserv ation. As

p er our design, UGS 
o w is mapp ed to T yp e 1 , rtPS 
o w to T yp e 2 , nrtPS 
o w to T yp e

3 and BE 
o w to T yp e 4 . A t the time of uplink transmission, SS transmits pac k ets

from T yp e 1 queue �rst. P ac k ets from T yp e 2 and T yp e 3 queues are transmitted in the

remaining time in order of their increasing �nish times. P ac k ets from T yp e 4 queue are

transmitted next in the remaining time left after all pac k ets from high priorit y queues are

transmitted.



Chapter 5

Implemen tation Details

In this c hapter w e discuss the implemen tation details of IEEE 802.16 MA C and our

arc hitecture. W e ha v e used Qualnet 3.6 for implemen ting and sim ulating IEEE 802.16

MA C along with our arc hitecture. Qualnet 3.6 sim ulator do es not pro vide a patc h for

IEEE 802.16 MA C and PHY. Therefore, w e ha v e implemen ted IEEE 802.16 MA C in

Qualnet 3.6. IEEE 802.16 MA C is not tied to an y particular ph ysical la y er sp eci�cation.

Since IEEE 802.11b PHY w as readily a v ailable w e ha v e used it as the ph ysical la y er for

the sim ulation. Since our study do es not dep end on c hannel prop erties, w e feel that the

use of IEEE 802.11b PHY for quic k sim ulation analysis is justi�ed.

W e ha v e abstracted the relev an t MA C details from the standard for the purp ose of

sim ulation. IEEE 802.16 MA C features supp orted b y our implemen tation are as follo ws.

1. TDD frame structure.

2. All four uplink sc heduling services.

3. GPSS mo de for bandwidth allo cation.

4. A ggr e gate bandwidth requests.

5. Conc atenation of MA C pac k ets in to a single transmission burst.

6. Pro vides in terface for IP la y er.

7. Static service 
o ws.

Qualnet 3.6 is a discrete ev en t sim ulator. Proto cols op erate as a �nite state mac hine

that c hanges state on the o ccurrence of an ev en t. Ev ery proto col consists of three main

functions. Ev ery proto col b egins with an initialization function whic h reads external input

to con�gure the state of the proto col. The con trol is then passed to an ev en t dispatc her.
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Figure 5.1: BS State T ransition Diagram.

On arriv al of an ev en t, it determines to whic h proto col it should b e directed and calls

the ev en t dispatc her for that proto col. The ev en t handler is called as p er the t yp e of the

ev en t to pro cess it. Finally , at the end of the sim ulation, �nalization function is called to

prin t the statistics for ev ery proto col at eac h no de. F or the implemen tation purp ose, w e

ha v e dra wn state transition diagrams of BS and SS as sho wn in �gure 5.1 and �gure 5.2.

BS and all SSs are initialized along with other MA C parameters suc h as do wnlink

and uplink c hannel ID etc. V arious uplink and do wnlink connections are setup and are

assigned a unique connection iden ti�er. After initialization, BS and SS w aits in idle state

for an ev en t to tak e place. In the idle state, MA C la y er ma y receiv e messages from

net w ork la y er for sending a pac k et, from ph ysical la y er for receiving a pac k et or from

itself on expiration of MA C timers.

On receiving a MSG Network L ayer Has Packet T o Send message from net w ork la y er

for sending an IP pac k et, BS adds it to one of the Do wnlink T ra�c Queues after classi�ca-

tion and shaping. MA C header is also added to this pac k et. If the IP pac k et is fed to one

of the T yp e 1 queues then WF Q virtual time is up dated based on the w eigh t of curren tly

activ e queues. A queue is activ e if it has at least one pac k et. WF Q �nish time for the

curren t pac k et is also calculated based on curren t WF Q virtual time or WF Q �nish time
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of the last pac k et in the queue, whic hev er is greater.

MSG R cv Pkt F r om Phy is sen t b y ph ysical la y er to notify the MA C for receiving a

pac k et sen t b y an SS. Uplink data pac k ets handed to BS MA C la y er are sen t to higher

la y er after remo ving MA C header. Uplink bandwidth request pac k ets are classi�ed and

placed in uplink gran t queues. Change in status of ph ysical c hannel is noti�ed to MA C

through MSG R cv Phy Status Change Noti�c ation message.

