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Abstract

Recently, wireless local area network (WLAN) hotspots
have been deployed in many areas (e.g., cafes, airports, uni-
versity campuses). The new IEEE 802.11e standard further
provides quality of service (QoS) provisioning by grouping
the applications (or traffic) into four different access cat-
egories. The coverage area of WLANs can be extended by
allowing the neighboring mobile devices to relay data to the
access points. This concept is known as multi-hop WLANs.
Due to the limited network capacity and the contention-
based channel access mechanism, admission control is re-
quired to regulate the number of simultaneous flows to
maintain QoS. The multi-hop extension of WLANs present
further challenges for admission control design due to the
location-dependent contention in the network. In this paper,
we propose an admission control algorithm for multi-hop
802.11e WLANs. The admission control algorithm first con-
structs the network’s contention graph to break down the
network contention situation into areas comprised of max-
imal cliques. Then, the admission decision is made by an-
alyzing the available capacity of each maximal clique with
802.11e saturation throughput analysis. Simulation results
show that our proposed algorithm is effective in providing
QoS guarantee to the existing voice and video flows while
maintaining a good performance for best effort traffic.

1 Introduction

The IEEE 802.11 wireless local area networks (WLANs)
have gained extensive consumer markets for high-speed
wireless Internet access. However, the current 802.11
medium access control (MAC) protocol does not provide
quality of service (QoS) guarantee. Real-time applications
may degrade their performance when the network becomes
congested. With the increasing demand for multimedia ser-
vices (e.g., voice calls, video streaming) over wireless, the
newly approved IEEE 802.11e standard [6] provides a QoS

extension to the current 802.11a/b/g WLANs. The En-
hanced Distributed Channel Access (EDCA) mechanism in
802.11e, which is a direct extension to the Distributed Coor-
dination Function (DCF), provides a contention-based QoS
support.

In EDCA, each traffic flow is assigned to one of the four
possible access categories (ACs). Each AC has a different
medium access priority. It has been shown that this dif-
ferentiation scheme works well when the network is mod-
erately loaded [19]. However, due to the contention-based
channel access, no strict QoS guarantee (e.g., throughput,
delay) can be provided when the network becomes over-
loaded . For better QoS provisioning, resource management
schemes such asadmission controlare essential to provide
QoS guarantee. The QoS access point (QAP) can police the
amount of traffic allowed into the network and maintain the
network load to be below a certain threshold.

There have been some related work on admission control
for WLANs. In [2], each mobile node measures the occu-
pied bandwidth (or the average collision ratio) by each of
its four ACs, and makes admission decisions with a simple
threshold rule. In [14, 10, 8], the expected network through-
put or delay performance is estimated based on an analytical
model with measured parameters. Then, an admission con-
trol decision is made at the QAP based on the new flow’s
request. In [18], the QAP measures the medium utilization,
and announces the transmission opportunity budget (TX-
OPBudget) via periodic beacon signals for each AC (ex-
cept AC 0 for best-effort traffic). When the TXOPBudget
for one AC is depleted, new flows cannot gain transmission
time and the existing flows cannot increase the transmission
time either. Several enhancements are further proposed in
[19] by adjusting the contention level from data traffic.

There has been an interest in providing wireless Inter-
net access viamulti-hop WLANs. In a multi-hop WLAN,
one or more QAPs are connected to the Internet backbone.
The mobile stations form an ad-hoc multi-hop network and
relay the traffic to the QAP via each other (see Figure 1).
This wireless mesh topology combines the advantages of



Figure 1. A multi-hop WLAN. Each link is
identified by an integer.

WLAN’s infrastructure working mode and the pure ad-hoc
working mode. The network is both self-organizing and
self-configuring. This leads to minimal upfront investment
and ease of incremental installation.

Admission control for multi-hop WLANs is a challeng-
ing issue. For the single-hop WLAN case, all the nodes
(i.e, QAPs, mobile stations) experience similar medium ac-
cess contention. The admission decisions are then based
on the assumption that all the nodes can monitor the whole
network’s conditions by some local measurements. How-
ever, for the multi-hop WLAN case, due to the location-
dependent contention, the local medium usage information
becomes ineffective to capture the traffic contention situa-
tion in the whole network. Thus, admission control algo-
rithms proposed for the single-hop case cannot be directly
extended to the multi-hop scenarios.

