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Cross-Layer Design for Exposed Node Reduction in Ad Hoc WLANs

Emilia WEYULU†, Nonmember, Masaki HANADA†a), Hidehiro KANEMITSU††, Members,
Eun-Chan PARK†††, Nonmember, and Moo Wan KIM†, Member

SUMMARY Interference in ad hoc WLANs is a common occurrence
as there is no centralized access point controlling device access to the
wireless channel. IEEE 802.11 WLANs use carrier sense multiple access
with collision avoidance (CSMA/CA) which initiates the Request to Send/
Clear to Send (RTS/CTS) handshaking mechanism to solve the hidden node
problem. While it solves the hidden node problem, RTS/CTS triggers the
exposed node problem. In this paper, we present an evaluation of a method
for reducing exposed nodes in 802.11 ad hoc WLANs. Using asymmetric
transmission ranges for RTS and CTS frames, a cross-layer design is im-
plemented between Layer 2 and 3 of the OSI model. Information obtained
by the AODV routing protocol is utilized in adjusting the RTS transmission
range at the MAC Layer. The proposed method is evaluated with the NS-2
simulator and we observe significant throughput improvement, and confirm
the effectiveness of the proposedmethod. Especially when themobile nodes
are randomly distributed, the throughput gain of the Asymmetric RTS/CTS
method is up to 30% over the Standard RTS/CTS method.
key words: RTS/CTS, cross-layer, exposed node, AODV, NS-2

1. Introduction

Recent advances in wireless communications design have
greatly reduced the operational costs and energy require-
ments of wireless network equipment. This has popularised
ad hoc wireless networks that do not rely on any fixed infras-
tructure, with applications in social and commercial enter-
prises. In these self-organizing, self-configuring networks,
nodes build automatic connections to other nodes; and they
each attempt to access the shared wireless medium on their
own. The lack of centralized infrastructure to coordinate the
activities of nodes gives ad hoc networks the advantage of
simplicity but also makes them prone to interferences [1].

Amongmultiple nodes that compete for channel access,
if only one node makes a transmission attempt, the packet is
delivered successfully. However, if multiple nodes attempt
to transmit simultaneously, collisions may occur. The com-
monly used IEEE 802.11 wireless networking standard de-
fines medium access control (MAC) specifications for chan-
nel contention resolution [2]. The IEEE 802.11 Distributed
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Coordination Function (DCF) implements CSMA/CA as a
channel access control method, and to reduce collisions.
The clear channel assessment (CCA) in CSMA/CA uses two
techniques to combat interference: mandatory physical car-
rier sense that monitors the signal strength of the channel,
and optional virtual carrier sense that uses the Request-To-
Send/Clear-To-Send (RTS/CTS) handshake to reserve the
wireless medium prior to transmission.

Physical carrier sensing allows a node to initiate a trans-
mission only if all the other nodes in its sensing range are
idle. This helps to avoid collisions effectively as long as the
potential interfering nodes are able to sense the radio signal
from the source node [3]. However; if a node happens to
be outside the reception range of the source node, and starts
transmitting at the same time, it is bound to cause collisions
at the destination node. This is known as the hidden node
problem.

Virtual carrier sensing was introduced as an optional
mechanism to solve the hidden node problem. It uses a
four-way handshake as a way to reserve the shared wireless
medium [4]. The handshake method works by exchanging
‘Request to Send’ and ‘Clear to Send’ (RTS/CTS) messages
before the actual communication takes place. In Fig. 1, when
nodeC wants to transmit data to node B, it first sends an RTS
message to destination node B. If the RTS message is suc-
cessfully received by node B without suffering collisions,
node B will respond with a CTS packet to node C. After
this, node C can start sending the data to node B. When
the transmission of the data is complete, node B sends an
acknowledgement (ACK) to node C to confirm correct re-

Fig. 1 Hidden and exposed nodes in a wireless network.

Copyright © 2018 The Institute of Electronics, Information and Communication Engineers
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ception of the data.
Other nodes in the network monitor for RTS/CTS

frames and defer their transmissions for the time duration
specified within the RTS/CTS messages. This time duration
is called the Network Allocation Vector (NAV) and specifies
the period of time for which the channel will remain busy.
When they have a packet to send; deferring nodes allow
sufficient time to elapse to ensure that the current RTS/CTS
and data/ACK sequence completes before attempting a trans-
mission. Although RTS/CTS reduces collisions from hidden
nodes, it causes another problem known as the exposed node
problem. Exposed nodes are prevented from communicating
with other nodes in their transmission ranges because they
are close to the source node and overhear the RTS frame.
In Fig. 1, the transmission from node D to node E will not
be allowed because node D overhears the RTS frame from
node C and defers its transmission. The back-off mecha-
nism of exposed nodes in ad hoc networks contributes to the
underutilization of network capacity.

In this paper, we present a method for reducing the
number of exposed nodes by improving the standard RT-
S/CTS handshake method. The proposed method builds on
the Asymmetric RTS/CTS method introduced in [5] which
uses different transmission ranges for RTS and CTS frames
to reduce the number of exposed nodes in an ad hoc network.
Themethod in this paper goes a step further by implementing
a cross-layer design between layers 2 and 3 (i.e. MAC layer
and the routing layer) of the Open Systems Interconnection
(OSI) model [6]. With the cross-layer design, we are able
to control the transmission range of subsequent RTS frames
using routing information from the selected best-route i.e.
the received signal strength (RSSI) of the next-hop node.

Additionally, we investigate the relationship between
the transmitted power of RTS packets and carrier sense, and
how the power with which an RTS packet is transmitted can
be optimized to increase spatial reuse and improve network
performance. By adopting a cross-layer design between the
MAC layer and the routing layer, we are able to select the
most optimal route to the destination node with a reduced
number of exposed nodes, while still using the lowest hop
count. Through simulations, we observe that the improved
Asymmetric RTS/CTSmethod shows significant throughput
gain over the standard RTS/CTS method.

The rest of this paper is organized as follows. In Sect. 2,
we give an overview of related research work on the exposed
node problem and cross-layer designs, and review the draw-
backs of their proposed solutions. We focus on the Asym-
metric RTS/CTS idea and review some of its current short-
comings and how it can be improved upon. In Sect. 3, we
introduce the proposed cross-layer design used to improve
the performance of the Asymmetric RTS/CTS method. We
show how a neighbour node’s RSSI can be used to estimate
the RTS transmission range of subsequent data packets. The
simulation setup and evaluation of the proposed method is
described in Sect. 4 and a comparison (in terms of overall
network throughput) with the standard RTS/CTS method
and an existing method is presented. In Sect. 5, an overview

of the assumptions considered in the proposed method is
presented. Concluding remarks are in Sect. 6.

