
Performance Modeling and Analysis of IEEE 802.11
Wireless Networks with Hidden nodes

Myung Woo Lee
Department of Mathematical

Sciences and
Telecommunication

Engineering Program
KAIST

Daejeon, Republic of Korea

Ganguk Hwang
Department of Mathematical

Sciences and
Telecommunication

Engineering Program
KAIST

Daejeon, Republic of Korea
guhwang@kaist.edu

Sumit Roy
Department of Electrical

Engineering
University of Washington

Seattle, USA
roy@ee.washington.edu

ABSTRACT
This work seeks to develop an analytical model for the per-
node throughput analysis of IEEE 802.11 WLAN networks
with hidden nodes by extending the Bianchi’s model. With
the analytic model we derive the per-node throughput of
each node and quantify the impact of hidden nodes on per-
node throughput. Through our analysis, we find that nodes
having more hidden nodes are likely to have worse through-
put performance than nodes having less hidden nodes, so
resulting in unfairness in per-node throughput.
We next propose a new algorithm, called the fake collision

algorithm, to solve the unfairness due to hidden nodes. The
proposed fake collision algorithm allows nodes with poor
throughput to acquire more transmission opportunities by
slightly modifying the Binary Exponential Backoff algorithm
of the IEEE 802.11 Distributed Coordination Function. To
this end, the fake collision algorithm uses a new control pa-
rameter called the fake collision probability which can be
obtained from a computation algorithm that we develop
based on our analytic model. We show that the fairness in
per-node throughput can be achieved with the fake collision
probability for each node through simulation.

Categories and Subject Descriptors
C.2.5 [Computer-Communication Networks]: Local and
Wide-Area Networks—Access Schemes

Keywords
Performance modeling, WLAN, IEEE 802.11, Hidden Node
Problem

1. INTRODUCTION
Performance of Distributed Coordination Function (DCF)

protocol for the IEEE 802.11 WLANs has been well ana-
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lyzed, starting with the seminal work of Bianchi [1]. How-
ever, the limitations of this train of analysis is well-known,
notably it’s lack of inclusion of ‘hidden’ nodes [2]. If two
(source) nodes N1, N2 are outside the carrier sensing range
of each other, N1 may initiate a transmission to a common
receive node, while it is already receiving a packet from N2,
resulting in a packet collision1.

The hidden node problem is commonplace in dense, in-
frastructure 802.11 networks [5, 6]. In addition, obstacles
such as walls or partitions, lead to additional hidden nodes.
Thus it is most desirable to improve analytical estimates of
802.11 network performance by incorporating hidden nodes.

We have two main objectives in this work. The first is to
develop an analytic model that provides improved estimates
of 802.11 network in the presence of hidden nodes. To this
end we extend the Bianchi’s model [1] as described next.
In the Bianchi’s model, the state of a node is observed at
slot times, called embedded epochs from now on, where the
backoff counter of the node are decremented by one. As-
suming that the collision probability of a node is constant,
the backoff counter and the backoff stage at each embedded
epoch form a two dimensional discrete time Markov chain
(DTMC). The performance of the IEEE 802.11 DCF is then
analyzed by using the stationary distribution of the DTMC.
It is assumed in the Bianchi’s model that the network does
not have any hidden nodes, so that all embedded epochs of
all nodes in the network are almost synchronized and hence
the use of a single DTMC suffices for analysis. However, in
the presence of hidden nodes, the embedded epochs of nodes
are not well synchronized, i.e., a node may decrease its back-
off counter when a hidden node transmits or freezes its back-
off counter. To capture such characteristics of the hidden
node problem, we consider different DTMCs for different
nodes and compute the collision probability of each node
in a completely different way, distinct from the Bianchi’s
model. As a result, we compute the per-node throughput of
each node separately, that in turn allows us to investigate
network unfairness. As expected, if a node has more hid-
den nodes than others, the per-node throughput of the node
worsens relatively. In addition, we see that 802.11 WLANs

1The carrier sensing range is the range inside which the re-
ceived signal power at any receive node exceeds a sensing
threshold value [3]. Any nodes that lie within the same
carrier sensing range of each other, cannot transmit simul-
taneously.
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with RTS/CTS enabled performs better than WLANs with
basic access mode as reported in [7, 8], so it is recommended
to use the RTS/CTS mode in the presence of hidden nodes.
We validate our analytic model through simulation by using
different types of network topologies both in the basic access
mode and in the RTS/CTS mode. The per-node through-
puts from simulation and our analytic model are compared,
and we see that our analytic results are well matched with
the simulation results.
Our second objective is to mitigate the unfairness problem

