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Abstract—IEEE 802.11 WLAN has high data rates (e.g., 11 Mbps for 802.11b and 54 Mbps for 802.11g), while voice streams of VoIP
typically have low-data-rate requirements (e.g., 29.2 Kbps). One may, therefore, expect WLAN to be able to support a large number of
VoIP sessions (e.g., 200 and 900 sessions in 802.11b and 802.11g, respectively). Prior work by one of the authors, however, indicated
that 802.11 is extremely inefficient for VoIP transport. Only 12 and 60 VoIP sessions can be supported in an 802.11b and an 802.11g
WLAN, respectively. This paper shows that the bad news does not stop there. When there are multiple WLANs in the vicinity of each
other—a common situation these days—the already low VoIP capacity can be further eroded in a significant manner. For example, in a
5 � 5, 25-cell multi-WLAN network, the VoIP capacities for 802.11b and 802.11g are only 1.63 and 10.34 sessions per AP,
respectively. This paper investigates several solutions to improve the VoIP capacity. Based on a conflict graph model, we propose a
clique-analytical call admission scheme, which increases the VoIP capacity by 52 percent from 1.63 to 2.48 sessions per AP in
802.11b. For 11g, the call admission scheme can also increase the capacity by 37 percent from 10.34 to 14.14 sessions per AP. If all
the three orthogonal frequency channels available in 11b and 11g are used to reduce interferences among adjacent WLANs, clique-
analytical call admission scheme can boost the capacity to 7.39 VoIP sessions per AP in 11b and 44.91 sessions per AP in 11g. Last
but not least, this paper expounds for the first time the use of coarse-grained time-division multiple access (CoTDMA) in conjunction
with the basic 802.11 CSMA to eliminate the performance-degrading exposed-node and hidden-node problems in 802.11. A two-layer
coloring problem (which is distinct from the classical graph coloring problem) is formulated to assign coarse time slots and frequency
channels to VoIP sessions, taking into account the intricacies of the carrier-sensing operation of 802.11. We find that CoTDMA can
further increase the VoIP capacity in the multi-WLAN scenario by an additional 35 percent, so that 10 and 58 sessions per AP can be
supported in 802.11b and 802.11g, respectively.

Index Terms—VoIP, multiple WLANs, CSMA, coarse-grained time-division multiple access, clique-analytical call admission control.
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1 INTRODUCTION

VOICE-OVER-IP (VoIP) is one of the fastest growing
applications for the Internet today. At the same time,

driven by huge demands for portable access, the market for
wireless Local Area Network (WLAN) based on the IEEE
802.11 standard is taking off quickly. Many city-wide
deployments of WLAN are under plan. An important
application over these networks will be VoIP over WLAN.
A hurdle, however, is the low number of voice conversa-
tions that can be supported. As shown in previous
investigations [1], [2], although in theory, many voice
sessions can be supported in an 802.11b WLAN based on
simplistic raw bandwidth calculation, in reality, only less
than 12 can be accommodated.

Most of the prior investigative efforts [1], [2], [3], [4], [5]
have been focused on the single isolated WLAN scenario.
In practice, with the proliferation of WLAN these days, it
is common to find numerous WLANs within a small
geographical area—one only needs to do a cursory scan
with a Wi-Fi-equipped personal computer to see the

considerable number of WLANs within a building.
Recently, there has been much attention paid to multihop
wireless mesh networks and VoIP over such networks [6],
[7], [8]. In multihop wireless mesh networks, solutions to
QoS of VoIP tend to be complicated as several higher layer
issues, such as routing, have to be addressed. At the same
time, most wireless networks currently deployed in the
field have an infrastructure architecture in which term-
inals are connected to a base station in one hop. This
paper is a first attempt to examine the VoIP capacity in the
“multicell” environment in which many infrastructure
WLANs are deployed in the same geographical area.

We find that the VoIP capacity is further eroded in the
multicell scenario, and substantially so. For example, our
NS2 [9] simulations show that the capacity of a 5 � 5, 25-cell
WLAN is only 1.63 VoIP sessions per access point (AP) in
802.11b and 10.34 sessions per AP in 802.11g. This dismal
performance has important implications that deserve
further attention in view of the accelerating productization
of VoIP-over-WLAN technologies.

We identify the mutual interferences of the CSMA
operation of adjacent cells as the major culprit for this
dismal performance and provide solutions to alleviate the
problem. Based on a conflict graph model, we set up a
framework for call admission control to better manage the
mutual interferences.

