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Summary
Using directional antennas can be beneﬁcial for wireless ad hoc networks consisting of a collection of wireless
hosts. The most important beneﬁt includes a reduction of the radio interference. Thus, it can signiﬁcantly increase
the spatial reuse, thereby improving the network throughput. To best utilize directional antennas, a suitable Medium
Access Control (MAC) protocol must be designed. Current MAC protocols, such as the IEEE 802.11 standard,
do not beneﬁt when using directional antennas, because these protocols have been designed for omnidirectional
antennas. In this paper, we present modiﬁed MAC protocols suitable for 802.11 based ad hoc networks using
directional antennas. Our comprehensive simulation results demonstrate the performance improvement obtained
with the proposed protocols. Copyright © 2007 John Wiley & Sons, Ltd.
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Introduction

Starting from the days of the packet radio networks
(PRNet) [1] in the 1970s, the multi-hop ad hoc network
has received great amount of research attention. A
wireless ad hoc network is a fully distributed multihop networks that can be established by a number
of wireless nodes [2]. In ad hoc networks, neither
predeﬁned network infrastructure nor centralized
administration is required. Networks here can be
formed dynamically by participating nodes that may
be mobile, static, or quasi-static (i.e., movable, but

stationary most of the time). The ease of deployment
without the existing infrastructure makes ad hoc
networks an attractive choice for situations such as
military operations [3], disaster recovery [4], wireless
mesh networks [5], wireless sensor networks [6], and
so forth. With the advance of IEEE 802.11 technology
and the wide availability of mobile wireless devices,
civilians can also form an instantaneous ad hoc network
in conferences or in class rooms.
This work is motivated by the observation that
nodes in ad hoc networks are typically assumed to be
equipped with omnidirectional antennas. However,
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with the rapid advance of antenna technology in
recent years [7,8], it also becomes possible to use
directional antennas [9] or smart antennas [10,11] to
improve the capacity of ad hoc networks [12]. Using
directional antennas may offer several interesting
advantages for ad hoc networks. For instance, routing
performance can be improved by using a directional
antenna [13,14].
To best utilize directional antennas, a suitable
Medium Access Control (MAC) protocol must be
used. Previous MAC protocols, such as the IEEE
802.11 standard [15], do not beneﬁt when using
directional antennas with changeable beam patterns,
because these protocols have been designed to exploit
omnidirectional antennas or directional antenna with
a single ﬁxed pattern. In recent years, there has
been a signiﬁcant amount of research that can take
advantage of the use of directional antennas in multihop ad hoc networks. These previously published
works mostly assume some ideal antenna propagation
patterns with directional antennas. In this paper,
we also present the two novel MAC protocols
suitable for ad hoc networks based on directional
antennas, but with more realistic antenna propagation
patterns.

2.

Related Works

Recently, research on improving spatial reuse of the
channel in wireless ad hoc networks has led to
the investigation of the applicability of directional
antennas at mobile nodes. As a consequence,
various research issues, including MAC, routing [16],
transmission scheduling [17], location discovery [18],
and topology control [19], have been emerged to
best utilize the beneﬁt of using directional antennas.
Especially, starting from our previous works [20], a
number of researchers have devoted for work on MAC
protocols in ad hoc networks with directional antennas.
Reference [21] proposed a variation of RTS/CTS frame
exchanging mechanism of IEEE 802.11. Unlike our
proposed scheme to be described later, both RTS
and CTS frames are sent omnidirectionally so that
the transmitter and receiver can locate each other
and send the following DATA and ACK frames
directionally.
Another protocol for MAC in directional antenna
based ad hoc networks, named Multi-hop MAC
(MMAC) protocol has been proposed [22]. In this
protocol, it is argued that if any two nodes are
pointing to each other with their antennas, then their
Copyright © 2007 John Wiley & Sons, Ltd.

transmission ranges can be extended. When the sender
initiate the transmission, a communication may not
directly take place between sender and receiver, if
receiver is not pointing its beam toward the sender.
To establish the link between this sender and receiver,
MMAC use multi-hop RTS frames which delivered
along with speciﬁc route path to receiver. By receiving
this multihop RTS, receiver make its antenna beamform
in senders direction. Accordingly, two nodes exchange
CTS, DATA, and ACK frames over a single hop.
However, utilizing extended transmission range may
cause some problems such as the increase of instances
of hidden terminal and the deafness problems. In
order to solve these problems, Reference [23] has
proposed a new MAC protocol, based on circular
directional RTS (DRTS) that scans the area around
the transmitter and informs its neighbors for the
intended communication. The neighbors then decide
for their transmission differentiation so that any
possibility of collision can be prohibited. Although this
scheme may remedy the hidden terminal problem, it
may result in signiﬁcant increase of time delay and
communication cost due to a circular transmission of
RTS frames.
In a different way, there is a busy tone-based solution
for utilizing directional antennas in the IEEE 802.11
based MAC protocol [24–26]. These approaches are
mostly based on the idea of using sub-band tones to
notify the neighbors of a communicating node, of its
activity. Although these approaches may result in better
performance, it needs to have some additional hardware
to generate busy-tone terminal and may be relatively
complicated to implement.

3.
3.1.

