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Abstract— We consider the problem of centralized routing and (all the other studies mentioned above provide scheduliy a
scheduling for IEEE 802.16 mesh networks so as to provide routing for theaggregatetraffic generated at different nodes
Quality of Service (QoS) to individual real and interactive data which as we will see is not sufficient to guarantee QoS to

applications. We first obtain an optimal and fair routing and . .~. . o
scheduling policy for aggregate demands for different sole- individual connections). In [8] the authors study the dlstted

destination pairs. We then present scheduling algorithms wich ~ scheduling.
provide per flow QoS guarantees while utilizing the network In this paper, we present algorithms for centralized schedu
resources efficiently. Our algorithms are also scalable: ty do not  jng of real and non-real time traffic with the objective of
require per flow processing and queueing and the computaticed providing QoS within the framework of the IEEE 802.16
requirements are modest. We have verified our algorithms via . . . . L
extensive simulations. mesh mode. We first obtain an_opt|mal and falr_routlng and
] scheduling of the aggregate traffic generated at differeden
Keywords: Mesh networks, WIMAX networks, end-to-endyjithin the network. Then we fix the real time and TCP

QoS, Joint routing and scheduling. connections that pass through a particular link and also the
slots in which the link transmits. Next we develop algorithm
. INTRODUCTION that each link uses to schedule the transmission of the fmcke

IEEE 802.16 standard [1], also known as WiMAX supportsf different flows passing through it on the slots assigneitl to
a Mesh mode (the other mode being point to multipoint) iso as to provide QoS to individual flows. Our algorithms use
which unlike the traditional cellular systems, the nodes cahe network resources efficiently and fairly and can be used
communicate without having a direct connection with thesbai real time by the MBS. The main difference between this
station. This improves coverage and data rates even on mnepaper and [23] is that in this paper we allow channel spatial
terrain. reuse which can significantly increase the system capacity.

In a IEEE 802.16d Mesh network, a node that has a directwe have also developed an admission control policy in our
connection to backhaul services outside the Mesh netwoggtup. In addition, we have tested our algorithms when some
is termed a Mesh Base Station (MBS). All other nodes of @¢f the nodes are mobile. These details are omitted due to lack
Mesh network are termed Mesh Subscriber Stations (MSS).dfispace but are available in [6].

IEEE 802.16d standards these nodes are stationary (howeverhe organization of the paper is as follows. Section Il
802.16e supports mobility). The standard specifies a dentr@escribes the system model. We obtain an optimal and fair
ized scheduling scheme for mesh networks. But it does n@iting and link scheduling algorithm in Section Il1. In $iea
specify algorithms for routing and scheduling, which have |& we develop scheduling algorithms to provide QoS to UDP
significant impact on the performance of the system and willeal time) connections. TCP connections will be studied in
largely decide the end to end QoS to different users. In théection V. In Section VI we handle both UDP and TCP
paper we develop such algorithms. traffic together to provide QoS to each connection. Sectibn V

The problem of scheduling and routing in adhoc multihogalidates our claims via simulations. Section VIII conasd
wireless networks has been extensively studied in recearsyethe paper.

(see [3], [10], [17] for general surveys and tutorials).

