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Abstract —The in-band full-duplexing is a promising technique to boost wireless network throughput by allowing a node to transmit and
receive simultaneously. This paper provides a comprehensive investigation on the hidden-node problem that arises in the full-duplex
(FD) enabled CSMA (carrier-sensing multiple-access) networks. In particular, we first provide the fundamental conditions that guarantee
successful receptions for all the FD transmission cases, and propose an ellipse interference model and an ellipse carrier-sensing model
to capture the interference relation and the carrier-sensing mechanism in FD CSMA networks, respectively. We further establish the
hidden-node-free design in FD CSMA networks. Specifically, we show the sufficient conditions on the carrier-sensing power threshold
that can eliminate hidden-node collisions. We show that compared with half-duplex CSMA networks, the FD CSMA network needs
a much smaller carrier-sensing power threshold to prevent hidden-node collisions, which leads to poor network spatial reuse. This
motivates us to further propose a new MAC protocol with Full-duplex Enhanced Carrier-Sensing (FECS) mechanism. The FECS-MAC
enables the secondary carrier-sensing before starting the secondary transmission. We show that with the secondary carrier-sensing
design, the required carrier-sensing power threshold can be increased while keeping the network hidden-node free. Therefore, the
network spatial reuse and throughput can be significantly improved. Simulation results demonstrate that the FECS-MAC can improve
the throughput of dense three-node FD networks by more than 30%, compared with relay full-duplex (RFD) MAC protocol proposed in
[1].

Index Terms —Hidden-node problem, CSMA, full-duplex, carrier-sensing

✦

1 INTRODUCTION

THE in-band full-duplex (FD) capability, that allows a
node to transmit and receive simultaneously in the

same frequency band, is a promising technique to boost the
capacity of wireless networks [2], [3]. It has been demon-
strated that with two antennas at the receiver, the self-
interference can be canceled to the noise level [4], [5]. Thus,
ideally, FD technology can double the link rate of a single
pair of nodes by enabling bi-directional transmissions. To
fully exploit the FD gain in a general wireless network, the
medium access control (MAC) protocol needs to be carefully
designed.

The carrier-sense multiple-access with collision avoid-
ance (CSMA/CA), such as IEEE 802.11, is the most widely
used MAC protocol in distributed wireless networks. In
recent years, many research efforts have been put on modi-
fying the CSMA/CA protocol stacks to adapt the FD trans-
missions [3], [6], [7]. A critical problem in the half-duplex
(HD) CSMA networks is the hidden-node problem [8]. If it
is not solved properly, it may cause the degradation of the
network throughput due to heavy collisions [9]. Therefore,
a natural question to ask is: is hidden-node collision still a
critical problem in the FD CSMA networks?

It is widely believed that the FD technology can alleviate
(if not completely solve) the hidden-node problem in CSMA
networks [2], [10]. The main argument is that with full-
duplexing, a receiver can immediately start a transmission
or send a busy tone to suppress the nodes around the re-
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ceiver starting concurrent transmissions. However, through
rigorous analysis, we are reaching a contrary conclusion:
the hidden-node problem in FD CSMA networks is not
alleviated, but even more severe than the one in the HD
CSMA networks. The key reason behind this finding is that
with FD transceivers, there are more transmission cases
which cause different interference patterns. For example,
full-duplexing not only can enable bi-directional transmis-
sions between two nodes, but also can enable two separate
transmissions between one node and two other different
nodes. The latter transmission case is important because
it can enable simultaneous uplink and downlink transmis-
sions between an access point (AP) and two different clients
in the infrastructure based networks, or create cut-through
routing in a multi-hop wireless network [11]. However, it
involves three nodes in the transmissions, which causes a
more complicated interference footprint. This sets a more
stringent requirement on the carrier-sensing mechanism to
prevent hidden-node collisions. Therefore, it is of great
importance to establish a rigorous hidden-node-free design
in the FD CSMA networks.

Within this context, this paper provides a comprehensive
study on the hidden-node problem in FD CSMA networks.
We first consider all the possible FD transmission cases
and provide a formal definition of hidden-node problem
by finding all the conditions that may cause hidden-node
collisions. Furthermore, in order to give a rigorous anal-
ysis, simple and accurate models are needed to capture
the interference relations and the carrier-sensing relations
among FD links. Most of the studies on HD CSMA networks
adopt the interference range and the carrier-sensing range
based models [8], [12]. However, we find that such range
concept based interference and carrier-sensing models are
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not applicable to FD CSMA networks, because each FD
transmission always has two concurrent active nodes. The
power radiation of two currently active nodes cannot be
modeled by a single distance. Therefore, we propose the
ellipse interference model and ellipse carrier-sensing model
to capture the interference relation and the carrier-sensing
mechanism in FD CSMA networks, respectively. These two
ellipse models may be useful in many other theoretical
works on the FD CSMA networks, not just the hidden-node-
free design here.

Next, we establish the FD hidden-node-free design.
Specifically, we show a sufficient condition on the carrier-
sensing power threshold which guarantees that the hidden-
node collisions can be eliminated in FD CSMA networks.
Notice that this result works for any network topology,
because we do not make any assumption on the link dis-
tribution. We find that the carrier-sensing power threshold
to prevent collisions in FD CSMA networks needs to be
set much smaller than the one in HD CSMA networks.
The main reason is that the three-node FD transmissions
expand two ellipse interference regions. Thus, although FD
technology may double the link throughput of each FD
transmission, the FD gain in a general FD CSMA network
might be much smaller because of the worse spatial reuse.

Given the above results, the next issue is can we further
improve the spatial reuse (and thus the network through-
put) of the FD CSMA network while keeping it hidden-
node-free? This motivates us to propose a new MAC pro-
tocol with the Full-duplex Enhanced Carrier-Sensing (FEC-
S) mechanism. The FECS-MAC is also compatible with
HD transmission. The key idea in FECS-MAC is that it
enables secondary carrier-sensing before starting the sec-
ondary transmission on the three-node FD link-pair. With
this design, while keeping the network hidden-node-free, it
can pack concurrent FD transmission link-pairs in a tighter
way, and thus improve the spatial reuse. Furthermore, the
secondary carrier-sensing can also suppress the inter-node
interference on the same three-node FD link-pair. Simulation
results show that the FECS-MAC can improve the through-
put of two-node FD networks by more than 100%, compared
with the half-duplex CSMA MAC protocol, and improve
the throughput of dense three-node FD networks by more
than 30%, compared with the relay full-duplex (RFD) MAC
protocol proposed in [1].

1.1 Related Work

In the literature, most studies on the hidden-node-free de-
sign focus on the half-duplex CSMA networks [8], [13], [14].
Physical carrier-sensing (PCS) and RTS/CTS handshaking,
which is also called ”virtual carrier-sensing” are two main
techniques to combat the hidden-node collisions. Xu et al.
[8] showed that hidden nodes can be eliminated if the
carrier-sensing range is set larger than the transmission
range plus the interference range. However, Jiang et al. [13]
proved that such carrier-sensing range setting is not large e-
nough to eliminate hidden nodes, and they further proposed
to use non-uniform carrier-sensing to remove hidden nodes
and reduce exposed nodes. Haas and Deng [14] devised a
new MAC protocol termed dual busy tone multiple access to
solve hidden-node and exposed-node problems completely.

However, the range based interference models and carrier-
sensing models used in [8], [13], [14], cannot be applied to
FD CSMA networks.

There are only few papers that discussed about the
hidden-node problem in FD CSMA networks. It is believed
in [3], [4], [15], that the FD technology can solve the hidden-
node problem as the receiver also serves as a transmitter.
Reference [16] showed that hidden-node problem still exists
in the bi-directional transmissions due to asymmetric data
packets, and such collision can be prevented by sending
busy tone signals. However, the studies in [3], [4], [15], [16]
only consider the hidden-node problem in the bi-directional
transmissions with full-duplexing. Ref. [9] showed that
the hidden-node collisions may arise in the three-node FD
transmissions. Ref. [17] focused on the throughput analysis
of an FD CSMA network with one access point (AP) and
several clients. The authors in [17] introduced an additional
collision notification signal sent out by the AP once the
hidden-node collision occurs. However, both [9] and [17]
did not provide rigorous analysis and effective solutions to
prevent the hidden-node collisions from happening.

