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ABSTRACT

Since the IEEE 802.16 standard has been defined for wire-
less technology, there have been many efforts to analyze and
evaluate the performance of 802.16 networks. In this paper,
we present an ns-2 simulation module for IEEE 802.16 up-
link scheduling. We describe in detail the algorithm used,
and validate our module through simulations of a typical
network architecture.
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1. INTRODUCTION

IEEE 802.16 MAN [1] is a promising technology for wireless
access links. It overcomes several of the drawbacks held by
legacy wireless technologies, such as limited coverage and
high communication costs. Many recent studies have exam-
ined the performance of IEEE 802.16 networks [2, 16, 18]. It
has also been receiving wide attention as a commercial ser-
vice; in 2006, for example, a mobile service named WiBro
based on IEEE 802.16e [4] was launched in South Korea.

Novel network technologies can be evaluated and analyzed
through a number of methods, including mathematical anal-
ysis, simulations, and experiments. Mathematical analysis
can be used to provide the theoretical background of a given
technology, but most tractable models are over-simplified.
Experiments with real equipment are useful for monitoring
the status of a system, but they are hard to perform in early
stages of development. Thus, simulations play a very im-
portant role in network research. They are especially help-
ful in evaluating the performance of emerging technologies,
since they do not need any real equipment and produce re-
peatable results. Recent performance evaluations of IEEE
802.16 have mostly relied on simulations. The importance
of network simulations is thoroughly discussed in Paxson
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and Floyd’s landmark essay “Why we don’t know how to
simulate the Internet” [8].

There are several well-known tools for network simulation,
such as ns-2 [5], OPNET [9], and Qualnet [10]. The first
of these, ns-2, is free, open-source software widely used in
academia. It can be used to set up accurate packet-level
simulations for a variety of network types, including wire-
less and optical. ISI (Information Sciences Institute), NIST
(National Institute of Standards and Technology), and other
organizations are currently developing a new version of ns-2.
CMU’s (Carnegie Mellon University) Monarch project has
used ns-2 to develop simulation modules for IEEE 802.11-
based WLAN and ad-hoc networks, and these tools are now
widely used.

In this paper, we present a new simulation module! for IEEE
802.16. In our earlier works [11, 12], we have evaluated
best-effort traffic performance in IEEE 802.16 networks us-
ing ns-2. This paper extends that work to all classes of
trafficc:. UGS (Unsolicited Grant Service), rtPS (Real-time
Polling Service), nrtPS (non-real-time Polling Service), and
BE (Best-Effort). There have been several recent simula-
tion studies of IEEE 802.16 [2, 16] networks, most of which
have developed their own tools for obtaining specific perfor-
mance measures. Such works are difficult to adapt to other
purposes. Two works, however, have developed IEEE 802.16
simulation modules for ns-2 [13, 14]. These tools focus on
the physical characteristics of networks and mobility. The
module presented in this paper is designed to simulate the
uplink scheduling of various traffic models, which is one of
the most interesting features of IEEE 802.16.

The simulation module in this paper conforms to the IEEE

802.16 standard. We design simple and straightforward schemes

for uplink scheduling and admission control, so that these
building blocks can be easily adapted to future research.
Since the module is based on a layered architecture, it can
also be easily merged with modules simulating the physical
characteristics and mobility of the network [13, 14]. We be-
lieve that the simulation module presented in this paper will
be useful for future research on IEEE 802.16.

The rest of this paper is organized as follows: In Section 2,
we summarize the MAC protocol of the IEEE 802.16 stan-
dard and describe how the simulation module conforms to
the standard. In Section 3, we present the uplink schedul-

! Available at http://cnlab.kaist.ac.kr.
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ing and admission control algorithms for the various QoS
classes defined in the IEEE 802.16 standard. In Section 4
we validate our module through various simulation scenar-
ios, and show that it provides a useful and accurate perfor-
mance evaluation. Section 5 summarizes our results.

2. |EEE802.16 COMMUNICATION ARCHI-

TECTURE

An IEEE 802.16 network consists of one base station (BS)
and a set of subscribe stations (SS) sharing a channel. By
default, the channel is shared between uplinks and downlinks
using TDD (Time Division Duplexing). Both TDM (Time
Division Multiplexing) and FDM (Frequency Division Mul-
tiplexing) are also supported by the standard. Our simulator
supports TDD and TDM, but excludes FDM since we wish
to focus on the MAC protocol associated with scheduling
rather than on the physical characteristics of the network.

In Fig. 1, we present a typical IEEE 802.16 network architec-
ture. The IEEE 802.16 standard supports various QoS re-
quirements for the individual connections. If an SS wants to
open a connection to the BS; it first sends a request. Upon
receiving the message, the BS performs admission control
based on the requested traffic, the QoS specification, and
currently available resources. Once the connection is estab-
lished, the SS may obtain a particular bandwidth by sending
a class-specific request (e.g. polling, contention-based, etc.).
The BS then aggregates all requests and allocates bandwidth
to each connection or SS through an appropriate scheduling
scheme.