A major contribution of this paper is the proposal of a
coarse-grained time-division multiple-access (CoTDMA)
approach to alleviate multicell mutual interferences. In
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CoTDMA, the time dimension is divided into multiple
coarse time slots. Each VoIP session is assigned a coarse
time slot, and it makes use of the basic 802.11 CSMA
protocol to contend for channel access with other VoIP
sessions assigned to the same time slot. To isolate intercell
interference, VoIP sessions of adjacent WLANs that inter-
fere with each other are assigned different time slots.
Coarse-grained time slots could be implemented using the
sleep mode of 802.11, originally intended for power
conservation purposes.

The theoretical call admission control framework of
CoTDMA corresponds to a new class of graph-coloring
problem that is distinct from that of the classical graph-
coloring problem. With only three coarse-grained time slots,
VoIP capacity per AP can be boosted to 10 and 58 sessions
in 802.11b and 802.11g, respectively.

The remainder of this paper is organized as follows:
Section 2 shows that the VoIP capacity can be eroded
further in a significant way in the multicell setting. Section 3
explains how the CSMA protocol and co-channel inter-
ference would affect the VoIP capacity. We present a call
admission strategy based on clique analysis of a graph-
theoretic formulation to confine intercell interferences.
Section 4 considers using a time-dimension approach in
conjunction with the basic 802.11 CSMA to further improve
the VoIP capacity. Section 5 concludes the paper.

2 LOW VoIP CAPACITY OVER MULTIPLE WLANs
2.1 VoIP Attributes
VoIP packets are streams of packets containing encoded
voice signals. There are different codecs for encoding voice
signals (Table 1). Take GSM 6.10 as an example. The voice
payload is 33 bytes, and 50 packets are generated in each
second. After adding the 40-byte IP/UDP/RTP header, the
minimum channel capacity required to support a GSM
6.10 voice stream in one direction (uplink or downlink) is
29.2 Kbps.

An 802.11b WLAN in theory can support nearly
200 VoIP sessions (divide 11 Mbps by two times of
29.2 Kbps) and an 802.11g WLAN, more than 900 sessions
(divide 54 Mbps by two times 29.2 Kbps). However, prior
investigations have shown that the actual VoIP capacity is
severely limited due to various inherent header and
protocol overheads. With the GSM 6.10 codec, for
example, only 12 (60) VoIP sessions can be supported in
an 802.11b (802.11g) WLAN [1], [2].

Besides GSM 6.10, other advanced VoIP codecs may
help to increase the VoIP capacity over single isolated
WLAN with techniques such as silence compression and

packet loss concealment. However, these codecs do not
tackle the issue of co-channel interference, which arises
when multiple WLANs are in the vicinity of each other.
The large VoIP capacity penalty when VoIP operates over
multiple WLANs, as mentioned in Section 1, remains. We
will demonstrate the presence of this large capacity
penalty in various codecs in the next section. For
concreteness and direct comparison with the results of
single isolated WLAN in [1], [2], we assume GSM 6.10 in
the remaining discussion.

Voice signals could also be encoded with either constant
bit rate (CBR) or variable bit rate (VBR) at the source. VBR
takes advantage of silence periods in conversation to save
bandwidth. Although VBR can support more VoIP ses-
sions, the large capacity penalty when VoIP operates over
multiple WLANs remains. We will investigate this penalty
for both VBR and CBR in this paper. For explanation of
concepts and solutions proposed, however, we mainly
focus on CBR. In the case of VBR, the main ideas of our
solutions do not change except that we have to add a
probabilistic model into our solutions to take advantage of
bandwidth conservation in VBR.

In this paper, we assume the allowance of 3 percent
packet loss rate. The exact tolerable packet loss rate
depends much on the codec used. Commercial products
typically claim that their VoIP packet loss rate can be kept
within 1-5 percent, and even less than 1 percent [10].
Codecs with packet loss concealment can tolerate larger
packet loss rates. Loss rate of 3 percent is a common
requirement for voice transmission [11]. Given the 3 percent
loss allowance, the minimum channel capacity requirement
is 28.32 Kbps for GSM 6.10 codec. If both the uplink and
downlink of a VoIP session can have throughputs exceed-
ing this benchmark, we say that the VoIP session can be
supported in the WLAN.