Recently, the MAC protocol design to enable FD trans-
missions has attracted a lot of research attention [1], [3], [6],
[7], [9], [18], [19]. Ref. [7] presented a centralized FD MAC
protocol, which controls the rate and time of transmission
to maximize the network throughput. Distributed FD MAC
protocols based on random access were proposed in [3],
[6], [9], [19]. Specifically, ref. [9] considered the two-node
FD transmissions, and ref. [3] considered the three-node
destination-based FD transmissions, respectively. Ref. [19]
proposed a two-node FD protocol and studied the effects
of spatial reuse and asynchronous contention on the FD
capacity gain. The MAC protocol proposed in [6] covers all
the FD transmission cases. The MAC protocols proposed
in [18], [20] are based on RTS/CTS handshaking. However,
none of these protocols focus on the hidden-node-free de-
sign. Our FECS-MAC protocol not only supports all the FD
transmission cases, but also prevents hidden-node collisions
effectively.

The rest of this paper is organized as follows. In Section
II, we present the system model, and propose the ellipse
interference model and the ellipse carrier-sensing model.
Section III shows the full-duplex hidden-node-free design.
In Section IV, we introduce the FECS-MAC protocol. Section
V presents the simulation results, and Section VI concludes
this paper.

2 SYSTEM MODEL
We consider an FD CSMA network, which is composed
of a set of FD link pairs L = {li, 1 ≤ i ≤ |L|}. The
FD CSMA network is general. It can be either an ad-hoc
network or a WLAN (wireless local area network), where
APs (access points) serve multiple users. With in-band full-
duplex capability, when a receiver is receiving packets, it
can transmit to its transmitter or another node at the same
time on the same frequency band. Thus, each FD link pair li
has three possible transmission cases, as shown in Fig. 1:

1) Two-node FD transmission: The transmitter Ti does
carrier sensing and captures the channel. It transmit-
s to its receiver Ri, and Ri also has packets for Ti.
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Fig. 1. Three FD transmission cases.

In this case, there exist bi-directional transmissions
between Ti and Ri, as shown in Fig. 1(a). The link
pair in this FD transmission is denoted by li(Ti, Ri).

2) Three-node destination-based FD transmission: The
transmitter Ti does carrier sensing and captures
the channel. It starts a primary transmission to its
receiver Ri, and Ri has packets for a third node
R′

i. Thus, Ri initiates a secondary transmission to
R′

i, as shown in Fig. 1(b). The link pair in this FD
transmission is denoted by li(Ti, Ri, R

′

i).
3) Three-node source-based FD transmission: The

transmitter Ti does carrier sensing and captures
the channel. It starts a primary transmission to its
receiver Ri. Meanwhile, a third node T ′

i has packets
for Ti, and initiates a secondary transmission to
Ti, as shown in Fig. 1(c). The link pair in this FD
transmission is denoted by li(T

′

i , Ti, Ri).

2.1 Transmission Model

We assume that all nodes in the network use the same trans-
mit power Pt, which cannot be arbitrarily large. The radio
signal propagation follows the log-distance path model with
path loss exponent 2 < α < 6 [13]. The path-gain from Ti to
Ri is

G(Ti, Ri) = G0d(Ti, Ri)
−α,

where d(Ti, Ri) is the Euclidean distance between Ti and
Ri, and G0 is the reference path gain at the reference
distance of 1 meter. Let dmax denote max

i
d(Ti, Ri), which is

the maximum link length in the network. A node decodes
its signal successfully if and only if the received Signal-
to-Interference-plus-Noise Ratio (SINR) is above a certain
threshold.

In CSMA networks, a successful packet transmission
requires that both the DATA frame and the ACK frame are
received correctly. Consider two FD link pairs li and lj . We
assume that li is not interfered by lj if all the DATA and
ACK frames of both the FD transmissions on li are received
successfully. We assume that the interfering signal is treated
as noise at the receiver.

Notice that the SINR conditions of successful transmis-
sions for two-node FD link pair and three-node FD link pair
are different. When li is a two-node FD link pair, it is not
interfered by lj if both the following conditions are satisfied:

PtG(Ti, Ri)

PtG(Sj , Ri) + PtG(S′

j , Ri) + ISI + n0

≥ γ0, (1)

PtG(Ri, Ti)

PtG(Sj , Ti) + PtG(S′

j , Ti) + ISI + n0

≥ γ0, (2)

where ISI is the self-interference, n0 is the background
noise, and Sj , S′

j represent the two transmitters on lj ,
respectively. We assume that all nodes in the network adopt
the same SINR threshold γ0. The interference consists of the
interference from lj and self-interference.

When li is a three-node destination-based FD link pair,
it is not interfered by lj if the following four conditions are
satisfied:

PtG(Ti, Ri)

PtG(Sj , Ri) + PtG(S′

j , Ri) + ISI + n0

≥ γ0, (DATA to Ri),

(3)
PtG(Ri, R

′

i)

PtG(Sj , R′

i) + PtG(S′

j , R
′

i) + PtG(Ti, R′

i) + n0

≥ γ0, (DATA to R
′

i),

(4)
PtG(R′

i, Ri)

PtG(Sj , Ri) + PtG(S′

j , Ri) + ISI + n0

≥ γ0, (ACK to Ri),

(5)
PtG(Ri, Ti)

PtG(Sj , Ti) + PtG(S′

j , Ti) + PtG(R′

i, Ti) + n0

≥ γ0, (ACK to Ti).

(6)

Notice that the interference consists of the interference from
lj and self-interference in conditions (3) and (5). However,
in conditions (4) and (6), the interference consists of the
interference from lj and the inter-node interference on the
same link.

Similarly, when li is a three-node source-based FD trans-
mission link pair, it is not interfered by lj if the following
four conditions are satisfied:

PtG(Ti, Ri)

PtG(Sj , Ri) + PtG(S′

j , Ri) + PtG(T ′

i , Ri) + n0

≥ γ0, (DATA to Ri),

(7)
PtG(T ′

i , Ti)

PtG(Sj , Ti) + PtG(S′

j , Ti) + ISI + n0

≥ γ0, (DATA to Ti),

(8)
PtG(Ri, Ti)

PtG(Sj , Ti) + PtG(S′

j , Ti) + ISI + n0

≥ γ0, (ACK to Ti),

(9)
PtG(Ti, T

′

i )

PtG(Sj , T ′

i ) + PtG(S′

j , T
′

i ) + PtG(Ri, T ′

i ) + n0

≥ γ0, (ACK to T
′

i ).

(10)

If li is not interfered by lj , and lj is not interfered by li,
li and lj do not interfere with each other, and can be active
simultaneously.

Definition 1 (interference feasible set). Let SIF ⊆ L denote a
subset of link pairs. If for any two link pairs li and lj ∈ SIF , they
do not interfere with each other, set SIF is then called interference
feasible set such that all the simultaneous transmissions on the
link pairs in SIF are successful.

2.2 Ellipse Interference Model

In half-duplex networks, usually an interference range is
defined to model whether two links interfere with each
other or not [12]. Such interference range concept is not
applicable to FD networks, because there are always two
simultaneously active transmitters on any link pair. Thus,
we propose the ellipse interference model to capture the
interference relation among FD link pairs.
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Ellipse interference model: Consider two active transmit-
ters Sj and S′

j . We use an ellipse with Sj and S′

j as its
focuses to model the interference region. Let 2c denote its
focal length where c = 1

2
d(Sj , S

′

j). Consider a receiver Ni

with a tolerable interference level Itoli from another link pair
in the network. Let EIRi

denote the semi-major axis of the
interference ellipse. The value of EIRi

can be derived from
the following equation1:

PtG0(EIRi
− c)−α + PtG0(EIRi

+ c)−α = Itoli . (11)

Receiver Ni is not interfered by the active nodes Sj and
S′

j as long as it is outside the ellipse, i.e.,

d(Sj , Ni) + d(S′

j , Ni) > 2EIRi
. (12)

The following proposition shows the accuracy of the
ellipse interference model:

Proposition 1. Consider any receiver Ni, if it satisfies condition
(12) in the ellipse interference model, it is not interfered by the
transmissions of Sj and S′

j , i.e., its received interference power

from Sj and S′

j is below its tolerable interference level Itoli .

Proof. We first show that if Ni locates on the ellipse, its
received interference power from Sj and S′

j at most is

Itoli . Let x denotes d(Sj , Ni). When Ni is on the ellipse, its
received interference power from Sj and S′

j is:

INi
= PtG0x

−α+PtG0(2EIRi
−x)−α, EIRi

−c ≤ x ≤ EIRi
+c.

By symmetry, it is sufficient to consider the range EIRi
−

c ≤ x ≤ EIRi
. The first order derivative of INi

with respect
to x is

dINi

dx
= PtG0α

(

(2EIRi
− x)

−α−1
− x−α−1

)

.