in per-node throughput due to hidden nodes. By observing
the reasons underlying the unfairness, e.g., the nodes with
more hidden nodes have less transmission opportunities than
those with fewer hidden nodes, we propose a new algorithm,
called the fake collision algorithm, where the nodes with
more hidden nodes are allowed to acquire more transmis-
sion opportunities than in the Binary Exponential Backoff
(BEB) algorithm. To this end in the fake collision algorithm,
when a node transmits its packet successfully, it stochasti-
cally increases its backoff stage by one according to the fake
collision probability, thereby falsely mimicing a packet col-
lision. More details are given in Section 3. Obviously, the
higher the fake collision probability of a node, the fewer
transmission opportunities it has. The fake collision prob-
ability thus acts a control parameter. We develop a com-
putation algorithm to obtain the fake collision probability
for each node that can achieve given feasible target ratios
in per-node throughput. It is anticipated that introduction
of the fake collision probabilities will cause a degradation in
network throughput, but we show through simulation that
this degradation is negligible.
Several works have attempted to modeling the hidden

node problem [9]-[13]. The performance under unsaturated
traffic condition is considered in [9, 10]. In [9], all nodes are
assumed to have the same number of hidden nodes, a clearly
impractical scenario. Uplink and downlink throughputs are
analytically derived in [10], but they do not consider the un-
fairness problem. In [11] the authors consider a special case
where the number of nodes in the carrier sensing range is
the same as the number of hidden nodes and investigate the
throughput performance in the presence of hidden nodes.
To solve the unsynchronization problem caused by hidden
nodes (i.e., while a node transmits its packet, its hidden
node still decreases its backoff counter) in the mathemat-
ical modeling, a new DTMC is proposed where embedded
epochs are extended to all time points with fixed interval
in [12]. [13] categorizes the collisions induced by a hidden
node based on the packet transmission times of the hidden
node. Most of previous studies investigate network through-
put but per-node throughput is not investigated. In this pa-
per, we propose a mathematical model to analyze the per-
node throughput and this is essential to investigate fairness
in per-node throughput.
Fairness issue in the hidden node problem is studied in

[14]-[22]. In [14], the fairness problem when the packet
length is variable is investigated in ad-hoc networks and a
new algorithm is proposed to achieve fairness in the case. In
[15, 16] they solve the hidden and exposed node problem by
using power control algorithms. The fairness issues in the
performance of the TCP protocol in ad-hoc networks with
the IEEE 802.11 DCF is considered in [17]-[19], and the per-
formance of the UDP protocol in ad-hoc networks with the
IEEE 802.11 DCF is also studied in [20]. The unfairness in

the three-flow problem is studied in [21] and its generaliza-
tion is done in [22]. Previous studies on fairness consider ad-
hoc networks, but the current use of IEEE 802.11 is mostly
in infrastructure networks. Moreover the probability of the
presence of hidden nodes is high in infrastructure networks
because of the widespread use of smartphones, laptop com-
puters and etc. To the best of our knowledge, our work is
the first work to deal with fairness in per-node throughput
in an infrastructure network and to propose an algorithm to
solve the unfairness problem.

The organization of this paper is as follows. In Section
2, we develop an analytic model to analyze the per-node
throughput of the IEEE 802.11 DCF infrastructure network
with hidden nodes. We validate our analytic model through
simulation and investigate the per-node throughput and fair-
ness of the IEEE 802.11 WLAN in the presence of hidden
nodes. In Section 3, the fake collision algorithm is proposed
to mitigate unfairness due to hidden nodes. In Section 4, we
give our conclusions.

2. SYSTEM MODEL
We consider an IEEE 802.11 infrastructure network with

a single Access Point (AP). There are N nodes in the net-
work including the AP. All nodes always have packets to
transmit and use a single transmission rate. In the infras-
tructure network, we assume that all nodes except the AP
always transmit their packets (such as RTS (Request-To-
Send), CTS (Clear-To-Send), data packets, etc.) to the AP
for communication, i.e., there are no direct communications
between nodes except the AP. We do not consider the cap-
ture effect [23] in this paper, so any simultaneous transmis-
sions by nodes always result in collision.

In this paper, we consider two transmission modes - the
basic access mode and the RTS/CTS mode. While a winning
node (backoff counter reaches 0) transmits its data packet in
the basic access mode, a node first transmits an RTS packet
in the RTS/CTS mode. To consider both modes in a single
mathematical framework, we use the term the first packet
to denote the packet to be transmitted first by a node with
backoff counter 0 in both modes. We implicitly assume that
there are no other sources of packet loss such as link failure
except packet collisions.

2.1 Carrier Sensing Range
Suppose that node i denotes a source node, and d(i, j)

is the distance between nodes i and j. The received signal

power at node j is then given by
Ptx,iλ

2
w

16π2d(i,j)n
[3], where Ptx,i

is the transmit power of node i, λw is the wavelength and
n is the path loss exponent. If the received signal power at
node j is greater (lower) than the carrier sensing threshold
γcs,j of node j, node j determines that the channel is busy
(idle). Let Rcs,ij denote the distance from node i at which
the received signal power at node j is equal to γcs,j , i.e.