In order to generate p erio dic data and request gran ts, BS sc hedules a timer message

MSG MA C Perio dicGr antGener ationTime . On expiration of the timer, particular gran t

is generated and timer for next gran t is sc heduled.

A timer message MSG MA C DownlinkT r ansmissionTime is sc heduled for the start

of do wnlink subframe. On expiration of the timer, con trol messages are created b y BS.

BS Uplink Map Generator allo cates bandwidth to eac h SS for uplink transmission in the

curren t frame using algorithm 1. Uplink bandwidth allo cation is enco ded in uplink con trol

message and passed on to BS Do wnlink Sc heduler. BS Do wnlink Sc heduler generates

do wnlink con trol message based on the curren t state of Do wnlink T ra�c Queues using BS

do wnlink sc heduling strategy . WF Q virtual time is also up dated at the time of departure

of a pac k et from T yp e 1 queues. If a T yp e 1 queue b ecomes empt y then it is mark ed

inactiv e. BS transmits do wnlink and uplink con trol messages on the do wnlink c hannel

at their sc heduled time. A timer message MSG MA C T r ansmitDownlinkData is then

sc heduled for transmission of do wnlink data. Do wnlink data is transmitted up on expiry

of the ab o v e men tioned timer. BS then sc hedules a timer for transmitting next do wnlink

subframe.

When SS receiv es MSG Network L ayer Has Packet T o Send message from net w ork

la y er for sending an IP pac k et, SS adds it to one of the Uplink T ra�c Queues after

classi�cation and shaping. MA C header is also added to this pac k et. If the IP pac k et

is fed to one of the T yp e 2 or T yp e 3 queues then WF Q virtual time is up dated based

on the w eigh t of curren tly activ e queues. WF Q �nish time for the curren t pac k et is also

calculated based on the curren t WF Q virtual time or WF Q �nish time of the last pac k et

in the queue, whic hev er is greater.

F or the do wnlink subframe duration, SS PHY con tin uously listens to do wnlink c hannel

to disco v er if there are an y do wnlink pac k ets in tended for it. MSG R cv Pkt F r om Phy is

sen t b y ph ysical la y er to notify the MA C for receiving a pac k et sen t b y the BS. Do wnlink
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pac k ets addressed to the SS are receiv ed and pro cessed based on their t yp e. Do wnlink and

uplink con trol messages sen t b y BS on do wnlink c hannel are used for determining v arious

con trol parameters for b oth do wnlink and uplink c hannels. Do wnlink con trol message

is deco ded to determine start time of the frame, frame duration etc. SS determines its

uplink transmission time and duration of transmission in the curren t frame b y deco ding

uplink con trol message. A timer message MSG MA C UplinkT r ansmissionTime is sc hed-

uled whic h noti�es the SS the uplink transmission time on expiry . Do wnlink data pac k ets

are handed o v er to higher la y er after remo ving MA C header.

A t the start of its uplink transmission slot, SS Uplink Sc heduler sc hedules data pac k-

ets and request pac k ets to b e transmitted in the curren t uplink subframe using SS uplink

sc heduling strategy . Bandwidth request pac k ets are generated b y SS Request Generator.

WF Q virtual time is up dated at the time of departure of a pac k et from T yp e 2 and T yp e

3 queues. If a T yp e 2 and T yp e 3 queue b ecomes empt y then it is mark ed inactiv e. Sc hed-

uled pac k ets are transmitted b y SS in the assigned slot. After completing transmission,

SS PHY again listens to do wnlink c hannel.
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5.1 In tegration with Qualnet 3.6 Sim ulator

Qualnet 3.6 is a v ery fast, scalable and e�cien t sim ulator. Its source co de is highly

mo dular and v ery w ell do cumen ted. So, it w as not v ery hard for us to implemen t and

in tegrate IEEE 802.16 MA C and our arc hitecture with Qualnet 3.6. In this section, w e

presen t the ma jor c hanges made b y us for in tegrating our co de with Qualnet 3.6.

