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Recently, wireless local area network (WLAN) hotspots have been deployed in many areas. The new IEEE
802.11e standard further provides quality of service (QoS) provisioning by grouping the applications into
four different access categories. The coverage area of WLANs can be extended by allowing the neighbor-
ing mobile devices to relay data to the access points. This concept is known as multi-hop WLANs or wire-
less mesh networks. Due to the limited network capacity and the contention-based channel access
mechanism, admission control is required 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-based 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 capacity 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. The proposed algorithm supports
both stationary and mobile nodes, as well as handoff and new connections. Simulation results show that
the proposed algorithm is effective in providing QoS guarantee to the existing voice and video flows while
maintaining a good performance for best effort traffic.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The IEEE 802.11 wireless local area networks (WLANs) have
gained extensive consumer markets for high-speed wireless Inter-
net access. However, the current 802.11 medium access control
(MAC) protocol does not provide quality of service (QoS) guaran-
tee. Real-time applications may degrade their performance when
the network becomes congested. With the increasing demand for
multimedia services (e.g., voice calls, video streaming) over wire-
less, the newly approved IEEE 802.11e standard [2] provides a
QoS extension to the current 802.11a/b/g WLANs. The Enhanced
Distributed Channel Access (EDCA) mechanism in 802.11e, which
is a direct extension to the Distributed Coordination 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 pri-
ority. It has been shown that this differentiation scheme works
well when the network is moderately loaded [3]. However, due
to the contention-based channel access, no strict QoS guarantee
(e.g., throughput, delay) can be provided when the network be-
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onal Conference on Quality of
(QShine), Waterloo, Canada,

g).
comes overloaded. For better QoS provisioning, resource manage-
ment schemes such as admission control are 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
so that it is below a certain threshold.

With the increasing popularity of the 802.11-based WLANs,
there has been an interest in providing wireless Internet access
via multi-hop WLANs or mesh WLAN networks [4,5]. In a multi-
hop WLAN, one or more QAPs are connected to the Internet back-
bone. The mobile stations form an ad-hoc multi-hop network and
relay the traffic to the QAP via each other (see Fig. 1). In densely
populated areas, network access can be easily extended with this
multi-hop structure without the cost of deploying more infrastruc-
ture devices [6]. This wireless mesh topology combines the advan-
tages of WLAN’s infrastructure working mode and the pure ad-hoc
working mode. The network is both self-organizing and self-con-
figuring. This leads to minimal upfront investment and ease of
incremental installation.

Admission control for multi-hop WLANs is a challenging issue.
For the single-hop WLAN case, all the QAPs and mobile stations
experience similar medium access contention. The admission deci-
sions are then based on the assumption that all the nodes can mon-
itor the network conditions by some local measurements. However,
for the multi-hop WLAN case, due to the location-dependent conten-
tion, the local medium usage information becomes ineffective to
capture the traffic contention situation in the whole network. Thus,
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Fig. 1. A multi-hop WLAN. Each link is identified by an integer.
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admission control algorithms proposed for the single-hop case can-
not be directly extended to the multi-hop scenarios.

In this paper, we propose an effective admission control algo-
rithm for multi-hop WLANs based on the IEEE 802.11e EDCA QoS
extension. In our proposed admission control algorithm, we first
use a contention graph (or conflict graph) to model the contention
situation in the multi-hop WLAN. It is followed by an estimation of
the capacity for each maximal clique in the contention graph via
the use of the 802.11e saturation throughput analysis. A new flow
is admitted if the aggregated traffic load is less than the estimated
network capacity.

Node mobility is further considered in the system model. Hand-
off connections are given a higher priority in order to reduce the
probability of dropping an on-going connection. Simulations are
conducted under both linear and random topologies. Results show
that the proposed algorithm is effective in providing QoS guarantee
to the existing voice and video flows while maintaining a good per-
formance for best effort traffic.