2. Related Work

2.1 Exposed Nodes in 802.11 Networks

The suggestion that exposed nodes should be able to transmit
to other nodes in their transmission ranges without harming
an ongoing transmission has been made several times in lit-
erature [3], [7], [8]. Although the IEEE 802.11 RTS/CTS
mechanism partially solves the exposed node problem, this
is only in cases where the nodes in the network are synchro-
nized and packet sizes and data rates are the same for both
transmitting nodes. In such scenarios, if a node hears an
RTS from a neighbouring node but cannot hear a subsequent
CTS within a certain amount of time, it can deduce that
it is an exposed node and it is permitted to transmit to its
neighbouring nodes.

A proposal where nodes identified themselves as ex-
posed nodes and transmitted opportunistically was proposed
in [7]. The method permitted a secondary DATA trans-
mission to occur in parallel with the primary DATA trans-
mission, without invoking the RTS/CTS mechanism for the
secondary DATA transmission. The method in [7] improved
network throughput but its application was limited to cases
where the secondary transmission could fully align itself
with the primary transmission. Otherwise the algorithm re-
verted back to the standard 802.11 RTS/CTS method. Syn-
chronizing node’s communications in ad hoc networks is a
complicated task because different node’s local clocks may
shift over time, and at different rates, causing the perceived
time and period of each node to be different [9]. This issue
is further exacerbated in the case of mobile ad hoc networks
(MANETs).

In [3],the authors proposed an improved channel access
mechanism using frame aggregation and augmented CSMA.
This was to allow transmission from exposed nodes outside
the carrier sense range of the destination and source nodes.
The method improved throughput by reducing virtual carrier
sensing signalling overhead. Using the transmit power levels
of the control frames, the authors obtained better throughput
than existing methodology. The power control method used
in [3] shows that adaptively controlling the transmit power
of control frames allows exposed nodes to reuse spatial slots
and helps to improve the throughput performance of the
network.

A similar strategy was used in [8] where the researchers
used power control to tune the physical carrier sense transmit
power. The authors tuned the transmit power so as to have the
carrier sense range almost equal to the interference range. In
thisway, the hidden nodeswhichwerewithin the interference
range, but outside the carrier sense range of the source node,
could be eliminated. However; tuning the carrier sense range
to be the same as the interference range fails to eliminate the
hidden nodes that are within the range of the destination node
and can lead to more collisions at the destination node.



WEYULU et al.: CROSS-LAYER DESIGN FOR EXPOSED NODE REDUCTION
1577

Another approach that attempts to solve both problems
is the Dual Busy Tone Multiple Access (DBTMA) method
proposed in [10]. DBTMA essentially solves the hidden and
the exposed node problems by using two out-of-band busy
tones to protect the RTS packets and the DATA packets from
interfering nodes. This protocol however assumes separate
channels or data streams for tones and data. Although it
is technically possible for wireless devices to communicate
using multiple channels simultaneously, the MAC protocol
in 802.11 networks is designed for a single channel only
[11]. Hence, we only consider single channel scenarios in
our research.

Other methods proposed in literature to solve the ex-
posed node problem are such as that described in [12] that
temporarily disables the carrier sense mechanism. The
method in [12] called Selective Disregard of NAVs (SDN)
selectively ignores certain physical carrier sense and NAVs.
This method however needs additional functionalities to be
implemented in the nodes and lacks compatibility with the
IEEE standard. Other MAC protocols based on Multiple
Access with Collision Avoidance (MACA) were proposed
in [13] that exploit control gaps between the RTS/CTS ex-
change and the subsequent DATA/ACK. The method used
in our paper uses existing IEEE 802.11 MAC protocol tech-
niques and does not require the introduction of new control
frames.

The method in [14] modifies the transmission power of
RTS/CTS frames and DATA packets to solve both the hidden
and exposed node problems. The authors in [14] proposed
a modification of the CTS transmission range by increasing
the power at which a CTS message is sent. Similar to our
approach, this method used information from the next-hop
neighbour to adjust CTS transmission range. This method
was limited to scenarios where a ’balanced’ range of CTS
could be found and performance was proportional to both
the network size and the number of additional nodes. A
significant drawback of this method is the requirement of
global knowledge of transmission powers and node locations,
which is often not possible in real environments.

In [15], the authors proposed an interesting approach
that considers transmission rates of MAC control frames
and DATA packets to solve the hidden node problem. The
method called Power control MAC (PMAC), is enhanced
using a power control scheme that is used jointly with the
adjusted transmission rates to solve the exposed node prob-
lem. PMAC uses power control for DATA and ACK packets
while RTS and CTS packets are still sent with a higher trans-
mit power in order to block potential interferers. However,
this means that nodes that receive the RTS packets will still
set their NAV timer and back-off from accessing the chan-
nel, hence the exposed node problem persists. Throughput
performance of our proposed method is compared with that
of PMAC in Sect. 4.3.

Amongst all the reviewed methods, it is difficult to find
a method that reduces both hidden and exposed nodes while
adhering to the IEEE 802.11 MAC protocol standard. Gen-
erally, existing research shows that solving both the hidden

and exposed node problems seems to be an almost impossi-
ble task as these are two complementary problems [3], [8].
There is usually a trade-off between the hidden node problem
and the exposed node problem.

2.2 Cross-Layer Designs in Wireless Networks

To satisfy performance requirements ofmodernwireless net-
works, it is important to consider cross-layer communication
in our effort to regulate access to the shared wireless chan-
nel. Cross-layer designs help to break down the traditional
waterfall concept of the OSI model and provide inter layer
communication between non-adjacent layers. This allows in-
formation sharing through the layer boundaries, increasing
network performance and reliability. Cross-layer designs are
being increasingly studied as an approach to channel alloca-
tion and spatial reuse [1]. In this section, we review some
existing cross-layer designs that attempt to improve wire-
less throughput and address the differences between these
approaches and the method used in this paper.