W e ha v e written 802.16 MA C proto col in �les mac 802 16.h and mac 802 16.c . These

t w o �les are then placed in mac folder in qualnet directory . T o compile these �les along

with existing �les, the �le names are added to Make�le-c ommon �le in main folder in

qualnet directory . File mac.h includes the name of existing MA C proto cols. So, w e made

an en try of 802.16 MA C proto col in this �le. Then the initialization function, ev en t

dispatc her and �nalization function name for 802.16 MA C proto col are added to mac.c

�le. The v arious timer messages de�ned ab o v e are added to the �le api.h .

In Qualnet 3.6, a message structure is used to de�ne an ev en t. This message structure

carries information ab out the ev en t suc h as its t yp e and, the asso ciated data to o. W e

ha v e added some more �elds to this structure to carry extra information for implemen ting

Conc atenation of pac k ets for IEEE 802.16 MA C.





Chapter 6

Sim ulation Analysis

So far w e ha v e gone through the details of or arc hitecture and its implemen tation. In this

c hapter w e presen t our sim ulation setup and the results whic h sho w that our arc hitecture

ful�lls the stated design goals.

6.1 Sim ulation Setup
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Figure 6.1: Sim ulation Setup.

The sim ulation top ology consists of one BS and a n um b er of SSs as sho wn in �gure 6.1.

All the no des use 802.16 MA C la y er and 802.11b ph ysical la y er. Channel bandwidth is

11 Mbps whic h is divided equally b et w een do wnlink and uplink subframe. Eac h frame is

of 10 milli-second duration. W e ha v e assumed that the c hannel is error-free so that eac h

pac k et is successfully receiv ed at the destination. Also, n um b er of subscrib er stations

cannot c hange dynamically during the sim ulation. Eac h SS has a com bination of v arious

application 
o ws suc h as V OIP , FTP , T elnet etc. Eac h of these application lev el 
o ws

are mapp ed appropriately to one of the uplink sc heduling 
o ws. W e ha v e c hosen a v erage

dela y of uplink 
o ws at SSs and e�ectiv e bandwidth utilization as p erformance metrics.
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6.2 Sim ulation Results

W e ha v e p erformed the follo wing exp erimen ts to illustrate the p erformance of our arc hi-

tecture.

� The �rst exp erimen t aims at sho wing the maxim um n um b er of subscrib er stations

that can b e supp orted. Here w e ha v e p erformed a n um b er of sim ulation runs eac h

with di�eren t n um b er of SSs. In ev ery run, eac h SS has same n um b er of uplink


o ws with similar QoS parameters. T otal load o�ered b y eac h SS is appro ximately

6-7% of the a v ailable uplink bandwidth. Eac h sim ulation is run for 20 seconds. W e

ha v e measured a v erage dela y of eac h uplink 
o ws across all SSs for ev ery sim ulation

run. Figure 6.2 sho ws the graph obtained for the same. It is observ ed that initially ,

a v erage dela y of all the 
o ws is nearly equal, around 5 : 5 milli-second. As the n um b er

of SS increases, a v erage dela y of BE 
o ws starts increasing rapidly . There is a small

increase in a v erage dela y of nrtPS to o. On increasing the n um b er of SSs in the

system b ey ond 15, there is a rapid increase in a v erage dela y of non-real time 
o ws.

A t the same time a v erage dela y of rtPS 
o ws also starts increasing slo wly . Therefore,

on an a v erage 15 subscrib er stations can b e supp orted.
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Figure 6.2: Av erage Dela y Vs Num b er of SS.

� The second exp erimen t aims at sho wing the maxim um e�ectiv e bandwidth utiliza-

tion ac hiev ed with our arc hitecture. Here w e ha v e p erformed a n um b er of sim ulation

runs eac h with increasing o�ered load while k eeping n um b er of SSs same across all
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Figure 6.3: E�ectiv e Bandwidth Utiliza-

tion Vs O�ered Load[Scenario 1].
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Figure 6.4: E�ectiv e Bandwidth Utiliza-

tion Vs O�ered Load[Scenario 1].

runs. W e ha v e setup a top ology with one BS and �v e SSs. O�ered load is equally

distributed among all SSs. Eac h sim ulation is run for 25 seconds. Both o�ered load

and bandwidth utilization are calculated as a p ercen tage of link bandwidth. Con trol

pac k ets are not included in bandwidth utilization calculation. W e ha v e calculated

e�ectiv e bandwidth utilization in t w o di�eren t scenarios as follo ws:

{ Sc enario 1 : In this scenario, the load o�ered b y high priorit y tra�c is more

as compared to lo w er priorit y tra�c. Figure 6.3 sho ws the graph for e�ectiv e

bandwidth utilization with increasing o�ered load. E�ectiv e bandwidth uti-

lization increases linearly as the o�ered load is increased. On increasing the

o�ered load b ey ond 100%, e�ectiv e bandwidth utilization remains more or less

constan t. Therefore, maxim um e�ectiv e bandwidth utilization ac hiev ed with

our arc hitecture is around 93%. W e ha v e also calculated e�ectiv e bandwidth

utilized for eac h of the four uplink 
o ws as sho wn in Figure 6.4. W e ha v e

placed no limit on the bandwidth pro vided to UGS 
o ws. As exp ected, band-

width utilization of all uplink 
o ws increases linearly on increasing o�ered

load. But the bandwidth utilization of lo w er priorit y 
o ws starts decreasing

as the total o�ered load increases b ey ond 90%.

{ Sc enario 2 : In this scenario, the load o�ered b y lo w priorit y tra�c is more as

compared to higher priorit y tra�c. Figure 6.5 sho ws the graph for e�ectiv e

bandwidth utilization with increasing o�ered load for scenario 2. Figure 6.6
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Figure 6.5: E�ectiv e Bandwidth Utiliza-

tion Vs O�ered Load[Scenario 2].
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Figure 6.6: E�ectiv e Bandwidth Utiliza-

tion Vs O�ered Load[Scenario 2].

sho ws e�ectiv e bandwidth utilization for eac h of the four uplink 
o ws. It is

visible from the graphs that same b eha vior is exhibited in b oth the scenarios.

This sho ws that our arc hitecture pro vides more bandwidth to high priorit y


o ws as compared to lo w er priorit y 
o ws in order to meet the deadlines of

high priorit y tra�c.

� Third exp erimen t aims at sho wing that our arc hitecture meets dela y guaran tees of

real-time applications and main tains fairness among 
o ws in accordance to their

priorit y . F or this, w e ha v e sim ulated three di�eren t scenarios as follo ws:

{ Sc enario 1 : This scenario is setup to sho w that the dela y guaran tees of real-

time 
o ws at an SS are not a�ected b y the amoun t of lo w er priorit y load

o�ered b y that SS. Here, load o�ered b y higher priorit y tra�c is more than

the lo w er priorit y one. In this scenario, a sim ulation top ology with one BS

and �v e SS has b een setup. Eac h SS has four uplink 
o ws. T otal load o�ered

to the system is 90% of the link bandwidth whic h is equally distributed among

all SSs. Out of this, 40% load is o�ered b y UGS 
o ws, 30% b y rtPS 
o ws,

20% b y nrtPS 
o ws and 10% b y BE 
o ws. Sim ulation is run for 25 seconds.

W e ha v e measured a v erage dela y exp erienced b y eac h uplink 
o w for eac h SS.

Figure 6.7 sho ws a v erage dela y comparison of v arious uplink 
o ws for one SS.

It is clearly visible from the graph that a v erage dela y of UGS and rtPS 
o ws is
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Figure 6.7: Av erage Dela y Vs Time[Scenario 1].

no more than one frame duration. Also, a v erage dela y of UGS 
o ws is almost

constan t as they are giv en highest priorit y at the time of transmission.
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Figure 6.8: Av erage Dela y Vs Time[Scenario 2].

{ Sc enario 2 : This scenario is also setup to sho w that the dela y guaran tees of

real-time 
o ws at an SS are not a�ected b y the amoun t of lo w er priorit y load

o�ered b y that SS. This scenario is similar to previous one except that the

load o�ered b y lo w er priorit y tra�c is more than the higher priorit y one. Here

maxim um load is o�ered b y BE 
o ws. 40% load is o�ered b y BE 
o ws, 30% b y

nrtPS 
o ws, 20% b y rtPS 
o ws and 10% b y UGS 
o ws. Sim ulation is run for

25 seconds. W e ha v e measured a v erage dela y exp erienced b y eac h uplink 
o w
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for eac h SS. Figure 6.8 sho ws a v erage dela y comparison of v arious uplink 
o ws

for one SS. Here also same trend is observ ed for the a v erage dela y exp erienced

b y v arious uplink 
o ws. Regardless of the high amoun t of load o�ered b y BE


o ws, dela y guaran tees of real-time tra�c are met.
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Figure 6.9: Av erage Dela y Vs Time[Scenario 3].