In this paper, we propose an effective admission control
algorithm for IEEE 802.11e-based multi-hop WLANs. In
our proposed admission control algorithm, we first use a
contention graph to model the contention situation in the
multi-hop WLAN. It is followed by an estimation of the ca-
pacity for each maximal clique in the contention graph. A
new flow is admitted if the aggregated traffic load is less
than the estimated network capacity. To the best of our
knowledge, this is the first paper to study admission control
scheme for multi-hop WLANs based on the IEEE 802.11e
EDCA QoS extension. Simulation results show that our
proposed algorithm is effective in providing QoS guaran-
tee to the existing voice and video flows while maintaining
a good performance for best effort traffic.

The rest of this paper is organized as follows. In Sec-
tion 2, we provide an overview of the related new features
in IEEE 802.11e. In Section 3, we present the contention
analysis for multi-hop WLANs and describe our proposed
admission control algorithm. Simulation results and dis-
cussion are presented in Section 4. Conclusions and future
work are given in Section 5.

2 Background on IEEE 802.11e

The IEEE 802.11e standard [6] defines a Hybrid Coordi-
nation Function (HCF) to provide QoS guarantee. The HCF
can use either a contention-based channel access method
EDCA or a controlled channel access method HCCA (HCF
Controlled Channel Access). EDCA is distributed and is
compatible with the legacy DCF mechanism.

For EDCA, different traffic types are assigned to one of
the four ACs. EDCA differentiates traffic priorities by as-
signing different sets of parameters to each AC. The para-
meters include the arbitration interframe space (AIFS), min-
imum and maximum contention window sizes (CWmin and
CWmax).

This traffic differentiation works well in light to medium
network load conditions. When the network load is
high, increasing contention introduces excess collisions
and retransmissions, which leads to a decrease in network
throughput and an increase of delay [19]. To protect the ex-
isting traffic flows and provide QoS guarantee to the new
flows, the IEEE 802.11e network may use admission con-
trol for resource management.

The IEEE 802.11e standard [6] defines the basic proce-
dures for contention-based admission control for EDCA. A
mobile station which needs to initiate a new real-time flow
will first send an ADDTS.request (Add-Traffic-Stream Re-
quest) frame to the QAP. The station specifies the traffic
parameters such as the nominal MSDU (MAC Service Data
Unit) size, mean data rate, and surplus bandwidth allowance
in the ADDTS.request frame. Based on the requested traf-
fic parameters and the network state, the QAP makes an
admission decision, and sends back the results in the AD-
DTS.response frame. Note that the 802.11e only defines the
signaling frame format for admission control, the network
operators are free to implement their own admission deci-
sion algorithms. This paper proposes an admission control
algorithm for EDCA based multi-hop WLAN environment.

3 System Model

In this section, we first describe the network model and
the assumptions. It is followed by a discussion of the con-
tention graph and maximal cliques. We then introduce our
proposed admission control framework and describe how to
estimate the capacity of each maximal clique by the satura-
tion throughput analysis. We also describe the requirements
to implement our proposed admission control algorithm in
a QAP.

3.1 Network Model and Assumptions

Consider a multi-hop WLAN which is comprised of a set
of N nodes and a set ofL links. There is an access point



(a) An example of multi-hop WLAN topology with 6 links.

(b) The corresponding contention graph and maximal cliques.

Figure 2. Contention graph and maximal
cliques.

which connects to the Internet and acts as the gateway for
all the other mobile nodes in the network. Without loss of
generality, we consider two ACs for EDCA.

