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ABSTRACT
It is well known that WLAN based on the IEEE 802.11 stan-
dard suffers from interference and scalability problems due
to a limited number of non-overlapping channels. In order
to mitigate the interference problem, channel assignment al-
gorithms have been a popular research topic in recent years.
It has been shown that such algorithms can greatly reduce
the interference among wireless access points. However, in
this paper we show that previously proposed channel as-
signment algorithms may lead to an increased number of
hidden nodes in dense network deployments. We also show
that this can significantly decrease the performance of the
network. Furthermore, we present results from experiments
showing that the RTS/CTS mechanism is unable to solve the
hidden node problem in infrastructure WLANs and there-
fore, careful consideration needs to be taken when choosing
channel assignment strategies in densely deployed wireless
networks. To this end, we propose two novel channel assign-
ment algorithms. Using a simulation study, we show that
the proposed algorithms can outperform traditional channel
assignment in densely deployed scenarios, in terms of QoS
sensitive VoIP support without compromising the aggregate
throughput and are therefore a better performing alternative
in such settings.

Categories and Subject Descriptors
C.2.1 [Network Architecture and Design]: Wireless com-
munication
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1. INTRODUCTION
IEEE 802.11 WLAN has emerged as a network technology,

popular in both residential and commercial applications. It
has been shown in [1] that the popularity of 802.11 WLAN
devices can threaten their performance, especially in resi-
dential settings where wireless networks are unplanned and
densely deployed. These results follows on wide recogni-
tion that signal interference in the ISM band can reduce the
WLAN performance. Studies from [2–8] show the effect of
interference on WLAN performance from household appli-
ances, e.g. microwave ovens, Bluetooth devices, and cord-
less phones. In addition, co-channel interference can also
impact on WLAN performance since the number of non-
overlapping channels in IEEE 802.11 [9] is limited (e.g. 3
channels in 802.11b/g). In recent years, channel assignment
algorithms [10–13] have been proposed to mitigate the above
problem. The main focus of these algorithms is to assign
a channel to each wireless network so that the overall in-
terference is minimized using space division and enhancing
channel reuse.

We investigated the effectiveness of these algorithms using
a simulation study and found that it is only when the follow-
ing two conditions are satisfied that space division from ex-
isting channel assignment algorithms can improve the overall
performance of a WLAN:

• network density (DN ) is low

• the average number of wireless stations per network
(Ns) is low

As DN and Ns increase, the hidden node problem becomes
pronounced which leads to significantly degraded network
performance, especially in terms of voice support.

In this paper, we make the following contributions:

• We revisit the effect of hidden nodes on WLAN per-
formance and confirm through experiments that the
RTS/CTS mechanism is not ideal for solving the hid-
den node problem in infrastructure WLANs. We also
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investigate how this impacts on voice sessions in terms
of delay and Mean Opinion Score (MOS).

• We put forward that the hidden node problem is an
undesired side effect of currently proposed channel as-
signment algorithms and show that in dense deploy-
ment of WLANs, this has a significant negative effect
on Voice over WLAN performance.

• We propose two novel channel assignment algorithms
for densely deployed WLAN scenarios, which consider
the hidden node problem in order to overcome this
limitation.

In the next section, we discuss related work before presenting
the hidden node problem and its effect on infrastructure
WLANs in section 3 and 4. Our proposed algorithms are
introduced in section 5 and then the results of our algorithms
and those of existing algorithm are compared in section 6.
We provide discussion in section 7. Conclusion and future
work are summarized in section 8.

2. RELATED WORK
Channel assignment is a well studied problem in licensed

spectrum scenarios such as in cellular networks [14–16]. Be-
low we discuss relevant work in unlicensed scenarios.

To boost spectrum reuse and spectrum utilization, several
channel assignment algorithms have been proposed in recent
years.

Ramachandran et al. [17] presented an interference-aware
channel assignment algorithm for wireless mesh networks.
The algorithm allocates channels to wireless mesh routers
using interference estimates. The algorithm, called Multi-
Radio Conflict Graph (MCG), extended a conflict graph
model, a technique often used for graph-based channel as-
signment algorithms.