The studies on multihop 802.16 networks are [7], [8], [14],
[23], [24] and [26]. In [26] a simple heuristic schedulingdan |IEEE 802.16 supports two modes of operation: Point to
a Tree routing algorithm are proposed to achieve efficiemtultipoint (PMP) and Mesh mode. In PMP the traffic is trans-
channel utilization. [7] and [14] provide fair access toraddes mitted directly between the BS and an SS (Subscriber S)ation
and also efficient utilization of resources. In [24] alsotiog In the Mesh mode, the overall geographical area is divided in
and scheduling algorithms are provided which are efficiemeshes. Each mesh has a Mesh BS. The other nodes in a mesh
for the overall system but spatial reuse of the channelsdse called Mesh subscriber stations (MSSs). A transmission
not allowed (because the 802.16 standard at that time dian take place between two MSSs within a mesh or in two
not allow spatial reuse). In [23] also channel spatial reusifferent meshes. The transmission between two MSSs within
is not allowed but within this limitation the authors progid a mesh can occur via other MSSs within the mesh which may
QoS to individual TCP and real time connections. The Qa8 may not involve the MBS. Transmission between two MSSs
guarantee to individual flows has not been provided in amy two different meshes involves transmission from the seur
other multihop wireless network study that we are aware dSS to its MBS (possibly via other MSSs in the mesh), from
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the MBS to BS, from BS to the MBS of the receiver mesMSS d. We develop algorithms which will decide the routes
and finally from this MBS to the receiver MSS. that A(s, d) will follow and also the slots in which each link

In this paper we consider the mesh mode. The meslil transmit.
mode supports two different physical layers, WirelessMAN- Our algorithms are functions of(s,d) and the mean link
OFDM and WirelessHUMAN. Both of these use 256 pointates E[r(z,7)] but otherwise will not vary with time. By
FFT OFDM TDMA/TDM for channel access and operate imxploiting the current queue lengths at different links &émel
a frequency band below 11GHz. The first operates in tls@annel states one could vary the routes and the schedules to
licensed band but the second uses the unlicensed band. dbtin better performance ([22], [23]) but we will not dosthi
standards also support adaptive modulation and coding. (See [6], [20] for justification). These algorithms will berat

The mesh mode supports only Time Division Duplex (TDDhe MBS and then the schedules broadcast to different nodes
to share the channel between the uplink and the downlink. Thia Mesh Centralized Schedule messages.
standards support both centralized and distributed sdingdu The algorithms we develop will satisfy the traffic require-
of slots. Centralized scheduling is mainly used to trandé#a ments\(s,d) of each source-destination pdir; d) if possible.
between the MBS and the MSSs. Thus centralized schedulifhgiot, then we will provide a “fair” solution which is also
is the dominant mode because most of the communicatiefficient.
takes place with nodes outside the mesh. In this mode, then this section we use the approach developed in [20] which
MBS periodically collects the channel information and thg turn was partly motivated by [15] and [16].
resource (throughput) requests of all the nodes to draw upin [23], where spatial reuse is not allowed it was shown
the schedule which it distributes to the nodes. that the routing and scheduling problems can be decoupled

We consider the following scenario. Consider a Mesh neind that a Tree structure can be optimal for routing. In the
work with M MSSs labeled 1, 2, .. .M. The MBS is labeled present general scenario this may not be true (although the
0. We consider Uplink and Downlinkentralized Scheduling 802.16 standard seems to prefer the Tree structure ([7]))[26
of the MSSs, which, according to the standards uses TDMA [6] we have also developed an algorithm which provides an
with spectral reuse. Also the data is directed either to@mfr optimal Tree to satisfy the aggregate requirements of rdiffe
the MBS. We assume that each node transmits at the maximg) pairs (if possible) and provides performance better than
allowed power, if needed. (Although power control is alsghe algorithm in [26]. However, the optimal Tree performanc
an important issue the standard currently does not emphasisvorse than the solution provided here.
it). As the channel condition on a link changes, the data rateThe cost function to optimize will be a sum of the link cost
is also changed so as to meet the desired BER (Bit Erinctions f(I'(i, j),n(i,5)) whereI'(i, ;) is the total mean
Rate). Letr;; denote the rate and Ef] the average rate of traffic rate per slot and(i, j) is the fraction of slots assigned
the channel from nodé to nodej. Resource allocation is tg link (i,7). Often f will be nonlinear. For example, using
done by the MBS in units of (mini) time slots. One time slok|einrock’s independence assumption ([25]) or approxintat

transmits multiple OFDM symbols. Each allocation is valithe queues at each link by ad /M /1 queue, we get
for K frames consisting ofV time slots (for simplicity of

notation we will takeK=1). : N (i, 5)