γcs,j =
Ptx,iλ

2
w

16π2Rn
cs,ij

or Rcs,ij = (
Ptx,iλ

2
w

16π2γcs,j
)1/n.

If d(i, j) < Rcs,ij , then node j can sense the transmission of
node i, and if d(i, j) > Rcs,ij , then node j cannot sense the
transmission of node i, i.e., node i is hidden from node j.

Suppose that node i can sense all nodes in the network,
then it freezes its backoff counter whenever any node in the
network transmits and consequently node i minimizes the
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probability of collisions through channel sensing. If how-
ever node i can sense few nodes, it consequently experiences
relatively high collision probability. So the carrier sensing
range structure is one of key parameters in determining the
per-node throughput of the WLAN.
In the following subsection, we introduce the carrier sens-

ing (CS) matrix to represent the carrier sensing range struc-
ture of an arbitrary network. Note that the AP and any
node in the network can sense each other. We assume that
all nodes have the same carrier sensing threshold and use
the same fixed transmit power, i.e. Ptx := Ptx,i, γcs := γcs,j
and Rcs := Rcs,ij .

2.2 The CS matrix
Let Mcs = (mij) be the matrix whose (i, j)-th element,

mij , is 1 if the distance d(i, j) < Rcs and equals 0 otherwise.
Note that the matrix Mcs is symmetric by our assumption.
Since we assume that the infrastructure network topology is
known a priori, the matrix Mcs is also pre-determined. The
topology is assumed to be static, so that Mcs is fixed.
From the matrix Mcs, we can determine, for any source

node, all hidden nodes. Hence for source node i, all other
nodes can be classified into two categories as follows, denot-
ing the sensed and hidden node sets, respectively.

C(i) = {j ∈ {1, 2, · · · , N}\{i}|d(i, j) < Rcs},
H(i) = {j ∈ {1, 2, · · · , N}\{i}|d(i, j) > Rcs}.

2.3 Collision Probability Analysis
For node i, 1 ≤ i ≤ N , we develop its state transition dia-

gram as in [1], by extending the Bianchi’s model to consider
the interference by hidden nodes. When i = N , node N de-
notes the AP in the model. Let η be the number of slot times
to transmit the first packet - a data packet in the basic access
mode and an RTS packet in the RTS/CTS mode, and pi,c
be the collision probability when node i transmits a packet.
Note that the collision probabilities can be different from
node to node due to different hidden nodes. Hence, each
node has its own state transition diagram as follows. For
node i, by taking the time epochs where the backoff counter
of node i is decreased by 1 as the embedded points of node i
and using the same method as in [1], we can develop the state
transition diagram of {(BSi(k), BCi(k))} where BSi(k) and
BCi(k) are the backoff stage and the backoff counter values
of node i at the k-th embedded point, respectively.
To compute the collision probability pi,c of node i when

node i transmits its first packet at the time epoch that back-
off counter is 0, recall that the first packet of node i is suc-
cessfully transmitted only when it is not interfered by any
other transmissions of the other nodes during its transmis-
sion.
Suppose that node i starts to transmit its first packet

at time t, i.e., time t is an embedded point of node i and
the backoff counter of node i is 0 at time t. Note that the
embedded points of node i can be different from those of the
other nodes. So if node i is not the AP, then there are two
possible cases - case 1 where time t is also an embedded point
of the AP and case 2 where time t is not an embedded point
of the AP. If node i is the AP, i.e., i = N , only case 1 can
occur. If time t is also an embedded point of the AP (case
1), then there are no other nodes transmitting packets at
time t because the AP freezes its backoff counter whenever

Figure 1: Vulnerable period of node i.

any node in the network transmits. On the other hand, if
time t is not an embedded point of the AP (case 2), which
implies that the AP freezes its backoff counter at time t,
then there exists at least one node that is obviously hidden
to node i and is transmitting at time t. In this case, the
transmission of node i obviously fails.

Let Pem,i denote the probability that an embedded point
of node i is also an embedded point of the AP. Observe
that the AP always freezes its backoff counter whenever any
node transmits a packet. This implies that the set of the
embedded points of the AP is a subset of the set of the
embedded points of node i. So Pem,i is computed by

Pem,i = lim
t→∞

NN (t)/t

Ni(t)/t
=

E[Ti]

E[TN ]
, (1)

where Ni(t) is the number of embedded points of node i
during [0, t] and E[Ti] is the expected length of two consec-
utive embedded points of node i. Note here that NN (t) and
E[TN ] are the number of embedded points of the AP and
the expected length of two consecutive embedded points of
the AP, respectively. The derivation of E[Ti], 1 ≤ i ≤ N ,
will be done in the next subsection.

The collision probability pi,c of node i is then given as
follows:

pi,c = (1− Pem,i)× 1 + Pem,i × P{Fi|Ei},

where Ei is the event that an embedded point of node i is
also an embedded point of the AP and Fi is the event that
the transmission of node i is interfered by other nodes.