We assume that all the nodes use the same modulation
scheme and transmission power. Every node has an identi-
cal transmission rangertx. A link exists between two nodes
if the distance between them is less than or equal tortx. The
transmission from nodei to j is successful if [12]:

1. There is a link between nodesi andj.

2. No other nodes which are within the interference range
rint of nodej transmit simultaneously.

3.2 Contention Graph

In general, the interference rangerint is larger thanrtx.
The packets transmitted within the interference range may
experience location-dependent contention for channel ac-
cess. To capture the contention relations between different
neighboring links in the network, we can construct aflow
contention graphG = {V, E} based on the above network
link model. Each vertexv ∈ V represents one link in the
undirected network graph. Given two linksu andv ∈ V ,
there is an edgeeuv ∈ E if those two links are within the
interference range of each other and they cannot be active
simultaneously. As an example, Figure 2(a) is a represen-
tation of the network topology for the scenario in Figure 1.
The resulting contention graph is shown in Figure 2(b).

In a contention graph, an induced subgraph which is
complete is called aclique. In a clique, every vertex is ad-
jacent to every other. Amaximal cliqueis a clique which
does not belong to any other larger cliques. For example,
in Figure 2(b), there are three maximal cliques: links{1, 2,
3}, links {1, 2, 4, 5} and links{1, 4, 5, 6}. All the links in
each maximal clique share the same channel resources and
thus only one of them can be active at any given time. How-
ever, links which belong to different maximal cliques may
be active simultaneously.

3.3 Contention Analysis of 802.11e
WLAN

Consider a contention graph which hasM maximal
cliques. We define the contention matrixF as:

Fml =

{

1, if link l ∈ cliquem

0, otherwise.
(1)

The dimension of matrixF is M × L.
Suppose there are in totalS traffic flows between mo-

bile nodes and the QAP. We define the routing matrixR as
follows:

Rls =

{

1, if flow s uses linkl
0, otherwise.

(2)

The dimension of matrixR is L × S.
For theS flows in the network, we assume that they be-

long to one of the two access categories (i.e.,AC1 or AC2).
We define the source rate vector forACi as:

xi = [xi1, xi2, ..., xiS ]T , i = 1, 2 (3)

wherexij is the source rate of flowj in ACi.
The traffic load fromACi on each link can be calculated

as:

yi = Rxi = [yi1, yi2, · · · , yiL]T , i = 1, 2 (4)

whereyil is the total traffic load on linkl from ACi traffic.
The traffic load fromACi on each maximal clique is:

zi = Fyi = [zi1, zi2, · · · , ziM ]T , i = 1, 2 (5)

A new flow can be accepted only when the total traffic
load on each maximal clique does not exceed the available
capacityci in that clique. That is,

zi ≤ γi ci, i = 1, 2 (6)

where0 < γi < 1 and is a tunable parameter.
The challenge presented by the above admission deci-

sion framework is how to obtain an accurate estimation
of the capacityci in each maximal clique. On a wireline



communication link, the channel capacity is usually well
defined because the communication channel is a dedicated
link between one transmitter and one receiver. On the other
hand, for wireless networks, the channel capacity can be in-
terpreted in different ways. Some may view it as the phys-
ical layer transmission rate which is a fixed value given
the transmission power, coding and modulation schemes.
However, in a CSMA/CA based WLAN, the throughput
achieved by each node usually falls short of the physical
transmission rate due to the protocol overhead and the con-
tention to the shared transmission medium.

Thus, it is appropriate to define the wireless channel ca-
pacity as the attainable throughput above the MAC layer,
which is similar to the definition used in [3]. For example,
in an IEEE 802.11 network, the achievable system through-
put is usually less than 80% of the physical transmission
rate [1]. And this value varies with the number of stations
in the network and the selected MAC parameters. Thus, in
this paper, we use the achievable throughput as the channel
capacity instead of the nominal physical transmission rate.

3.4 Available Capacity Estimation

The determination of the capacity of multi-hop WLANs
is a non-trivial task. Information theory may provide a gen-
eral bound of the achievable capacity [3, 20, 7]. However,
the assumptions used in those models restrict their applica-
bility to provide an accurate capacity estimation in 802.11-
based multi-hop WLANs. To this end, we use the concept
of saturation throughputin a single hop WLAN and extend
it to the multi-hop case.