{ Sc enario 3 : This scenario is setup to sho w that real-time 
o ws are giv en

priorit y across SSs to o so that their dela y guaran tees are not a�ected b y the

amoun t of lo w er priorit y load o�ered b y another SSs. In this scenario, a

sim ulation top ology with one BS and three SS has b een setup. T otal load

o�ered to the system is 90% of the link bandwidth. Here di�eren t 
o ws ha v e

b een setup at v arious SS. SS 1 has one UGS 
o w and one rtPS 
o w. SS 2

has one UGS 
o w and one nrtPS 
o w. SS 3 has one UGS 
o w and one BE


o w. Load o�ered b y all UGS 
o ws is equal. Out of remaining 
o ws, BE 
o ws

o�er maxim um load while rtPS 
o ws o�er minim um load. Figure 6.9 sho ws

a v erage dela y comparison of v arious uplink 
o ws. Here also UGS 
o ws of all

the SSs ha v e a m uc h lo w er dela y as compared to other 
o ws. Also, rtPS 
o w

at SS 2 gets its share of bandwidth irresp ectiv e of other 
o ws at SS 2 and 3.

As a result dela y guaran tees of high priorit y 
o ws are alw a ys satis�ed.

Results obtained in the ab o v e three scenarios sho w that our arc hitecture is capable

of pro viding tigh t dela y guaran tees to v arious real-time applications.
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6.3 Additional Exp erimen ts

This section pro vides the graphs depicting the results of some additional exp erimen ts

conducted to observ e the p erformance of our arc hitecture.

� W e ha v e not implemen ted fragmen tation of MA C pac k ets. In this exp erimen t, w e

ha v e calculated total b ytes gran ted to eac h SS and total b ytes utilized b y them to

observ e the e�ect of not allo wing pac k et fragmen tation. A sim ulation top ology with

one BS and �v e SS has b een setup. W e can see in Figure 6.10 that eac h SS has

utilized around 95% of the total b ytes gran ted to it. In the absence of fragmen tation,

an SS will not b e able to transmit a pac k et if bandwidth required for transmitting

it completely is not a v ailable.
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Figure 6.10: Bandwidth Utilization P er SS.

� In this exp erimen t, w e ha v e measured e�ectiv e bandwidth utilization with increasing

n um b er of SSs. In ev ery sim ulation run, eac h SS has same n um b er of uplink 
o ws

with similar QoS parameters. T otal load o�ered b y eac h SS is appro ximately 8%.

Eac h sim ulation is run for 25 seconds. W e ha v e calculated e�ectiv e bandwidth

utilization with increasing SSs in t w o di�eren t scenarios as follo ws:

{ Sc enario 1 : In this scenario, the load o�ered b y UGS and rtPS 
o ws is more

than the load o�ered b y nrtPS and BE 
o ws. Figure 6.11 sho ws the graph

for e�ectiv e bandwidth utilization with increasing n um b er of SSs. It is ob-

serv ed that maxim um e�ectiv e bandwidth utilization ac hiev ed with increasing
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Figure 6.11: E�ectiv e Bandwidth Utiliza-

tion Vs Num b er of SS[Scenario 1].
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Figure 6.12: E�ectiv e Bandwidth Utiliza-

tion Vs Num b er of SS[Scenario 1].
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Figure 6.13: E�ectiv e Bandwidth Utiliza-

tion Vs Num b er of SS[Scenario 2].
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Figure 6.14: E�ectiv e Bandwidth Utiliza-

tion Vs Num b er of SS[Scenario 2].

n um b er of SSs is around 88%. It is less due to the reason that more n um b er

of con trol pac k ets (Bandwidth Request P ac k ets) are sen t as the n um b er of

SSs in the system are increased. Also with increasing n um b er of SSs, more

bandwidth gets w asted b ecause pac k et fragmen tation is not allo w ed. W e ha v e

also calculated e�ectiv e bandwidth utilization for eac h of the four uplink 
o ws

as sho wn in Figure 6.12. As the n um b er of SS increases, total load o�ered to

the system also increases. Initially , bandwidth utilization of all uplink 
o ws

is in prop ortion to the total load o�ered b y them. Ho w ev er, the bandwidth

utilization of lo w er priorit y nrtPS and BE 
o ws starts decreasing when total
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load o�ered to the system b ecomes grater than 90%.