To compute P{Fi|Ei}, suppose that node i starts to trans-
mit its first packet at time t, which is also an embedded point
of the AP. We consider two cases - one for a pair of (i, j)
with j ∈ H(i) and the other for a pair of (i, j) with j ∈ C(i).

For (i, j), j ∈ H(i), note that the transmission instants of
nodes i and j are not mutually known. If the transmission
of the first packet by node i is interfered by node j for at
least one slot time or more, the transmission by node i fails.
This implies that the vulnerable period of node i due to node
j ∈ H(i) is at least of length η slots. In addition, when the
AP successfully receives the first packet from node i at time
t + η + δ where δ is the propagation delay, it waits SIFS
and then transmits the ACK or CTS packet. So, if node
j transmits within δ + SIFS after the end of the packet
transmission by node i, the AP cannot transmit successfully
the ACK or CTS packet. This observation suggests that the
vulnerable period of node i should be [t, t + η + SIFS +
δ), denoted by I(t, η), as in Fig. 1. Let τh

ij denote the
probability that node j ∈ H(i) transmits its first packet
during a vulnerable period I(t, η) of node i when time t is
an embedded point of the AP. Note that η+SIFS+ δ may
not be an integer, so we let η′ be the largest integer which is
less than η+SIFS+δ for the analysis. Then τh

ij is computed
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as follows:

τh
ij := P{node j transmits its first packet during I(t, η)

| time t is an embedded point of the AP}

=

M∑
s=0

min{η′,Ws−1}∑
b=0

πj;s,b, (2)

where M is the maximum backoff stage, Ws is the window
size of backoff stage s and {πj;s,b} denote the steady state
probabilities of {(BSj(k), BCj(k)} of node j, i.e.,

πj;s,b := lim
k→∞

P{BSj(k) = s, BCj(k) = b}.

Similar to the Bianchi’s model, {πj;s,b} are given by

πj;s,b =
Ws − b

Ws
πj;s,0, πj;s,0 =

{
psj,cπj;0,0 for 0 ≤ s < M
pMj,c

1−pj,c
πj;0,0 for s = M

πj;0,0 =
2(1− 2pj,c)(1− pj,c)

(1− 2pj,c)(W + 1) + pj,cW (1− (2pj,c)M )
. (3)

For the detailed derivation of (3), refer to [1].
For a pair of (i, j), j ∈ C(i), the vulnerable period due

to node j in C(i) is just one slot time as in the Bianchi’s
model because two nodes i and j can sense each other. Let
τij be the probability that node j transmits at an arbitrary
embedded point. Then τij is given by

τij =

M∑
s=0

πj;s,0. (4)

Since τh
ij and τij do not depend on i, we use τh

j := τh
ij and

τj := τij henceforth.
We are now ready to compute the collision probability

pi,c of node i. By combining the above results and using
the assumption that all nodes behave independently, pi,c is
computed as follows:

pi,c = 1− Pem,i + Pem,i × P{Fi|Ei}

= 1− Pem,i + Pem,i × (1−
∏

j∈C(i)

(1− τj)
∏

j∈H(i)

(1− τh
j ))

= 1− Pem,i ×
∏

j∈C(i)

(1− τj)
∏

j∈H(i)

(1− τh
j ). (5)

Using pi,c obtained above and {πi,s,b} given in (3), we
can recursively compute the collision probabilities pi,c and
{πi,s,b} for all nodes, provided that we know E[Ti] for all
i, 1 ≤ i ≤ N . The derivation of E[Ti], 1 ≤ i ≤ N , is given in
the next subsection.

2.4 Throughput
In this subsection, we compute E[Ti] and the per-node

throughput of node i, denoted by Si, for 1 ≤ i ≤ n. Let
Li be the amount of a payload successfully transmitted by
node i between two consecutive embedded points of node i
and Ti be the length of two consecutive embedded points of
node i, called a virtual slot of node i, in steady state. Then
Si is defined by

Si =
E[Li]

E[Ti]
. (6)

We call Ti the length of a virtual slot of node i.
By some abuse of notation, we use the same terminology

for both the basic access mode and the RTS/CTS mode, in

the expectation that the two are distinguishable. For the
basic access mode, we use

Ts = H + E[P ] + SIFS + δ +ACK +DIFS + δ,
Tc = H + E[P ] +DIFS + δ,
Th
s = ACK +DIFS + δ,

and for the RTS/CTS mode, we use

Ts = RTS + SIFS + δ + CTS + SIFS + δ
+H + E[P ] + SIFS + δ +ACK +DIFS + δ,

Tc = RTS +DIFS + δ,
Th
s = CTS + SIFS + δ

+H + E[P ] + SIFS + δ +ACK +DIFS + δ

whereH and P are the time durations to transmit the packet
header and the packet payload, respectively, and RTS, CTS
and ACK are the time durations to transmit these packets.