We can find that when EIRi
− c ≤ x ≤ EIRi

,
dINi

dx
≤ 0.

Thus, INi
is a decreasing function of x. When x = EIRi

− c,
INi

reaches it maximum value. Then we have

INi
≤ PtG0(EIRi

− c)−α + PtG0(EIRi
+ c)−α = Itoli .

Therefore, if Ni is outside the ellipse, it received power is
below Itoli .

Fig. 2. Ellipse model of interference region.

Fig. 2 shows the geometric interpretation of the ellipse
interference model. Given the tolerable interference level

1. Notice that it is difficult to find a closed-form expression of EIRi

from (11). The value of EIRi
can be found efficiently through solving

(11) by typical methods, such as bi-section search.

Itoli , the dotted curve represents the real interference region,
i.e., the total interference power from Sj and S′

j on the

dotted curve is equal to Itoli . The solid curve shows the
ellipse interference region. When c = 1

2
dmax, α = 4, and Itoli

varies from 0.05 to 0.2 with the step size of 0.01, the average
ratio of the area of the real interference region to the area
of the ellipse interference region is 89.81%. It illustrates that
the ellipse interference model is quite accurate in modeling
the interference relation for FD transmissions.

The tolerable interference level Itoli is related to the
SINR requirements (1)-(10). In particular, in order to satisfy
conditions (1), (2), (3), (5), (8), and (9), Itoli can be set as
follows:

Itoli =
PtG0d

−α
max

γ0
− ISI − n0. (13)

In order to satisfy conditions (4), (6), (7), and (10), Itoli

can be set as follows:

Itoli =
PtG0d

−α
max

γ0
− IIN − n0, (14)

where IIN is the inter-node interference on the same link-
pair.

It has been shown that the self-interference ISI can
be reduced to the noise level [2]. However, in the three-
node FD transmission, it is difficult to cancel the inter-node
interference IIN at the receiver [9]. From condition (14),
we know that large inter-node interference leads to small
tolerable interference level, which makes EIR quite large
according to equation (11). This means that, if the inter-node
interference is large, the separation of two concurrently
active three-node FD link pairs need to be increased. As
a result, the network spatial reuse is reduced. Therefore,
before establishing the secondary transmission in a three-
node FD link, the inter-node interference should be limited
below a certain threshold:

IIN ≤
1

K
PtG0d

−α
max, (K ≥ γ0). (15)

The control parameter K should be set much larger than γ0
to suppress the inter-node interference. Since IIN is usually
much larger than ISI , the tolerable interference level Itol of
three-node FD link-pair is smaller than that of two-node
FD link-pair. So the ellipse interference region IREllipse

in three-node FD link-pair is much larger. What’s more,
if the interfering link-pair lj is a three-node FD link-pair,
the concurrent active transmitters Sj and S′

j for DATA
frames are different from the transmitters for ACK frames.
Consequently, there are two ellipse interference regions with
different focuses for a three-node FD link-pair.

2.3 Ellipse Carrier-sensing Model

In CSMA networks, carrier sensing is designed to prevent
collisions. Ideally, it should avoid the violation of (1) - (10).
In the current CSMA based FD protocols [3], [6], the carrier-
sensing is done by the initiating transmitter Ti. We consider
the carrier sensing by energy detection. If Ti senses a power
PCS(Ti) greater than a power threshold Pth, i.e.,

PCS(Ti) > Pth,

it will not transmit, and its back-off countdown process will
be frozen.
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The carrier sensing range concept is introduced in most
studies of HD CSMA networks [12], [21]. If two transmitters
Ti and Tj are outside the carrier-sensing range, Ti and Tj

cannot carrier sense each other. However, in FD CSMA
networks, the carrier-sensed power by Ti consists of the
total power of two simultaneously active transmitters on
another link-pair. Thus, the carrier-sensing range cannot be
applied to FD CSMA networks. Therefore, we propose the
ellipse carrier-sensing model to capture the carrier-sensing
mechanism in FD CSMA networks.

Ellipse carrier-sensing model: Consider two link-pairs li
and lj . We use an ellipse with its focuses as the two active
transmitters Sj and S′

j to model the carrier-sensing region,
termed as CSREllipse . Let c and ECS denote the focal length
and the semi-major axis of CSREllipse, respectively. The
value of c is 1

2
d(Sj , S

′

j). Given the carrier-sensing power
threshold Pth, the value of ECS is given by:

ECS =

(

Pth

2PtG0

)

−
1

α

.

If transmitter Ti is inside the CSREllipse, i.e.,

d(Ti, Sj) + d(Ti, S
′

j) < 2ECS , (16)

transmitter Ti will sense the transmissions of Sj and S′

j .
Thus it will not transmit, and its back-off countdown pro-
cess will be frozen.

The following proposition shows the accuracy of the
ellipse carrier-sensing model:

Proposition 2. If Ti satisfies condition (16), its carrier-sensed
power caused by the transmissions of Sj and S′

j is larger than the
carrier-sensing power threshold Pth.

Proof. We first show that if Ti locates on the CSREllipse,
its carrier-sensed power caused by Sj and S′

j at least is Pth.
Let x = d(Ti, Sj). When Ti is on the CSREllipse, its received
carrier-sensed power is:

PCS(Ti) = PtG0x
−α + PtG0(2ECS − x)−α,

where ECS − c ≤ x ≤ ECS + c. By symmetry, it is sufficient
to consider the range ECS − c ≤ x ≤ ECS . Following the
same method as in the proof on Proposition 1, we can show
that PCS(Ti) is a decreasing function of x, when ECS −
c ≤ x ≤ ECS . Thus, when x = ECS , PCS(Ti) reaches it
minimum value, i.e.,

PCS(Ti) ≥ 2PtG0E
−α
CS = Pth.

This means that if Ti locates on the CSREllipse, its carrier-
sensed power caused by Sj and S′

j is no less than Pth.
Furthermore, we can find that if Ti is inside CSREllipse,
its carrier-sensed power is larger than Pth.

Fig. 3 shows the geometric interpretation of the ellipse
carrier-sensing model. The solid curve is the ellipse carrier-
sensing region CSREllipse . The dotted curve represents
the real carrier-sensing region, i.e., the total carrier-sensed
power of a transmitter on the dotted curve is equal to Pth.
We can find that the CSREllipse is inside the dotted curve.
When c = 1

2
dmax, α = 4, and ECS varies from 3dmax to

5dmax with the step size of 0.1dmax, the average ratio of
the area of the ellipse carrier-sensing region to the area of

Fig. 3. Ellipse model of carrier-sensing region.

the real carrier-sensing region is 96.08%. This shows that
the ellipse carrier-sensing model is an appropriate model
in modeling the carrier-sensing mechanism in FD CSMA
networks.

Choosing an appropriate Pth, (and the corresponding
ECS in the CSREllipse) is crucial to the performance of a
FD CSMA network. On one hand, it needs to guarantee that
conditions (1) - (10) are satisfied in order to prevent hidden-
node collisions. On the other hand, If Pth is set too small,
which means that the ECS is too large, it will reduce the
spatial reuse and the network throughput unnecessarily.

3 HIDDEN-NODE-FREE DESIGN

In this section, we first show that compared with half-
duplex transmission, the hidden-node problem could be
more severe in FD CSMA networks. Furthermore, we derive
a sufficient condition for the carrier-sensing power thresh-
old Pth (and the corresponding ECS of the carrier-sensing
ellipse) that can eliminate hidden-node collisions for FD
CSMA networks.

We focus on the distributed random access mode in
IEEE 802.11 protocol [22]. In the default operation in most
802.11 products, when a receiver has already sensed a signal
from another node in the network, it will not attempt to
receive a later signal from its own transmitter, even if the
later signal is stronger. This is called the “Receiver-Capture
effect”, which may cause transmission failure [23]. Such
transmission failure cannot be prevented with the carrier-
sensing mechanism [24]. Fortunately, it can be solved with
the receiver “RS (Restart) Mode”. With RS mode, a receiver
will switch to receive the stronger signal if its SINR condi-
tion can be satisfied. When discussing the hidden-node-free
design, it is required that the “RS Mode” is enabled at the
receiver [24].

3.1 Hidden-node Problem in FD CSMA Networks

It has been shown in [12] that in HD CSMA networks, the
hidden-node collisions can be eliminated by setting carrier-
sensing power threshold as:

Pth = PtG0

((

γ
1

α

0
+ 2

)

dmax

)−α

. (17)

In the following, we use an example network shown in Fig.
4 to illustrate that the hidden-node problem is more severe
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in FD CSMA networks, i.e., even Pth is set according to (17),
hidden-node collisions may still occur.