To provide the QoS, we will generally follow the QoS- FLG ), nli. 1) n(i, j)E[r(i, j)] = '(4, ) M
architecture developed in [23] since this seems to be tgg the mean queue
only architecture available for 802.16 mesh networks whi
guarantees per flow QoS. However, [23] did not consid

spectral spatial reuse which can significantly improve capa .o cmall. Using Lagrange multipliers one can accomodate

Thus, in our current proposal we will remove this restrigtio o ntrained optimization (see [20] for more details ana als
We will use a two step approach. In the first step we WIPor other cost functions)

provide routing and scheduling for theggregatetraffic for We consider the following joint routing and scheduling
each source-destination pair of MSSs (one of these MSSs Vﬁi}bblem:
be the MBS). This of-course does not guarantee the QoSHo
individual flows. In the second step we develop scheduling
algorithms to share the long-term throughput guaranteed in Z (TG, 5),n(i, 7)) 2)
step one between real and data applications to guarantee QoS Gf)eL
to individual flows. )

Section Il provides the routing and scheduling for step Bubject to
In Sections IV-VI we develop step 2. Due to space Iimitationsr(L j) = Z

some details are not provided (see however [6], [20]). e
[1l. ROUTING AND SCHEDULING AGGREGATE TRAFFIC (s,d) p:(4,5)ison p

length at the link,j ) and
I;l(z',j)E[r(i,j)] — T'(i,5)]"! as the mean delay. Similarly
e can consider packet loss probability if the buffer lesgth

dn(i,j) and oy, (s, d) that minimizes

ap(s, d)A(s,d) < n(i, j)E[r(i, j)];

®3)

The algorithms developed in this section can be used for 0 < ay(s,d) for eachp, (s,d) (4)
uplink as well as downlink simultaneously. L&ts, d) be the - T
mean number of bits per slot to be transmitted from MSSand
to MSSd. This is the sum of mean throughput required by all ZO‘P(S’ d) =1 for each(s,d) (5)
the real time and data connections transmitting from M3$& »



where oy, (s, d) is the fraction of(s, d) traffic on routep, £ slots in a frame assigned to lirk, j)). However if we ignore
is the set of links and the inner summation in (3) is ovehe integrality ofn(i,j) and consider them as non-negative
all possible routes fofs, d). The condition (3) is required to fractions as considered above, (3), (4), (6), (7)) becomes
satisfy the stability condition at each lirfk, ;). an LP problem which is computationally much more tractable.
Obtaining the optimal solution in (2)-(5) can be very time If the number of nodes in the mesh is large, then complexity
consuming because of the nonlinear cost function. Alsa,i$f i of the above LP can also be of concern because the number
not possible to satisfy th&(s, d) requirements of eacts, d), of variablesa, (s, d) can be exponential in number of nodes.
the above optimization problem may not provide any solutioithen we can reformulate the problem as in [4], [2], [15].
Thus in the following we first develop algorithms which will Next we consider the minimization of the cost function
check for feasibility of the demand¥(s, d). If these are not
feasible, then we provide a solution which may be “fair” to > F(TG, §),nli, ) (11)
all (s,d) pairs. Finally we obtain a solution which is fair to (h.j)eL
all (s, d) pairs and optimizes the nonlinear cost function.  while satisfying (3), (4), T) and
Consider the following optimization problem:

a,(s,d) > X for all (s,d 12
maxA such that (6) ZP: (s,d) (s,d) (12)
Zap(s, d) > X forall (s,d) (7) where) is the optimal solution obtained from LP (3), (4), (6),
P (7) and (). This is a nonlinear optimization problem and can
and (3) and (4) are satisfied where the summation in (7) 3§ Quite computationally intensive. (See [20] for some iifit
over all possible paths in the network. algorithms).