Mishra et al. [18] applied a weighted channel assignment
(WCA) algorithm, also based on graph coloring, to promote
channel reuse while considering adjacent channel interfer-
ence. The proposed algorithm was shown to perform well in
terms of the number of conflict edges and number of chan-
nels used in the tested topologies.

Riihijarvi et al. [19] introduced a graph based representa-
tion of interference among nodes in WLAN topologies. In
order to maximize system throughput, the authors proposed
a channel allocation algorithm based on graph coloring. The
algorithm was shown to perform well when the interference
graph was of low degree.

In previous work [20], we have shown that greedy channel
assignment algorithms (e.g. WCA) perform poorly if the
networks become too dense. Furthermore, the input, based
only on the interference among access point (AP), usually
ignores the hidden node problem which can occur if the net-
work density is high enough that the channel assignment
algorithm cannot provide low interference levels. By their
nature, the algorithms try to assign channels to APs so that
the interfering APs are as spatially separated as possible.
This mechanism works well at low network density, but at
high density the algorithm cannot provide a low interference
level, which exacerbates the hidden node problem as we show
in the next section. Later in the paper we show how this
leads to sub-optimal performance and therefore the sever-
ity of the hidden node problem should be considered when
assigning channels in dense WLAN deployments.

(a) Internal

(b) External

Figure 1: Hidden Node Scenario

3. HIDDEN NODE PROBLEM IN
INFRASTRUCTURE WLANS

The hidden node problem is one of the classic problems
in wireless networks. We refer readers who are interested
in performance analysis of WLANs under the hidden node
problem to [21] for further details. In the following sections
we investigate the likelihood of hidden nodes before studying
the effects of hidden nodes. Together, the two allow us to
draw conclusions of the severity of the problem and study
its importance to channel assignment algorithms.

3.1 Probability of Nodes being Affected by
Internal Hidden Nodes

The internal hidden node scenario occurs when a wireless
station is within transmission range of an access point (AP)
but it is not within range of other wireless stations in the
same network, as an example in Fig. 1(a).

We carried out a simulation study to find the likelihood of
nodes being affected by internal hidden nodes. We assumed
that all STAs had the same transmission range of 100m and
were placed randomly within the transmission range of their
associated AP (also 100m). The average number of STAs
per BSS (basic service set) was then varied from 1.5 to 5.5.
Fig. 2, plotted with 0.95 confidence interval from 10 sample
networks for each data point, shows the rather intuitive re-
sult that the higher the number of STAs per BSS is, the more
likely it is that nodes are affected by at least one internal
hidden node.

3.2 External Hidden Node Scenario
Fig. 1(b) illustrates a sample of external hidden node sce-

nario, where, in this case, transmission from AP-2 to STA-2
is hidden to AP-1 and therefore it can corrupt the packets
from AP-1 to STA-1.

In order to examine the probability of nodes being affected
by at least one external hidden node, we simulated traffic in
a network with size 200× 200m2 while varying the network
density DN :

DN =
Nbss

A
(1)

where Nbss is the number of BSS (a BSS consists of one AP
and a number of STAs) and A is the network area (m2). The
average number of STAs per BSS was 2 in these experiments.

In order to have baseline performance to measure against
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Figure 2: Probability of nodes being affected by in-
ternal hidden nodes
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Figure 3: Probability of nodes being affected by ex-
ternal hidden nodes

we simulated the worst possible performance, allocating the
same channel to all networks. We also studied the perfor-
mance of random channel allocation to investigate if WCA
has an overall positive or negative performance impact. In
all experiments we used three non-overlapping channels (1, 6
and 11). There is an overlapping channel allocation feature
in WCA that was disabled in our experiments. The results
from 10 sample networks for each data point with confidence
interval 0.95 presented in Fig. 3 shows that the random chan-
nel assignment algorithm can provide lower probability of
nodes affected by at least one external hidden node than
WCA does. Since WCA considers the interference only at
APs, the algorithm can provide space division among APs
but this does not include STAs. Later in this paper, we
show that this side effect can lead to poor support for delay
sensitive applications such as voice.

