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Abstract—Exposed terminals play a crucial role in the through-
put of a wireless ad-hoc network. The 802.11 MAC protocol
introduces no methods for decreasing the amount of the terminals
exposed to the transmission of the CTS message by the receiver.
This paper proposes a new MAC protocol, which by using power
capturing mechanisms, decreases the amount of such terminals.
This allows for the better utilization of the available bandwidth
via increasing the chances for parallel transmissions in situations
where the MAC protocol of the 802.11 standard would allow for
only one transmission to occur at a time.

I. INTRODUCTION

The widespread usage of wireless devices, created the need
of more efficient communication protocols for situations where
a large number of wireless nodes are trying to broadcast
in the same area. The default communication mechanism of
IEEE 802.11 standard is a two-step handshake (DATA, ACK),
which is suitable when only a few nodes are contenting for
the same wireless medium. However, due to the fact that
when the number of contending nodes increases, the chances
of packet collisions also increase, the IEEE 802.11 MAC
protocol introduced the Request to Send-Clear to Send (RTS-
CTS) mechanism, which consists of a four-step handshake, in
order to cope with the hidden terminal issue and increase the
network throughput. On the other hand, while this mechanism
decreases the collisions in a dense network, it also creates the
issue of exposed terminals, according to which, some nodes
are blocked from transmitting even if they could, without
causing collisions.

In this paper, we examine the issue of terminals exposed to
the CTS transmission of the receiver under which RTS/CTS
mechanism has reduced efficiency. We present how the
throughput of an ad-hoc network can be increased by enabling
parallel transmissions with the method of power capturing.
Using power capturing to collect sufficient information for the
wireless node’s relative position, allows the proposed protocol
to conclude whether nodes other than the sender and the
receiver, must be virtually blocked or not. Based on simulation
results, we conclude that an RTS-CTS approach based on
power capturing yields better results in ad-hoc networks with
denser node deployment where more opportunities for parallel
transmissions appear.

The remainder of this paper is organized as follows. Section

II provides a brief overview of the related work in the area
and highlights the major differences of the proposed approach
towards the more relative ones that have appeared in the
literature. Section III describes the IEEE 802.11 MAC as
this is the framework where the proposed protocol builds
on. Section IV describes the proposed power-capturing based
protocol. Section V presents simulation results that reveal the
superiority of the proposed approach towards IEEE 802.11.
Finally, Section VI concludes the paper.

II. RELATED WORK

Related work in this field can be organized in three cat-
egories. a) improvements of 802.11 MAC protocol through
altering the power of transmissions (this is the category our
proposed protocol belongs to), b) improvements of 802.11
MAC through changing the RTS/CTS mechanism without
power techniques, and c) a category which targets energy
saving in ad-hoc networks by using power saving in the
transmitted packets.

Recent work in the first category proposes a power con-
trolled protocol for parallel transmissions, which suggests
transmitting data packets with lower power [1]. Additionally
[2] suggests a power controlled CTS MAC scheme, where
CTS is transmitted in lower power, in order to avoid virtually
blocking neighboring nodes of the sender that received the
RTS, but not the CTS packet. However, nodes that receive
only RTS can still destroy the reception of the ACK message
to the sender and also the fact that physical sensing is not
used increases the probability of collision, in case a neighbor
node of the sender does not receive the RTS packet due to
bit errors. [3] suggests a virtual carrier sensing technique to
improve the spatial reuse, that requires knowing the signal
attenuation coefficient of any given medium.

In the second category, relative work proposed the MACA-P
protocol which uses changes in the default RTS/CTS mecha-
nism to increase the efficiency of DCF [4]. Similarly, in [5]
there are suggested improvements of the RTS/CTS mechanism
in order to improve the spatial reuse.

In the last category with the energy saving protocols, [6]
suggests using the minimum necessary power when transmit-
ting DATA and ACK packets in order to minimize the energy



expenditure and [7] proposes an energy efficient DCF through
power control and physical layer adaptation.

III. 802.11 MAC ANALYSIS

The IEEE 802.11 standard is based on the Distributed Co-
ordination Function (DCF), which implements a Carrier Sense
Multiple Access/Collision Avoidance (CSMA/CA) protocol, in
order to coordinate the communication between the nodes of
an ad-hoc network. DCF uses control packets for management
purposes, such as RTS, CTS, ACK, and it inserts between the
transmissions Inter-Frame Spaces (IFS) to avoid collisions and
prioritize the traffic in the network.