The rest of this paper is organized as follows. In Section 2, we
provide an overview of the related new features in IEEE 802.11e
and the related work in this area. In Section 3, we present the con-
tention analysis for multi-hop WLANs and describe our proposed
admission control algorithm for both stationary and mobile net-
works. Simulation results and discussions are presented in Section
4. Conclusions and future work are given in Section 5.

2. Background

In this section, we first describe the extension of the MAC pro-
tocol in the IEEE 802.11e standard. It is followed by a summary of
various admission control algorithms.

2.1. IEEE 802.11e

The IEEE 802.11e standard [2] defines a Hybrid Coordination
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 assigning different sets
of parameters to each AC. The parameters include the arbitration
interframe space (AIFS), minimum and maximum contention win-
dow sizes (CWmin and CWmax), and transmission opportunity
(TXOP).
This traffic differentiation works well in light to medium net-
work 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
[3]. To protect the existing traffic flows and provide QoS guarantee
to the new flows, the IEEE 802.11e network can use admission con-
trol for resource management.

The IEEE 802.11e standard [2] defines the basic procedures for
contention-based admission control for EDCA. A mobile station
which needs to initiate a new real-time flow will first send an ADD-
TS.request (Add-Traffic-Stream Request) frame to the QAP. The sta-
tion specifies the traffic parameters such as the nominal MSDU
(MAC Service Data Unit) size, mean data rate, and surplus band-
width allowance in the ADDTS.request frame. Based on the re-
quested traffic parameters and the network state, the QAP makes
an admission decision, and sends back the results in the ADD-
TS.response frame. Note that the 802.11e standard only defines
the signaling frame format for admission control. The network
operators are free to implement their own admission decision
algorithms. This paper proposes an admission control algorithm
for EDCA-based multi-hop WLANs.

2.2. Related work

Due to the scarcity of wireless spectrum, radio resource man-
agement (RRM) is essential in QoS provisioning for wireless com-
munication systems. RRM includes strategies and algorithms for
wireless channel allocation, power control, modulation and coding
schemes. Admission control is an important part of RRM, which
grants or denies access of an arriving call to the network. The
admission control decision is usually based on some predefined
criteria, which depends on the network traffic condition, and the
characteristics of the arriving call, such as its required network re-
sources and whether it is a new or handoff call.

Admission control has been extensively studied for the wireless
cellular networks in the past two decades [7]. For example, admis-
sion control for CDMA wireless networks has attracted particular
interest due to its soft capacity limit. Call admission control is car-
ried out to achieve a minimum signal-to-interference ratio (SIR).
Another design criterion in wireless cellular networks is to control
the handoff dropping probability in order to reduce the incidents of
dropping an active call.

Admission control for WLANs has attracted more interest in re-
cent years. Due to the probabilistic nature of the 802.11 medium
access control, admission control for WLANs has many new chal-
lenging problems to solve. In [8], a distributed measurement-based
admission control method is proposed for an 802.11 WLAN work-
ing in ad-hoc mode. Each mobile node measures the occupied
bandwidth or the average collision ratio, and makes the admission
decisions with a simple threshold rule. In [9–11], the expected net-
work throughput or delay performance is estimated based on
extensions to the Markov-chain model in [12] by applying the ana-
lytical model with measured parameters. An admission control
decision is made at the QAP based on the new flow’s request and
the analytical prediction. However, it requires that admission con-
trol be applied to all four access categories, which may not be prac-
tical for bursty elastic data traffic such as HTTP (Hyper Text
Transfer Protocol) sessions.

The work in [13] further extended the analytical modeling to
802.11e networks and proposed an admission control scheme by
considering both bandwidth and delay performances. When a
new call arrives, the expected collision probability is derived. The
expected throughput and virtual time slot length are then
calculated in order to compare them with the bandwidth and delay
requirements of the incoming call. The new call is accepted
when both throughput and delay requirements are met. A



Fig. 2. Contention graph and maximal cliques.
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measurement-based admission control and dynamic bandwidth
allocation scheme for the 802.11e HCCA function is proposed in
[14] where the admission control is based on a threshold policy.