Once we have established the probability of nodes being
affected by the hidden node problem, we investigate the ef-
fect of hidden nodes on the performance of infrastructure
WLANs.
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Figure 4: Normalized Throughput comparison of
STA-2 and STA-1 in internal hidden node scenario
with and without RTS/CTS and 100% downstream
traffic

4. EFFECT OF HIDDEN NODES IN
INFRASTRUCTURE WLANS

The RTS/CTS handshaking mechanism was introduced
in order to overcome the hidden node problem. The perfor-
mance of RTS/CTS has been studied using both analytical
and experimental approaches, e.g. [22–25]. However, recent
studies from [26–28] show that the RTS/CTS mechanism
might not be an ideal choice to solve the hidden node prob-
lem.

The results presented next are plotted from the average
values from 10 runs for each data point with 0.95 confi-
dence intervals. We intentionally omitted the error bars in
all graphs since the intervals are too small and the error bars
make the graphs unclear as well as distract readers from the
points we want to make.

4.1 Simulation Study on the Performance of
WLANs under the Hidden Node Problem

We have used the OPNET Modeler [29] to carry out per-
formance studies of WLANs under the internal and external
hidden node problem. The simulation study was carried
out to investigate the basic performance of RTS/CTS com-
pared with the basic operation (without RTS/CTS enabled).
Fine-tuning of parameters for specific scenarios were there-
fore beyond the scope of these experiments.

4.1.1 Internal hidden node scenario
Fig. 1(a) shows the experimental setup for this scenario.

In the experiments we assign FTP traffic to both STA-1 and
STA-2. The offered load of STA-2 is kept constant at 6 Mbps
and the offered load of STA-1 is varied from 1 to 6 Mbps.
In Fig. 4, we compare the normalized receiver throughputs
of STA-1 and STA-2 when the offered loads are 100% down-
stream traffic, where normalized throughput of node i, Si,
is defined as:

Si =
Throughput

Offered Bandwidth
(2)

Note that we do not measure the AP throughput under
the 100% downstream traffic scenario because the AP al-
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Figure 5: Mean Opinion Score of downstream (from
AP to STA-2) and upstream (from STA-2 to AP)
voice traffic under the internal hidden node scenario

most exclusively receives MAC ACK frames. From Fig. 4, it
can be seen that both STA-1 and STA-2 are unable to gain
any benefit from RTS/CTS handshaking. Obviously, with
100% downstream traffic, we expect only a few packet colli-
sions at the AP (only MAC ACK collisions) so the number
of retransmissions due to MAC ACK timeout are very lim-
ited. However, the RTS/CTS mechanism adds more over-
head, thus reducing the throughput.

Next, we consider the ability of WLANs to support VoIP
under the internal hidden node scenario. We use the same
setup as in the previous simulation study except that STA-2
now carries bidirectional 64kbps PCM voice traffic. End-to-
end delays and Mean Opinion Score (MOS) for downstream
(from AP to STA-2) and upstream (from STA-2 to AP) voice
traffic are shown in Fig. 5.

According to ITU-T Recommendation G.107 [30], in order
to provide a good quality voice communication, MOS values
of both upstream and downstream streams should be more
than 3.6. The recommendation suggests how to estimate the
MOS value using the E-Model as follows:

MOS =

8>>><
>>>:

1 for R ≤ 0

1 + 0.035R+

R(R− 60)(100 −R)7× 10−6 for 0 < R < 100

4.5 for R ≥ 100

(3)

where the R-factor R, is a function of the basic signal to noise
ratio (R0), simultaneous impairment factor (Is), equipment
impairment factor (Ie), delay impairment factor (Id), and
the advantage factor (A).

R = R0 − Is − Ie − Id + A (4)

According to ITU-T Recommendation G.107, the default
value of R0 is 93.2. This implies that the theoretical max-
imum R factor (without any advantage factor) is 93.2, as
a result yielding the highest MOS of 4.41. The following
results are calculated by using the default values defined in
ITU-T Recommendation G.107 [30].
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From Fig. 5, we can infer that STA can offer such a good
quality voice connection only when the aggregate bandwidth
of the internal hidden nodes is less than 2Mbps in this sce-
nario, regardless if RTS/CTS is applied or not.

On the other hand, if the majority of traffic is downstream
traffic, the RTS/CTS mechanism cannot augment the sys-
tem performance for both best-effort (e.g. FTP) and delay-
sensitive (e.g. voice) applications under the internal hidden
node scenario.