In [16], the authors proposed a cross-layer design to
improve spatial reuse. The proposed method addressed
the problem of on-demand dynamic channel selection in
CDMA-based ad hoc networks by jointly considering MAC
layer scheduling and physical layer requests. Although the
method provides contention free transmissions and helps
to eliminate the dependency of the number of channels on
network size, it was optimized using end-to-end metrics.
Additionally, this method is limited to single-hop networks
because it did not consider factors such as routing and the
location of nodes.

In [17], the authors proposed amethod that used a cross-
layer design for wireless channel assignment and reservation.
Similar to our proposal, the cross-layer design was imple-
mented between the routing layer and the MAC layer. How-
ever, thismethod used amulti-channel approach byfirst using
the number of available channels as a routing index and then
assigned a channel for data transmission. Although multi-
channel approaches present significant throughput gains over
single channel approaches, we limit comparison of our pro-
posal to single-channel approaches at this time. The associ-
ated high costs of multiple transceivers and lack of coordi-
nation between clients that use different channels are issues
hindering multi-channel adoption in wireless networks.

2.3 Asymmetric RTS/CTS

The research reported in [5] provides a first glance and the-
oretical model for reducing exposed nodes in IEEE 802.11
ad hocWLANs using the concept of Asymmetric RTS/CTS.
Similar to the PMAC method described in [15], the authors
in [5] also considered the effect that transmission rate has
on transmission range. Transmission range is the distance
within which a transmitted message can be correctly re-
ceived interference free. In IEEE 802.11 networks, transmis-
sion rate determines transmission range and the transmission
rate can be tuned to optimize wireless network performance
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Table 1 Transmission rate vs distance.
Transmission
rate (Mbps)

802.11a
Indoor (m)

802.11a
outdoor (m)

802.11b/g
Indoor (m)

802.11b/g
outdoor (m)

1 _ _ 124 610
6 50 304 91 396
11 _ _ 48 304
18 33 183 54 183
54 13 30 27 76

[15]. Lower transmission rates can be demodulated across
greater distances than higher transmission rates. This means
that decreasing the transmission rate increases the effective
range of a wireless node and vice versa. Table 1 shows
the relationship between transmission rate and distance for
Cisco Aironet CB21AG and PI21AG Wireless LAN Client
Adapters [18].

However, tuning the transmission rate of awireless node
also affects the network sensing and interference ranges.
This in turn affects the number of nodes that withhold their
transmissions to avoid interfering with an ongoing transmis-
sion i.e hidden nodes and exposed nodes [19].

To avoid the increase of hidden nodes while solving the
underutilization of the network capacity by reducing exposed
nodes, the authors in [5] tuned the effective range of RTS by
adjusting the RTS transmission rate to the maximum. This
reduced the RTS transmission range and made it possible
for RTS frames to reach the next-hop node while excluding
surrounding nodes from its carrier sensing range. Reducing
the transmission range of RTS frames means some of the
exposed nodes in the original RTS transmission range are
eliminated. The transmission rate of CTS was set to a lower
rate so that CTS frames can reach all possible nodes that
would cause collisions at the destination node. Based on
this strategy, the transmission ranges for the RTS and CTS
frames are thus asymmetric.

RTS frames do not need to have such a wide transmis-
sion range, as they only need to reach the destination node
(or next-hop node) in order to provoke a CTS response [5].
Thus if the transmission range of RTS is set to the minimum
distance, only reaching the destination node, this is enough
to provoke CTS from the destination node. By having the
RTS transmission range large enough to only reach the next-
hop node, the total number of exposed nodes in the network
can be reduced or even be eliminated in cases where the RTS
range is completely included in the CTS range.

Regarding other control frames used in CSMA such as
the ACK packet, they only need to be received by the source
node and are hence also transmitted using the adjusted RTS
transmission range. CTS frames on the other hand, need
to have a large transmission range so that the data frame
reception at the destination node is protected.

2.4 Issues with Asymmetric RTS/CTS

In [5], the researchers focused primarily on evaluating the
performance of the basic Asymmetric RTS/CTS idea and on
validating the effects of the MAC layer improvements. They

thus limited their investigations to one-hop node communica-
tions. The reduced RTS transmission range was evaluated to
be effective with regards to communication with neighbours
at a one-hop distance and not beyond. This was possible
because the wireless scenario for the evaluation had nodes
located at known, arbitrary distances before the RTS trans-
mission range was set. Transmissions outside of this range
was not possible as the RTS transmission range had to be
reset manually. In addition, resetting the RTS transmission
range to cater for two-hop nodes reverted the idea back to
the standard RTS/CTS mechanism and this resulted in the
failure of the proposed method.

In real-life networks, due to the limited transmission
range, routes between nodes are normally created through
several hops. We thus need to define a procedure that op-
timizes Asymmetric RTS/CTS for multi-hop communica-
tion. Traditional end-to-end communication uses routing
protocols that efficiently select an appropriate node among
its neighbouring nodes as the next-hop node in order to
reach the destination node. Furthermore, multiple forwards
are common for multi-hop communications and may force
a significant change of the carrier sensing threshold from
when only one-hop flows are considered. To optimize the
end-to-end performance of multi-hop flows, carrier sensing
range and spatial reuse as well as next-hop distance must be
appropriately addressed.

In this paper, we make improvements to the Asym-
metric RTS/CTS idea in order to accommodate end-to-end,
multi-hop communication. This is made possible by imple-
menting a cross-layer design that addresses both MAC layer
and routing issues. By improving the Asymmetric RTS/CTS
idea to accommodate end-to-end communication, we further
investigate the impact that different node topologies has on
the performance of the proposed idea.

The authors in [5] experimented with multi-rate trans-
mission of RTS and CTS frames in order to control transmis-
sion range. In this paper, we directly adjust the transmission
ranges of the control frames without considering transmis-
sion rate. This is done for simplicity and to avoid compli-
cations with the PHY layer convergence procedure (PLCP)
preamble whose transmission rate cannot be changed. We
adjust the RTS transmission range based on the location in-
formation of the next-hop node obtained through a layer 3
routing protocol.

3. Basic Idea

3.1 The AODV Routing Protocol

To sufficiently evaluate the effectiveness of the Asymmetric
RTS/CTS idea, we consider end-to-end node communication
and use a cross-layer design with MAC and routing proto-
cols. Using the cross-layer design between layer 2 and layer
3, the wireless nodes in our ad hoc network must cooperate
in routing the data packets from the source node to the des-
tination node. One of the most popular routing protocols in
ad hoc networks is the Ad Hoc On-Demand Distance Vector
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Table 2 AODV RREQ.
RREQ format
Source address IP address of source node
Source seq. number To maintain freshness

info about the route to the source
Destination address IP address of destination node
Dest. seq. number Specifies how fresh a route to the

destination must be before it is
accepted by the source

Hop count Specifies the number of hops between
the source and the destination

(AODV) routing protocol. AODV uses a form of reactive
routing that establishes routes to the destination nodes only
when they are requested by the source nodes [20].