In a single-hop WLAN, the saturation throughput is de-
fined as the throughput limit reached by the network in an
overload condition (i.e., each node always has data packets
to send) [1]. To study the effectiveness of using the satura-
tion throughput as a capacity measure, a simple ns-2 simu-
lation experiment is run for an 802.11b WLAN with ten mo-
bile stations. Each station generates constant bit rate (CBR)
traffic flow and the data packet size is 1500 bytes. Figure
3 shows the measured network throughput as a function of
the offered traffic load. We can observe that the network
throughput increases linearly with the offered load until it
reaches themaximum throughput. Afterwards, the network
enters the overload state and the throughput remains at the
saturation throughputlevel, which is slightly lower than the
maximum throughput. As a result, the saturation through-
put is a good performance figure of the system. It represents
the maximum load that the system can carry in stable con-
dition.

Recall thatci = [ci1, ci2, · · · , ciM ]T denotes the capac-
ity vector of AC i. The elementcim denotes the capac-
ity (i.e., saturation throughput) of maximal cliquem for
ACi. Given the set of active nodes in each maximal clique

Figure 3. Network throughput with increasing
traffic load.

m ∈ M , we use the saturation throughput as the achievable
throughput estimate forcim. There are several analytical
models for saturation throughput determination in the liter-
ature (e.g., [5, 16, 9, 17]). We use the one proposed in [11].
Let Nim (i = 1, 2) denote the number of nodes with active
ACi traffic in maximal cliquem. From [11], we have

cim = rsi,m Tp,i, i = 1, 2, m = 1, 2, · · · , M (7)

whereTp,i is the time used to transmit the frame payload
information for anACi packet, and

rs1,m = Km(1−p1)[(1−
p1

2
)KmT1+(1−

p2

2
)T2]

−1 (8)

rs2,m = (1 − p2)[(1 −
p1

2
)KmT1 + (1 −

p2

2
)T2]

−1 (9)

Km =
N1m τ1

N2m τ2

(10)

whereτi denotes the probability forACi’s packet to trans-
mit in an idle time slot,Nim denotes the number of nodes in
maximal cliquem that have ACi traffic to send;pi denotes
the packet collision probability of anACi packet;Ti is the
time required to finish a transmission cycle forACi traffic.
The equations required to obtain the numerical solutions for
the above variables can be found in [11].

The saturation throughput is the throughput achieved
when allNim nodes in the maximal cliquem always have
AC i traffic to send. This can be a good estimation of the
clique’s capacity. Since the saturation throughput is slightly
lower than the maximum throughput which the network
may achieve, this can also be viewed as a conservative es-
timation of the clique’s capacity. However, for admission
control decisions, a conservation approach can always en-
sure better QoS guarantee.



1. Initialization: QAP gathers all mobile stations’
location information.

2. When anADDTS.requestarrives at the QAP,
QAP obtains the updatedF , R andxi (by as-
suming that the new flow is accepted).

3. Calculate zi based on equation (5).

4. Calculate the clique capacityci

5. If equation (6) is satisfied,then accept new flow.

6. else, reject the flow.

7. endif

8. Send admission decision to mobile station via
ADDTS.responseframe.

Figure 4. Admission Control Algorithm.

3.5 Admission Control Algorithm

We now describe how to implement our proposed admis-
sion control algorithm at the QAP. We assume that all wire-
less stations are stationary and each station has access to
some location service which can provide the geographical
coordinates. The position information is sent to the access
point in the initial association process. When a wireless sta-
tion initializes a new flow, it sends anADDTS.request

frame to the QAP. When the QAP receives the request
frame, it updates the contention matrixF , the routing ma-
trix R and the source rate vectorxi (by assuming that the
new flow is accepted). It then computes the expected traffic
loadzi. The QAP then calculates the expected saturation
throughput in each maximal clique and uses it to construct
the maximal cliques’ capacity vectorci. The new flow will
be accepted only if equation (6) is satisfied. Otherwise, the
new flow will be rejected. Finally, the QAP will notify the
mobile station its decision via theADDTS.responseframe.
The admission control algorithm is summarized in Figure 4.

The above algorithm works with stationary stations.
When nodes are mobile, node locations need to be updated
so that the QAP has accurate information for constructing
the contention graph. Stale information will negatively im-
pact the accuracy of the admission decision. The study of
the effects of mobility on admission control for multi-hop
WLANs is part of our future work.