Base Station

Subscriber Station

& < TDM/TDD Frame Structure >
Connection Admission
Establishment Controller

Packet
Bandwidth Allocation
<: Scheduler

Figure 1: IEEE 802.16 network architecture
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In Fig. 2, we illustrate the frame structure of an IEEE 802.16
network. Data is transmitted in a sequence of frames, each
one divided into two subframes for the downlink and uplink.
A subframe consists of multiple data bursts, and the actual
downlink or uplink transmission is performed via reading
and writing to a data burst. The BS performs uplink and
downlink scheduling, and allocates data bursts to each SS.
Information on the burst allocation is transmitted in DL
(Downlink) and UL (Uplink) MAPs, which are located at
the beginning of each downlink subframe.

3. UPLINK SCHEDULER
One of the advantages of an IEEE 802.16 network is that
its uplink scheduling supports multiple QoS classes. To ac-

Frame j

+—Downlink Subframe— «~——Uplink Subframe——*
| & o == — N S|
IR AR 2| 22- | 8| B 8
2 é [ — - <] E 0 — [ —
.Jl ’_.‘4 ,3 E um _5 8 '1&':5 g _g _g um _3
Al 2= = §58 |2l 2
AlA A oMK | R~ =)

mmn | Frame j-4 Frame j-1 Frame j | Frame j+]|Frame j+2 am =

Figure 2: Frame structure

commodate heterogeneous traffic with various QoS require-
ments, the MAC protocol of TEEE 802.16 is connection-
oriented and employs strict admission control. When es-
tablishing a new connection, the SS sends a request message
containing its class and traffic specifications. The connection
is accepted when enough resources are available to accom-
modate it. The SS can then send or receive data through
the allocated bandwidth. The bandwidth allocation is per-
formed by the BS according to an appropriate scheduling
scheme. Although the IEEE 802.16 standard does not spec-
ify a scheduling scheme, it is obvious that downlink schedul-
ing is much simpler than uplink scheduling since the BS has
complete information on downlink traffic. It has been shown
that a simple Deficit Round Robin (DRR) scheduler [15]
works well for downlink scheduling [16]. The simulation
module presented in this paper thus focuses on the more
difficult problem of uplink scheduling.

In uplink scheduling, the BS allocates bandwidth among the
SS based on their requests. The mechanism is different for
each service class, however, as follows:

e UGS (Unsolicited Grant Service) has the highest prior-
ity. This class is used for legacy voice and VoIP traffic
services, which generate fixed length packets at uni-
form intervals. They are thus not required to request
bandwidth for individual packets. Rather, the BS reg-
ularly assigns slots according to the traffic specification
once the connection has been accepted.

e rtPS (real-time Polling Service) has the next highest
priority, and is used for multimedia streams. Most
multimedia streams also send packets at uniform in-
tervals, but the packets are of variable size. Thus, the
BS polls the connection periodically to find out how
much bandwidth is needed.

e nrtPS (non real-time Polling Service) is for any other
service which requires more resources than a Best-
Effort connection. It is essentially the same as the
BE class, except that it may be given additional band-
width through occasional (irregular) polling.

e BE (Best-Effort) services are only allowed to make
contention-based requests; that is, they must compete
for several shared bandwidth slots along with other
services of this class.



In the remainder of this section, we will describe the imple-
mentation of our simulation module in detail.

3.1 Connection Establishment

The connection establishment process consists of a connec-
tion request and a grant, along with an appropriate admis-
sion control scheme. When an SS wants to be connected
to the BS, it sends a connection request message containing
{traffic class, start time, end time, sending rate, packet size}.
Connection establishment for each class is then performed
as follows:

e UGS: The BS examines the time interval defined in the
request, and checks where there are enough resources
to grant it. If so, bandwidth is allocated to the con-
nection during the requested interval. Note that the
packet size of a UGS connection is expected to be con-
stant.

e rtPS: As the UGS connection, except that packet size
is taken as an average value.

e nrtPS and BE: For an nrtPS or BE connection, there
is no admission control because they do not require a
specific QoS. Upon receiving a request for these two
classes of connection, the BS simply accepts it and
sends a connection identifier back to the SS. Note that
traffic class information is only required for the nrtPS
and BE connections.

The UGS and rtPS connections should be strictly controlled,
since they require a uniform QoS. In our simulation module,
admission control is based on bandwidth. We initially set
bandwidth limits for the UGS and rtPS classes, only accept-
ing new connections when the total traffic of current activity
and accepted requests does not exceed this limit. It may be
that more elaborate methods provide better admission con-
trol, but our modules focuses on providing a general frame-
work for uplink scheduling in IEEE 802.16 network simula-
tions. A discussion of specific admission control schemes lies
beyond the scope of this paper. We believe that this simple
scheme can easily be extended in future studies.