{ Sc enario 2 : In this scenario, the load o�ered b y lo w priorit y tra�c is more as

compared to higher priorit y tra�c. Figure 6.13 sho ws the graph for e�ectiv e

bandwidth utilization with increasing o�ered load for scenario 2. Figure 6.14

sho ws e�ectiv e bandwidth utilization for eac h of the four uplink 
o ws. It is

observ ed that regardless of the amoun t of load o�ered b y an y uplink 
o w,

higher priorit y 
o ws are alw a ys pro vided more bandwidth in order to pro vide

promised QoS for them.





Chapter 7

Related W ork

IEEE 802.16 MA C has not b een widely studied and there are v ery few prop osed arc hi-

tectures in the literature. In this c hapter w e presen t surv ey of some of the w ork done in

802.16 domain.

7.1 A QoS Arc hitecture for the MA C Proto col of

IEEE 802.16 BW A System

In [6], G. Ch u et al ha v e suggested a QoS arc hitecture based on priorit y sc heduling and

dynamic bandwidth allo cation emplo ying GPSS mo de for gran ting bandwidth to SS.

A t the BS, based on the bandwidth requests from all SS, uplink bandwidth is dynam-

ically distributed b et w een con ten tion and reserv ation slots. BS upstream gran t sc heduler

computes the bandwidth allo cation and time of transmission for eac h SS based on band-

width requests using WRR algorithm [7]. A tra�c p olicing function is also emplo y ed at

the BS to ensure that SSs connection conforms to the negotiated tra�c parameters.

A t the SS, for eac h uplink service t yp e, m ultiple connections are aggregated in to their

resp ectiv e service 
o w and assigned a priorit y . A di�eren t sc heduling algorithm is used

for eac h of the priorit y queues with pac k et b eing transmitted from the highest priorit y

class that has a pac k et a v ailable.

Ho w ev er in [6], w orking of BS's upstream sc heduler is not sp eci�ed in su�cien t detail

i.e. it do es not sp ecify ho w to assign w eigh ts to eac h SS for implemen ting WRR. Another

disadv an tage is that a simple WRR with w eigh ts b eing assigned in prop ortion to the

amoun t of bandwidth requested b y eac h SS will not w ork. This ma y result in giving

higher w eigh t to an SS with large amoun t of bandwidth required for BE 
o ws. This in

turn can e�ect deadlines of real-time 
o ws at other SSs. Metho d of assigning w eigh ts to
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v arious uplink 
o ws at SS is also not men tioned in the pap er. In addition to this, no

sim ulation results ha v e b een presen ted in order to sho w the go o dness of the arc hitecture.

Do wnlink sc heduling mec hanisms at BS are not discussed either.

7.2 QoS Sc heduling in Cable and BW A Systems

In [8], M. Ha w a et al ha v e prop osed an uplink sc heduling arc hitecture to supp ort band-

width and dela y QoS for b oth DOCSIS [9] and IEEE 802.16. They ha v e c hosen GPC mo de

for bandwidth gran ts. It is a cen tralized approac h wherein all the sc heduling decisions

are tak en at BS.

BS's upstream sc heduler implemen ts a mix of priorit y sc heduling and fair queuing

sc heduling in order to gran t bandwidth to v arious connections at eac h SS. SS's simply

transmits in their allo cated slots. A t BS, UGS 
o ws are giv en highest priorit y for band-

width allo cation. Remaining 
o ws are serv ed using priorit y-enhanced WF Q i.e. if t w o

data gran ts ha v e equal WF Q virtual �nish time, then the higher priorit y gran t is serv ed

�rst. WF Q w eigh t to reserv ed 
o ws is assigned based on their minim um bandwidth

reserv ations while unreserv ed 
o ws are giv en w eigh t based on the unreserv ed bandwidth.