In [15], a distributed admission control scheme is proposed,
which can be used in both infrastructure and ad-hoc modes. The
QAP measures the medium utilization, and announces the trans-
mission opportunity budget (TXOPBudget) via periodic beacon sig-
nals for each AC (except AC 0 for best-effort traffic). When the
TXOPBudget for one AC is depleted, new flows cannot gain trans-
mission time and the existing flows cannot increase the transmis-
sion time either. In this case, the existing flows are protected.
Several enhancements are further proposed in [3] by adjusting
the contention level for data traffic.

The above admission control schemes are designed for the tra-
ditional single hop WLANs working under either infrastructure or
ad-hoc mode. A reinforcement learning based admission control
algorithm is introduced for a multi-hop mesh network in [16]
where the admission objective is to maximize the network utility.
This admission control scheme works well for a network with only
best-effort traffic where the network operator’s revenue can be
maximized. But the admission control algorithm cannot provide
QoS support for real-time flows because the throughput and delay
performance is not guaranteed.

The work in [17] proposed a contention aware admission con-
trol protocol (CACP) to support QoS in multi-hop ad-hoc networks.
Each node calculates the local available bandwidth by sensing the
portion of the wireless medium time being idle. The available
bandwidth in the carrier-sensing range neighborhood (c-neighbor-
hood) is attained by either actively exchanging control frames or
passively monitoring the channel. An admission control decision
is made based on the bandwidth demand of the incoming flow
and the available bandwidth at both the node and its c-neighbors.
In [18], an admission control scheme for VoIP calls in a 802.11-
based wireless mesh network is proposed. However, the network
capacity arising from multi-hop interference is estimated from
simulation tests. The above schemes only work with one class of
traffic for the 802.11-based ad-hoc networks. In our work, we
aim to design an admission control algorithm that can support
multiple classes of traffic with different QoS requirements in a
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 contention 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 saturation throughput analysis. We
also describe the requirements to implement our proposed admis-
sion 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 of L logical links. There is an access point which
connects to the Internet and acts as the gateway for all the other
mobile nodes in the network. Without loss of generality, we con-
sider two ACs for EDCA. All the nodes use the same modulation
scheme and transmission power, and are assumed to have the
same receiver sensitivity performances. Thus, under similar propa-
gation conditions, we can assume that every node has an identical
transmission range rtx. The assumption of identical transmission
range is widely adopted in the study of 802.11-based wireless net-
works [19–22]. One advantage of this simplified physical model is
that the algorithms and protocols in the MAC and network layers
can be more succinctly and clearly presented. We follow this sim-
plified physical layer model to present the proposed admission
control algorithm. Furthermore, a traffic flow subject to admission
control usually keeps active from a few seconds to a few minutes,
which is much longer than the time scale under which the wireless
fading takes effect. As a result, it is suitable to consider the average
link condition over a period of time for admission control purposes
instead of the instantaneous transmission range under fading. If a
device utilizes adaptive transmission power control, its transmis-
sion range will change over time due to power control. The pro-
posed admission control framework can handle this situation as
well. We simply need to update the varying transmission range
to the access point periodically, which will introduce extra proto-
col overhead. But, if each node’s propagation environment is differ-
ent, the problem of accurately estimating each node’s transmission
range is beyond the scope of this paper.

A logical link exists between two nodes if the distance between
them is less than or equal to rtx. The transmission from node i to j is
successful if [23]:

1. There is a logical link between nodes i and j.
2. No other nodes which are within the interference range rint of

node j transmit simultaneously.

3.2. Contention Graph

In general, the interference range rint is larger than rtx. The pack-
ets transmitted within the interference range may experience loca-
tion-dependent contention for channel access. To capture the
contention relations between different neighboring links in the
network, we can construct a flow contention graph G = {V,E} based
on the above network model. In a contention graph, vertices corre-
spond to the logical links. Each vertex v 2 V represents a logical link
in the corresponding network graph. Given two logical links u and
v 2 V, there is an edge euv 2 E if those two links are within the inter-
ference range of each other and they cannot be active simulta-
neously. As an example, Fig. 2(a) is a representation of the



Fig. 3. Network throughput with increasing traffic load.
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network topology for the scenario in Fig. 1. The resulting conten-
tion graph is shown in Fig. 2(b).