AODV has two important functions that give it an ad-
vantage over other routing protocols, route establishment by
initiating a route discovery process and maintaining the ac-
tive routes. This means finding alternative routes in cases
of link failures and deleting routes when they are no longer
needed. Each node in the network maintains a routing table;
with routing information entries to its neighbouring nodes,
and two separate counters: a node sequence number and
a broadcast-id. When a source node wants to communi-
cate with a destination node, it increments its broadcast-id
and initiates path discovery by broadcasting a route request
(RREQ) message to its neighbours. The RREQ contains the
fields given in Table 2.

Intermediate nodes between the source node and the
destination node first check whether the RREQ is new,
whether it is meant for them or whether they have a direct
route to the destination node; otherwise they rebroadcast the
RREQ. When a node with a direct route to the destination
node receives the RREQ, it unicasts a Route Reply (RREP)
message back to the source node. AODV’s routing algorithm
gives the network the flexibility to allow nodes to enter and
leave the network at will [20].

AODV uses hop count for choosing the best route to
transfer data from a source node to a destination node; and
nodes that need to send data broadcast a request for con-
nection. The intermediate nodes forward the message and
take note of the node that requested the connection. Thus,
they create a series of temporary routes back to the request-
ing node. In AODV, nodes learn of their neighbours in
one of two ways; whenever a node receives a broadcast
packet from a neighbour, it updates its local connectivity
information (i.e. routing table) to ensure that it includes this
neighbour [20]. The second way is to obtain neighbourhood
information is through the use of HELLO messages. Every
HELLO_INTERVAL, measured in seconds, a node that has
not sent a broadcast (e.g. an RREQ or an appropriate layer
2 message) within the last HELLO_INTERVAL, generates
a broadcast RREP with TTL = 1 second to its neighbours.
When a node receives a HELLO message from a neighbour
node, it updates its route information associated with that
neighbour node in its routing table.

To adopt end-to-end multi-hop communication into the
Asymmetric RTS/CTS idea, we need an efficient method to

transmit the Data packet† from the source node to the desti-
nation node, that takes into account the reduced transmission
ranges for RTS frames. This we achieve by modifying the
transmission range for RTS packets i.e how far anRTS packet
will be transmitted, based on the next-hop node selected by
the AODV protocol. The ’new’ RTS transmission range is
then used to forward the subsequent Data packet from the
source node to the destination node after the route has been
established. All nodes taking part in the communication
process between the source node and the destination node
adopt the same procedure until the Data packet has been
successfully delivered to the destination node.

3.2 Adaptive RTS Transmission Range

In general, RSSI measurements are used to obtain the posi-
tion information of wireless nodes in WLAN environments.
In 802.11, RSSI is an indication of the power present in a
received radio signal and can either be a negative, or a pos-
itive value [21]. It is often expressed in decibels (db), or as
percentage value between 1-100, and the closer the figure is
to zero, the better. We use the RSSI from the next-hop (i.e
RSSINi), from the best route selected by the AODV routing
protocol to estimate the transmit power (i.e Pt ) that a packet
will need to be transmitted with to be received by that next-
hop node. In other words, we infer Pt from the RSSI to
determine when a transmitted signal will be within a certain
node’s transmission range [9].

As mentioned in Sect. 2, we use the RSSI of AODV
routing messages sent and received during the path discov-
ery process to estimate and set the transmit power of RTS
packets (i.e RT SPT ) for subsequent Data packet transmis-
sions. In this way, we adjust the RTS transmission range to
be just adequate enough to reach the next-hop node. Similar
to [5], RTS packets only need to reach the next-hop node
in order to elicit a CTS response from that node. By set-
ting RT SPT to be equivalent to RSSINi , and limiting the
RTS transmission range to only reach the next-hop node,
we exclude exposed nodes that would have been previously
included when using the IEEE 802.11 Standard RTS/CTS
RTS transmission range.

We do not adjust the transmit power of CTS packets
and therefore its transmission range remains unaltered. In
this way, our approach is similar to the Asymmetric RT-
S/CTS method described in [5]. However, using RSSINi ,
we improve the Asymmetric RTS/CTS method by dynami-
cally tuning the RTS transmission range for the Data packet
path from the source node to the destination node.

Below is a detailed description of how the RTS trans-
mission range for DATA packets is computed. Suppose the
transmission is from Source node i to Destination node j.
For this description, we assume there is no existing route
between Source i and Destination j.

†Data Packet in our paper refers to the packet of information,
different from the control packets used to discover and maintain
routes i.e RREQ, RREP, RRER, HELLO
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1. Source i broadcasts an RREQ packet to its neighbours.
2. Intermediate nodes between Source i and Destination j

receive the RREQ and verify that it is a new RREQ by
checking its sequence number. If the RREQ is verified
to be new, the intermediate nodes record its RSSI value
and rebroadcast it.

3. The RREQ is received by Node_ j − 1 which has a di-
rect route to Destination j, Node_ j − 1 also records
the RREQ’s RSSI value and unicasts an RREP back to
Source i.

4. Intermediate nodes again record the RSSI from the
RREP packet and propagate the RREP towards Source
i using cached reverse route entries

5. When the RREP makes it back to Source i, Source i
records the RSSI value of the RREP packet. Source i
uses the recorded RSSI value from the RREP packet to
estimate the transmit power of RTS packets (i.e RT SPT )
needed to reach the neighbour node when sending the
DATA packet to Destination j.

6. Intermediate nodes receiving the DATA packet from
Source i for forwarding to Destination j use the same
strategy employed in Step 5.

In cases where routes are discovered through the use
of HELLO messages, RSSI values are recorded from the
HELLO messages at that moment.