A solution to the above optimization problem can be One can further improve the efficiency of the system if the
considered “fair” and efficient. This is because if there is @timalAin () is less than 1. In [20] an algorithm is provided
routing and scheduling algorithm which satisfies all théfiza Where the fraction of demands satisfied for some of(the)
requirements\(s, d) then A will be > 1. If not, it provides P&rs can be increased W|_thoutdecr_easmg the fractiontfmro
the largest fraction of traffic that can be satisfied for eadfi:@) pairs below the optima obtained above.

(s,d). This concept of fairess has also been considered in' € routing and scheduling provided above will ensure
[16] and [23]. Furthermore unlike (2)-(5), this problem is dhat the average rate(i, j) E[r(i, j)] is sufficient to carry the

linear program (LP) and hence can be solved much faster tr@rall traffic passing through lin, j). However, it will not
the nonlinear problem (2)-(5). ensure that the throughput (rate) seen by traffic of a (3aif)

In addition to (3)-(7) the network should also Saﬁgu))/vill in_deed get its required _share c_)f throughput. '_ro enshif.et
some transmission constraints. These constraints oceutaduWe Will store the total traffic of differents, d) pairs passing

wireless nature of the links. Sometimes we can write the§@ough a link in different queues at that link and provide th
constraints as necessary and/or sufficient linear ineguafiéduired throughput to each queue via WRR (Weighted Round

constraints. For example, if no spatial channel reuse dsvaltl Robin).

rithm we know the fractiom,(s,d) of total average traffic
Z n(i,j) < 1. (8) requirement\(s, d) of each pair(s, d) passing through a route
(4.4) p. Then, based on theveragethroughput requirement of each

WDP and TCP connection ofs, d), we will decide which
&f the CBR, VBR and TCP connections ¢f,d) will pass
rough which route. Knowing this, we decide the following

It is shown in [20] that if a node can receive successfully
and only if one of its neighbouring nodes transmits in a sl
and that a node can transmit only on one of its links at a timEtJ1

then the necessary and sufficient conditions are QoS architecture.
IV. QOSFORREAL TIME TRAFFIC
> on(i,j)<1Viand > n(ij)<1 V4 (9)

In this section we design scheduling algorithms to guarante
QoS to individual UDP connections. Two important real time
If we put the constraint that only one incoming or outgoingpplications are IP telephony and video conferencing. For
link at a node can be active at a time, then ([7]) necessary ahe@se applications, the end to end delay of a packet shotlld no
sufficient conditions, are exceed (say) 150 msec. Also, the fraction of packets dropped

. . . for an application should be less than (say) 2%. To satisfgeh
Z n(i,g) + Z n(j,7) < 1 for all nodesi.  (10) QoS requirements, we propose that at the end of a (schejluling

J(i9)eL Rl frame we drop the packets which could not be transmitted

Our general setup can work with transmission constrairttrough the wireless network. This will ensure a maximum
of the type (8)-(10). The problem of transmission consteaindelay of about 40 msec (foKk = 2 and each frame of 10
has also been studied in [4], [12] and [16]. (We will denotensec) in the wireless network (the rest of the delay margin is
the particular constraint considered at a time BY).( left for the remaining part of the network that a packet may

In general the scheduling problem AP hard because the have to travel). We develop algorithms which will ensuret tha
n(i,j) need to be integer valued (should be the number pb user will experience drop probability greater than 2%.

J:(i,4)EL i=(i,4)€L



Audio encoders usually generate CBR (constant bit rate)lt is shown in [21], [22] that the total throughput obtained
traffic while the video encoders (e.g., MPEG) generate a VB T'CP, is

traffic. We consider these traffics separately.
A. Scheduling of CBR traffic

Let X (a constant) be the total amount of traffic gen

erated during a frame by different CBR connections of

particular (s, d) pair following a particular route denoted byOf
links p1, pa, ..., pr. (this will be known based on the algorithm
in Section Ill). Let the upper bound required on the dro

probability of the packets of these flows be

The scheduling problem for this CBR-UDP traffic is t

calculate the number of slots;, j = 1, ..., h required at link

p; such thatX units of data can be transmitted to the MBS
per scheduling frame and the end to end drop probability is

bounded bye.