Fig. 4. Hidden-node in three-node FD network.

Figure 4 shows two three-node FD transmission link-
pairs l1(T1, R1, R

′

1
) and l2(T2, R2, R

′

2
). The distances a-

mong the nodes are d(T1, R1) = d(R1, R
′

1) = d(T2, R2) =
d(R2, R

′

2) = dmax, and d(R′

1, R
′

2) = 1.13dmax. The SIR
requirement γ0 = 10, and the path-loss exponent α = 4.

According to (17), Pth is equal to PtG0 (3.78dmax)
−4

.
Suppose that T2 wants to initiate a transmission while

T1 and R1 are sending packets to R1 and R′

1
, respectively.

Transmitter T2 senses a power PCS(T2) given by

PCS(T2) = PtG0(5.13dmax)
−4 + PtG0(4.13dmax)

−4

= PtG0(3.783dmax)
−4 < Pth.

Thus, T2 senses the channel to be idle and initiates FD
transmissions on link-pair l2. After T1 and R1 finishes DATA
frames transmissions,R1 and R′

1
need to return ACK frames

to T1 and R1, respectively. Then the SIR at R′

2 is

PtG0d
−4
max

PtG0 ((1.13dmax)−4 + (2.13dmax)−4 + (2dmax)−4)

= 1.38 < γ0.

Thus, collision happens at R′

2 due to insufficient SIR. Notice
that if we consider the inter-node interference on link-pair
l2(T2, R2, R

′

2), the SIR will be further reduced. Therefore,
the carrier-sensing power threshold Pth that can preven-
t hidden-node collisions in HD CSMA networks is not
sufficient to prevent hidden-node collisions in FD CSMA
networks. FD CSMA networks need a more stringent setting
on Pth to prevent hidden-node collisions.

3.2 Hidden-node-free Design in FD CSMA Networks

Since different FD transmission cases have different interfer-
ence footprint, we provide the sufficient conditions on Pth to
prevent hidden-node collisions for the two-node FD trans-
missions and three-node FD transmissions, respectively, as
shown in Theorem 1 and Theorem 2.

Theorem 1. It is sufficient to prevent hidden-node collisions
in two-node FD CSMA networks, if the semi-major axis of the
carrier-sensing ellipse is set as

ECS = EIR2 + dmax, (18)

equivalently, if the carrier-sensing power threshold is set as

Pth = 2PtG0(EIR2 + dmax)
−α, (19)

where EIR2 is derived from the following equation:

(EIR2−
dmax

2
)−α+(EIR2+

dmax

2
)−α =

d−α
max

γ0
−

ISI + n0

PtG0

.

(20)

Proof. Without loss of generality, suppose li(Ti, Ri) starts
transmissions first. Its currently active transmitters are Ti

and Ri (sending DATA or ACK). If lj(Tj, Rj) can start
concurrent transmissions with li, according to Proposition
2, we know that Tj is outside the CSREllipse(Ti, Ri). Thus
we have:

d(Ti, Tj) + d(Ri, Tj) > 2(EIR2 + dmax). (21)

Next we show that if inequality (21) is satisfied, li and
lj do not interfere with each other. Using the triangular
inequality, we have

d(Ti, Tj) + d(Ri, Tj)

≤ d(Ti, Rj) + d(Rj , Tj) + d(Ri, Rj) + d(Rj , Tj)

≤ 2dmax + d(Ti, Rj) + d(Ri, Rj). (22)

According to (21) and (22), we have

d(Ti, Rj) + d(Ri, Rj) > 2EIR2. (23)

Thus, from (21) and (23), we know that both Tj and Rj

on link-pair lj are outside the ellipse interference region
centered at Ti and Ri. Furthermore, because EIR2 satisfies
equation (20), according to Proposition 1, we know that Tj

and Rj can tolerate an interference level of PtG0

γ0

d−α
max−ISI−

n0, which is sufficient to ensure that the SINRs at Tj and Rj

are all greater than γ0. Therefore, we know that lj is not
interfered by li.

We further prove that li is not interfered by lj either.
Using the triangular inequality, we have

d(Ti, Tj) + d(Ri, Tj) ≤ d(Ti, Tj) + d(Ti, Tj) + d(Ti, Ri)

≤ 2d(Ti, Tj) + dmax. (24)

According to (21) and (24), we have

d(Ti, Tj) > EIR2 + 0.5dmax. (25)

Similarly, we can also have

d(Ri, Tj) > EIR2 + 0.5dmax. (26)

Furthermore, consider inequality (23). Using the same
method, we have

d(Ti, Rj) > EIR2 − 0.5dmax, (27)

d(Ri, Rj) > EIR2 − 0.5dmax. (28)

Thus, from inequalities (25), (26), (27) and (28), we can find
that

d(Ti, Tj) + d(Ti, Rj) > 2EIR2,

d(Ri, Tj) + d(Ri, Rj) > 2EIR2.

This means that both Ti and Ri are outside the ellipse
interference region of lj . Thus, according to Proposition 1,
we know that li is not interfered by lj either. Therefore,
condition (19) is sufficient to guarantee the successful trans-
missions on both li and lj .

Theorem 2. It is sufficient to prevent hidden-node collisions in
three-node FD CSMA networks, if the semi-major axis of the
carrier-sensing ellipse is set as

ECS = EIR3 + 3dmax, (29)

equivalently, if the carrier-sensing power threshold is set as

Pth = 2PtG0(EIR3 + 3dmax)
−α, (30)
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where EIR3 is derived from the following equation:

(EIR3−
dmax

2
)−α+(EIR3+

dmax

2
)−α =

(

1

γ0
−

1

K

)

d
−α
max−

n0

PtG0

.

(31)

Proof. We consider the worst-case three-node FD CSMA
networks that consist of three-node destination-based FD
link-pairs. For a three-node destination-based FD link-pair,
the concurrent active transmitters for DATA frames are
different from the transmitters for ACK frames. Thus, there
are two ellipse interference regions with different focuses.

Without loss of generality, suppose li(Ti, Ri, R
′

i) starts
transmissions first. Its concurrent active transmitters can be
Ti and Ri (sending DATA), or Ri and R′

i (sending ACK).
If lj(Tj , Rj , R

′

j) can start concurrent transmissions with
li(Ti, Ri, R

′

i), transmitter Tj needs to ensure that its carrier-
sensed power is below the power threshold given in (30).
The carrier-sensed power can be from nodes Ti and Ri, or
nodes Ri and R′

i. According to Proposition 2, we know that
Tj is outside the CSREllipse(Ti, Ri) or CSREllipse(Ri, R

′

i).
This means that at least one of the following two inequalities
is satisfied:

d(Ti, Tj) + d(Ri, Tj) > 2(EIR3 + 3dmax), or (32)

d(Ri, Tj) + d(R′

i, Tj) > 2(EIR3 + 3dmax). (33)

Let us first show that if inequality (32) is satisfied, li
and lj do not interfere with each other. Using the triangular
inequality, we have

d(Ti, Tj) + d(Ri, Tj)

≤ d(Ti, Rj) + d(Rj , Tj) + d(Ri, Rj) + d(Rj , Tj)

≤ 2dmax + d(Ti, Rj) + d(Ri, Rj) (34)

≤ 2dmax + d(Ti, R
′

j) + d(Ri, R
′

j) + 2d(R′

j , Rj)

≤ 4dmax + d(Ti, R
′

j) + d(Ri, R
′

j). (35)

According to (32),(34), and (35), we have

d(Ti, Rj) + d(Ri, Rj) > 2EIR3 + 4dmax, (36)

d(Ti, R
′

j) + d(Ri, R
′

j) > 2EIR3 + 2dmax. (37)

Thus, from (32), (36), and (37), we know that all the three
nodes Tj , Rj , and R′

j on link-pair lj are outside the ellipse
interference region centered at Ti and Ri.