4.1.2 External hidden node scenario
In this section, we extend our discussion to the perfor-

mance of RTS/CTS in infrastructure WLANs under the ex-
ternal hidden node scenario, illustrated in Fig. 1(b).

We study FTP as an example best-effort application and
VoIP as an example delay-sensitive application. First, down-
stream FTP traffic is assigned to both STA-1 and STA-2.
Offered FTP bandwidth at STA-1 is held constant at 6 Mbps
and the offered bandwidth at STA-2 is varied from 1 to 6
Mbps. Since the link between STA-1 and AP-1 is hidden to
AP-2, we expect that this link should perform poorly with-
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out RTS/CTS enabled and it should have a better perfor-
mance when RTS/CTS is enabled. However, interestingly,
the RTS/CTS mechanism cannot solve this kind of hidden
node problem, as shown in Fig. 6. The figure shows that the
normalized throughput of STA-1 is very low and even worse
than without RTS/CTS applied.

Second, we examine voice traffic under the external hidden
node problem. We assign bidirectional 64 kbps PCM voice
traffic to STA-1 and then vary the offered FTP bandwidth
at STA-2 from 1 to 6 Mbps. Fig. 7 illustrate the MOS of
the voice traffic. Note that the upstream voice traffic (from
STA-1 to AP-1) has a high MOS value (i.e. about 4.02) for
all interfering traffic from external hidden nodes. On the
other hand, the quality of downstream voice (from AP-1 to
STA-1) is sensitive to interfering traffic from external hid-
den nodes. Only 1Mbps aggregate bandwidth from external
hidden nodes can be tolerated in order to provide good qual-
ity voice. As discussed previously, voice communication is
bi-directional so we conclude that the aggregate bandwidth
from external hidden nodes which is greater than 1 Mbps
can prohibit the STA from providing good quality voice.

Again, this provides evidence that the RTS/CTS mecha-
nism cannot boost system performance in both best-effort
and delay-sensitive applications under the external hidden
node scenario.

We have also validated the simulation study through test-
bed experiments. The experimental results align with our
simulation study but due to space limitations, we are not
able to elaborate on those experiments here.

From all the above results, we deduct that interference
from hidden nodes has a great effect on WLAN performance.
Since there is no absolute solution to solve the hidden node
problem in infrastructure WLANs, in order to provide the
space division and enhance channel reuse in densely deployed
WLANs, the hidden node problem must be dealt with.

5. PROPOSED CHANNEL ASSIGNMENT
ALGORITHMS

Following the investigation of the severity of the hidden
node problem in densely deployed WLANs we move on to
proposing algorithms for mitigating the channel assignment
problem. In the internal hidden node scenario, channel as-
signment cannot alleviate the performance problem because
the problem depends on the location and bandwidth require-
ment of each wireless station within the same network, using
a single channel. However, it is possible to alleviate the ef-
fects from external hidden nodes using our proposed channel
assignment algorithm, called the Weight of Affected Nodes
by Hidden Nodes (WANHN) channel assignment algorithm,
described below.

5.1 Definition
Given a wireless network topology, a hidden nodes graph

G = (V, E) is defined as follows: V is a set of vertices which
represent all wireless nodes in the topology; A is a set of
APs and S is a set of STAs (i.e. V = A ∪ S). E is a set of
edges exy = vi

xvj
y , linking vertex vi

x (wireless node x in bssi)

and vertex vj
y (wireless node y in bssj) where vi

x �=vj
y.

Let WI(v
i
x) be the sum weight of edges incident to vertex

vi
x:

WI(v
i
x) =

X
∀vi

x∀v
j
y∈V

B(vj
y) ·HI(v

i
x, vj

y) (5)

where B(vj
y) is the bandwidth of vj

y and HI(v
i
x, vj

y) is a func-
tion defined as:

HI(v
i
x, vj

y) =

(
1 if vj

y /∈ Nx

0 if vj
y ∈ Nx

(6)

where Nx is a set of neighboring nodes of vi
x. Informally,

WI(v
i
x) is the sum of the bandwidth of the internal hidden

nodes experienced by vi
x.