A. Carrier Sense Multiple Access / Collision Avoidance

According to the basic mode of IEEE 802.11 DCF, if a
node has a new packet to send, it senses the medium and if
it is free, it waits for a DCF-Interframe Space (DIFS) period
and then senses the medium again. If it is free then it gains
control over the medium and sends the data packet to the
destination node. As soon as the data packet is received, the
receiver waits for a short IFS (SIFS) period and then responds
with an ACK packet to acknowledge the successful receipt of
the data packet. When the ACK packet is received from the
sender the handshake is completed successfully.

In case a node senses the medium busy, it waits until it
becomes idle again. When the medium becomes free for a
DIFS period then the node performs the random back-off
procedure, in order to content for the wireless medium during
the contention window period (CW).

The first time a node executes this procedure for each
packet, it calculates the back-off time, which is an integer
value that represents a number of time slots. The slot time is
the minimum time period in IEEE 802.11 and it depends on
the implementation of the physical layer. The back-off time is
a positive integer ranging from zero to [2(2 + i) * rand], where
i is the number of retransmission attempts for this packet
and rand is a uniform random value between 0 and 1. This
way during the first transmission attempt of a packet, back-
off time takes a value between 0-7, while during the second
transmission attempt between 0-15, etc. During the CW period
the node decreases the back-off time by one, every time the
medium is idle for a slot time. When back-off time reaches at
zero, the node instantly sends the packet. If a node senses the
medium busy during the CW period, then it freezes its back-
off time. If two or more nodes decrease their back-off time to
zero at the same time, then their transmissions will collide.

B. RTS/CTS Mechanism

The RTS/CTS mechanism, shown schematically in Figure
1, was added to prevent the hidden terminal issue and to
minimize the bandwidth loss when a collision occurs. Prior
to the DATA/ACK handshake, as soon as the medium is idle
for a DIFS period, the sender sends a RTS (Request to send)
packet to the destination node. Upon the receipt of RTS, the
receiver waits for a SIFS period and then responds with a CTS
(Clearance to send) packet to give permission to the sender to

Fig. 1. The RTS/CTS Mechanism in IEEE 802.11

transmit its frame. The rest of the handshake remains the same.
RTS and CTS packets are significantly smaller in relation to
the data packets. So, the cost of a collision between RTS and
CTS packets wastes less bandwidth rather than a collision
between data packets. Other nodes that sense the exchange
of RTS and CTS packets between sender and receiver, defer
from transmitting until the ACK packet is received from the
sender. This way the hidden terminal issue can be solved.

C. Carrier Sensing

DCF defines two different types of carrier sensing, physical
and virtual sensing. Physical sensing is achieved by scanning
the carrier for transmissions of neighbour devices. Virtual
sensing is actually DCFs way to disable neighbour nodes that
could possibly cause any collisions, during the exchange of
data and control packets, between sender and receiver. When
a node receives a RTS or CTS packet that is not addressed to it,
it sets its Network Allocator Vector (NAV) to the value of the
duration field of the packet, which refers to the time needed
to complete the whole RTS-CTS-DATA-ACK handshake. This
node must defer from transmitting until the whole conversation
is over. Virtual sensing implements the ”collision avoidance”
part of CSMA/CA [8].

IV. PROPOSED PROTOCOL

The operation of the proposed protocol is schematically
shown in Figure 2. Below, we explain the protocol from
the point of view of the actions taken by the data sender
(node S), the data receiver (node R-at distance Dist from
S), neighbouring nodes of the sender (NS) and neighbouring
nodes of the receiver (NR). We assume that each node in
the ad-hoc network is capable of transmitting packets at
the desired power level. The main concept of the proposed
protocol is that the receiver of RTS packet, responds with
a CTS packet transmitted with lower power, in order not to
disable neighbours of the receiver that are in greater distance
in relation to the distance between sender and receiver. Also
we assume, that when two or more signals are transmitted to a
node, and the power levels between them are distinct, then the



Fig. 2. Protocol Diagram

node can successfully pick the higher power signal. In a case
scenario where the two nodes S and R are communicating,
if R waits to receive a Data packet from S and at the same
time node NR is transmitting a packet, node R can safely
conclude that the higher power transmission is from node R.
This is concluded from the fact, that node NR can transmit a
packet and is not virtually blocked from R because it is in a
safe distance from node R, in any other case node R would
have disabled node NR. This means that node S is closer to
R than node NR, thus the signals from node S will reach R
at a higher power level than signals from node NR. Finally,
the sender transmits a DS packet after the transmission of
a RTS packet in order to release any neighbouring node of
the sender, which was virtually blocked by the RTS packet,
beside the fact that lies in greater distance from the sender in
relation to the sender - receiver distance. The network’s nodes
implement both Physical and Virtual Carrier Sensing.