3.2 Bandwidth Scheduling

For each frame, the BS performs uplink scheduling on all
established UGS and rtPS connections, as well as any nrtPS
or BE connections that successfully transmitted bandwidth
requests. The scheduling results are stored by UL-MAP
in the downlink subframe. In the rest of this section, we
describe the scheduling procedure for each service class.

321 UGS

UGS traffic is scheduled with the highest priority without
the need for explicit bandwidth requests. Since a UGS con-
nection needs a fixed amount of bandwidth periodically, we
simply record the packet size and period of each connection.
In our simulation module, we also maintain a variable which
indicates the time of the next bandwidth allocation. This
procedure is described in lines 13-14 of Algorithm 1.

In our simulation module, scheduling is performed for each
frame but no particular order is forced on the data within a

Algorithm 1 Pseudo code for uplink scheduling

1: for each frame do
2:  for each rtPS connection r[] do
3 if r[i].next < now + 27 then
4 schedule unicast polling slot for r[i]
5: end if
6: end for
7:  for each nrtPS connection n[i] do
8: if n[i].polling is set then
9: schedule unicast polling slot for n[q]
10: reset n[i].polling
11: end if
12:  end for
13:  for each UGS connection u[i] do
14: if u[i].nert < now + 7 then
15: schedule slots for i
16: u[i].next = u[i].next + uli].interval
17: end if
18:  end for
19:  for each rtPS connection r[:] do
20: if u[i].next < now + 7 then
21: schedule slots for 7[i]
22: r[i].next = r[i].next + r[i].interval
23: end if
24:  end for
25:  for each nrtPS and BE connection with non-empty
request do
26: schedule the remaining slots equally among them
27: for each nrtPS connection whose request has just
been fulfilled do
28: set n[i].polling
29: end for
30: end for
31: end for

frame. Thus, higher priority traffic is always located near the
beginning of the frame. When a frame is not large enough
to contain all the scheduled UGS connections, some of them
are moved to the next frame. To prevent any one connection
from being scheduled in the next frame over and over again,
we randomize the scheduling order of UGS connections.

322 rtPS

After all the UGS traffic has been dealt with, rtPS traffic
is scheduled. The amount of bandwidth available for rtPS
traffic is determined periodically. The BS maintains two
variables: the polling period and the time of the next band-
width allocation. The rtPS scheduling algorithm operates on
two consecutive frames. In the first frame, the BS schedules
slots to the rtPS connections for their bandwidth requests.
In the next frame, the BS schedules the actual data trans-
mission. The rtPS scheduling procedure is described in lines
26 and lines 19-24 of the algorithm. Note that although
polling for rtPS connections occurs prior to UGS scheduling,
the scheduling of data transmission only occurs afterwards.
Thus, rtPS scheduling does not have much impact on UGS
scheduling.

3.23 nrtPSand BE
In the IEEE 802.16 standard, an nrtPS service is allowed to
request both sporadic (non-periodic) polling and contention-
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Figure 3: Simulation topology

based scheduling. The mechanism for sporadic polling, how-
ever, is not defined. In our simulation module, we allow
both nrtPS and BE services to send contention-based re-
quests. In each frame, a certain number of slots are allo-
cated to contention-based requests (this number is set at
the beginning of the simulation). For an nrtPS connection,
we will poll the connection when it has been allocated the
total amount of its requested bandwidth.

When nrtPS and BE connections have data to send, they
send a contention-based bandwidth request to the BS. When
multiple connections access the same slot by request, a colli-
sion occurs and they need to retransmit. Otherwise, the BS
receives the request and allocates slots to the connection in
the next frame. After allocating slots for the UGS and rtPS
connections (lines 2-24 of the algorithm), the BS divides
its remaining slots equally between nrtPS and BE connec-
tions. Thus, there is no difference between the nrtPS and
BE connections once they have obtained their bandwidth.
The benefit of an nrtPS service is that it has more chances
to request bandwidth via non-periodic polling. In our simu-
lation module, there is a chance for another request when a
connection has been granted all of its requested bandwidth.
If the connection still has data to send, then it may be able
to request bandwidth without contention. Otherwise, like
the BE service it must wait to send a contention-based re-
quest later.

4. SIMULATION RESULTS

In this section, we validate our simulation module under
various scenarios. Fig. 3 presents the simulation topology.
A set of mobile nodes are connected to a BS through an
IEEE 802.16 wireless link. The BS is connected to a wired
network. The uplink bandwidth is set to 10 Mbps, and the
frame length is 5 ms. Each mobile node has one connection,
belonging to one of the four classes. The total number of
nrtPS and BE connections is set to 10, but we vary the
numbers of UGS and rtPS connections. We use TCP for the
nrtPS and BE connections, and UDP for the UGS and rtPS
connections. To observe the throughput achieved by the
nrtPS and BE connections, we send them through a separate
link with background TCP traffic. Using this topology, we
devise three simulation scenarios.