We make note of the fact that information that can be
obtained fromAODV is only the distance between a node and
its next-hop neighbour nodes. With this information, each
node cannot determine whether it is an exposed node or not,
i.e each node cannot determine whether it should defer its
transmission or it should transmit. There are two reasons for
this, firstly, the exposed node problem is not only related to
the position of source nodes but also to the position of desti-
nation nodes. Secondly, each nodemay estimate the distance
to its neighbour node (by using a routing protocol i.e. AODV
) but it cannot know the location conditions of nodes close to
the neighbour node that are not within its transmission range.
Therefore, the exposed node problem cannot be effectively
resolved by only using information about neighbour nodes
received from AODV.

Figure 2 explains the recording of the next-hop’s RSSI
whenever HELLOmessages are exchanged. Every node that
participates in the communication between the source node
and the destination node follows this procedure.

After recording the RSSI value from the HELLO pack-
ets, a node receiving a Data packet for transmission first
checks its routing table to make sure it has a route to the
requested destination. If there is no route present, the route
discovery process according to the AODV routing proto-
col is initiated. Nodes inform the MAC layer to adjust the
transmit power of RTS packets i.e RT SPT to the RSSI of
the next-hop node i.e RSSINi based on the results of the
route discovery and forward path set-up process. Figure 3
shows an example of a random topology where Node 3 sets
its RTS transmission range to 35m (based on received RSSI
= 1.55e-07) for Destination Node 5 and 11m (based on re-

Fig. 2 Recording RSSI from broadcast messages.

Fig. 3 Node 3 routing table showing how RTS transmission range will
be adjusted.

ceived RSSI = 1.51e-06) for Destination Node 4 (next-hop
Node 2). Figure 3 also shows the adjusted AODV routing
table that includes the recorded RSSI value.

Algorithm 1 shows pseudocode for the algorithm used
to record RSSINi in an AODV routing table and the calling
of the Layer 2 function that adjusts the RTS transmission
range. We only use the RREQ and RREP messages here as
examples for simplicity. Algorithm 2 shows pseudocode for
the Layer 2 function that adjusts the RTS transmission range
based on RSSINi .

Although our proposed method is evaluated using the
AODV protocol, we believe it can be extended to other ad-
hoc routing protocols. The advantage of AODV is that it is
adaptable to highly dynamic networks. However, nodes may
experience large delays during route construction, and link
failuremay initiate another route discovery, which introduces
extra delays and consumes more bandwidth as the size of the
network increases.

4. Simulation and Results Analysis

4.1 Simulation Environment

The proposed changes to the Asymmetric RTS/CTS idea
were implemented using the Network Simulator-2 (NS-2),
and simulation scenarios for various topologies carried out.
NS-2 is an event driven, object oriented network simulator
enabling the simulation of a variety of local and wide area
networks, and is widely used in communication networks
research [22].
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Algorithm 1
1: Obtain RSSI from AODV routing control packets
2:
3: if Packet == “RREQ" then
4: if Packet is not in RREQ list then
5: add entry to Routing Table
6: record RSSI
7: add Packet_ID into RREQ list
8: else if Packet_Dest == Current_Node_Address then
9: Prepare RREP and send it
10: else
11: Forward Packet
12: end if
13: else
14: Ignore Packet
15: end if
16:
17: if Packet == “RREP" then
18: if Packet is not in RREP list then
19: add entry to Routing Table
20: record RSSI
21: add Packet_ID into RREP list
22: else if Packet_Dest == Current_Node_Address then
23: Prepare RREP and send it
24: else
25: Forward Packet
26: end if
27: else
28: Ignore Packet
29: end if
30:
31: if Packet == “DATA” then
32: if Packet_Dest == Current_Node_Address then
33: Packet reached destination
34: else
35: Check routing table for RSSINi

36: Call Layer 2 function: Set_RTS_Range
37: Send Data Packet to next-hop
38: end if
39: end if

Algorithm 2
1: Set RTS Transmit Power
2:
3: Set_RTS_Range
4: Set MaxHops
5: Hops = 1
6: Input: RSSINi

7:
8: while Hops < MaxHops do
9: RTSPT = RSSINi + margin
10: where i in {1, 2, .., MaxHops }
11: Send RTS packet
12: Break from While
13: Hops = Hops + 1
14: end while

Our proposed method assumes wireless networks that
are primarily used for “Groupware” or “mobile collaborative
applications” [23]. These are ad hoc networks where users
engage in collaborative tasks while on the move within a
certain area. Groupware gives users capabilities to broad-
cast over secure networks, enabling multi-party conferenc-
ing in real time. Such scenarios can be found at work-

shops, conference meetings or industry exhibitions. With
the current expansion of mobile networking services, future
wireless networks need to be conducive for collaborative,
self-configuring multi-hop ad hoc networks.

The above-mentioned collaboration scenarios usually
need to support voice and video traffic, hence WLAN in-
frastructure must provide sufficient bandwidth capacity to
ensure endpoints can successfully make high-quality voice
and video calls. In particular the number of simultaneous
voice or video bidirectional traffic streams in the WLAN
channel is a critical capacity consideration. Networks offer-
ing real-time traffic such as voice or video are often pushed
beyond their capacity which leads to performance slowing
for all connected parties. Hence it is important to evaluate
the proposed method in case of a fully saturated network
where the number of flows is identical to the number of
nodes in the network, which is referred to as “full-capacity
flows” hereafter.

Fully saturated network scenarios where each station al-
ways has a packet for transmission have been used in widely
cited literature such as [24] and most recently in [25] to
investigate WLAN performance. For these reasons, we eval-
uate our proposed method not only in the case of low-traffic
scenarios (i.e 3 traffic flows) but also in the case of fully
saturated traffic scenarios (i.e full capacity flows).

Examples of the simulated grid and random topologies
in NS-2 are shown in Figs. 4 and 5 depicting 9 nodes.

For grid topologies, the distance between nodes is set
to 70m and we assume an environment where each node can
communicate with each of its adjacent nodes that are within
a transmission range of 70m. To simulate the Standard RT-
S/CTS method in grid topologies, we set both transmission
ranges for RTS frames and CTS frames to 140m. For the
AsymmetricRTS/CTSmethod, we set transmission range for
RTS frames to be equivalent to the distance of the next-hop
node, i.e. 70m and CTS frames to 140m. We simulated grid
topologies of 9 nodes (3x3), 16 nodes (4x4), 25 nodes (5x5)
and 100 nodes (10x10). The Asymmetric RTS/CTS method
and the Standard RTS/CTS method will from hereafter be
referred to as A-RTSCTS and S-RTSCTS respectively, in the
simulations results, figures and discussions.