In a contention graph, an induced subgraph which is complete
is called a clique. In a clique, every vertex is adjacent to every other.
A maximal clique is a clique which does not belong to any other lar-
ger cliques. For example, in Fig. 2(b), there are three maximal cli-
ques: 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 can be active
simultaneously.

3.3. Contention Analysis of 802.11e WLAN

Consider a contention graph which has M maximal cliques. We
define the contention matrix F as:

Fml ¼
1; if link l 2 clique m;

0; otherwise:

�
ð1Þ

The dimension of matrix F is M � L.
Suppose there are in total S traffic flows between mobile nodes

and the QAP. We define the routing matrix R as follows:

Rls ¼
1; if flow s uses link l;

0; otherwise:

�
ð2Þ

The dimension of matrix R is L � S.
For the S flows in the network, we assume that they belong to

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

xi ¼ ½xi1; xi2; . . . ; xiS�T; i ¼ 1;2 ð3Þ

where xij is the source rate of flow j in ACi.
The traffic load from ACi on each link can be calculated as:

yi ¼ Rxi ¼ ½yi1; yi2; . . . ; yiL�
T
; i ¼ 1;2 ð4Þ

where yil is the total traffic load on link l from ACi traffic.
The traffic load from ACi on each maximal clique is:

zi ¼ Fyi ¼ ½zi1; zi2; . . . ; ziM�T; i ¼ 1;2 ð5Þ

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

zi � cici; i ¼ 1;2 ð6Þ

where 0 < ci < 1 and is a tunable parameter.
The challenge presented by the above admission decision

framework is how to obtain an accurate estimation of the capacity
ci in each maximal clique. On a wireline communication link, the
channel capacity is usually well defined because the communica-
tion channel is a dedicated link between one transmitter and one
receiver. On the other hand, for wireless networks, the channel
capacity can be interpreted in different ways. Some may view it
as the physical layer transmission rate which is a fixed value given
the transmission power, coding and modulation schemes. How-
ever, 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 contention to the shared transmission
medium.

Thus, it is appropriate to define the wireless channel capacity as
the attainable throughput above the MAC layer, which is similar to
the definition used in [24]. For example, in an IEEE 802.11 network,
the achievable system throughput is usually less than 80% of the
physical transmission rate [12]. And this value varies with the
number of stations in the network and the selected MAC parame-
ters. 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 general bound of the
achievable capacity [24–26]. However, the assumptions used in
those models restrict their applicability to provide an accurate
capacity estimation in 802.11-based multi-hop WLANs. To this
end, we use the concept of saturation throughput in a single hop
WLAN and extend it to the multi-hop case.

In a single-hop WLAN, the saturation throughput is defined as
the throughput limit reached by the network in an overload condi-
tion (i.e., each node always has data packets to send) [12]. To study
the effectiveness of using the saturation throughput as a capacity
measure, a simple ns-2 simulation experiment is run for an
802.11b WLAN with ten mobile stations. Each station generates
constant bit rate (CBR) traffic flow and the data packet size is
1500 bytes. Fig. 3 shows the measured network throughput as a
function of the offered traffic load. We can observe that the net-
work throughput increases linearly with the offered load until it
reaches the maximum throughput. Afterwards, the network enters
the overload state and the throughput remains at the saturation
throughput level, which is slightly lower than the maximum
throughput. As a result, the saturation throughput is a good perfor-
mance figure of the system. It represents the maximum load that
the system can carry in stable condition.