Let WE(vi
x, c) be the weight function of edges from exter-

nal hidden nodes on G when channel c ∈ C (a set of available
channels {1. . . k}) is assigned to vi

x, defined as:

WE(vi
x, c) =

X
∀v

j
y

B(vj
y) ·HE(vi

x, vj
y , c) (7)

and

HE(vi
x, vj

y , c) =

(
1 if vj

y ∈ Ix(c)

0 if vj
y /∈ Ix(c)

(8)

where Ix(c) is a set of nodes interfering with vi
x when it is

assigned channel c, defined as follows:

Ix(c) = {∀vj
y ∈ A, i �= j|RSS(vi

x, vj
y , c) > RSSmin} (9)

RSS(vi
x, vj

y , c) is the received signal strength from APy in

bssj(v
j
y) experienced by STAx in bssi(v

i
x) and RSSmin is

the lower limit of the received signal strength that STAx

requires to successfully receive packets.
The total hidden node bandwidth Wsum(vi

x, c) seen by vi
x

is calculated as:

Wsum(vi
x, c) = WI(v

i
x) + WE(vi

x, c) (10)

5.2 Algorithms
Previous work has not considered the effects of the hid-

den node problem as it has been assumed that the RTS/CTS
mechanism will solve this issue. However, as we showed in
the previous sections this does not hold true. Therefore, we
introduce WANHN whose objective function aim to mini-
mize the collective amount of interfering traffic from hid-
den nodes Wsum(vi

x, c) of all nodes in G. The procedure of
WANHN is shown in Algorithm 1.

Previous work has identified channel occupation as the
main optimization criteria for efficient channel allocation
(e.g. [18–20]). In order to obtain the best overall perfor-
mance we construct an algorithm named Combined Channel
Assignment (CCA) which combines channel occupation (De-
gree of Interference) DOI(vi

x, c) and interfering traffic from
hidden nodes Wsum(vi

x, c) in its objective function. In [20]
we showed that the probabilistic approach taken in WACCA
outperforms the WCA greedy approach. Thus, CCA is effec-
tively made up of a combination of WANHN and WACCA.

The following section describes how the CCA objective
function is constructed. Taken from [20], DOI(vi

x, c) is de-
fined as follows:
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Algorithm 1 WANHN

1. Randomly choose channel c from a set of available
channels and assign it to each bss.

2. Calculate FWANHN =
P

∀c∈C Wsum(vi
x, c)

3. P (c)← Wsum(vi
x,c)

FWANHN

4. PAcc(c)←Pc
i=1 P (c)

5. Randomize a real number n, 0.0 < n < 1.0

6. Choose c′such that PAcc(c
′)is the closest value to n

and PAcc(c
′) < n

7. Assign c′to vi
x

8. Repeat step 2 for all vi
x ∈ V

Algorithm 2 CCA

1. Randomly choose channel c from a set of available
channels and assign to each bss.

2. Calculate FCCA,sum =
P

∀c∈C WCCA(vi
x, c)

3. P (c)← WCCA(vi
x,c)

FCCA,sum(vi
x)

4. PAcc(c)←Pc
i=1 P (c)

5. Randomize a real number n, 0.0 < n < 1.0

6. Choose c′such that PAcc(c
′)is the closest value to n

and PAcc(c
′) < n

7. Assign c′to vi
x

8. Repeat step 2 for all vi
x ∈ V

DOI(vi
x, c) =

X
∀v

j
y∈V ∧i�=j

ILF (vi
x, vj

y) · IL(vi
x, vj

y , c) (11)

where the ILF (vi
x, vj

y) is the interference loading factor and

the IL(vi
x, vj

y , c) is the interference level between vi
x and vj

y .

ILF (vi
x, vj

y) is a weighted function of the bandwidth of vj
y

which is interfering with node vi
x, defined as:

ILF (vi
x, vj

y) =
TCX
t=1

Ly
t · wt (12)

where Ly
t is the current load of access category t of node vj

y

and wt is the weight of access category t.
IL(vi

x, vj
y , c) is the normalization function of received sig-

nal strength (RSS) on channel c from node vj
y to node vi

x

with respect to the minimum received signal strength from
all members in bssi.