In random topologies, nodes were positioned following
a uniform random arrangement. For simplicity and to keep
consistency, the transmission ranges for both the RTS and
CTS frames were set to 140m for S-RTSCTS, while for
A-RTSCTS, the RTS transmission range was dynamically
determined based on RSSINi as described in Sect. 3. The
transmission range for CTS frames was again set to 140m.
Similar to grid topologies, we again simulated topologies of
9, 16, 25 and 100 nodes. For consistency, the topology area
sizes that were used for the respective grid topologies were
also used in the case of random topologies. The topology
areas increased by a factor of 1.4 for each increase in topology
size, starting at 180x180 for 9 nodes.

Traffic flow in both topologies consisted of Constant
Bit Rate (CBR) flows of packet size 500 bytes. CBR data
provides low-latency traffic with predictable delivery char-
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Fig. 4 Grid topology of 9 nodes in NS-2.

Fig. 5 Random topology of 9 nodes in NS-2.

acteristics and is convenient for evaluating network perfor-
mance [26]. There were 4 different traffic flows simulated
i.e 3, 6, 9 and full capacity flows†. This was to evaluate how
A-RTSCTS performs when network capacity is varied. The
packet interval, in seconds, was set to 0.1, 0.05 and 0.01.
The packet interval is the time interval between two CBR
packet generations. In all topologies, nodes started their
transmissions at 1.0 seconds and stopped at 60 seconds for a
duration of 59 seconds. In all instances, the performance of
the A-RTSCTSmethod was compared to the performance of
the S-RTSCTS method.

To simulate mobility in both grid and random topolo-
gies, the node speed was set to 2 metres per second (i.e
walking speed). This setting assumed that the nodes move
slowly enough such that RSSINi recorded during the path

†full capacity flows = total possible flows in each network

Table 3 Simulation parameters and conditions.

Frame Type

Transmission range
Standard Asymmetric
RTS/CTS RTS/CTS

RTS 140m Next-hop
node distance

CTS 140m 140m
Other parameters

Bandwidth 11Mb
Packet Type CBR
Packet Interval 0.1, 0.05, 0.02
Data packet size 500 bytes
Propagation model TwoRayGround
Routing protocol AODV

Simulation conditions
Topology sizes 9, 16, 25, 100
No. of traffic flows 3, 6, 9, Full capacity
Simulation time 60 seconds
Simulation freq. x30

discovery process can still be used as a reliable setting for the
RTS transmission range to transfer the Data Packet. In grid
topologies, we assumed the nodes move in a grid-like fash-
ion to represent, for example, users moving from one booth
to another in an exhibition hall that has grid like boundaries
[23]. In random topologies, the RandomWaypoint Mobility
Model [27] was used.

Table 3 presents the rest of the simulation parameters
and conditions used. From the determined AODV routing
path, RSSINi was recorded and the value inserted into the
AODV routing table using the NS-2 program with some
source code modifications. To calculate the RSSI, we used
the Two-ray Ground Model in order to consider both the
direct path and the ground reflection path. When a node had
packets to send, it simply searched its routing table for the
updated RSSI information and then set its RTS transmission
range as previously described in Sect. 3.

In real networks, the interference range of a node may
be much larger than its transmission range. Additionally,
concurrent transmissions in the same area may cause in-
terferences even when the nodes are two hops away from
each other. To accommodate this effect in our simulations,
we used an additional RSSI threshold setting to make sure
other nodes in the vicinity rejected incoming RTS frames not
meant for them. At the MAC level of NS-2, we set the RSSI
threshold that restricted how far an RTS frame is allowed
to go by ensuring that nodes two-hops away drop incoming
RTS packets that have a higher value than the defined RSSI
threshold. An incoming RTS packet’s RSSI is compared
to the RSSI threshold during runtime and if the RSSI level
was found to be larger than the threshold, the incoming RTS
packet is simply discarded and the node does not set NAV.

The nodes that rejected the RTS frames not meant for
them were thus no longer exposed nodes and could commu-
nicate with other nodes in their transmission ranges. In this
way, we were able to confine RTS packets to a certain trans-
mission range i.e to only the next-hop node. Using the above
methods, we were able to reduce the number of exposed
nodes in the network.
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Fig. 6 Traffic generation intervals, 9 nodes.

Fig. 7 Traffic generation intervals, 16 nodes.

4.2 Comparison with IEEE 802.11 Standard RTS/CTS

Wedescribe the results obtained from simulations comparing
the performance of the proposed method, A-RTSCTS, to
the standard 802.11 RTS/CTS method, S-RTSCTS. After
each simulation, average CBR throughput was calculated
and analysed to show the difference in performance between
A-RTSCTS and S-RTSCTS. Throughput is the average of
successful messages delivered over a communication link,
measured as a function of time. We calculate throughput
based on the total number of packets received and the packet
size divided by the transmission time. Transmission time
refers to the time when traffic flow ends minus the time
when the traffic flow started as described by Eq. (1). Total
network throughput was then calculated based on Eq. (2).

Transmissiontime = Tend time − Tstart time (1)

Throughput =
Total_RecvdPackets × PacketSize

Transmissiontime
(2)

Figures 6 and 7 show throughput comparisons based
on CBR traffic packet intervals for both A-RTSCTS to S-
RTSCTS, for 9 and 16 nodes in static grid topologies. We
combined this with differing traffic flows in the network
to observe how the proposed method performs in saturated
networks operating at different levels of network capacity.
Varying the traffic flows in the simulated network allowed
for further investigation of whichmethod performed better in

Fig. 8 Average throughput: Static grid topologies, CBR packet inter-
val=0.01, 3 flows.

Fig. 9 Average throughput: Mobile grid topologies, CBR packet inter-
val=0.01, 3 flows.

a wireless network faced with varying degrees of saturation.
The results in Figs. 6 and 7 were obtained by factoring

in the number of flows in each case. From the results, we
observe that A-RTSCTS performs well in saturated networks
compared to S-RTSCTS which shows no noticeable differ-
ence in performance. However, as the packet interval gets
larger and the number of traffic flows in the network increase,
we see a general trend of decreased throughput in both net-
work topologies. When the topology size in the simulation
was varied, care was taken to ensure that the Data Packet
size, CBR packet interval rate and the number of flows in the
network was similar for each comparison.