Note here that Th
s is the time duration of a virtual slot

where node i cannot sense a transmission by its hidden node
in the network but the transmission by the hidden node
results in a success. This can happen if node i receives the
ACK packet in the basic access mode and the CTS packet in
the RTS/CTS mode from the AP. In this case, node i freezes
its backoff counter only after it receives the ACK packet in
the basic access mode and the CTS packet in the RTS/CTS
mode from the AP. This is the explanation why Th

s is of the
form given above.

Virtual slots of node i are classified into four types.
1) The first type of a virtual slot of node i occurs when

there are no transmissions by any nodes in C̃(i) := C(i)∪{i}
and no successful transmission by any nodes in H(i). During
the first type of a virtual slot, node i does not freeze its
backoff counter so the length of the virtual slot in this case
is σ. So we have

P{Ti is of the first type} = (1− Ptr,i)(1− Ph
s,i),

E[Ti|Ti is of the first type] = σ,

where Ptr,i = 1−
∏

j∈C̃(i)(1− τj) is the probability that at
least one node including node i transmits and the transmis-
sion is sensed by node i, and Ph

s,i =
∑

j∈H(i) τj(1−pj,c) is the
probability that one of hidden nodes to node i successfully
transmits its transmission.

2) The second type of a virtual slot of node i occurs when

there are no transmissions by any nodes in C̃(i) but there is a
successful transmission by a hidden node in H(i). Note that
node i cannot freeze its backoff counter during the transmis-
sion of the first packet by a hidden node in H(i) but node i
can freeze its backoff counter after the AP acknowledges. Let
α be the probability that the first packet of the hidden node
is being successfully transmitted during the second type of
a virtual slot. Then we have α = (H+E[P ])/Ts in the basic
access and α = RTS/Ts in the RTS/CTS mode. It follows
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that

P{Ti is of the second type} = (1− Ptr,i)P
h
s,i,

P{Ti is of the second type and the first packet is

being transmitted during Ti} = (1− Ptr,i)P
h
s,iα,

P{Ti is of the second type and a packet other than

the first packet is transmitted during Ti}
= (1− Ptr,i)P

h
s,i(1− α),

E[Ti|Ti is of the second type and the first packet is

being transmitted during Ti] = σ,

E[Ti|Ti is of the second type and a packet other than

the first packet is transmitted during Ti] = Th
s .

In the above, the first packet means the first packet of the
hidden node which successfully transmits the packet.
3) The third type of a virtual slot of node i occurs when

there occurs a successful transmission by a node in C̃(i).
Note that node i can sense any transmission from any node
in C̃(i) and hence freezes its backoff counter. So we have

P{Ti is of the third type} = Ps,i,

E[Ti|Ti is of the third type] = Ts,

where Ps,i =
∑

j∈C̃(i) τj(1 − pj,c) is the probability that a
node including node i whose transmission is sensed by node
i, transmits successfully.
4) The fourth type of a virtual slot of node i occurs when

there is at least one transmission by one of nodes in C̃(i) but
it is not successful. In this case, the backoff counter of node
i is freezed for a time duration of length Tc. So we have

P{Ti is of the fourth type} = Ptr,i − Ps,i,

E[Ti|Ti is of the fourth type] = Tc.

By using the above results and unconditioning on the
types of a virtual slot of node i, we have the following.

E[Ti] = (1− Ptr,i)[(1− Ph
s,i)σ + Ph

s,i(ασ + (1− α)Th
s )]

+Ps,iTs + (Ptr,i − Ps,i)Tc. (7)

In addition, since Li is the amount of a payload successfully
transmitted by node i during a virtual slot of length Ti, we
have

E[Li] = τi(1− pi,c)P. (8)

By plugging (7) and (8) into (6), we compute the per-node
throughput Si of node i..
The network throughput S is then given by S =

∑N
i=1 Si.

Note that, if C(i) ∪ {i} = {1, 2, · · · , N}, i.e., there are no
hidden nodes in the network, all values mentioned in this
section become identical to those of the Bianchi’s model.

2.5 Model validation
We validate our model by comparing our analytic results

with simulation results conducted in MATLAB. For the phys-
ical (PHY) layer, Frequency Hopping Spread Spectrum (FHSS)
is assumed [24]. Transmission power Ptx = 15 dBm, wave-
length λw = 12.5 cm, carrier sensing threshold is −70 dBm
and the path loss exponent n = 2.9. In this case, Rcs =
35.49 m. The length of a payload is fixed to 4600 bits and
the data rate is 1 Mbps. In this case, η′ is 100 in the basic
access mode and 6 in the RTS/CTS mode. Simulation time
of each run is 108 slot times.