IL(vi
x, vj

y , c) =
RSS(vi

x, vj
y , c)

min[{RSS(vi
x, vi

z, c)}] (13)

where vi
z ∈ bssi. We refer readers to [20] for complete de-

tails. The objective function of CCA is then defined as:

WCCA(vi
x, c) = α ·Wsum(vi

x, c) + β ·DOI(vi
x, c) (14)

where α and β are weights for fine tuning the performance
of the algorithm and α + β = 1. When α = 1 and β = 0,
CCA becomes WANHN and when α = 0 and β = 1, CCA
behaves like WACCA. The procedure of CCA is shown in
Algorithm 2.

6. SIMULATIONS
We evaluated the performance of the proposed algorithms

using the OPNET Modeler (version 14.5) [29]. We com-
pare the performance of our new combined approach with
the existing WCA approach using the simulation setup de-
tailed below. We also studied the performance of WANHN
separately to gain better understanding of the effects of op-
timizing for hidden node traffic compared with optimization
for degree of interference.

6.1 Simulation Scenario
Three channel assignment algorithms are compared in this

study:

1. WCA: based on Hminmax defined by [18].

2. WANHN: our first proposed algorithm explained in the
previous section.

3. CCA: our second algorithm with empirically deter-
mined values of α = 0.7 and β = 0.3, which yielded
the best results.

All three algorithms are tested in twelve scenarios with
details as shown in Table 1, where Network Density is de-
fined as in (1) and NSTA is an average number of STAs per
AP. These tested scenarios represent low density networks
(scenario 1 – 3), medium density networks (scenario 4 – 9),
and high density networks (scenario 10 – 12). The average
number of STAs (NSTA) is 2.0, 3.5, and 5.0 to represent low,
medium, and high bandwidth requirement.

Table 1: Scenario Settings
Scenario Network Density NSTA

1 1.25 × 10−4 2.0

2 1.25 × 10−4 3.5

3 1.25 × 10−4 5.0

4 2.50 × 10−4 2.0

5 2.50 × 10−4 3.5

6 2.50 × 10−4 5.0

7 3.75 × 10−4 2.0

8 3.75 × 10−4 3.5

9 3.75 × 10−4 5.0

10 5.00 × 10−4 2.0

11 5.00 × 10−4 3.5

12 5.00 × 10−4 5.0

6.2 Simulation Parameters
APs were uniformly distributed throughout the network

area. All wireless nodes had 100m transmission range and all
STAs were uniformly distributed within the communication
range of their associated APs. Other simulation and traffic
parameters are shown in Table 2 and 3.
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Table 2: Simulation Parameters
Parameter Value

PHY Layer 802.11b
Transmission Rate 11 Mbps
MAC Buffer 1024000 bits
RTS/CTS disabled

Table 3: Traffic Parameters
Traffic Bandwidth

Bi-directional PCM Voice 64 kbps
FTP 100 kbps

6.3 Performance Metrics
We compared the performance of our new approach with

the existing using the following metrics.

6.3.1 Normalized Aggregate Throughput
Normalized aggregate throughput (NT ) is the sum of the

throughput T (bssi) divided by the sum of offered bandwidth
B(bssi) of network bssi for all n networks in the topology:

NT =

Pn
i=0 T (bssi)Pn
i=0 B(bssi)

(15)

The normalized aggregate throughputs (NT ) of all tested
scenarios are verified under IEEE 802.11 DCF basic opera-
tion and with RTS/CTS enabled. It is a good indicator to
show the performance of DCF basic operation against the
one with RTS/CTS enabled.

6.3.2 Normalized Number of VoIP Connections
Voice is a good representative of delay-sensitive traffic.

Although the required bandwidth of voice traffic is very low
(e.g. 64 kbps PCM), the application itself demands the net-
work to provide a strictly bounded delay. We define normal-
ized number of VoIP connections NV as:

NV =
nG

nV
(16)

where nG is the number of voice connections whose MOS
values are greater than the good quality voice threshold of
3.6 and nV is the total number of offered voice connections.
The higher the value of NV , the better the network can
support voice traffic.

Similarly, the performance of channel assignment algo-
rithms is measured in both without RTS/CTS (basic op-
eration) and with RTS/CTS enabled.