Recall that ci = [ci1,ci2, � � � ,ciM]T denotes the capacity vector of AC
i. The element cim denotes the capacity (i.e., saturation throughput)
of maximal clique m for ACi. Given the set of active nodes in each
maximal clique m 2M, the saturation throughput is used as the
achievable throughput estimate for cim. There are several analytical
models for saturation throughput determination in the literature
(e.g., [27–30]). We use the one proposed in [31]. Let Nim (i = 1,2) de-
note the number of nodes with active ACi traffic in maximal clique
m. From [31], we have

cim ¼ rsi;mTp;i; i ¼ 1;2; m ¼ 1;2; . . . ;M ð7Þ

where Tp, i is the time used to transmit the frame payload informa-
tion for an ACi packet, and

rs1;m ¼ Kmð1� p1Þ 1� p1

2

� �
KmT1 þ 1� p2

2

� �
T2

h i�1
; ð8Þ



Table 1
IEEE 802.11e parameters

Basic Rate 1 Mbps
Data Rate 11 Mbps
PLCP preamble and header 192 bits
MAC header + FCS 224 bits
ACK frame size (excluding PLCP) 112 bits
Time slot 20 ls
SIFS 10 ls
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rs2;m ¼ ð1� p2Þ 1� p1

2

� �
KmT1 þ 1� p2

2

� �
T2

h i�1
; ð9Þ

Km ¼
N1ms1

N2ms2
; ð10Þ

where si denotes the probability for an ACi packet to transmit in
an idle time slot, Nim denotes the number of nodes in maximal
clique m that have AC i traffic to send, pi denotes the packet col-
lision probability of an ACi packet, and Ti is the time required to
finish a transmission cycle for ACi traffic. The equations required
to obtain the numerical solutions for the above variables can be
found in [31].

The saturation throughput is the throughput achieved when
all Nim nodes in the maximal clique m always have AC i traffic
to send. This can be a good estimation of the capacity of a cli-
que. Since the saturation throughput is slightly lower than the
maximum throughput which the network may achieve, this
can also be viewed as a conservative estimation of the capacity
of a clique. However, for admission control decisions, a conser-
vation approach can always ensure better QoS guarantee.

3.5. Admission control algorithm

We now describe how to implement our proposed admission
control algorithm at the QAP. We assume that all wireless sta-
tions are stationary and each station has access to some location
service which can provide the geographical coordinates. For out-
door applications, GPS is nowadays readily available. In addition,
different localization techniques can be used in our work, as pre-
sented in recent research papers [32,33], etc. Discussion about
location services is out of scope of this paper. The position infor-
mation is sent to the access point in the initial association pro-
cess. When a wireless station initializes a new flow, it sends an
ADDTS.request frame to the QAP. When the QAP receives the re-
quest frame, it updates the contention matrix F, the routing ma-
trix R and the source rate vector xi (by assuming that the new
flow is accepted). It then computes the expected traffic load zi.
The QAP then calculates the expected saturation throughput in
each maximal clique and uses it to construct the maximal cli-
ques’ capacity vector ci. The new flow will be accepted only if
Eq. (6) is satisfied. Otherwise, the new flow will be rejected. Fi-
nally, the QAP will notify the mobile station its decision via the
ADDTS.response frame. The admission control algorithm is sum-
marized in Algorithm 1.

Algorithm 1. Admission Control Algorithm

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

2: for an ADDTS.request arrives at the QAP, do
3: Obtain the updated F, R and xi (by assuming that the new

flow is accepted).
4: Calculate zi based on Eq. (5).
5: Calculate the clique capacity ci

6: if Eq. (6) is satisfied, then
7: accept the new flow.
8: else
9: reject the new flow.
10: end if
11: Send admission decision to mobile station via

ADDTS.response frame.
12: end for

The above algorithm works with stationary stations. Extension
to mobile nodes will be discussed in Section 3.7.
3.6. Extension for best-effort traffic

The algorithm described in the previous section assumes that
both AC1 and AC2 traffic flows are subject to admission control.
However, data traffic are usually bursty in nature and may not
be suitable for admission control. Instead, one needs to protect
those best effort flows so that the event of bandwidth starvation
will not occur. Our proposed algorithm can be extended to handle
the case of best-effort traffic.