Figure 2: Network topology

(a) Basic access

(b) RTS/CTS

Figure 3: Model validation

The network topology shown in Fig. 2 is used to validate
our model. The gray areas in Fig. 2 are the carrier sensing
ranges of nodes. We write the index of each node in Fig.
2 to avoid confusion. 3 nodes are near the AP and 4 other
nodes are 20 m away from the AP and placed at the different
vertices of a square whose center is the AP. In the network,
nodes 1, 2, 3, 4 and nodes 5, 6, 7, 8 form groups 1 and 2, re-
spectively. The 8th node is the AP. Nodes in group 2 can
sense all nodes in the network and nodes in group 1 have one
hidden node in group 1 as shown in Fig. 2. For example,
node 1 and node 3 are hidden from each other and both are
in the carrier sensing ranges of node 2, node 4 as well as
all nodes in group 2. Fig. 3 shows the per-node through-
put of each group in this case. The maximum backoff stage
M is fixed to 5 in this paper. In the figure, ‘net’ means
the network throughput divided by the number of nodes N .
In addition, ‘sim’ means the simulation results and ‘theo’
means the analytic results obtained in the previous subsec-
tions. As shown in the figure, both simulation and analytic
results are well matched, especially for the RTS/CTS mode.
In addition, we see the unfairness between two groups, and
the unfairness problem is less significant in the RTS/CTS
mode.

From our analysis, we conclude that the RTS/CTS mode
is recommended in the presence of hidden nodes in the IEEE
802.11 WLAN. However, RTS/CTS does not resolve the un-
fairness problem unless the minimum window size W is rel-
atively large. Refer to Fig. 3. Since such a large value of
W degrades network throughput as shown in Fig. 3, we
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Figure 4: Transition diagram for the fake collision

propose a new solution to fix the unfairness problem while
preserving network throughput in the next section.

3. FAKE COLLISION ALGORITHM
According to the Binary Exponential Backoff (BEB) algo-

rithm of the IEEE 802.11, if a node transmits a packet suc-
cessfully, its backoff stage is reset to 0. Suppose that node 1
and node 2 are hidden from each other and that node 2 has
a topological benefit, e.g., node 2 has only 1 hidden node
whereas node 1 has more hidden nodes. In this case, since
node 2 can sense all nodes except node 1, it experiences less
packet collisions. On the other hand, since node 1 has more
hidden nodes than node 2, node 1 experiences more packet
collisions and sees relatively higher backoff stages. Thus
node 2 acquires more transmission opportunities than node
1. From our simulation study, we see that node 1 maintains
its backoff stage close to the maximum, while the backoff
stage of node 2 is close to 0.
The objective of the fake collision algorithm is to allow a

node having more hidden nodes to acquire more transmis-
sion opportunities than in the BEB algorithm of the IEEE
802.11. Thus if node i transmits successfully, it increases its
backoff stage by one with probability βi as if the transmis-
sion failed, or it changes its backoff stage to 0 with probabil-
ity 1− βi as in the BEB algorithm. When βi = 0, then the
fake collision algorithm is the same as the BEB algorithm of
the IEEE 802.11. To achieve fairness in terms of per-node
throughput, a correct choice of the fake collision probability
βi of node i, is critical. Obviously, the fake collision proba-
bility βi depends on the local topology around node i. The
fake collision probability βi is calculated based on our model
developed in the previous section with appropriate modifi-
cation. Since node i increases its backoff stage by one with
probability βi even when it transmits successfully, the tran-
sition diagram for the embedded Markov chain of node i is
modified as given in Fig. 4. So πi;0,0 in (3) is changed by
replacing pi,c by p̃i,c as follows:

p̃i,c = pi,c + (1− pi,c)βi, (9)

πi;0,0 =
2(1− 2p̃i,c)(1− p̃i,c)

(1− 2p̃i,c)(W + 1) + p̃i,cW (1− (2p̃i,c)M )
.

Expressions for Ptr,i, Ps,i and E[Li] are the same as in the
previous section because the expressions of τi and τi(1 −
pi,c) are not affected by the introduction of the fake collision
probability βi.
Now suppose that the target ratios (R1, R2, · · · , RN−1)

are given where R1 = SN
S1

, R2 = SN
S2

, · · · , RN−1 = SN
SN−1

.

Then, by using the expressions of the per-node throughputs
Si given in (6) and using the target ratios (R1, R2, · · · , RN−1)
we can numerically solve for the fake collision probabilities

βi, 1 ≤ i ≤ N . The computation algorithm to get the so-
lution, denoted by (β∗

1 , β
∗
2 , · · · , β∗

N ), is provided in the next
subsection.

3.1 Computation Algorithm for finding Fake
Collision Probabilities

To explain our computation algorithm, we first derive two
important equations on the system behavior. From (6) and

(8), we know E[Ti] =
τi(1−pi,c)P

Si
, from which we have, with

the help of (1),

Pem,i =
SN

Si
· τi(1− pi,c)

τN (1− pN,c)
. (10)

Combining (10) with (5) yields

pi,c = 1− SN

Si
· τi(1− pi,c)

τN (1− pN,c)

∏
j∈C(i)

(1− τj)
∏

j∈H(i)

(1− τh
j ).