7. PERFORMANCE EVALUATION
The normalized aggregate throughput NT resulting from

channel assignment algorithms is shown in Fig. 8. NT in
both DCF basic operation (i.e. WCA, WANHN, and CCA)
and DCF with RTS/CTS (i.e. WCA/RTS, WANHN/RTS,
and CCA/RTS) are compared. Obviously, in all cases, DCF
basic operation can provide far more aggregate throughput
than DCF with RTS/CTS. Rahman and Gburzynski [31]
pointed out that RTS/CTS can hinder non-interfering par-
allel transmissions and Ray [32] suggested that RTS/CTS
can induce a congestion in ad hoc network by false blocking

propagation. Our study shows that this problem also exists
in infrastructure WLANs.

It should be noted that these experiments were not car-
ried out at network saturation which explains the fact that
WCA, WANHN and CCA achieve very similar aggregate
throughput, where CCA slightly outperforms WANHN and
WCA. At saturation, the network cannot sustain more than
one voice connection and the performance of the three al-
gorithms in terms of voice support mixed with data traffic
cannot be investigated.

In Fig. 9, the algorithms’ ability to support voice traffic is
illustrated. With the low network density (e.g. scenario 1–
3), WCA, WANHN and CCA can support all voice connec-
tions. However, when the network density becomes higher
but the average number of STAs per network (NSTA) is low
enough, e.g. scenario 4, 5, and 7, only CCA can provide
support for all good-quality voice connections. WCA and
WANHN can only partially provide good-quality voice sup-
port in such environment. In a high network density and
high NSTA, e.g. scenario 8, 9, and 11, although CCA can-
not provide all good-quality voice connection, it still outper-
forms WCA. If the network density and NSTA are too high,
e.g. scenario 12, it is impossible to offer a large number of
good-quality voice connections by any channel assignment
algorithm. Other mechanisms may be required to accommo-
date the quality of voice connections, e.g. voice application
admission control.

It’s noteworthy that the RTS/CTS mechanism, again,
cannot enhance the network to support more good-quality
voice connections in densely deployed wireless networks. We
previously showed that quality of voice is very sensitive to
aggregate bandwidth of hidden nodes. Together with these
results, this implies that in densely deployed and unplanned
wireless networks where interference is not absolutely avoid-
able, it may be beneficial to assign the same channel to
neighboring networks (producing more DOIavg) in order to
avoid the hidden node problem and support more voice con-
nections.

8. CONCLUSIONS AND FUTURE WORK
In this paper, we have investigated the effects on network

performance from hidden nodes in densely deployed WLAN
networks. We have carried out extensive simulation studies
and experiments and verified that the RTS/CTS mechanism
is unable to solve the performance issues this brings. We
have further shown that the hidden node problem should be
considered by channel assignment algorithms for WLANs
since delay sensitive applications may suffer otherwise. Fi-
nally, we have proposed two algorithms for channel alloca-
tion building on a combination of channel occupancy and
hidden node traffic and shown that our solution can yield
a much better support for voice applications in densely de-
ployed WLAN without sacrificing aggregate throughput.

In the future we intend to address the following issues:
Since the algorithms have to determine the weight of ag-
gregate bandwidth of the hidden nodes, we need a suitable
mechanism in order to detect the hidden node conditions
in wireless nodes, e.g. passive and active hidden terminal
detection as proposed by [33]. It is not clear how best to
include such support in an overall system.

In addition, the results in this paper were obtained in a
static and steady-state wireless topology. Wireless node mo-
bility has not been considered. However, the algorithms are
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Figure 8: Normalized aggregate throughput (NT ) in the tested scenario 1 to 12

0.0

0.2

0.4

0.6

0.8

1.0

 1  2  3  4  5  6  7  8  9  10  11  12

N
or

m
al

iz
ed

 N
um

be
r 

of
 V

oI
P

 C
on

ne
ct

io
ns

Scenario

WCA
WCA/RTS

WANHN
WANHN/RTS

CCA
CCA/RTS

Figure 9: Normalized number of VoIP connections in the tested scenario 1 to 12

adaptive to topology changes due to their repetitive behav-
ior but with the expense of convergence time. Addition-
ally, some other performance metrics may be required to
accommodate mobility support, e.g. hand-over delay, chan-
nel switching delay, etc. Our next step is to incorporate
mobility support in this work and to study the effects on
delay sensitive and bulk data transfer applications taking
this dynamic environment into account.
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