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Abstract — The IEEE 802.16a standard (W iM AX )
which has emerged as a broadband wireless access
technology , promise to deliver high data rates over
large areasto a large number of users in the near future.
This exciting addition to current broadband options
such as DSL, cable, and WiFi promises to rapidly pro-
vide broadband accessto locations in the worlds rural
and developing areaswhere broadband is currently un-
available, aswell ascompeting for urban market share.
This paper �rst provides an intoduction to IEEE 802.16a
MAC Layer. Then, based on extensive simulations, this
paper presents the realistic attainable throughput and
performance of expected W iM AX compatible systems
based on the IEEE 802.16aStandard in various Low and
High Density Networks. In this paper, throughput of
Hybrid Wireless Networks is theoretically calculated.
Keywords: W iM AX , IEEE 802.16a , MAC, Throughput,
Mesh Mode, GloMoSim

I . IN TRODUCTION

A. MAC Layer

The IEEE 802.16a MAC [1] layer performs the stan-
dard Medium Access Control (MAC) layer func-
tion of providing a medium-independent interface to
the W iM AX Physical (PHY) layer. Because the
W iM AX PHY is a wir elessPHY layer, the main focus of
the MAC layer is to managethe resourcesof the airlink in
an ef�cient manner. The W iM AX MAC protocol is de-
signed to support Point to Multipoint (PMP) and Mesh
network models.

W iM AX MAC is designed to meet the requirements
of very-high-data-rate applications with a variety of
Quality of Service (QoS) requirements. It performs link
adaptation and Automatic Repeat Request (ARQ) func-
tions to maintain target Bit Error Rates(BER)while max-
imizing the data throughput. The MAC layer schedules
the usage of the airlink resources . The signaling and
bandwidth allocation algorithms have been designed to
accommodate hundr eds of terminals per channel. The
standard allows each terminal to be shared by multiple
end users. The bandwidth request and grant mecha-
nism hasbeendesigned to be scalable,ef�cient, and self-
correcting. It takes advantage of a wide variety of re-
quest mechanisms,balancing the stability of contention-
lessaccesswith the ef�ciency of contention-oriented ac-
cess. Its MAC layer also handles network entry for
SSsthatenter and leave the network.

Finally, the MAC layer provides a convergence sub
layer that supports Asynchronous Transfer Mode (ATM)
cell- and packet-basednetwork layers.

B. GeneralNetworkCon�guration

The most common W iM AX con�guration consists of a
basestation mounted on a building or tower that com-
municates on a point to multi-point basiswith subscriber
stations located in businessesand homes. W iM AX has
a range of up to 30 miles with a typical cell radius of
46miles. Within the typical cell radius, non-line-of-sight
performance and throughputs are optimal. In addition,
W iM AX provides an ideal wir eless backhaul technol-
ogy to connect IEEE 802.11wir elessLANs and commer-
cial IEEE 802.11hotspots with the Internet.

C. GLObal MObile Information SystemSIMulator - Glo-
MoSim

The simulations have been performed using the Glo-
MoSim Network Simulator developed at UCLA [2]. This
simulator models the OSI seven layer network architec-
tur e and includes models of IP routing and UDP. We
simulated the W iM AX MAC layer under many situa-
tions. The study has beencategorised into many scenar-
ios, with each scenario being further subdivided into a
number of cases,wherein someaspectsof the MAC have
beenstudied. We have used the PMP mode implementa-
tion of IEEE 802.16a in GloMoSim by [4].

I I . SIM ULATION SCEN A RIOS

A. Low andHigh DensityWirelessNetworks

In this scenario, we tested the performance of the pro-
tocol if it were to be deployed on a campus wide scale.
Here we modelled various parts of the campus, i.e., hos-
tels,residential areas and various departments as sub-
scriber stations (SS) and a centrally located base sta-
tion(BS).A particular SSwas modelled asthe server, and
consequentially, all the other nodes dir ected requeststo-
wards that subsriber station.

We carried out the simulation under HTTP as well as
FTP traf �c. It was assumed that the traf �c from the ar-
easlike hostelsand the departments is much higher than
that from residential areas.Thus ,in our traf �c model we
assigned dif ferent weights to the traf �c from such areas
to the server. We also took into account some traf �c be-
tween the various subsribers themselves.

B. Hybrid WirelessNetworks

In this scenario, we looked into the performance of a
hybrid wir elessnetwork. We studied the effects of in-
creasingthe number of basesnd subscriber tations on the
bandwidth utilization in this network and also proved



Figure 1: One BaseStation Having SeveralSubscriberStations

some results under which bandwidth utilization is max-
imized.