This problem was addressed in [23]. However,
observed that in practice, due to very small probabilitiehe
number of slots needed actually becom&s:,,,;,, wherer,,,;,,

is the minimum rate supported in the standard. This makes t\ﬁ

analysis independent of the link statistics. Similar comtae

(0]

WiC
(Wj—)\jAj)Sf‘i‘gSzP—FAiC

packets/sec. (13)

Yin
However this may not provide the QoS to different TCP
Gbnnections. For that we control the mean window i8]
different connections via RED ([9]). These ideas havenbee
Bresented in [19] and [23] and we briefly explain here.

Let us fix a desired queueing delgy af sec in the first
gueue. Define for each KZ =A; + 35, We fix the desired

mean window size of BJ/;] such thatc
Lwi =\ for eachi. (14)
d=+ A;

Now we use RED control for each TCP connectibmnd

it was

Specify its RED parameters such that at average queue length
d* ¢, it will drop the packets ofl’C'P; with probability p;,

here

© pi = 8/(3 (BWi] +4)* + 5)

will hold for VBR scheduling. for eachi (this formula has been used in [23] and is based on

B. Scheduling of VBR Traffic [18]. Better approximations are av_ailable in [5]_). Thenahde
) ~ shown (see [21] and [22]) that this system will have a steady
Consider K VBR flows generated at afs,d) that will  giate such that the first queue will have the mean queue length
follow the same route,, ps, ..., pn. Let Dy, (k) be the amount ;« . the queue lengths at the other queues will be negligible
of Qata generated by flow in framen. We assume that_the and each of the TCPs will have their mean window siz&/g|
arrival process{ Dy, (k),n > 0} for eachk = 1,...,K is satisfying the above requirements. Furtherm@i€ P; will get
stationary and ergodic with known statistics and indepahdgpe throughput\”” packets/sec.We will verify these claims via
of each other. The problem is to calculate the number of slaignylations in Section VIL.
required by this VBR traffic on each node on its route in order |1 is shown in [13] and [19], that the TCP connections can

to bound the drop probability by. For this problem, in [23], pe grouped such that one needs only a few RED parameters
first we obtairequivalent bandwidt{25]) of the VBR sources {4 take care of the throughput requirements of different §CP
and then use that to obtain the number of slots as for the CBRy per flow processing is not required.

sources. V1. JOINT SCHEDULING OF UDP AND TCP FLows

V. QOSFORTCP TRAFFIC From the arguments in Sections IV and V in order to

Some applications using TCP, e.g., web traffic and filrovide QoS to UDP we had to consider the worst case
transfer may require certain minimum response time. Wé&annel conditions whereas for TCP we had to consider the
try to satisfy these QoS requirements by providing adequaeerage channel rates. Thus there is a huge difference déetwe
minimum mean throughput to individual TCP connections. the total average bandwidth requested and the total average

We consider the case of persistent TCP connections. Thég&dwidthprovided to guarantee the QoS of the CBR and
are long lived connections which need to send a large fil¥BR connections. Here we utilize this extra bandwidth for
We have also considered TCP-ON-OFF connections (see [s¢heduling of TCP flows.
for details on this model) which model the web traffic using We provide priority to UDP traffic over TCP traffic in the
HTTP 1.1. Due to lack of space we will not present this mod@etwork. It has been observed in [13], [19] and [23] that
(see [6], [23]). by doing this the delays experienced by UDP flows can be

Let N¥ persistent TCP connections of & d) be passing
through a particular route. Lat]P be the minimum throughput

requirements (in packets/sec) asﬁ the packet lengths (in | ]

bits) of the j* TCP connection. Thus the total average

throughput requirement of the TCP connectionsAfs = .