Without loss of generality, we assume that AC1 is subject to
admission control and AC2 is for best-effort traffic. The active links
used by the best-effort traffic flows will still be utilized for con-
structing the contention graph. In addition, the number of active
AC2 nodes in each clique will also be used for clique capacity esti-
mation. This usually leads to a conservative estimation of the chan-
nel capacity for the real-time flows, because not all AC2 nodes may
be active simultaneously. Furthermore, the best-effort traffic such
as TCP flows have congestion control mechanisms and usually will
not cause the network to be operated in a saturated condition. As a
result, the admission control Algorithm 1 can be used with the fol-
lowing changes:

1. The source rate vector in Step 3 will only include AC1.
2. For the decision making in Step 6, the constraint will only be

checked for AC1.

In this case, the value of c1 can be adjusted according to the
amount of network capacity allocated for best traffic. For example,
Fig. 4. Simulation Topologies.
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Fig. 5. Performance of voice flows under linear topology.
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a small c1 in Eq. (6) will provide more bandwidth for best-effort
traffic.

3.7. Extension for mobile user terminals

The above analysis was based on the assumption that the net-
work topology is stationary. However, it is not difficult to extend
it to account for mobile users in the multi-hop network. This sec-
tion describes the extensions needed to accommodate node mobil-
ity. The particular concern to investigate with mobility is the
handoff process where a mobile node may change its route to
the QAP due to its own movement or movement of any of the inter-
mediate relaying nodes. We assume that the location information
of each mobile node is periodically updated to the QAP, such that
the QAP may have relatively accurate location information for
the admission control decision.

When user terminals move around, the change in distances be-
tween nodes may alter the contention relationships between them,
which in turn changes the contention matrix F. Moreover, when
two nodes move beyond the transmission range of each other,
the wireless link between them may break. Any existing route uti-
lizing this link will become invalid and a route discovery process
will be initiated to find a new route by an ad-hoc routing protocol.
This will lead to a change in the routing matrix R. Both F and R are
important parameters for making the correct routing decision in
the admission control algorithm. When F and R change, the QoS
requirement of some of the accepted calls may no longer be satis-
fied, and those calls may have to be dropped. Since the interference
range is generally much larger than the transmission range, route
changes in R occur more often than changes in the contention
graph F, and has a greater impact on system performance. As a re-
sult, we may only consider the route change events. When a mo-
bile node switches from an old routing path to a new one, we
may consider this to be equivalent to the horizontal handoff pro-
cess in a wireless cellular network where the user terminal
switches from one base station to another.

For new calls from a mobile station, the admission process can
be carried out the same as specified in Algorithm 1. However, when
the route between a mobile terminal and the QAP is changed due
to node mobility and a new route is established at the mobile node,
a ADDTS.renew frame will be sent to the QAP requesting that the
existing QoS flow be handed over to the newly established path.
Upon receiving the ADDTS.renew frame, the QAP will update the
F and R matrices using the updated information, and will decide
whether to accept the handoff call based on:

zi � c0ici; i ¼ 1;2 ð11Þ

where 0 < c0i < 1 is a tunable parameter generally greater than c in
(6), such that the handoff call has a higher priority than the new
calls in order to reduce the probability of dropping an on-going call.
The algorithm is summarized in Algorithm 2.

4. Performance evaluation

To verify the effectiveness of our proposed admission control
algorithm, we perform simulation experiments by using ns-2
[34]. 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. Section 4.4 stud-
ies the performance under node mobility.
Algorithm 2. Admission Control Algorithm – Mobility Extension

1: Handoff occurred: when a new route to QAP is established,
the mobile node sends ADDTS.renew frame to QAP

2: for an ADDTS.renew arrives at the QAP, do
3: Obtain the updated F, R and xi (by assuming that the

handoff flow is accepted).
4: Calculate zi based on Eq. (5).
5: Calculate the clique capacity ci

6: if Eq. (11) is satisfied, then
7: accept the handoff flow request.
8: else
9: drop the handoff flow request.