2.2 Low VoIP Capacity over Multiple WLANs
To evaluate the VoIP capacity over multiple WLANs, we
model a “WLAN cell” with a regular hexagonal area with
side length 250 m. An AP is placed at the center of the cell.
Any wireless client station inside the cell will be associated
with the AP. The longest link distance (dmax) is therefore
250 m, which is also the data transmission range (TXRange)
for 802.11 assumed in NS2. The transmission ranges of APs
in WLANs partially overlaps. This is also the case in
practice. The circles in Fig. 1 represent the coverage of
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TABLE 1
Attributes of Commonly Used VoIP Codes

Fig. 1. A 3 � 3 multicell topology.
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certain WLANs. By placing the cells side by side, we form
a D � D multicell topology, where D is the number of cells
on each side. Fig. 1 shows a 3 � 3 multicell topology.

We consider the use of the basic mode [12] of 802.11 in
this paper since the short VoIP payload does not warrant
the use of RTS/CTS. We assume carrier-sensing range
(CSRange) of 550 m, the default value in NS2.

We ran simulation experiments on the D � D multicell
topology for D … 1; 2; 3; 4, and 5. In each run, wireless client
stations (VoIP sessions) are added one by one randomly
assuming uniform distribution. With each additional VoIP
session, NS2 simulation is run and the throughput of each
link recorded. When the next newly added VoIP session
causes violation of the packet loss rate requirement
(3 percent) by at least one of the sessions, we say that the
capacity limit has been exceeded. This corresponds to a
simplistic call admission scheme in which upon unaccep-
table performance caused by the newly added session, the
newly added session will be dropped, and no more future
sessions will be accepted. We will later consider a cleverer
call admission scheme based on a clique analysis of a
conflict graph so that we can “predict” the performance
before deciding whether to admit a call. Table 2 sum-
marizes our simulation results under GSM 6.10.

In Table 2, CD�D is the total number of VoIP sessions
that can be supported in a D � D multicell topology.
Obviously, as D increases, more VoIP sessions can be
supported. We further calculate CAP D, the per-AP capacity
in a D � D multicell WLAN, defined as follows:

CAP D … CD�D=D2: ð1Þ

We plot CAP D against number of cells D2 in Fig. 2. We
find that as number of cells increases, per-AP capacity
decreases. When the number of cells is 25, i.e., D … 5, only
1.63 VoIP sessions can be supported by each AP in
802.11b. Compared with the single-cell scenario, where
each AP can support 12 VoIP sessions in 802.11b, this is a
rather large penalty! Similar capacity penalty is also
observed in 802.11g, where only 10.34 sessions per AP
can be supported when D … 5, as opposed to 55 in the
single isolated WLAN case when D … 1.1

Similar large capacity penalties are also found in other
VoIP codecs and VBR encoding. Table 3 shows the per-AP
VoIP capacity in a 1 � 1 (single isolated) WLAN and that in
a 5 � 5 multicell WLAN when different VoIP codecs and bit

rates (CBR and VBR) are used. For VBR, Brady’s VBR
model is assumed. For all codecs, regardless of whether
CBR or VBR is used, large capacity penalties are incurred in
the multiple-WLAN scenario.

We also note in passing that for networks larger than
5 � 5, most cells will be surrounded by six adjacent cells
and there will be proportionately fewer cells at the
boundary, where there is less interference from other cells.
One can therefore expect VoIP capacity per AP to drop
even further. Indeed, for GSM 6.10 CBR VoIP over a
10 � 10 802.11b network, our simulation shows that the
per-AP capacity is only 1.22 sessions.

2.3 Applying Frequency-Channel Assignment
To reduce mutual interference, a quick solution is to assign
different frequency channels to different cells. If there are
enough frequency channels, the neighbor cells could be
assigned different frequency channels. This boils down to
the same situation as in the single-cell case so that the per-
AP VoIP capacity in the multicell case is the same as that in
the single-cell case.

IEEE 802.11b/g has only three orthogonal frequency
channels, and this is not sufficient to completely isolate
co-channel interference between cells. Fig. 3 shows that if
we have only three frequency channels, then the nearest

CHAN AND LIEW: PERFORMANCE OF VOIP OVER MULTIPLE CO-LOCATED IEEE 802.11 WIRELESS LANS 1065

1. VoIP capacity of a single-cell 802.11g WLAN measured in simulation
is 55, not 60 as calculated in [1], [2]. This is due to the smaller minimum
contention window size in 802.11g. But for consistency of comparison, we
still take “60 VoIP sessions” as the theoretical upper bound for VoIP
capacity over single isolated 802.11g WLAN in our following discussions.

TABLE 2
VoIP Capacity over D � D Multicell Topologies

Fig. 2. Per-AP capacity of D � D multicell WLAN.

TABLE 3
Per-AP Capacity When VoIP in Different Codecs
Operates over 1 � 1 and 5 � 5 802.11b WLANs
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