3.6 Extension for Best-effort Traffic

The algorithm described in the previous section assumes
that bothACi andAC2 traffic flows are subject to admis-

(a) Linear Topology Test.

(b) Random Topology Test.

Figure 5. Simulation Topology.

sion control. However, data traffic are usually bursty in na-
ture and may not be suitable for admission control. Instead,
one needs to protect those best effort flows so that the event
of bandwidth starvationwill not occur. Our proposed al-
gorithm can be extended to handle the case of best-effort
traffic.

Without loss of generality, we assume thatAC1 is sub-
ject to admission control andAC2 is for best-effort traffic.
The active links used by the best-effort traffic flows will still
be utilized for constructing the contention graph. In addi-
tion, the number of activeAC2 nodes in each clique will
also be used for clique capacity estimation. This essentially
will lead to a conservative estimation of the channel capac-
ity for the real-time flows, because the best-effort traffic
flows usually do not reach the saturation state under nor-
mal operations. As a result, the algorithm in Figure 4 can
be used with the following changes:

1. The source rate vector in Step 2 will only includeAC1.

2. For the decision making in Step 5, the constraint will
only be checked forAC1.

In this case, the value ofγ1 can be adjusted according to the
amount of network capacity allocated for best traffic traffic.

Table 1. IEEE 802.11e Parameters
Basic Rate 1 Mbps
Data Rate 11 Mbps
PLCP Preamble and Header 192 bits
MAC Header + FCS (Frame Check Sequence)224 bits
ACK Frame Size (Not including PLCP) 112 bits
Time Slot 20µs

SIFS 10µs
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Figure 6. Performance of voice flows (Linear
Topology).

For example, a smallγ1 in equation (6) will provide more
bandwidth for best-effort traffic.

4 Performance Evaluation

To verify the effectiveness of our proposed admission
control algorithm, we perform simulation experiments by
using ns-2 [4]. The IEEE 802.11 MAC parameters used are
shown in Table 1. The transmission range of each wireless
station,rtx, is 100 m. The interference range,rint is twice
the transmission range. Only basic access scheme is used,
and no channel error is considered. We first consider the
cases when only real-time traffic is present in Sections 4.1
and 4.2. Section 4.3 investigates the cases when both real-
time and best-effort traffic are present.
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Figure 7. Performance of video flows (Linear
Topology).

4.1 Linear Topology

We first examine the performance of the proposed ad-
mission control scheme on a linear topology with 10 mo-
bile stations, as shown in Figure 5(a). The distance between
any two neighboring stations is 100 m. Real-time traffic
flows (either voice or video) arrive at each mobile station
periodically. These flows are subject to the admission con-
trol algorithm proposed in the previous section. Each voice
flow is a CBR source with a fixed payload size of 208 bytes
(i.e., 160 bytes G.711 payload + RTP/UDP/IP/LLC/SNAP
Headers) and an inter-arrival time of 20 ms. It corresponds
to an 83.2 kbps traffic stream.

Each video traffic source is a CBR data source,using
UDP with a constant payload of 1500 bytes and an average
inter-arrival time of 40 ms. It corresponds to a 300 kbps traf-
fic stream. The AIFSN and CWmin/CWmax values are set
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Figure 8. Performance of voice flows (Ran-
dom Topology).

according the IEEE 802.11e standard [6]. CWmin/max for
AC VO (Voice flow) is 7/15, and for ACVI (Video flow)
is 15/31. AIFSN for ACVO and ACVI are both equal
to 2. The Destination-Sequenced Distance-Vector Routing
(DSDV) [13] is used as the routing protocol.

At time10×i second, mobile station numberi initiated a
flow toward the QAP by sending an ADDTS.request frame
to the QAP. It is either a video flow wheni is a multiple
of 3, or a voice flow otherwise. Thus, the video and voice
flows arrive alternatively. The QAP either accepts or rejects
the flow request based on the decision rule in equation (6).
A value of 0.85 is used for bothγ1 andγ2.