I I I . LOW A N D H IGH DEN SITY W IRELESS N ETWORKS

W iM AX can be deployed in a wide variety of con�gu-
rations and settings. In a typical campus-wide network,
W iM AX can be used both in a low density as well as
a high density wir elessnetwork con�guration. In this
chapter, we study the performance of IEEE 802.16a in
low and high density network con�gurations. In both
con�gurations, the number of subscriber stations (SS)are
assumedto be the same.This is a valid assumption since
both these networks serve the same campus. The num-
ber as well as arrangement of base stations (BS) in the
two settings is varied and the performance of the resu-
latant network has been studied. We have assumed a
model of a low density network where a single BScon-
trols a �xed number (say x) of SS.On the other hand, in
a high density network, the number of BSare increased.
Also, the BS are arranged in a typical tree type hierar-
chy. Thus there is one ”main” basestation, which con-
trols multiple ”sub”-base stations, which in turn control
the subsriber stations. By varying the number of BSin a
high density network, we arrive at an optimum con�gu-
ration for such a deployment of W iM AX .

A. Low DensityNetwork

In Figure 1, node 0 is the Basestation (BS)and nodes 1-9
are the subscribers (SS).This scenario has beenmodeled
on the IIT-Delhi campus. This is a simple version of the
campus network. with various parts of the campus serv-
ing asthe SS.

B. High Density Network

Here, node 0 is the main Basestation, which has nodes
10, 11, 12 as its subscribers,as shown in Figure 2. There
is a two level hierarchy of BS-SS.

Both the caseswere studied under 3 kinds of traf �c
HTTP, CBR, FTP. The traf �c model took under consid-

Figure 2: BaseStation having sub-BaseStations

eration aspects like the relative traf �c between various
parts of the campus, aswell as the relative network load
and demand of various regions. For example, network
load and demand from the hostels is signi�cantly heav-
ier than that from the residential areas.

C. Results

Consider a base station(node 0) serving x subscribers.
Let the total bandwidth used on the downlink by BSbe
N . Now let us assumethat n more nodes are added in
between node 0 and the SS.these n nodes act as SSfor
node 0 and as BSfor the x subscribers. Thus eventualy,
there are (n + 1) BS and x SS.Assume that the SSare
evenly distributed between all the BS,i.e, all BScontrol
equal number os SS,viz. x=n .
When there is only 1 BS, average bandwidth used by
eachSS = N=x:
Assuming that the traf �c between each pair of sub-
scribers is uniform, the average bandwidth dedicated to
traf �c from a node i (say) to a node j is N

x (x � 1) .
When n more nodesareadded, the bandwidth allocation
changes. Consider a SS,say node i , such that 1 � i � x.
Traf�c from i to another SS(say node j; 1 � j � x; j 6= i )
will route through node 0 if i ,j have dif ferent BS.Since
there are x

n SSwhich have the same BSas node i , there
are (x � x

n ) choicesfor the node j . Hence, the total band-
width used at node 0, due to traf �c from node i to all
other SSis (x � x

n ) N
x (x � 1) .

Again, there are x choices for the node i .Thus the to-
tal bandwidth f (n) used on the downlink for node 0 be-
comes

f (n) = x
N (x � x=n)

x(x � 1)
=

N x(1 � 1
n )

x � 1



Figure 3: f(n) and g(n) versus n and Bandwidth is in kbps

Theorem 1 If initialy there are x SS beingcontrolled by a
single BS, and n more nodesare addedwhich serveas BS
to the x SS but asSS to the initial BS, then the bandwidth
utilisation(f (n)) at themain BSchangesfromN to

f (n) =
N x(1 � 1

n )
x � 1

:

Theorem 2 Consideroneof the newly addedn nodesin the
scenarioin Theorem1. Thebandwidthusedby this node(say
nodek) is givenby

g(n) =
N
n

:

Proof :Node k acts as a BS for x=n SS.Each of these
x=n SS communicate with all other (x � 1) SS.Thus,
the bandwidth used on the downlink by this node k is
x
n

N
x (x � 1) (x � 1) = N

n . This also gives us a corollary:

Corollary 1 For optimumutilisation of thenetwork,n = 2.
This is evidentasif wesolvelim x !1 f (n) = g(n) (for large
numberof SS- typically about50)wegetn = 2.

Figure 3 shows the plot of f (n) and g(n) versus n in
HTTP Traf�c.

Let n0 be such that f (n0) = g(n0): Then n0 = 1 +
(x � 1)=x: is the optimum value of the number of BSs
for bandwidth of all the BSsto be kept to a minimum. n0

tends to 2 if the number of subscribers is very large.This
observation is also justi�ed from Figure 4.