Similarly, using triangular inequality, we also have

d(Ti, Tj) + d(Ri, Tj)

≤ d(Ti, Ri) + d(Ri, Tj) + d(Ri, R
′

i) + d(R′

i, Tj)

≤ 2dmax + d(Ri, Tj) + d(R′

i, Tj) (38)

≤ 2dmax + d(Ri, Rj) + d(R′

i, Rj) + 2d(Rj , Tj)

≤ 4dmax + d(Ri, Rj) + d(R′

i, Rj) (39)

≤ 4dmax + d(Ri, R
′

j) + d(R′

i, R
′

j) + 2d(R′

j , Rj)

≤ 6dmax + d(Ri, R
′

j) + d(R′

i, R
′

j). (40)

According to (32), (38), (39), and (40), we have

d(Ri, Tj) + d(R′

i, Tj) > 2EIR3 + 4dmax, (41)

d(Ri, Rj) + d(R′

i, Rj) > 2EIR3 + 2dmax, (42)

d(Ri, R
′

j) + d(R′

i, R
′

j) > 2EIR3. (43)

This means that all the three nodes Tj , Rj , and R′

j on link-
pair lj are outside the ellipse interference region centered

at Ri and R′

i. Thus, Tj , Rj , and R′

j are outside both the
ellipse interference regions of li. Furthermore, because EIR3

satisfies equation (31), according to Proposition 1, we know
that Tj , Rj , and R′

j can tolerate an interference level of

PtG0

(

1

γ0

− 1

K

)

d−α
max − n0, which is sufficient to ensure

that the SINRs at Tj , Rj , and R′

j are all greater than γ0.
Therefore, we know that lj is not interfered by li.

Next we prove that if inequality (32) is satisfied, li is not
interfered by lj either. Using the triangular inequality, we
have

d(Ti, Tj) + d(Ri, Tj) ≤ d(Ti, Tj) + d(Ti, Tj) + d(Ti, Ri)

≤ 2d(Ti, Tj) + dmax. (44)

Combing (32) and (44), we have

d(Ti, Tj) > EIR3 + 2.5dmax. (45)

Similarly, we can also show that

d(Ri, Tj) > EIR3 + 2.5dmax. (46)

Furthermore, consider inequalities (36), (37), (41), (42), and
(43). Using the same method, we have

d(Ti, Rj) > EIR3 + 1.5dmax, d(Ri, Rj) > EIR3 + 1.5dmax,
(47)

d(Ti, R
′

j) > EIR3 + 0.5dmax, d(Ri, R
′

j) > EIR3 + 0.5dmax,
(48)

d(Ri, Tj) > EIR3 + 1.5dmax, d(R
′

i, Tj) > EIR3 + 1.5dmax,
(49)

d(Ri, Rj) > EIR3 + 0.5dmax, d(R
′

i, Rj) > EIR3 + 0.5dmax,
(50)

d(Ri, R
′

j) > EIR3 − 0.5dmax, d(R
′

i, R
′

j) > EIR3 − 0.5dmax.
(51)

Thus, from inequalities (45), (46), (47), (48), (49), (50), and
(51), we can find that

d(R′

i, Rj) + d(R′

i, R
′

j) > 2EIR3,

d(Ri, Rj) + d(Ri, R
′

j) > 2EIR3,

d(Ti, Rj) + d(Ti, R
′

j) > 2EIR3 + 2dmax,

d(R′

i, Tj) + d(R′

i, Rj) > 2EIR3 + 2dmax,

d(Ri, Tj) + d(Ri, Rj) > 2EIR3 + 4dmax,

d(Ti, Tj) + d(Ti, Rj) > 2EIR3 + 4dmax.

This means that all the three nodes Ti, Ri and R′

i are outside
both the ellipse interference regions of lj . Therefore, li is not
interfered by lj . Following the same method, we can show
that if inequality (33) is satisfied, li and lj do not interfere
with each other. Therefore, condition (30) is sufficient to
guarantee the successful transmissions on li and lj .

Notice that since we do not impose any assumption on
the link distribution, the carrier-sensing power threshold-
s provided in Theorem 1 and Theorem 2 can guarantee
interference-free transmissions for FD CSMA networks with
any topology. The required Pth values (or the correspond-
ing ECS values of the carrier-sensing ellipse) are mainly
dependent on the maximum link distance dmax, the path
loss exponent α, the self-interference ISI , and the inter-
node interference parameter K . Since ISI is much smaller
than the inter-node interference, from equations (20) and
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TABLE 1
Carrier Sensing Threshold Comparison

ECS Pth

Two-node FD networks 3.35dmax PtG0(2.82dmax)−4

Three-node FD networks 6.23dmax PtG0(5.35dmax)−4

HD networks — PtG0(3.78dmax)−4

(31), we can find that the required EIR3 is larger than
EIR2. Furthermore, from equations (18) and (29), we can
find that the required ECS for three-node FD links is much
larger than that of two-node FD links. The main reason is
that the three-node FD transmissions expand two ellipse
interference regions. Therefore, the required Pth to prevent
hidden-node collisions in three-node FD CSMA networks is
smaller than that of two-node FD CSMA networks. In a FD
CSMA network that is composed of both the two-node and
three-node FD links, it needs to adopt the required carrier-
sensing power threshold in three-node FD CSMA network
(as shown in (30)) to eliminate hidden-node collisions.

Let us further compare the required Pth to prevent
hidden-node collisions in FD CSMA networks with the one
in HD CSMA networks, as shown in (17). Table 1 shows
the corresponding ECS and Pth for HD and FD CSMA
networks, when γ0 = 10, α = 4, K = 13, dmax = 50m,
n0 = −90dbm, and ISI = −90dbm, which are typical
values for wireless communication. We can find that if the
FD CSMA network only consists of two-node FD links, the
required Pth is larger than the one in HD CSMA networks.
This means that the two-node FD transmissions can alleviate
the hidden-node problem. Furthermore, we can observe that
the ECS of a three-node FD link is much larger than that
of a two-node FD link. In a general FD network which is
composed of HD links, two-node FD links, and three-node
FD links, the Pth needs to be set to PtG0(5.35dmax)

−4 to
avoid hidden-node problem. Compared with HD networks,
the Pth needs to be reduced by a factor of 3.7. A smaller
Pth implies a larger ECS of the carrier-sensing ellipse. As a
result, the spatial reuse in FD CSMA networks is reduced.
Therefore, although the FD technology may double the link
throughput of each FD link, the FD gain of a general FD
CSMA network might be much smaller because of the worse
spatial reuse.

4 FD MAC PROTOCOL DESIGN

In order to improve the spatial reuse of FD CSMA network
while keeping it hidden-node-free, we design a new dis-
tributed MAC protocol with Full-duplex Enhanced Carrier-
Sensing (FECS) based on the CSMA/CA. The FECS-MAC
supports all FD transmission cases. Furthermore, in or-
der to avoid inter-node interference in a three-node FD
transmission, the Power-Exchange (PE) algorithm is used
to collect potential information of inter-node interference
before establishing the secondary transmission. The key idea
in FECS-MAC is that it enables both the primary and sec-
ondary transmitters of a FD transmission link to do carrier-
sensing. Therefore, the required Pth to prevent hidden-node
collisions can be set much larger.

4.1 Power Set

In a three-node FD transmission, it is required that the inter-
node interference on the same link-pair is smaller than a
certain value, i.e., it needs to satisfy Condition (15). Thus,
we adopt the Power Exchange (PE) algorithm in [12] to
construct the “power set”.

In the PE algorithm, each node periodically broadcasts
special Power-Exchange (PE) packets and receives PE pack-
ets from neighbor nodes with the minimum physical rate.
The PE packets are used for information exchange, which
contain one type of information: “power set”. The transmit
power for PE packets is the same as that for regular packets,
and all nodes have the same receive sensitivity. The PE
algorithm consists two steps:

1) Each node a measures the received power of PE
packets transmitted by any other node c, and stores
the power information in a “power set” Pa =
{P (a, c)}. Note that P (a, c) = P (c, a) by reciprocity.

2) Each node periodically broadcasts a PE packet that
contains its power set to nearby nodes with the
minimum physical rate.

Actually, PE packets need to be sent only when the
network conditions or topology have changed. Periodically
broadcasting PE packet is aimed to enhance the robustness
of the PE algorithm. With the power sets, the secondary
transmitter of the three-node FD link can ensure that Con-
dition (15) is satisfied before starting the secondary trans-
mission. In particular, for the case of three-node destination-
based FD transmission, Ri needs to check R′

i (or Ti)’s power
set to make sure that the inter-node interference, which is
the received power of R′

i from Ti, satisfies Condition (15).
For the case of three-node source-based FD transmission,
T ′

i needs to check its (or Ri’s) power set to ensure that the
inter-node interference, which is the received power of Ri

from T ′

i , satisfies Condition (15).

4.2 FECS Mechanism

In the existing FD MAC protocols, only the primary trans-
mitter does carrier-sensing. An FD transceiver at least has
two antennas and two active RF chains [25]. Thus, except
the FD transmission duration, a node can use one antenna
and one RF chain to transmit (or receive) signal, and use the
other antenna and RF chain to perform carrier-sensing [26].
This enables the secondary transmitter in the three-node
FD link to perform carrier-sensing to determine whether
the channel status permits to establish the secondary trans-
mission. Thus, in the three-node destination-based FD link
shown in Fig. 1(b), before Ri starts the secondary transmis-
sion, it needs to ensure that its detected power subtracted
by the received power of the primary transmission is below
a power threshold PD

th , i.e.,

PCS(Ri)− P (Ti, Ri) < PD
th , (52)

where P (Ti, Ri) can be obtained from power sets of Ri.
In the three-node source-based FD link shown in Fig.