The throughput and delay performance for voice flows
are shown in Figure 6. The performance for video flows
are shown in Figure 7. We compare with the case when
no admission control mechanism is enforced. From these
figures, we can observe that the admission control algorithm
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Figure 9. Performance of video flows (Ran-
dom Topology).

begins to reject the video flows at time 60s, and to reject the
voice flows at time 80s. In this way, the network protects
the existing voice and video flows that have been admitted
to the network. All the admitted real-time flows have an
end-to-end delay to be below 10 ms. Without admission
control, the delay begins to increase significantly from time
60s onwards, and the throughput begins to decrease due to
packet loss.

4.2 Random Topology

In the second simulation, 30 mobile stations are ran-
domly distributed in a 500 m× 500 m coverage area, with
the QAP located at the center as shown in Figure 5(b). The
mobile stations are numbered from 1 to 30 consecutively.
At time 10 × i second, station numberi initiates a flow to
the QAP. It is either a video flow ifi is a multiple of 3, or a
voice flow otherwise. All other parameters are the same as
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Figure 10. Performance of voice flows with
FTP flows (Random Topology).

in the linear topology test.
The throughput and delay performance for voice and

video flows are shown in Figures 8− 9. The results show
that the admission control algorithm rejects voice flows
from time 80s, and video flows from time 90s onwards. It
accepts one more video flow than the linear topology. This
is expected, as the two dimensional space provides better
spatial separation between flows than the one dimensional
linear topology, which leads to less contention and higher
capacity in the network.

4.3 Real-time and Best-effort Traffic
Flows

In this test, we examine the effectiveness of the admis-
sion control algorithm when both real-time and best-effort
traffic co-exist. The test uses the same random topology
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Figure 11. Performance of FTP flows (Ran-
dom Topology).

as in the previous simulation. FTP and voice flows use the
AC VI and AC VO EDCA parameters as specified in Sec-
tion 4.1 respectively. The stations numbered 3, 6, 9 initiate
three FTP flows to the QAP via TCP connections at time
10s. Afterwards, voice flows arrive every 10s from station
numbered 1, 2, 4, 5, 7, 8, 10, 11, and 12. We do not perform
admission control on the FTP flows. For the voice flows,
we setγ1 = 0.6. The throughput and delay performance for
voice flows are shown in Figure 10. The FTP flows’ perfor-
mance are shown in Figure 11. We can observe that, with
a reducedγ1 value, only 4 voice flows are admitted. When
no admission control is used, FTP flows’ throughput goes to
zero. This is the well-known starvation problem in 802.11e
EDCA [15]. When admission control is used, FTP flows
avoid starvation from excessive competition from higher
priority flows. TCP packets’ RTT (Round-trip-time) value
fluctuates greatly under no admission control, but is main-



tained at a stable level by the admission control algorithm.
Thus, our algorithm can protect the performance of the ex-
isting best effort traffic flows.

We can further observe that the fourth voice flow at time
50s is rejected, but the fifth voice flow at time 60s gets ac-
cepted. This is due to the location-dependent contention in
the multi-hop WAN. The fourth flow originates from node 5
which is farther away from QAP than the source of the fifth
flow which is node 7. As a result, it causes more contention
than the fifth flow and is rejected. This shows the capa-
bility of our proposed admission control algorithm to accu-
rately predict the location-dependent contention and main-
tain QoS while maximizing the network’s spatial reuse.

5 Conclusions

This paper proposes an admission control algorithm for
multi-hop WLANs based on the use of contention graph
and the saturation throughput analysis for each maximal
clique’s capacity estimation. Simulation results under lin-
ear and random topologies have shown that our proposed
admission control algorithm is effective in evaluating the
contention status in a multi-hop WLAN, and makes ac-
curate admission control decisions to prevent the network
from congestion. In addition, it can provide QoS guarantee
to the existing voice and video flows while maintaining a
good performance for best effort traffic.

Our proposed algorithm required the complete network
topology information at the QAP which makes it a central-
ized scheme. For future work, we plan to design a distrib-
uted algorithm based on limited local information sharing.
In addition, our current algorithm assumes that the nodes
are stationary. We shall also consider the effects of mobility
on admission control for multi-hop WLANs.
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