The protocol operates as follows:

A. Sender - Receiver

• S sends an RTS packet (at full power pmax)
to R, with piggybacked time info on the entire
RTS/CTS/DATA/ACK handshake.

• R receives the RTS at power pDist.
– From this information R concludes the distance Dist

as well as the distance X . Dist+X defines the radius
of the region where a node NR can exist, so that a
transmission by NR at pmax will be received at R
(at P (dist+X) such that pmax−P (dist+X) <=
thresh) and will damage the received data packet
from S to D. Thresh is the minimum amount of
power difference there should be between two signals
in order for the receiver to be able to separate and
receive the most powerful transmission.

• R replies back to S with a CTS with piggybacked time
info on the entire RTS/CTS/DATA/ACK handshake. The
CTS is transmitted at a power level pnew <= pmax so
that the CTS will be received ONLY from nodes inside
the area of radius Dist+X .

– This implies that nodes outside the area of radius
Dist + X around the receiver R (thus nodes who
cannot corrupt the data packet from S → R) will
not receive the CTS and thus will not be blocked

during the transmission form S to R, thus eliminating
exposed terminal scenarios that will not corrupt the
data packet from S → R.

• S broadcasts a DS packet at pmax that contains info
on the power level pCTS at which it received the CTS
packet from R.

• S sends the Data packet at power pmax.
• Upon reception of the DATA packet, R replies with an

ACK packet at power pmax.

B. Neighbour of Receiver

• Whenever a NR node receives a CTS, it must defer
from accessing the medium for the entire duration of the
RTS/CTS/DATA/ACK handshake.

C. Neighbour of Sender

• Whenever a node NS receives an RTS, it defers trans-
mission until it received (or not) info from the DS packet
transmitted by S.

– If a DS packet is not received, then NS concludes
that a CTS was not returned to S, thus it can proceed
with its own transmission.

– If a DS packet is received by NS, then NS com-
pares the power level pCTS (at which S received
the CTS packet from R- due to reciprocity this
will be the power pACK of reception at S of the
ACK issued later by R) with pDS (the power level
at which NS received the DS packet from S-due
to reciprocity this will be the power of reception
at S of an RTS transmitted by NS at pmax). If
pACK − pDS >= thresh, then NS should not
defer from transmission as its own transmission will
not damage the incoming ACK from R to S. If
pACK − pDS < thresh, NS should defer from
transmission as its own transmission will damage the
incoming ACK from R to S.

D. Neighbour of Sender + Neighbour of Receiver - Physical
Carrier Sense

• Nodes that have not received RTS/CTS defer from trans-
mitting as long as Physical Carrier Sensing indicates
a busy medium. This will prevent S from damaging
the transmission possibly started by NS during the S-R
handshake (during which S possibly did not receive info
on the handshake of NS and its peer).

V. PERFORMANCE EVALUATION

A. Simulation Environment

In order to compare the performance of the 802.11 MAC
Protocol with RTS/CTS against the proposed protocol, we used
a discrete event simulator coded in C++. The simulator models
N stations with each one having a buffer of length Q to store
the arriving packets. Any packets arriving to find the buffer full
are dropped. The simulation models packet arrivals to stations
with packet inter-arrival times being exponentially distributed.



The arrival rate is the same among all stations. Each simulation
is carried out until a set amount of time has elapsed.

As far as modelling of the wireless environment is con-
cerned, the condition of the wireless link between any two
stations was modelled using a finite state machine with two
states. Such structures can efficiently approximate the bursty-
error behaviour of a wireless channel [11] and are widely used
in WLANs modelling [9,10]. The channel model comprises
two states:

• State G, denotes that the wireless link is in a relatively
‘clean’ condition and is characterized by a small bit error
rate, which is given by the parameter GOOD BER.

• State B, denotes that the wireless link is in a condition
characterized by increased bit error rate, which is given
by the parameter BAD BER.