1(c), before T ′

i starts the secondary transmission, it needs
to ensure that its detected power subtracted by its received
power from Ti is below a power threshold PS

th, i.e.,

PCS(T ′

i )− P (Ti, T
′

i ) < PS
th, (53)
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where P (Ti, Ri) can be obtained from power sets of T ′

i .
Next, we describe the protocol in each FD transmission

case.

4.3 Two-node FD Transmission

Figure 5 shows the two-node FD transmission between Ti

and Ri. Node Ti captures the channel and successfully
initiates the primary transmission to Ri. Node Ri waits for
a SIFS time during which it can receive and decode the
MAC header from Ti.

2 If Ri has a packet for Ti, it starts
sending a DATA frame to Ti, which creates a two-node
FD transmission. If Ri has a packet for another node, this
belongs to the three-node destination-based transmission
case which is to be discussed later. If Ri has no packet to
send, it does nothing. After Ri starts transmitting, both Ti

and Ri receive a packet and compare the packet durations.
The node that finishes transmission earlier will continue
to send a busy-tone signal to ensure that the two DATA
transmissions end at the same time. After the DATA frame
transmissions, Ti and Ri wait for a SIFS time, and then send
ACKs simultaneously.

Header DataDIFS R.B.O

Header Data

Ti

Ri
Header Data

Busy-tone

Busy-tone

Header Data

S
I
F
S ACK

ACK

Tx:

Tx:

Rx:

Rx:

ACK

ACK

S
I
F
S

R.B.O: Random 
Backoff

S
I
F
S

Fig. 5. Two-node FD transmission

4.4 Three-node Destination-based FD Transmission

Figure 6 shows the three-node destination-based FD trans-
mission. Node Ti captures the channel and successfully
initiates the primary transmission to Ri. After receiving the
MAC header and waiting for a SIFS time, Ri does not have a
packet for Ti. Instead, it has a packet for R′

i. Node Ri sends
a packet to R′

i, if both the following conditions are satisfied:

1) the secondary carrier-sensed power at Ri satisfies
Condition (52),

2) the inter-node interference satisfies Condition (15);

otherwise Ri does nothing. If PD
th in (52) is set small enough,

the first condition ensures that the transmission of Ri will
not interfere other links. The second condition can ensure
that the packet from Ri can be successfully decoded at R′

i

without being interfered by the primary transmission. After
Ri starts transmitting a DATA frame to R′

i, actually, both Ti

and R′

i will receive the packet from Ri. Therefore, both Ti

and Ri can compare the DATA frame durations. The node
that finishes earlier will continue to send a busy-tone signal
to ensure that the two DATA transmissions end at the same
time. After the DATA frame transmissions, Ri and R′

i wait
for a SIFS time, and then send ACKs at the same time.

2. Here we assume that MAC header can be decoded during packet
reception, which have been verified in [3], [4], [17], [27].
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Fig. 6. Destination-based three-node FD transmission

4.5 Three-node Source-based FD Transmission

Figure 7 shows the three-node source-based FD transmis-
sion. Node Ti captures the channel and successfully initiates
the primary transmission to Ri. After receiving the MAC
header, Ri does not have any packet to send, but some
other nodes may have packets for Ti. When Ri is decoding
the MAC header from Ti, other nodes that have packets
for Ti can also decode this MAC header and know the
received power from Ti. After receiving the MAC header,
all the nodes that have packets for Ti first wait for a DIFS
time, and then compete the opportunity to send packets to
Ti through the random back-off mechanism. The following
three conditions need to be satisfied before T ′

i starts the
secondary transmission to Ti:

1) the secondary carrier-sensed power at T ′

i satisfies
Condition (53) during the DIFS time and the back-
off countdown process;

2) the inter-node interference satisfies Condition (15);
3) the countdown process of T ′

i ends first.

Notice that the power threshold PS
th needs to be small

enough to ensure that if Ri has started transmitting packets,
Condition (53) will not hold. Thus, it can prevent the trans-
mission of T ′ if Ri has started transmissions. The second
condition makes sure that Ri can successfully receive the
packet from Ti without being interfered by the transmission
from T ′

i . Furthermore, once the countdown process of T ′

i

ends first, other nodes that have packets for Ti will detect
the transmission of T ′

i . Thus, they will freeze their count-
down processes due to the violation of Condition (53). After
T ′

i starts transmitting DATA frame to Ti, both Ti and T ′

i

compare the DATA frame durations. The node that finishes
earlier sends a busy-tone until the other node finishes its
DATA frame. Then after a SIFS time, Ti and Ri reply ACKs
simultaneously.

By performing the secondary carrier-sensing, the power
thresholds in the FECS-MAC that can prevent hidden-node
collisions can be significantly increased, as shown in the
following theorem.

Theorem 3. In FECS-MAC, it is sufficient to prevent hidden-
node collisions in three-node FD CSMA networks, if the primary
carrier-sensing power threshold Pth, and the secondary carrier-
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Fig. 7. Source-based three-node FD transmission

sensing power thresholds PD
th and PS

th are set as

Pth = 2PtG0(EIR3 + 2dmax)
−α, (54)

PD
th = 2PtG0(EIR3 + 2dmax)

−α, (55)

PS
th = PtG0(2dmax)

−α, (56)

where EIR3 is derived from Equation (31).

Proof. Consider two three-node FD link-pairs li and lj .
Without loss of generality, suppose li starts transmission
first. It can be a destination-based three-node FD link-pair
or a source-based three-node FD link-pair. When li is a
destination-based three-node FD link-pair, we will prove
that Conditions (54) and (55) together ensure no mutual
interference between li and lj if lj is a destination-based
three-node FD link-pair; and Conditions (54) and (56) to-
gether ensure no mutual interference between li and lj if lj
is a source-based three-node FD link-pair.

When lj is a destination-based three-node FD link-pair,
from (54), we know that at least one of the following two
inequalities is satisfied:

d(Ti, Tj) + d(Ri, Tj) > 2(EIR3 + 2dmax), or (57)

d(T ′

i , Tj) + d(Ti, Tj) > 2(EIR3 + 2dmax). (58)

If (57) is satisfied, using the triangular inequality, we have

d(Ti, Tj) + d(Ri, Tj) ≤ d(Ti, R
′

i) + d(R′

i, Tj) + d(Ri, Tj)

≤ 2dmax + d(R′

i, Tj) + d(Ri, Tj). (59)

Combining (57) and (59), we have

d(Ri, Tj) + d(R′

i, Tj) > 2EIR3 + 2dmax. (60)

From (55), we know that

d(Ti, Rj) + d(Ri, Rj) > 2(EIR3 + 2dmax). (61)

Using the triangular inequality, we have

d(Ti, Rj) + d(Ri, Rj) ≤ d(Ti, R
′

i) + d(R′

i, Rj) + d(Ri, Rj)

≤ 2dmax + d(R′

i, Rj) + d(Ri, Rj). (62)

Combining (61) and (62), we have

d(Ri, Rj) + d(R′

i, Rj) > 2EIR3 + 2dmax. (63)

Using the triangular inequality, we have

d(Ti, Rj) + d(Ri, Rj) ≤ 2d(Rj , R
′

i) + d(Ti, R
′

j) + d(Ri, R
′

j)

≤ 2dmax + d(Ti, R
′

j) + d(Ri, R
′

j). (64)

Combining (61) and (64), we have

d(Ti, R
′

j) + d(Ri, R
′

j) > 2EIR3 + 2dmax. (65)

Using the triangular inequality, we have

d(Ti, R
′

j) + d(Ri, R
′

j) ≤ d(Ti, R
′

i) + d(Ri, R
′

j) + d(R′

i, R
′

j)

≤ 2dmax + d(Ri, R
′

j) + d(R′

i, R
′

j). (66)

Combining (65) and (66), we have

d(Ri, R
′

j) + d(R′

i, R
′

j) > 2EIR3. (67)

According to (57), (60), (61), (63), (65), and (67), we know
that Tj , Rj and R′

j are outside both the ellipse interference
regions of li. Thus, lj is not interfered by li. Next we prove
that li is not interfered by lj either. Consider inequality (57).
Using the triangular inequality, we have

d(Ti, Tj) + d(Ri, Tj) ≤ d(Ti, Tj) + d(Ti, Tj) + d(Ti, Ri)