Let us now keep the bandwidth used on the downlink
constant and add new SSto the network. This is possi-
ble as the reduction in BS'sbandwidth usagepermits us
to add more SSs. Let us assume that y further SSscan
be added after adding n more BSsso as to maintain the
bandwidth usage at N . Again, the bandwidth used per
subscriber per node(considering any two pairs of nodes
i; j ) is N

x (x � 1) . If y more subscribers are added, The total
bandwidth used at node 0 due to traf �c between two SS
(i; j say)not having the sameBSbecomes N

x (x � 1) For each

Figure 4: Number of SSis maximum for 2 intermediate BS

SSi , there are (x + y) � (x + y)
n choicesfor SSj. Also there

are(x + y) choicesfor SSi itself. As a result, the total bad-
width used at node 0 becomes( N

x (x � 1) )n(n � 1)( (x + y)
n )2

Now to �nd the maximum number of subscriberspossi-
ble, we equate this expressionto N and solve to get,

z = (x + y) =

s
nx(x � 1)

(n � 1)

Theorem 3 If therearex SSbeingcontrolledby a singleBS
initially , andn morenodesareaddedwhichserveasBSto the
x SS, thenthebandwidthutilisation at themain BSreduces.
As a result thenetworkis capableof supportingmoreSS.The
maximumnumberofSSz that canbesupportedis givenby z:

Corollary 2 To maximize the number of SS that can be
added,2 nodesshould be addedbetweenmain BS and the
SS.This is evidentas in the previoustheorem,z maximizes
for n = 2. This alsoagreeswith our earlier result that to
maximizethebandwidthusedn = 2.

IV. H YBRID W IRELESS N ETWORKS

A hybrid wir elessnetwork is formed by placing a sparse
network of base stations in an ad hoc network. These
base stations are assumed to be connected by a high-
bandwidth wir ed network and act as relays for wir eless
nodes(subscriber station). Furthermor e, we assumethe
link bandwidth in the wir ed network is large enough so
that there are no bandwidth constraints in the wir ed net-
work. A node connectsto the nearest basestation in or-
der to communicate with other nodes. Using such a net-
work, we can increasethe communicating distance be-
tween any two nodes since any two nodes having dis-
tinct basestations can still communicate. One of such a
hybrid wir elessnetwork is shown in Figure 5.

Let X i denotes any node and B ase(X i ) denotes the
nearest base station to X i . Let any node X s wants to



Figure 5: A hybrid WirelessNetwork

transmit some data to a node X t , if X s and X t are not
associatedto the same basestation then the data is �rst
transmitted from source X s to B ase(X s) over the PHY:
the base station then transmits data through the wir ed
infrastr ucture to B ase(X t ), which �nally transmits the
data to destination X t . Let our hybrid network contains
N basestations and f (j ) be the number of subscriber sta-
tions associatedwith basestation j. Here, association of
a node X i with basestation j meansB ase(X i ) = j for all
j = [1; 2; :::N ]. Therefore, if N and M are the total num-
ber of basestations and subscriber stations respectively
in our network, then M =

P N
j =1 f (j ).

De�nition 1 A cell is the regioncoveredby a basestation j
andits subscriberstations.

We assumethat each node can transmit B bits/sec over
the wir elesschannel. We divide the wir elesschannel so
that mesh mode transmissions and base station trans-
mission go through dif ferent sub-channels. We further
divide the basestation traf �c into uplink and downlink
traf �c, according to the dir ection of transmissions rela-
tive to the basestation. Sincemesh mode and basesta-
tion uplink and downlink traf �c use dif ferent sub- chan-
nels, there is no interfer encebetween the three types of
traf �c. The bandwidth assigned to each of three sub-
channels is B1, B2, B3 respectively. Also

P 3
i =1 B i = B

Theorem 4 Forahybrid networkofN basestationsandtotal
M subscriberstations, if subscriberstationsare probablisti-
cally(p)decidingbetweenthemeshmodeandPMP modethen
percell throughputcapacityof thenetworkis givenby

Ttotal = �(

s
pm=N

log(pm=N )
B1 + B2 + B3)

Proof :Assume that no node of one cell is in the com-
municating radius of any node of other cell. Let the des-
tination for a source node is randomly chosen, then the

probability that a node X i doesintra-cell communication
is

p(X i ) intr a =
f (B ase(X i ))

M
and the probability that a node X i commits inter -cell

communication is 1 � p(X i ) intr a . Let I i be a random
variable that represents whether X i commits intra-cell
or inter -cell communication.

I i =
�

1 X i commits intra-cell communication
0 otherwise

For any base station B, we can number its sub-
scribers from 1,2,: : :,f(B) and one can easily see
that (I i )

f (B ase)
1 is an identical independently dis-

tributed(i.i.d) sequence of random variables with
expectation E[I i ] = p(X i ) intr a . Now let us �nd out the
per cell capcity. Let M intr a =

P f (B ase)
i =1 I i be a random

variable representing the number of nodes in a cell
which commits intra-cell communication. If the node X i

does intra-cell communication, then it can either trans-
mit data via basestation or use mesh mode. Let p be the
probability that a node choosesmesh mode to transmit
data. Let Ci be a random variable that represents
whether X i uses BS or mesh mode for communication
if the destination node is in the samecell asof the source.