10: end if
11: Send admission decision to mobile station via

ADDTS.response frame.
12: end for
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4.1. Linear topology

We first examine the performance of the proposed admission
control scheme under a linear topology with 10 mobile stations,
as shown in Fig. 4(a). The distance between any two neighboring
stations is 100 m. Real-time traffic flows (either voice or video) ar-
rive at each mobile station periodically. These flows are subject to
the admission control algorithm proposed in the previous section.
Each voice flow is a CBR source with a fixed payload size of 208 by-
tes (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 traffic stream. The AIFSN and
CWmin/CWmax values are set according to the IEEE 802.11e standard
[2]. CWmin/max for AC_VO (Voice flow) is 7/15, and for AC_VI (Video
flow) is 15/31. AIFSN for AC_VO and AC_VI are both equal to 2. The
Destination-Sequenced Distance-Vector Routing (DSDV) [35] is
used as the routing protocol.

At time 10 � i second, mobile station number i initiated a flow
towards the QAP by sending an ADDTS.request frame to the QAP.
(a) Throughput.

(b) Delay.

Fig. 6. Performance of video flows under linear topology.
It is either a video flow when i 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 Eq. (6). A value of 0.85 is used for both c1 and c2.

Results for the throughput and delay performance of voice flows
are shown in Fig. 5. The results for video flows are shown in Fig. 6.
We compare with the case when no admission control mechanism
is enforced. From these figures, we can observe that the admission
control algorithm begins to reject the video flows at time 60 s, and
to reject the voice flows at time 80 s. In this way, the network pro-
tects 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 be-
gins to increase significantly from time 60 s onwards, and the
throughput begins to decrease due to packet loss.

4.2. Random topology

In the second simulation, 30 mobile stations are randomly dis-
tributed in a 500 m � 500 m coverage area, with the QAP located at
the center as shown in Fig. 4(b). The mobile stations are numbered
from 1 to 30 consecutively. At time 10 � i second, station number i
(a) Throughput.

(b) Delay.

Fig. 7. Performance of voice flows under random topology.
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initiates a flow to the QAP. It is either a video flow if i is a multiple
of 3, or a voice flow otherwise. All other parameters are the same as
in the linear topology test.

The throughput and delay performance for voice and video
flows are shown in Figs. 7 and 8. The results show that the admis-
sion control algorithm rejects voice flows from time 80 s, and video
flows from time 90 s 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 admission con-
trol algorithm when both real-time and best-effort traffic co-exist.
The test uses the same random topology as in the previous simula-
tion. FTP and voice flows use the AC_VI and AC_VO EDCA parame-
ters as specified in Section 4.1, respectively. The stations numbered
3, 6, 9 initiate three FTP flows to the QAP via TCP connections at
time 10 s. Afterwards, voice flows arrive every 10 s from station
numbered 1, 2, 4, 5, 7, 8, 10, 11, and 12. We do not perform admis-
(a) Throughput.

(b) Delay.

Fig. 8. Performance of video flows under random topology.
sion control on the FTP flows. For the voice flows, we set c1 = 0.6.
The throughput and delay performance for voice flows are shown
in Fig. 9. The performance of FTP flows is shown in Fig. 10. We
can observe that with a reduced c1 value, only 4 voice flows are
admitted. When no admission control is used, the throughput of
FTP flows goes to zero. This is the well-known starvation problem
in 802.11e EDCA [36]. When admission control is used, FTP flows
avoid starvation from excessive competition from higher priority
flows. The value of the RTT (round trip time) for TCP packets value
fluctuates greatly under no admission control, but is maintained at
a stable level by the admission control algorithm. Thus, our algo-
rithm can protect the performance of the existing best effort traffic
flows.

We can further observe that the fourth voice flow at time 50 s is
rejected, but the fifth voice flow at time 60 s is accepted. 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 capability of our proposed admission control algorithm
to accurately predict the location-dependent contention and main-
tain QoS while maximizing the spatial reuse of the network.
(a) Throughput.