≤ 2d(Ti, Tj) + dmax. (68)

Combing (57) and (68), we have

d(Ti, Tj) > EIR3 + 1.5dmax. (69)

Similarly, we can also show that

d(Ri, Tj) > EIR3 + 1.5dmax. (70)

Furthermore, consider inequalities (60), (61), (63), (65) and
(67). Using the same method, we have

d(Ti, Rj) > EIR3 + 1.5dmax, d(Ri, Rj) > EIR3 + 1.5dmax,
(71)

d(Ti, R
′

j) > EIR3 + 0.5dmax, d(Ri, R
′

j) > EIR3 + 0.5dmax,
(72)

d(R′

i, Tj) > EIR3 + 0.5dmax, d(R
′

i, Rj) > EIR3 + 0.5dmax,
(73)

d(R′

i, R
′

j) > EIR3 − 0.5dmax. (74)

Thus, from inequalities (69)-(74), we can find that

d(R′

i, Rj) + d(R′

i, R
′

j) > 2EIR3,

d(Ri, Rj) + d(Ri, R
′

j) > 2EIR3,

d(Ti, Rj) + d(Ti, R
′

j) > 2EIR3 + 2dmax,

d(R′

i, Tj) + d(R′

i, Rj) > 2EIR3 + dmax,

d(Ri, Tj) + d(Ri, Rj) > 2EIR3 + 2dmax,

d(Ti, Tj) + d(Ti, Rj) > 2EIR3 + 3dmax.

This means that Ti, Ri and R′

i are outside both the ellipse
interference regions of lj . Thus, li is not interfered by lj .
Following the same method, we can show that if inequality
(58) is satisfied, li and lj do not interfere with each other.

Next, we prove that when lj is a source-based three-node
FD link-pair, Conditions (54) and (56) together ensure no
mutual interference between li and lj . Condition (56) is used
to ensure that T ′

j and Rj won’t start the secondary trans-
missions simultaneously. Given Condition (54), we know
that inequality (57) or inequality (58) is satisfied. If (57) is
satisfied, using the triangular inequality, we have

d(Ti, Tj) + d(Ri, Tj)

≤ d(Ti, T
′

j) + d(T ′

j , Tj) + d(Ri, T
′

j) + d(T ′

j , Tj)

≤ 2dmax + d(Ti, T
′

j) + d(Ri, T
′

j). (75)
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Combining (57) and (75), we have

d(Ti, T
′

j) + d(Ri, T
′

j) > 2EIR3 + 2dmax. (76)

Using the triangular inequality, we have

d(Ti, T
′

j) + d(Ri, T
′

j) (77)

≤ d(Ti, R
′

i) + d(R′

i, T
′

j) + d(Ri, T
′

j)

≤ 2dmax + d(R′

i, T
′

j) + d(Ri, T
′

j). (78)

Combining (76) and (78), we have

d(Ri, T
′

j) + d(R′

i, T
′

j) > 2EIR3. (79)

Using the triangular inequality, we have

d(Ti, Tj) + d(Ri, Tj)

≤ d(Ti, Rj) + d(Rj , Tj) + d(Ri, Rj) + d(Rj , Tj)

≤ 2dmax + d(Ti, Rj) + d(Ri, Rj). (80)

Combining (57) and (80), we have

d(Ti, Rj) + d(Ri, Rj) > 2EIR3 + 2dmax. (81)

Previously, we have shown that given (57), inequality (60) is
satisfied. Using the triangular inequality, we have

d(Ri, Tj) + d(R′

i, Tj)

≤ d(Ri, Rj) + d(Rj , Tj) + d(R′

i, Rj) + d(Rj , Tj)

≤ 2dmax + d(Ri, Rj) + d(R′

i, Rj). (82)

Combining (60) and (82), we have

d(Ri, Rj) + d(R′

i, Rj) > 2EIR3. (83)

Thus, from (57), (60), (76), (79), (81), and (83), we know
that Tj , Rj and T ′

j are outside both the ellipse interference
regions of li. Thus, lj is not interfered by li. Next we prove
that li is not interfered by lj either. Consider inequality (57).
Using the triangular inequality, we have

d(Ti, Tj) + d(Ri, Tj) ≤ d(Ti, Tj) + d(Ti, Ri) + d(Ti, Tj),

≤ 2d(Ti, Tj) + dmax. (84)

Combining (57) and (84), we have

d(Ti, Tj) > EIR3 + 1.5dmax. (85)

Similarly, we have

d(Ri, Tj) > EIR3 + 1.5dmax. (86)

With the same method, from inequalities (76), (81), (60), (79),
and (83), we have

d(Ti, T
′

j) > EIR3 + 0.5dmax, d(Ri, T
′

j) > EIR3 + 0.5dmax,

(87)

d(Ti, Rj) > EIR3 + 0.5dmax, d(Ri, Rj) > EIR3 + 0.5dmax,

(88)

d(R′

i, Tj) > EIR3 + 0.5dmax, d(R
′

i, T
′

j) > EIR3 − 0.5dmax,

(89)

d(R′

i, Rj) > EIR3 − 0.5dmax. (90)

Furthermore, from inequalities (85) - (90), we have

d(Ti, Tj) + d(Ti, Rj) > 2EIR3 + 2dmax,

d(Ri, Tj) + d(Ri, Rj) > 2EIR3 + 2dmax,

d(R′

i, Tj) + d(R′

i, Rj) > 2EIR3,

d(Ti, Tj) + d(Ti, T
′

j) > 2EIR3 + 2dmax,

d(Ri, Tj) + d(Ri, T
′

j) > 2EIR3 + 2dmax,

d(R′

i, Tj) + d(R′

i, T
′

j) > 2EIR3.

This means that Ti, Ri and R′

i are outside both the ellipse
interference regions of lj . Thus, li is not interfered by lj
either. Following the same method, we can also show that
if inequality (58) is satisfied, li and lj do not interfere with
each other.

When li is a source-based three-node FD link-pair, the
proof is the same as the case when li is a destination-
based three node FD link pair, and thus is omitted here.
Therefore, Conditions (54), (55), and (56) are sufficient to
prevent hidden-node collisions in three-node FD CSMA
networks.

We can find that the primary carrier sensing power
threshold in equation (54) is still smaller than the required
power threshold in the two-node FD CSMA networks, as
shown in Theorem 1. Thus, in a general FD CSMA network
that is composed of both the two-node and three-node FD
links, the conditions in Theorem 3 are still sufficient to guar-
antee hidden-node-free transmissions. If without secondary
carrier-sensing, the primary transmitter needs to guaran-
tee the successful transmissions on both the primary and
the secondary transmissions. In FECS-MAC, the primary
transmitter only needs to ensure that the primary trans-
mission is successful. By enabling the secondary carrier-
sensing, the secondary transmitter only needs to guarantee
the success of the secondary transmission. Thus the required
carrier-sensing power thresholds in the FECS-MAC can be
increased, which leads to a significant improvement of the
spatial reuse and the network throughput.

5 SIMULATION RESULTS
We carry out extensive simulations with ns-3 network sim-
ulator [28] to verify the proposed hidden-node-free design
(Theorems 1-3), and evaluate the performance of the pro-
posed FECS-MAC. The two-ray ground propagation model
is used with the system parameters shown in Table 2. We
assume that during simulations all the nodes in the network
have already known the power sets of their neighbor nodes.

TABLE 2
Simulation Parameters

Parameter Value Parameter Value
SIFS 16µs α 4
DIFS 34µs γ0 10
Data rate 12Mpbs dmax 50m
CWmin 31 Pt 20mw
Slot 9µs Packet size 1500bytes

In the simulations, we consider the following three MAC
protocols:
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1) FECS: our proposed FD MAC with the primary and
secondary carrier sensing.

2) HFD: the half-duplex CSMA MAC protocol, i.e.,
IEEE 802.11a.

3) RFD: the Relay Full-Duplex (RFD) MAC protocol
proposed in [1].

5.1 Verification of the hidden-node-free Design

We investigate the collision rate of the network with two-
node FD link-pairs shown in Fig. 8 (a), under different
carrier-sensing power thresholds. The distance between R′

1

and R′

2
is dmax. Given the system parameters, Table 3 shows

the carrier-sensing power thresholds calculated according to
Theorems 1-3 and the ratios of the received power to the
carrier-sensing power thresholds.