In the first scenario, we examine the performance of UGS
traffic. The sending rate of each UGS connection is 0.1
Mbps, and the packet size is set to 0.5 kB. We increase
the number of UGS connections by one every second, to a
maximum of 50. There is one rtPS connection with a send-
ing rate of 1 Mbps and a packet size of 1 kB. Fig. 4 presents
the results of this simulation.

Fig. 4(a) presents the aggregated throughput achieved by
each class of connections. Since they have the highest pri-
ority, the throughput achieved by the UGS connections in-
creases to 5 Mbps over the course of the simulation. The
throughput of the single rtPS connection is maintained, while
the throughput of the nrtPS and BE connections decreases
as the number of UGS connections increases. Note that the
throughput of the nrtPS connections is also slightly higher
than that of the BE connections. This simulation thus con-
forms to the standard of IEEE 802.16 uplink scheduling, in
the sense that UGS and rtPS packets are scheduled with a
higher priority than nrtPS and BE packets, and that nrtPS
connections may acquire additional bandwidth through non-
periodic polling.

In Fig. 4(b), we compare the worst-case delays of UGS and
rtPS packets during each second of the simulation. (Delay is
defined as the length of time a packet stays in the interface
queue.) Note that the initial 5 ms delay of the UGS packets
corresponds to the frame length. The rtPS packets observe
additional 5 ms delay for the polling period. The worst case
delay of both classes increases with the number of UGS con-
nections. At 39 seconds, the delay of rtPS packets suddenly
increases. This is due to the fact that some packets can-
not be scheduled immediately and are delayed to the next
frame. Five seconds later, the delay of UGS packets also
jumps for the same reason. This result also confirms that
our simulation module is properly scheduling the UGS and
rtPS packets properly. UGS packets should observe very low
delay when the amount of UGS traffic is managed properly
(40 % in this scenario).

In the second scenario, we fix the number of UGS connec-
tions at 10 and vary the number of rtPS connections from 1
to 50. The sending rate of each rtPS connection is 0.1 Mbps.
The throughput of each class in this simulation, shown in
Fig. 5(a), is quite similar to that seen in Fig. 4(a). The rtPS
packets are still scheduled with a higher priority than the
nrtPS and BE packets. In Fig. 5(b), we present the worst-
case delay of the UGS and rtPS packets. Unlike Fig. 4(b),
we see here that the UGS delay is not affected by the in-
creasing rtPS traffic. This confirms that UGS packets are
still scheduled with the highest priority.

In the last scenario, we compare the nrtPS and BE classes.
The aggregated sending rate of UGS and rtPS connections
is fixed at 1 Mbps. We vary the number of request slots for
nrtPS and BE connections from 2 to 10. In Fig. 6, we present
the aggregated throughput of nrtPS and BE connections and
the success rate of bandwidth requests. The parameter £ is
the maximum amount of data per request. We may notice
the following features:

o nrtPS connections realize higher throughput than BE
connections;



I

throughput (Mbps)
w

B!

_V/\J\\& |

] etk **HN*HNHH*H*WW*W***—;‘};{**W*M

0 i i i i i
0 10 20 30 40 50 60
time (second)
(a) Throughput
0.016
—= UGS bR
—  rtPS ¥ ’
0.014 " | w 4

o
o
B
N

o
o
S
©

worst-case delay (second)
o
o
=

0.006

0.004 - - - - -
0 10 20 30 40 50 60
time (second)

(b) Delay

Figure 4: Impact of UGS traffic

e as the number of request slots increases, the success
rate of requests increases;

e the difference between nrtPS and BE throughput de-
creases as the number of connections increases, since
the principal advantage of nrtPS is less important;

e a larger value of k reduces the number of requests, so
the success rate increases; and

e BE connections with a larger k achieve higher through-
put, assuming the same number of available request
slots.

A larger value of k may induce unfair bandwidth sharing
over the short term. There is thus a trade-off between
throughput and fairness to be considered when choosing k.
However, a detailed analysis of this parameter is beyond the
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scope of this paper. For now, the result simply confirms that
our module effectively simulates the behaviors of nrtPS and
BE traffic.

5 SUMMARY

In this paper, we presented an ns-2 simulation module for
the IEEE 802.16 uplink scheduler. The architecture of the
module was described in detail. Simulations of several dif-
ferent scenarios have shown that our module conforms to
the IEEE 802.16 standard and can be used to evaluate the
performance of four service classes. We expect that our sim-

ulation module will be useful to anyone investigating IEEE
802.16 networks.
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