Ci =
�

1 X i choosesmesh mode
0 otherwise

We can seethat (Ci )
f (B ase)
1 is an i.i.d sequenceof ran-

dom variables with E [Ci ] = f (B ase)
M p. Now let us �nd

out the per cell capacity. Let M mesh =
P f (B ase)

i =1 Ci be
a random variable representing the number of nodes
which transmits data using mesh mode in a cell. Clearly,

M mesh � M intr a

We �rst calculate the per cell throughput contributed
by the mesh mode transmissions. For simplicity , assume
that number of nodes in eachcell are m such that N m =
M i.e. f (B ase) = m. Therefore E[Ci ] = p

N . By Strong
Law of Large Numbers,

M mesh

m
=

P m
i =1 Ci

m
!

p
N

as m ! 1 : (1)

We have l im m !1
mp
N ! 1 , and thus

l im m !1 M mesh ! 1 . According to [8], for a wir eless
network of M mesh nodes and a common transmis-
sion rate of B1, if M mesh ! 1 , per node capacity is
�( B 1p

M mesh log M mesh
) and for M mesh nodes it would be

T(M mesh ) = �(
q

M mesh
log M mesh

B1). Denote,

k1 = l im m !1 inf
T (M mesh )

q
M mesh

log M mesh
B1



k2 = l im m !1 sup
T(M mesh )

q
M mesh

log M mesh
B1

.

By (1), we also have l im m !1

q
M mesh

log M meshq
pm= N

log ( pm= N )

= 1. There-

fore,

l im m !1 inf
T (M mesh )

q
pm= N

log (pm= N ) B1

= l im m !1 inf
T (M mesh )

q
M mesh

log M mesh
B1

q
M mesh

log M meshq
pm= N

log (pm= N )

i = k1:

Similarly ,

l im m !1 sup
T(M mesh )

q
pm= N

log (pm= N ) B1

= k2

So the term l im m !1 T(M mesh )=
q

pm= N
log (pm= N ) B1 is

bounded by constants k1 and k2. Therefore, the per cell
throughput capacity contributed by meshmode commu-
nication is,

Tmesh = �(

s
pm=N

log(pm=N )
B1) (2)

Now we calculate the per cell capacity contributed by
base station communications.First consider the uplink
throughput. In order to utilize the basestation capacity,
at leastone node should usebasestation for communica-
tion purpose. Sinceall the traf �c in this mode has to go
through the BaseStation and the base station can only
receivedata at the rate of B2 bits/sec at any instant. Let
P denotesthe probability that all nodesof a cell usemesh
mode to communicate. Then,

Tuplink = �( B2)(1 � P)

Tuplink = �( B2)(1 � (p=N )m )

If m goesto in�nity and p < 1,

Tuplink = l im m !1 �( B2)(1 � (p=N )m )

Tuplink = �( B2) (3)

Similarly ,
Tdow nlink = �( B3) (4)

As m ! 1 , probability that at least one node chooses
basestation communication in a cell approaches1, that
means the bandwidth of base stations is fully utilized.
If any node commits intra-cell communication then to
maximize the throughput it should use mesh mode i.e.
p ! 1.

Corollary 3 Percell throughputcapacityis maximizedwhen
M mesh = M intr a .

V. CON CLUSION

This article overviews key aspects of the IEEE 802.16
standard, and demonstrates the expected performance
for 802.16-based�xed wir elessbroadband systems.

We also saw that the best con�guration for achieving
high data rates is one where the main BShas 2 SSwhich
further act asBSfor a number of nodes. This was further
validated in the simulation scenarios.

In a hybrid wir eless network, if a subscriber station
has a choice between PMP and mesh mode, then the to-
tal throughput is maximized if it selectsmesh mode for
intra-cell communication.

VI . FUTURE WORK

Mobility - If nodes in a network becomemobile, then
it will be interesting to study their effect on network
throuput. Mobility of nodes is supported in IEEE802.16e
standard.

Mesh Mode - Statistically, we have done the per-
formnce analysis of the W iM AX protocol only in PMP
(Point to MultiPoint) Mode i.e. Subscriber Stations in a
network can only communicate with eachother through
a BaseStation, but in mesh mode, they can transfer data
between them without the interfer enceof a BaseStation.

GloMoSim - Future work can be carried out to im-
prove the accuracy of the model and implement some
other featuresthat are de�ned in IEEE 802.16a . The per-
formance analysis of QoS features can subsequently be
carried out.
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