TABLE 3
CS Power Thresholds

Theorem 1 2 3
Pth −72.96dBm −83.73dBm −80.68dBm
Pr/Pth 18dB 29.1dB 23.1dB

(a) An FD CSMA network with two FD link-pairs.
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(b) Collision rate with different Pth.

Fig. 8. Verification of the hidden-node-free design.

Fig. 8 (b) shows the network collision rate as a function
of the carrier-sensing power threshold. We can observe that
if the carrier-sensing power thresholds are below the values
given in Table 3, the collision rates are all reduced to very
small values, i.e., below 3%. Furthermore, we find that with
the help of secondary carrier-sensing, the power thresh-
old in our proposed FECS-MAC to eliminate hidden-node
collisions is increased from −83.73dBm to −80.68dBm.
Notice that the remaining collisions are because that in
CSMA networks two transmitters may count down to zero
simultaneously during the back-off process. Such collisions

(a) Topology of a two-node FD network with D = 800m and M = 2.

M
2 3 4 5 6 7 8

T
hr

ou
gh

pu
t (

M
bp

s)

0

50

100

150

200

250

300
FECS
HFD

(b) Total network throughput.

Fig. 9. Throughput of two-node FD CSMA networks with different densi-
ties.

can not be prevented with carrier-sensing mechanism, no
matter how small the Pth is.

5.2 Throughput of Two-node FD CSMA Networks

5.2.1 Square Network

We evaluate the network throughput of two-node FD CSMA
networks with different link densities. In particular, we
consider a square area (D∗D) divided into M2 sub-squares,
where D = 800m. A two-node FD link-pair is located in the
center of each sub-square. Fig. 9 (a) shows an example of
two-node FD network with M = 2. The two nodes of each
link are on the circle with a radius of 0.5dmax at the center of
each sub-square. In particular, the two nodes are located at
the intersections of the circle and an arbitrary line through
the center of each sub-square. Thus, the link length is dmax.
The carrier-sensing power thresholds are set as −78.06dBm

and −72.81dBm, which can eliminate the hidden nodes in
HFD and FECS, respectively. We simulate 7 such networks
with M increasing from 2 to 8, and obtain the total network
throughput for each case, as shown in Fig. 9 (b).

From Fig. 9 (b), we can observe that compared with
half-duplex transmission, the network throughput of FECS
is increased by more than 100% for all the choices of M .
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When M = 4, the network throughput improvement is
more significant, which is more than 139%. The significant
throughput gain is brought by two benefits of the two-node
FD transmissions. First, with full-duplexing, the throughput
of each link-pair is significantly improved. Second, under
the hidden-node-free requirement, the carrier-sensing pow-
er threshold of FECS can be set much larger than the one in
HFD. Therefore, the spatial reuse of the two-node FD CSMA
networks is also significantly improved.

5.2.2 The Impact of Imperfect Self-interference (SI) Can-
cellation

We evaluate the impact of imperfect SI cancellation on
the throughput of two-node FD networks. The network
topology is given in Fig. 9 (a). We vary the SI suppression
from 80dB to 110dB. When the SI suppression is 110dB,
the residual SI is comparable to the background noise. The
network throughputs are showed in Fig. 10. We can find
that only when SI cancellation is 80dB, can we observe a
noticeable throughput reduction. The reason is that when
the residual SI is large, as can be seen from equation (20),
it requires a large semi-major axis of the interference ellipse
to guarantee successful transmissions. Consequently, as can
be seen from equations (18) and (19), the semi-major axis
of the carrier-sensing ellipse is increased and the required
carrier-sensing power threshold is decreased to guarantee
the network free of hidden nodes according to Theorem 1.
Furthermore, lowering the carrier-sensing power threshold
reduces the network spatial reuse and throughput. In ad-
dition, Fig. 10 also shows when the SI cancellation is larger
than 90dB, the residual SI has little influence on the network
throughput since the residual SI is too small to affect the
carrier-sensing threshold and the spatial reuse.

M
2 3 4 5 6 7 8

T
hr

ou
gh

pu
t (

M
bp

s)

0

50

100

150

200

250

300
110dB
100dB
90dB
85dB
80dB

Fig. 10. Throughput of two-node FD network with different SI cancella-
tion.

5.3 Throughput of Three-node FD CSMA Networks

We evaluate the network throughput of three-node FD CS-
MA networks with two different topologies, square network
and chain network. In the following simulations, we assume
that that self-interference is perfectly canceled, i.e., ISI = 0.

(a) Topology of a three-node FD network with D = 1200m and M = 2.
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(b) Total network throughput.

Fig. 11. Throughput of three-node FD CSMA networks with different
densities.

5.3.1 Square Network

We consider a D ∗D square network with M2 sub-squares.
Fig.11 (a) shows a three-node FD CSMA network with
M = 2. A three-node FD link-pair is located in the center
of each sub-square. The FD relay node, which transmits and
receives packet simultaneously, is placed at the center of
each sub-square. The other two nodes are located on the
circle with a radius of dmax centered in each sub-square.
Specifically, they are located at the intersections of the circle
and an arbitrary line through the center of each sub-squre.
Thus, the link lengths of both the primary transmission and
the secondary transmission are dmax. Notice that each three-
node FD link-pair can be either source-based or destination-
based depending on different initial transmission nodes.
The link densities are changed by varying M from 2 to 7.

Fig. 11 (b) shows the network throughput of HFD, RFD
and FECS. The carrier-sensing power thresholds are set as
the values to prevent hidden-node collisions in each case.
We can observe that our proposed FECS outperforms RFD
for all the simulated networks. When M = 7, the network
throughput is improved by more than 30%. The throughput
improvement is brought by the secondary carrier-sensing
design in our proposed FECS-MAC. With secondary carrier-
sensing, the required Pth is increased, which improves the
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network spatial reuse. We can further find that the network
throughput of RFD is larger than the one in HFD only when
M = 2 and M = 3. This is because that the three-node
FD CSMA networks need a much smaller Pth than HD
networks to prevent hidden-node collisions, which reduces
the spatial reuse when the network becomes denser. Thus,
although FD transmission may improve the transmission
rate of each link-pair, the overall network throughput are
even worse in dense networks. Although our proposed
FECS improves the spatial reuse compared with RFD, the
required Pth is still much smaller than the one in HD CSMA
networks. Thus, the throughput improvement is still not
significant for dense three-node FD CSMA networks.

5.3.2 Chain Network
We further investigate the throughput performance of a
chain network shown in Fig. 12 (a). The nodes are placed
on a straight line with separation equal to 50m. Each node
always has packets for the next one. Fig. 12 (b) shows the
network throughput as the number of nodes in the chain is
increased from 8 to 15. It is clear that our FECS outperforms
other schemes. Using HFD as a baseline, we can observe
that when the number of nodes in the chain is 15, RFD and
our FECS can improve the network throughput by 24.1%
and 47.5%, respectively. Compared with RFD, our FECS
can further improve the average throughput by 19%. Such
throughput gain is because of better spatial reuse in FECS.

(a) Topology of a chain network.
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(b) Network throughput under HFD, RFD, and FECS.

Fig. 12. Network throughput of a chain network.

6 CONCLUSION

In this paper, we have given a comprehensive study on the
hidden-node problem in FD CSMA networks. We first intro-
duced the ellipse interference model and the ellipse carrier-
sensing model to capture interference region and carrier-
sensing region of a FD transmission link-pair, respectively.
We further derived the sufficient condition on the carrier-
sensing power threshold to eliminate the hidden nodes

in FD CSMA networks. Such power requirement is much
lower than the one needed in HD CSMA networks, which
limits the spatial reuse. Therefore, we proposed the FECS-
MAC protocol with the secondary carrier-sensing design to
further improve the network spatial reuse while keeping the
network free of hidden nodes.

There are a few research directions that need further
studied. Both the theoretical studies and the simulation
results have showed that the hidden-node problem in the
three-node FD transmissions are a critical problem which
may cause severe throughput degradation. Our FECS-MAC
can improve the spatial reuse and the network throughput.
However, in order to better exploit the full-duplex gain,
especially in dense networks, we may need to consider
more techniques such as the dynamic carrier-sensing and
power control. Furthermore, the ellipse interference model
proposed in this paper belongs to the pairwise interference
model. It is interesting to consider the impact of cumulative
interference from multiple currently active FD links. In this
paper, we focused on the basic 802.11 random access mode.
The RTS/CTS handshaking can alleviate the collisions in
CSMA networks. However, the transmission cases that may
cause hidden-node collisions in the RTS/CTS based proto-
cols are more complicated. The hidden-node free design of
the RTS/CTS based FD CSMA networks is an interesting yet
challenging topic for future study.
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