We assume that the background noise is the same for all
stations and thus the principle of reciprocity stands for the
condition of any wireless link. Therefore, for any two stations
A and B, the bit error rate of the link from A to B and the
bit error rate of the link from B to A are the same. The time
spent by a link in states G and B are exponentially distributed,
but with different average values, given by the parameters
TIME GOOD and TIME BAD, respectively.

The status of a link probabilistically changes between the
two states. When a link is in state G and its status is about to
change, the link transits to stage B. When a link is in state B
and its status is about to change, the link transits to stage G.
By changing the model’s parameter values, the protocols can
be simulated for a variety of physical environments.

For modelling the spatial characteristics of the network we
defined a 2 dimensional area of size 1x1 and the stations
where placed in random locations inside this area. A parameter
RANGE defines the radius of the circle around a station
in which can exist neighbouring stations that the station can
communicate to. The probability of a station A to be able to
communicate to a station B is determined by this parameter.

For the purpose of delivering our simulation results we did
not include the effect of adding a physical layer preamble in
our simulations. We, also used timings according to Direct
Spread Spectrum Sequencing (DSSS) values:

• Slot Time: 20 µs
• DIFS: 50 µs
• SIFS: 10 µs

Constant parameters for all simulation results are:

• BUFFER SIZE : 5 packets
• BACKOFF LIMIT : 7 tries
• DATA PACKET SIZE : 8000 bit
• DS PACKET SIZE : 122 bit
• BAD BER : 10−6

• GOOD BER : 10−9

• TIME GOOD : 30 ms
• TIME BAD : 100 ms
• Range : 0.3
• Wireless Medium Bit Rate : 1 Mb

Fig. 3. Throughput versus offered load for the proposed protocol and the
IEEE 802.11 DCF with RTS/CTS when the number of network nodes is 20.

Fig. 4. Total delay versus throughput for the proposed protocol and the IEEE
802.11 DCF with RTS/CTS when the number of network nodes is 20.

The variable BUFFER SIZE defines the station MAC
layer buffer size. The variable BACKOFF LIMIT sets the
maximum number of retransmission attempts per data packet.
If the number of retransmissions of a data packet exceeds this
value (due to either collisions or channel errors) the packet is
dropped.

B. Simulation Results

Figures 3-7 present the results of our simulations. Figure 3
displays the throughput versus offered load characteristics of
the 802.11 DCF with RTS/CTS and of the proposed protocol
for 20 network nodes while Figure 4 displays the delay versus
throughput characteristic. From these results we can see that
the proposed protocol achieves a greater throughput when the
network becomes overloaded. This is more prominent in a
network with 30 nodes, for which Figures 5 and 6 display the
throughput versus offered load and the delay versus throughput
characteristics respectively. In all these Figures, the superiority
of the proposed approach in high loads is attributed to the
ability of the proposed protocol to allow for simultaneous
transmissions of packets. Throughput is over 1 in some cases,
because we used a value for RANGE of 0.3, so clusters with
chances for parallel transmissions were created in the ad-hoc
network.

Figure 7 shows results for a comparison between IEEE
802.11 and the proposed protocol for different number of
nodes. This simulation runned for a standard packet interarrival
time of 55 ms, small enough in order to simulate an almost
overloaded network. As the number of nodes increases in
the ad-hoc network, we observe that the throughput is also
increasing, because with more nodes, more clusters are created



Fig. 5. Throughput versus offered load for the proposed protocol and the
IEEE 802.11 DCF with RTS/CTS when the number of network nodes is 30.

Fig. 6. Total delay versus throughput for the proposed protocol and the IEEE
802.11 DCF with RTS/CTS when the number of network nodes is 30.

and the spatial usage of the ad-hoc network is greater. For 20,
40 and 50 nodes, we observe that more clusters are created, so
there are more opportunities for parallel transmissions. That is
the reason why our proposed protocol becomes more efficient
and achieves almost twice the throughput of IEEE 802.11 for
a 50-node network.

VI. CONCLUSION

Exposed terminals play a crucial role in the throughput
of a wireless ad-hoc network. This paper proposed a MAC
protocol that utilized power-capturing to reduce the number
of terminals exposed to the CTS packet issued by the receiver
and thus increase the throughput of the network. Our proposed
protocol allows for simultaneous transmissions in situations
where the IEEE 802.11 MAC protocol would allow for only
one transmission to occur. Simulation results reveal that the
performance superiority increased with an increase in the node
density of the network. We are currently working on imple-
menting the power-capturing approach on both the transmitter
and the receiver in an effort to further increase the number of
simultaneous transmissions.
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