S AP bitsfsec. e =
Let the N¥ TCP connections are passing through (say) four

queues (Fig.1)T'C'P; has window sizél¥; (initially assume T —

that it is fixed) and propagation delady; (representing delays —

in the rest of the network). At each queue the link speed isFig. 1

. Multiple TCP flows through multiple queues with fixeatas
bps (ensured say, by WRR discussed above).
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drastically reduced without affecting the throughput oé th .
TCP flows. / H4 \\4\
Let A\y(s,d) and Ar(s,d) be theaveragethroughput re- O
quired by the total UDP (for a CBR connection it is its o
rate, for a VBR conn(_ection, it is its equivalent bandvyidthl)ig. 3. Network used in simulations
and the total TCP traffic generated by, d). Then we define
A(s,d) = Au(s,d) + Ar(s,d) as the average requirementof i
(s,d). We use this requirement in Section Il to obtain the: :: R
routing and scheduling for all the pairs. It is possible thnet X :
overall traffic of (s, d) is split over several routes. Let, (s, d)
be the fraction of(s, d) traffic on routep.
If a,(s,d) < 1 then we will senda,(s,d) fraction
of A\y(s,d) and Ar(s,d) on routep. On a link (i,7) on
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5
5
5/
5
3

5 5 5 8
5 3 g
53 5 2
o 4 4 5

o]

5
5
5
5
2

Fig. 4. Number of TCP connections

p out of a totaln(i,j) slot assignment in Section I, avia WRR. In each queue the UDP packets are given priority
fraction n'(i, j, s, d) > % would be assigned for over the TCP packets. The TCP flows are controlled via RED
A(s, d)ay (s, d) traffic of (s, d). N algorithms at their entry nodes.

Once the UDP and TCP flows df,d) to be routed on  Our scheme is scalable because we do not need to do per
route p have been identified, we can compute the fractidPw processing (see details in [13], [19] and [6]).
of slots ny(i,4,s,d) needed on a link(i,j) on route p VII. SIMULATIONS
to satisfy the QoS of those CBR and VBR connections We consider the network shown in Fig. 3. There are 20
via the methods detailed in Section IV. Finally we assigMSSs and 1 MBS (at the center). The network characteristics
n(i, j, s,d) 2 max(ny (i, j,s,d),n'(i,4,s,d)) fraction of are summarized in Table I. The system provides adaptive
slots of link (i,) for the traffic of (s,d) passing through modulation and coding rates resulting in 96 to 432 bytes per
it. Also, we give priority to the real time traffic ofs, d) mini slot. The scheduling is done over 3 frames. The channel
over the TCP traffic ofs,d) on each link(i, j). Thus, since rates vary randomly from one scheduling period (of 3 frames)
n(i,j,s,d) > ny(i, ], s,d), the QoS of the real time traffic to another independently. The channel rates are varied with
will be satisfied. Also, because(i, j,s,d) > n’'(i, 4, s, d), the Rayleigh distribution and then mapped to one of the rates.
long term average rate of TCP and UDP traffic(efd) on In Fig. 3, the numbers written on the links represent the link
(4, 7) will be satisfied and hence the TCP traffic gets its sharates. If the number is, then the mean link rate i3 bytes
of throughput on each linKi, j). Often n(i, j,s,d) will be per mini slot. We consider the transmission constraints (9)
much less thamy (i, j, s, d) + W (the number of  Figs. 4 and 5 provide the details on the number of TCP
slots needed on linki, j) to satisfy the QoS of TCP and uppand UDP rovys r(_aspect_ivel_y used in the example. The first
flows of (s,d) if we do not give priority to UDP flows) and 20 columns in Fig. 4 indicate the number of TCP flows
hence this multiplexing of UDP and TCP traffic 6f,d) on transmitting data from 20 MSSs to the MBS. The next 20
(i,7) provides significant gains in resource requirement. AQlUmns indicate the number in the downstream. There are
present the traffic mix in Internet is such that the real time classes of TCP flows depending upon their throughput
traffic makes less than 10% of the overall traffic. It is likedy réquirements which are 16, 32, 64, 128, and 256 Kbps
be so in near future. In that caséi, , s, d) will most likely be respect_wely. Similarly the number .of UDP connections are
close tor’(i, j, s,d) and hence the optimal solution obtaine§hown in Fig. 5. These are all sending traffic in the upstream.
in Section Il will not need to be modified.