(b) Delay.

Fig. 9. Performance of voice flows with FTP flows under random topology.



(a) Throughput.

(b) Delay.

Fig. 10. Performance of FTP flows under random topology.

Fig. 11. Call dropping probability with different handoff parameter c0i .

Fig. 12. Average number of received calls per second with different handoff
parameter c0i .

Fig. 13. Packet loss ratio with increasing admission parameter c.

Fig. 14. Average number of received calls per second with increasing admission
parameter c.
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4.4. Admission control in a mobile network

We first investigate the differentiation effects of using c0i P ci

for the handoff calls. There are 30 mobile nodes randomly located
within a 500 m � 300 m coverage area. The QAP is located in the
middle of the coverage area. All the mobile nodes move according
to the random way-point mobility model. The maximum and min-
imum speeds are 10 and 0 m/s, respectively. The pause time is 5 s.
One third of the mobile nodes are sending 300 kbps video traffic,
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and the other two third of the mobile nodes have 83.2 kbps voice
traffic streams as specified in Section 4.1. The Ad hoc On Demand
Distance Vector (AODV) routing protocol is used. The call inter-ar-
rival time is exponentially distributed with a mean of 10 s. Call
duration is also exponentially distributed with a mean of 15 s. Each
simulation runs for 500 s. We fix c1 = c2 = 0.5, and vary c01 ¼ c02
from 0.5 to 1. The resulting call dropping probability, which is
the ratio of the number of dropped calls divided by the total num-
ber of ADDTS.renew requests, is shown in Fig. 11. Results show
that the call dropping probability is greatly reduced by increasing
the difference between ci and c0i. Fig. 12 shows the average number
of new calls accepted per second. We can see that the number of
accepted new calls decrease when increased priority is given to
handoff calls.

In Figs. 13 and 14, we show the results of packet loss ratio and
average number of accepted calls per second when we increase
c1 ¼ c2 ¼ c01 ¼ c02 from 0.5 to 1. Each simulation result is the aver-
age of three simulation runs when the number of mobile nodes in
the network is 20, 30, and 40, respectively. The other simulation
parameters remain the same. The results show that there is a
trade-off when selecting the c value. A larger c allows more calls
to be accepted, but leads to larger packet losses. Fig. 15 shows
the impact of pause time of the mobility model on the packet loss
ratio. Thirty nodes are used and c1 = c2 = 0.5, c01 ¼ c02 ¼ 0:7. It can
be observed that as pause time increases, the network packet loss
decreases. The random waypiont mobility model is the default
mobility model used by ns-2, and has several shortcomings [37].
Although the proposed admission control algorithm is indepen-
dent of specific mobility models, its effectiveness may be influ-
enced by the mobility scenarios. As a result, we perform
additional simulations under the more advanced random trip
mobility model [38]. Results show that there is a slightly higher
packet loss ratio under the random trip mobility model. However,
the loss rate is still under acceptable levels with the proposed
admission control mechanism. The decreased packet loss ratio un-
der the random waypoint mobility model tests may be due to the
fact that this model tends to put nodes slightly more concentrated
into the central area of the simulation topology which can possibly
decrease the routing hops and thus increase the delivery reliability.

5. Conclusions

In this paper, we proposed an effective admission control algo-
rithm for multi-hop WLANs based on the use of contention graph
and the saturation throughput analysis for each maximal clique’s
capacity estimation. Extensive simulation tests under different
topologies have shown that our proposed admission control algo-
rithm is effective in evaluating the contention status in a multi-
hop WLAN, and makes accurate admission control decisions to pre-
vent 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. Node mobility is also
considered in the model. Simulation results show that the admis-
sion control algorithm performs well under a multi-hop WLAN
with mobility, and provides a mechanism to differentiate between
handoff and new calls. Our proposed admission control algorithm
required the complete network topology information at the QAP
which makes it a centralized scheme. For future work, we plan to
design a distributed algorithm based on limited local information
sharing.
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