Figures 8, 9, 10 and 11 show the average throughput
when the network is operating at low network traffic (i.e 3
traffic flows) at CBR packet interval = 0.01 seconds. The re-
sults presented are for both static andmobile grid and random
topologies, for 9, 16, 25 and 100 nodes. For grid topologies
in Figs. 8 and 9, it is difficult to get a clear trend of perfor-
mance because the number of traffic flows in the network is
similar. However A-RTSCTS has a clear performance gain
over S-RTSCTS.

In Figs. 10 and 11, the results show better improvement
in case of 16 and 25 nodes in comparison to 9 and 100
nodes. In the case of 9 nodes and 100 nodes, we observe less
throughput gain for A-RTSCTS over S-RTSCTS. For the 9
node topology, this is because half the nodes are included in
the CTS range for both A-RTSCTS and S-RTSCTS so the
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Fig. 10 Average throughput: Static random topologies, CBR packet in-
terval=0.01, 3 flows.

Fig. 11 Average throughput: Mobile random topologies, CBR packet
interval=0.01, 3 flows.

difference in throughput is not significant. For 100 nodes,
there are less exposed or hidden nodes but because the num-
ber of nodes is large, there are many collisions (i.e from
signalling) and thus overall throughput is low.

For 16 and 25 nodes, we obtain a much more signif-
icant throughput gain between A-RTSCTS and S-RTSCTS
because less nodes are exposed or hidden, and can thus
transmit to other nodes. From these results, we observe that
there is a middle ground in the number of nodes where the
proposed method works best. However, we have not yet in-
vestigated the optimal number of nodes where our proposal
has the most significant gain in throughput and leave this for
future work. The improvement ratios obtained using Eq. (3)
for the 3 traffic flows in the different topologies show a simi-
lar trend to those of full-capacity flows shown in Table 4 and
have thus been omitted here.

Figures 12, 13, 14 and 15 show the average throughput
when the network is fully saturated (i.e full capacity flows),
at CBR packet interval = 0.01 seconds. The results presented
are for both static and mobile, grid and random topologies,
for 9, 16, 25 and 100 nodes. Each topology scenario simu-
lation was again run for 59 seconds and repeated 30 times to
obtain a statistically significant result.

Taking into account the number of traffic flows in the
simulated topologies, the simulation results show a general
decline in throughput also seen earlier in Figs. 6 and 7, as
the number of traffic flows in the network increase. This is

Fig. 12 Average throughput: Static grid topologies, CBR packet inter-
val=0.01, full capacity.

Fig. 13 Average throughput: Mobile grid topologies, CBR packet inter-
val=0.01, full capacity.

Fig. 14 Average throughput: Static random topologies, CBR packet in-
terval=0.01, full capacity.

Fig. 15 Average throughput: Mobile random topologies, CBR packet
interval=0.01, full capacity.
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Table 4 Throughput improvement ratio.

Number of nodes
Static nodes Mobile nodes

Grid
topology

Random
topology

Grid
topology

Random
topology

9 1.0749 1.0362 1.2371 1.0745
16 1.1810 1.0369 1.3446 1.3241
25 1.2229 1.0452 1.3281 1.1117
100 1.0429 1.0190 1.0551 1.1662

due to the increased collisions in the network as more nodes
compete to transmit at the same time.

Another reason is that NS-2 implements a cumulative
noise and back-off strategy. This means that when a Data
Packet arrives at the destination node, its RSSI is compared
with the cumulative noise level sensed by the node’s radio
and with a receive threshold. The receive threshold value
influences the 802.11 MAC in such a way that any signal
above the receive threshold is considered to be noise by
MAC, causing MAC to defer its transmission and initiate
back-off. As more secondary transmissions in the larger
network sizes take place, the noise increases, substantially
hindering packet reception. However; we observe that the
proposed A-RTSCTS method always had better throughput
performance than the S-RTSCTS method.

The throughput improvement comparisons from the full
capacity scenarios are presented in Table 4. Similar to the 3
traffic flow scenarios, we observe the biggest gain in through-
put by A-RTSCTS over S-RTSCTS in the simulation scenar-
ios for 16 and 25 nodes. In case of mobility for 16 nodes, we
observe a throughput gain of 34.46% and a 32.41% for the
grid and random distribution respectively. We also observe
good performance in the case of mobile nodes in a 25 node
grid topology where throughput gain was 32.81%. Overall,
the simulation scenarios involving the topology sizes with
a 100 nodes had the worst throughput, with gains as low
as 1.9% in the case of static random nodes. The lack of
throughput gain between A-RTSCTS and S-RTSCTS in the
case of 100 nodes can be attributed to increased collisions
from many more parallel transmissions.

ImprovRatio =
A-RTSCTS throughput
S-RTSCTS throughput

(3)

Since the performance of our method largely depends
on the routing path selected by the AODV routing protocol,
the improvement it provides is largely depended on how far
the next-hop node in the selected path is located and the num-
ber of exposed nodes or hidden nodes included within that
transmission range. If the selected path requires a next-hop
node that has significant distance between it and the source
node, more exposed nodes will be denied the opportunity to
transmit and the A-RTSCTS’s performance is almost similar
to that of S-RTSCTS.

In Figs. 16 and 17, we show the ratio of dropped RTS
packets for both A-RTSCTS and S-RTSCTS in relation to
sent RTS packets, in static and mobile grid topologies. This
is to deduce the effect of exposed nodes in the network
when using either of the two methods. For both static and

Fig. 16 Ratio of dropped RTS in static grid topologies.

Fig. 17 Ratio of dropped RTS in mobile grid topologies.

mobile topologies, we observe that the S-RTSCTS method
experiences a larger ratio of dropped RTS packets, almost
double that of the A-RTSCTS method.

In comparison to S-RTSCTS, the difference in dropped
RTS packets is larger in cases of 16 and 25 nodes in Figs. 16
and 17. This leads to the higher throughput gains for A-
RTSCTS over S-RTSCTS observed in 16 and 25 nodes.
However, in the case of 9 nodes, we assume a significant
number of the nodes in the network are included in the
transmitting node’s RTS range even when using A-RTSCTS.
These nodes thus set NAV and reject incoming requests for
communication which leads to the dropped RTS packets.
Hence, the difference in dropped RTS packets between A-
RTSCTS and S-RTSCTS is not so significant. Similarly, the
100 nodes topology experiences severe interference as the
number of flows increase hence the difference in dropped
RTS packets between the two methods is again less.