Supposing that pi,c < 1, which is obviously true in prac-
tice, the above equation is reduced to

1 =
SN

Si
· τi
τN (1− pN,c)

∏
j∈C(i)

(1− τj)
∏

j∈H(i)

(1− τh
j ). (11)

Furthermore, since pN,c = 1−
∏

1≤j≤N−1 (1− τj) from (5),

(11) becomes

1 =
SN

Si
· τi(1− τN )

τN (1− τi)

∏
j∈H(i)

(1− τh
j )

1− τj
, 1 ≤ i ≤ N − 1. (12)

Suppose that β∗
i , 1 ≤ i ≤ N, form a solution for the target

ratios (R1, · · · , RN−1). Let p̃
∗
i,c, 1 ≤ i ≤ N, be the resulting

values computed from (9) and τh∗
i , τ∗

i , 1 ≤ i ≤ N, be the
probabilities corresponding to p̃∗i,c, computed from (2) and
(4). Let p∗i,c, 1 ≤ i ≤ N, be the resulting (actual) collision
probabilities when we use the solution β∗

i , 1 ≤ i ≤ N .
Since β∗

i , 1 ≤ i ≤ N − 1, are a solution, (12) yields

1 = Ri ·
τ∗
i (1− τ∗

N )

τ∗
N (1− τ∗

i )

∏
j∈H(i)

(1− τh∗
j )

1− τ∗
j

, 1 ≤ i ≤ N − 1. (13)

Moreover, from (1) and (5) the collision probabilities p∗i,c, 1 ≤
i ≤ N, satisfy

p∗i,c = 1−
∏

j∈C(i)

(1− τ∗
j )

∏
j∈H(i)

(1− τh∗
j )

E[T ∗
i ]

E[T ∗
N ]

(14)

where E[T ∗
i ] and E[T ∗

N ] are the values of E[Ti] and E[TN ]
from (7) corresponding to p∗i,c, 1 ≤ i ≤ N .

From (13) and (14) we have the following observations.
Observation 1. Suppose that β∗

N is given. (τ∗
1 , τ

∗
2 , · · · , τ∗

N )
in (13) can be found as follows. First, observe that p∗N,c =
1 −

∏
1≤j≤N−1 (1− τ∗

j ) and β∗
N is given. So p̃∗N,c (and ac-

cordingly τ∗
N ) can be computed from (9) if we know the point

(τ∗
1 , τ

∗
2 , · · · , τ∗

N−1), equivalently, (p̃
∗
1,c, p̃

∗
2,c, · · · , p̃∗N−1,c).

Let Ai be defined by

Ai := Ri ·
τi(1− τN )

τN (1− τi)

∏
j∈H(i)

(1− τh
j )

1− τj
, 1 ≤ i ≤ N − 1,

which come from the right hand side of (13). Then Ai is a
function of (p̃1,c, · · · , p̃N−1,c), i.e., Ai = Ai(p̃1,c, · · · , p̃N−1,c)
because τi is a function of p̃i,c for 1 ≤ i ≤ N and p̃N,c can
be obtained from (τ1, · · · , τN−1, β

∗
N ) by using (5) and (9).
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Now define by G := (G1, G2, · · · , GN−1) where

Gi := min (p̃i,cAi(p̃1,c, · · · , p̃N−1,c), 1), 1 ≤ i ≤ N − 1.

Then G is a continuous function from [0, 1]N−1 to [0, 1]N−1.
From Brouwer’s fixed-point theorem [25]2, we know G has

a fixed point p̃fc := (p̃f1,c, · · · , p̃
f
N−1,c), i.e., p̃fc = G(p̃fc ).

Note that, if the fixed point p̃fc satisfies (13), then we have

p̃∗i,c = p̃fi,c, 1 ≤ i ≤ N − 1. Conversely, if there exists a solu-
tion (p̃∗1,c, p̃

∗
2,c, · · · , p̃∗N−1,c), it is obviously a fixed point of G.

From this observation, we can compute (p̃∗1,c, p̃
∗
2,c, · · · , p̃∗N−1,c)

and p̃∗N,c by examining the fixed points of the function G,
provided that β∗

N (= βN ) is given. Moreover, if all fixed
points of G do not satisfy the condition (13), then we know
the problem is infeasible for the given βN .
Observation 2. Suppose that we obtain (p̃∗1,c, p̃

∗
2,c, · · · , p̃∗N,c).