Authors ha v e also pro vided an algorithm for allo cating appropriate n um b er of con-

ten tion request slots in eac h frame p erio d so as to reduce the n um b er of p ossible collisions

and to shorten the con ten tion resolution pro cess. Bu�er managemen t problem for v arious

t yp es of queues is also dealt in the pap er.

Ho w ev er in [8], treatmen t giv en to unreserv ed 
o ws ma y create problem to reserv ed


o ws in case there are man y unreserv ed 
o ws and reserv ed bandwidth b y v arious 
o ws

is less as compared to unreserv ed bandwidth. Another disadv an tage is that the prop osed

sc heduler implemen ts GPC mo de for uplink bandwidth gran t as GPSS is not supp orted

b y DOCSIS standard. Ho w ev er, GPSS mo de is more e�cien t as compared to GPC.

In addition to this, no sim ulation results ha v e b een presen ted to sho w e�ciency and

p erformance of the arc hitecture. Do wnlink sc heduling mec hanisms at BS are not discussed

either.



Chapter 8

Conclusion and F uture W ork

In this rep ort w e ha v e presen ted an e�cien t QoS sc heduling arc hitecture for IEEE 802.16.

The main purp ose of the arc hitecture is to pro vide tigh t QoS guaran tees to v arious ap-

plications and to main tain fairness among them while still ac hieving high bandwidth

utilization. Our arc hitecture supp orts div erse QoS requiremen ts of all four kinds of ser-

vice 
o ws sp eci�ed in IEEE 802.16 standard. W e ha v e also presen ted sim ulation analysis

of our arc hitecture in tegrated with IEEE 802.16 MA C. W e ha v e sho wn, through sim ula-

tion, that our arc hitecture is capable of ac hieving high bandwidth utilization. Sim ulation

results sho w that su�cien t bandwidth is allo cated to high priorit y 
o ws so that their

QoS guaran tees are alw a ys met. It is eviden t through the sim ulation results that lo w er

priorit y tra�c do es not a�ect QoS guaran tees of high priorit y real-time tra�c i.e. fairness

is main tained among 
o ws at an SS and across SSs to o.

8.1 F uture W ork

In IEEE 802.16, nrtPS and BE 
o ws also use con ten tion mini-slots for sending band-

width requests to the BS. An appropriate con ten tion mini-slot allo cation algorithm can

b e incorp orated in our curren t design. The ratio of unicast mini-slots to con ten tion mini-

slots in an uplink subframe should b e suc h that su�cien t amoun t of uplink data can b e

transmitted as w ell as collision of bandwidth requests is as lo w as p ossible.

Curren t design uses a �xed partition sc heme whic h divides total frame bandwidth

equally b et w een do wnlink and uplink subframe. This sc heme can b e mo di�ed to dynam-

ically allo cate bandwidth for do wnlink and uplink transmissions based on the status of

Do wnlink T ra�c Queues and Uplink Gran t Queues.

F ragmen tation, P ac king, request piggybac king and other MA C features can b e added
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to the curren t implemen tation of IEEE 802.16 MA C in Qualnet 3.6.

Admission con trol mec hanisms are also not sp eci�ed in IEEE 802.16 standard. There-

fore, an e�cien t admission con trol mec hanism for IEEE 802.16 MA C can b e devised and

in tegrated with our QoS sc heduling arc hitecture. A com bined p erformance study of the

whole system can then b e carried out.

Some researc h is curren tly in progress for the design of a wireless comm unication

system using unlicensed frequencies for Indian rural areas. It has b een observ ed that

IEEE 802.11b ph ysical la y er is suitable for suc h areas. F urther, IEEE 802.11 MA C has

b een analyzed and pro v ed to b e ine�cien t for a distribution service that needs to maximize

capacit y for subscrib ers and main tain QoS. Therefore, a new MA C has b een prop osed for

suc h scenarios while retaining IEEE 802.11b PHY. The new MA C is v ery m uc h similar to

IEEE 802.16 MA C. Hence, p erformance of IEEE 802.16 MA C o v er IEEE 802.11b PHY

can b e analyzed in order to predict its e�ectiv eness for suc h a system. This study will

b e v ery useful for real deplo ymen t of a wireless comm unication system for Indian rural

areas.
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