In Fig. 2 we show our overall QoS architecture when there
are three nodes. Nodehas N,;; UDP flows andN,r» TCP 1
flows entering the Mesh. Flows from nodes 1 and 3 ente: :
node 2. At node 2 the flows from the three nodes are storﬁgl 5
in separate queues and are provided their required thraighp

5
8
2

D:l—mmm
|== ]
DMI—MU\:
D—hmmm
D)nnwva
a—b-mmﬁ
agmbmm

4| H
5| 5
4 4
1 1
[i] 0

EIIEIENE

i

Number of UDP connections



TABLE |
PHYSICAL LAYER PARAMETERS

Bandwidih 50 Mz VIII. CONCLUSIONS ANDEXTENSIONS
Number of Subcarriers 256 . . . . .

Frame Durafion Toms n this paper we hgve deS|gned_eff|C|ent, fair apd practicall

No. of OFDM symbols / frame 844 implementable algorithms for routing and centralized slcthe
Ng- t0f| ?‘FD'V]'C Sy_m_bIO'tS //rf“'n'S'Ot 211 ing in IEEE 802.16 mesh networks. We provide end to end

otal NO. of minisiots rame [ . f - .

No. of minislots / frame for uplink Centr. Sched. 194 QoS tO_ different ﬂO_WS_ I_n the network. For this, V_Ve first pl’_CBIId

TABLE I an optimal and fair joint routing and scheduling solution to

satisfy theaggregatemean traffic requirements of different

PERFORMANCE OFTCP AF.ows . . . . Y
source-destination pairs. Then we do scheduling at indalid

Perie[‘éoError Frac“‘é”og; Flows links to provide QoS to each flow. For this, we have handled

2010 15 5.034 UDP and TCP traffic separately at first and then jointly.

-1510 -10 0.041 Our algorithms are able to provide QoS to real and nonreal
13 ttg (')5 8'323 time individual flows efficiently and fairly. We are also atite
005 01133 support limited mobility as envisaged in the 802.16e steshda
5to 10 0.086 We have also provided an admission control policy which is
10 to 15 0.087 an important part of any QoS framework. These details are
L L provided in [6].

There are 5 classes of UDP connections depending upon their REFERENCES

requirements. The first 3 represent CBR traffic sending datala]l Al Interface for Fixed broadband Wireless A SEEE STD
- Ir Interface for rFixe roaapan Ireless Access Syst

rates 16, _32, 64 Kbps respectively. The last 2 classes mpireé 802.16 October 2004.

VBR traffic sending data at mean rates 128 and 256 Kbp$ r. k. Ahuja, T. L. Magnanti and J. B. Orlin, “ Network flowsheory,

respectively, Algorithms and Applications” Englewood Cliffs Prentice Hall, 1993.

: : I. F. Akyildiz, X. Wang and W. Wang, “ Wireless mesh netiksr A
The packet sizes of the CBR connections are 100 Byté@, survey”. Computer NetworkSol 47, No.4, 2005, pp. 445.487,

of the VBR connections are 1500 Bytes and of the TCE) wm. Alichery, R. Bhatia and L. Li, “Joint channel assignmeand routing
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