We next compute (p∗1,c, p
∗
2,c, · · · , p∗N,c) that satisfies (14),

so that we finally compute the fake collision probabilities
(β∗

1 , β
∗
2 , · · · , β∗

N−1). As before, since

p∗N,c = 1−
∏

1≤j≤N−1

(1− τ∗
j ),

it suffices to compute (p∗1,c, p
∗
2,c, · · · , p∗N−1,c). To this end,

define by K := (K1, · · · ,KN−1) where, for 1 ≤ i ≤ N − 1

Ki = Ki(p1,c, p2,c, · · · , pN−1,c)

:= 1−
∏

j∈C(i)

(1− τ∗
j )

∏
j∈H(i)

(1− τh∗
j )

E[Ti]

E[TN ]
,

which come from the right hand side of (14). Recalling
from (7) that E[Ti] and E[TN ] are continuous functions of
pi,c, 1 ≤ i ≤ N , it is easy to show that K is a continu-
ous function from [0, 1]N−1 to [0, 1]N−1. From Brouwer’s
fixed-point theorem [25] again, we see that K has a fixed

point. Let pfc := (pf1,c, p
f
2,c, · · · , p

f
N−1,c) be a fixed point

of K. If the fixed point pfc satisfies the condition that
pfi,c ≤ p̃∗i,c (this comes from (9)), then it is a solution of

(14), i.e., p∗i,c = pfi,c, 1 ≤ i ≤ N − 1. Conversely, if there
exists a solution (p∗1,c, p

∗
2,c, · · · , p∗N−1,c), then it is obviously

a fixed point of K. From this observation, we can com-
pute (p∗1,c, p

∗
2,c, · · · , p∗N−1,c) and p∗N,c by examining the fixed

points of the function K. Moreover, if all fixed points of K
do not satisfy the condition that pfi,c ≤ p̃∗i,c, then we know
the problem is infeasible.
From the above observations, our computation algorithm

has the following steps.

Step 0. Set βN = 0 and let ∆ be a small positive real number,
called the step size.

Step 1. Find a fixed point of G. If the point (τ∗
1 , τ

∗
2 , · · · , τ∗

N )
corresponding to the fixed point of G, satisfies (13),
go to Step 2. If no solution of (13) is found, then we
increase the value of βN by ∆ and go to Step 1 until
βN ≥ 1.

Step 2. For (τ∗
1 , τ

∗
2 , · · · , τ∗

N ) that we find in Step 1, we find
a solution (p∗1,c, p

∗
2,c, · · · , p∗N,c) that satisfies (14), ob-

tain the resulting values of (β∗
1 , β

∗
2 , · · · , β∗

N−1), and set
β∗
N = βN . We keep increasing the value of βN by ∆

and go to Step 1 until βN ≥ 1.

2Every continuous function from a convex compact subset
of a Euclidean space to itself has a fixed point.

Figure 5: The results for the fake collision algorithm

Step 3. If we find no solution until βN ≥ 1, then we declare
the target ratios (R1, R2, · · · , RN−1) are infeasible.

Remark For given target ratios (R1, R2, · · · , RN−1) it is
obvious that there exist multiple solutions (β∗

1 , β
∗
2 , · · · , β∗

N ).
Let V denote the set of all such solutions, called the valid so-
lution set. It is then natural to use the solution (β∗

1 , β
∗
2 , · · · , β∗

N )
in V that maximizes the network throughput, i.e.,

argmax(β∗
1 ,β∗

2 ,··· ,β∗
N

)∈V

N∑
i=1

Si.

3.2 Validation
As an example we use Ri = 1, 1 ≤ i ≤ N − 1, i.e.,

S1 = S2 = · · · = SN . To show that there exists a solution
(β∗

1 , β
∗
2 , · · · , β∗

N ) to achieve S1 = S2 = · · · = SN , we con-
sider the network in Fig. 2 and the RTS/CTS mode (which
is recommended to use in the presence of hidden nodes). In
Fig. 5 we plot simulation and analytic results for the per-
node throughputs of group 1 and group 2 as we change the
fake collision probability of group 2, βi, i ∈ {5, · · · , 8} (all
of which are the same due to the same topological structure)
from 0 to 1. W is fixed to 32 and the fake collision probabil-
ity of group 1, βi, i ∈ {1, · · · , 4} is fixed at 0. We see from
simulation that, when the fake collision probability of group
2 is about 0.27, all per-node throughputs are the same. Our
analytic model also provides a value of 0.268 for the fake
collision probability of group 2. Moreover, we see from the
figure that the network throughput is not much degraded
by the use of the fake collision probability, validating the
usefulness of the fake collision algorithm.

4. CONCLUSIONS
In this paper, we develop an analytic model to analyze the

throughput performance of the IEEE 802.11 WLAN with
hidden nodes. In the analytic model, the backoff stage and
counter of each node are modeled by a two dimensional dis-
crete time Markov chain. By considering the characteristics
of hidden nodes’ behavior in the analytic model, we can com-
pute the per-node throughput of each node in the network.
The analytic model is validated through simulation and we
investigate unfairness in per-node throughput due to hid-
den nodes. To solve unfairness in per-node throughput, we
propose the fake collision algorithm where the fake collision
probability is introduced to mitigate unfairness in per-node
throughput. A computation algorithm to get the desired
fake collision probabilities is provided based on our analytic
model. We validate that the fake collision algorithm per-
forms well and mitigate unfairness in per-node throughput
through simulation.
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