RTS packets dropped in the NS-2 simulation reported
the reason as MAC_BUSY meaning the MAC retry count
was exceeded (after 7 failed RTS transmissions). For S-
RTSCTS, more nodes are included in the RTS transmis-
sion range than in A-RTSCTS. The nodes in the S-RTSCTS
method thus enter the NAV period and back-off from access-
ing the channel, and thus drop any incoming requests for
communication.
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Table 5 Simulation parameters: PMAC vs A-RTSCTS.
Parameters PMAC A-RTSCTS
Number of nodes 14 14
RTS/CTS rate 5.5Mbps 1Mbps
DATA rate 24Mbps 24Mbps
ACK rate 24Mbps 1Mbps
Carrier sensing range 250m 250m
Simulation time 50s 50s

Table 6 Simulation results:PMAC vs A-RTSCTS

Topology
PMAC
Average throughput
(bytes/sec)

A-RTSCTS
Average throughput
(bytes/sec)

Multi-hop 2846.451 8617.86
9nodes Grid 43950.443 46781.677

Fig. 18 Multi-hop chain topology.

4.3 Comparison with PMAC

We compare the performance of our proposed method to the
PMACmethod proposed in [15]. PMAC is a good candidate
for comparison to our proposed method because, similar to
our method, PMAC also uses information recorded from the
initial transmission of RTS and CTS packets to influence the
transmission of subsequent DATA packets. In PMAC, after
the RTS/CTS frames are exchanged, the source node uses
the received power of the CTS frame to estimate the transmit
power required for the reliable reception of the subsequent
DATA packet. ACK frames are sent using RTS’ received
power. This is done on a per packet basis. For the initial
comparison, we use the same chain topology as that used in
[15]. The simulation parameters are given in Table 5.

Table 6 shows the results from the comparisons of
A-RTSCTS to PMAC using the multi-hop chain topology
shown in Fig. 18, used by the authors in [15]. Additionally,
we compare the performance of PMAC toA-RTSCTS in case
of a 9 node grid topology used in our paper. From the results,
we observe a significant difference in average throughput, es-

pecially in the multi-chain topology. Since the transmission
rate change and the power control in PMAC are done on a
per packet basis, once the the parameters for transmission
are decided, they do not change until the transmission to
the destination node finishes. With A-RTSCTS on the other
hand, the link to each node has a different RTS transmission
range which is dynamically changed as the transmission pro-
gresses. Hence the cross-layer design of our method has a
significant effect on throughput.

Another concern is that PMAC only adjusts the transmit
power for DATA and ACK packets but RTS/CTS packets
are still sent using the normal transmit power. This means
that exposed nodes that receive the RTS packet will still set
NAV and thus still back-off from accessing the channel. The
approach by PMAC blocks a large number of potentially
beneficial transmissions.

5. Considerations

This paper goes a step further in evaluating the Asymmetric
RTS/CTS idea by considering a cross-layer design to im-
plement end-to-end, multi-hop communication. Rather than
depend on a simplified adjustment of the RTS transmission
range using pre-determined ranges, we consider an actual
wireless network environment where transmission ranges
between wireless nodes can largely not be pre-determined.
We thus use the AODV routing protocol to determine the
routing path that a Data packet has to take depending on the
lowest hop count to the destination node.

In modelling the RTS transmission range to follow a
next-hop node’s RSSI, we had to make some simplifying
assumptions. In our proposal, periodic HELLO messages
are used for route maintenance and to discover new neigh-
bours within a set HELLO_INTERVAL time. Continually
broadcasting HELLO messages helps our strategy to work
effectively, however an increased number of HELLO mes-
sages consumes the network resources and bandwidth. In
our simulation, we assumed this possibility to be negligible,
without a significant impact on overall network throughput.
Consequently, turning off HELLO messages means some
node’s RSSI may not be recorded in time which may intro-
duce further delays and lead to the failure of the proposed
method.

Another assumption is that in a multi-hop mobile node
communication scenario, there may be frequent link failures
because of rapid changes in topology due to node mobility.
The next-hop neighbour might move away in the time that
the source node sets its RTS transmission range to its RSSI
level. To accommodate this possibility, we include a margin
in our simulations to account for such errors. This allows the
nodes in our simulation scenarios to maintain connectivity
even at mobility speed = 2 metres per second.

While the evaluation results mainly focus on through-
put gain for A-RTSCTS over S-RTSCTS, the results obtained
are satisfactory in assessing the proposed method’s perfor-
mance. In future works, we will consider evaluation criteria
such as CBR packet loss, delay and AODV packet overhead.
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6. Conclusion

Hidden and exposed nodes in wireless networks continue to
characterize the IEEE 802.11 DCF MAC protocol. Using
virtual carrier sensing, which invokes the RTS/CTS hand-
shake, roles of the source and the destination nodes are in-
terchanged several times during the communication process.
This means that neighbouring nodes of both these nodes
should be silent so as to not cause interferences with the on-
going communication. However; the RTS/CTS handshake
that solves the hidden node problem also introduces the ex-
posed node problem. Nevertheless, many researchers have
suggested that exposed nodes are able to transmit to other
nodes in their transmission ranges without harming an on-
going transmission [3], [7], [8].

In this paper, we evaluate improvements made to a
method for reducing exposed nodes in IEEE 802.11WLANs
using asymmetric transmission ranges for RTS and CTS
frames. Our method builds on the Asymmetric RTS/CTS
method introduced in [5] to consider end-to-end, multi-hop
communication by using a cross-layer design between Layer
2 and Layer 3. Using RSSI information recorded during the
AODV path discovery process, we set RTS transmit power
to be equivalent to the next-hop node’s RSSI. This allows
us to utilize the shortest route to the destination node while
keeping the RTS transmission range at a minimum. Simu-
lation results in NS-2 show that the improved Asymmetric
RTS/CTS method (i.e A-RTSCTS) has better overall net-
work throughput than the Standard RTS/CTS method (i.e S-
RTSCTS) with throughput gains of up to 30%. We also show
that A-RTSCTS performs better than an existing method.

Our evaluations used simplifying, general assumptions
i.e inferring the RTS transmit power from a next-hop node’s
RSSI value. However, RSSI values may be susceptible to
the influence of the physical environment which can lead
to some estimation errors. Future work will consider other
localization algorithms for obtaining the next-hop node’s
transmission range. In addition to average network through-
put, we will also consider other evaluation criteria such as
CBR packet loss, delay and AODV packet overhead.
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