Preliminaries
Network and Antenna Models

We assume that all hosts in a region share a wireless
channel and communicate on that channel. Each host
is assumed to be equipped with multiple directional
antennas or single electronically steerable parasitic
array antenna system [27]. A directional antenna can
transmit over predeﬁned beam pattern with a small
angle (e.g., 60 degrees), and the beams are ﬁxed
with non-overlapping in its direction. By doing so,
several directional antennas may be used together
to cover the entire directions. Each beam includes
one main lobe with a conical radiation pattern and
side lobes, each having a low gain. The antenna
radiation pattern of side lobes can be quite complex
Wirel. Commun. Mob. Comput. (in press)
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3.2. Handshake Mechanism in IEEE 802.11
MAC Protocol

Fig. 1. MAC protocol with omnidirectional RTS/CTS.

in real systems. In order to simplify them into a three
dimensional system, in our simulation model, these
side lobes are approximated into a single sphere, with
the node at its center as modeled in Reference [28]. We
assume that transmissions by two different nodes will
interfere at some node X, even if different directional
antennas at node X receive these two transmissions‡ .
We also assume that simultaneous transmissions
by the same nodes to different directions are not
allowed.
Each host has a ﬁxed transmission range and two
hosts are said to be neighbors if they can communicate
with each other over a wireless link. Initially,
we assume that each node knows its neighbors’
location as well as its own location. The physical
location information may be obtained using device
like global positioning system (GPS). Based on the
location of the receiver, the sender may select an
appropriate directional antenna to send frames to the
receiver.
Most of the current MAC protocols, such as
IEEE 802.11 MAC standard [15], use a handshake
mechanism implemented by exchanging small control
frames named Request-to-Send (RTS) and Clear-toSend (CTS). The successful exchange of these two
control frames reserves the channel for transmission
of the, potentially longer, data frame and a short
acknowledgement (ACK) frame.

Figure 1§ illustrates the IEEE 802.11 MAC protocol
[15] for omnidirectional antennas that uses RTS and
CTS control frames. In this protocol, any node that
wishes to transmit data must send a RTS frame
before it can start data transmission. For example,
in Figure 1, node B broadcasts a RTS frame for
its intended receiver, node C. If node C receives
the RTS successfully, it replies with a CTS frame
so that node B can start transmitting a data frame
upon receiving the CTS. When node C successfully
receives the data frame, it immediately sends an ACK
to node B (the ACK has a priority over any other
transmission by any node in the vicinity of nodes B
and C). Note that both RTS and CTS frames contain
the proposed duration of data transmission. Since
nodes are assumed to transmit using omnidirectional
antennas, all nodes within the radio range of nodes
B and C will hear one or both of those control
frames (nodes A and D in Figure 1)—these nodes
must wait for the duration of data transmission before
they can transmit themselves. This characteristic of
RTS/CTS mechanism overcomes the hidden terminal
problems in wireless LAN environments. However,
it is easy to see that this mechanism can waste a
large portion of the network capacity by reserving
the wireless medium over a large area. For instance,
even though node D has data frames for node
E while B and C are communicating with each
other, node D has to defer the transmission to
E until the transmission from node B to C is
completed.

4.

Directional MAC (D-MAC) Schemes

The proposed Directional MAC (D-MAC) schemes
are similar to IEEE 802.11 in many ways. The DMAC schemes also send an ACK immediately after
the DATA, as in IEEE 802.11—however, in D-MAC
schemes, the ACKs are sent using a directional antenna,
instead of an omnidirectional antenna. In IEEE 802.11,
if a node X is aware of an on-going transmission

§

‡

This assumption is somewhat pessimistic, and removing this
assumption will improve the performance of the proposed
protocols.
Copyright © 2007 John Wiley & Sons, Ltd.

The circle centered at each node shows its transmission
range. In the lower half of the ﬁgure, time progresses from
top to bottom. The ﬁgure shows messages sent by various
nodes. Gray bars below the nodes A and D indicate that these
node are not allowed to transmit in the duration covered by
the bars (to avoid interference with transfer from B to C).
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Fig. 2. Examples of using a directional MAC scheme 1.

between some other two nodes (due to the receipt
of RTS or CTS from those nodes), node X will not
participate in a transfer itself—that is, X will not send
a RTS, or send reply to a RTS from another node, while
the transfer between other two nodes is in progress.
The D-MAC protocols apply a similar logic, but on
a per-antenna basis. In brief, if antenna T at node X
has received a RTS or CTS related to an on-going
transfer between two other nodes, then node X will
not transmit anything using antenna T until that other
transfer is completed. Antenna T would be said to
be ‘blocked’ for the duration of that transfer—the
duration of the transfer is included in each RTS and
CTS frames (as in IEEE 802.11), therefore, each node
can determine when a blocked antenna should become
unblocked.
The key point to note about is that, when
using directional antennas, while one directional
antenna at some node may be blocked (as deﬁned
above), other directional antennas at the same node
may not be blocked, allowing transmission using
the unblocked antennas. This property results in
performance improvement when using directional
antennas.
Omnidirectional transmission of a frame in DMAC schemes requires the use of all the directional
antennas. Therefore, an omnidirectional transmission
can be performed if and only if none of the directional
antennas are blocked.

4.1. Scheme 1: Using DRTS Frame
D-MAC scheme 1 utilizes a directional antenna for
sending the RTS frames in a particular direction,
whereas CTS frames are transmitted in all directions.
Copyright © 2007 John Wiley & Sons, Ltd.

Figure 2 shows how wireless bandwidth efﬁciency of
the IEEE 802.11 MAC protocol can be improved by
using a D-MAC protocol. In Figure 2(a), assume that
node B has a data frame for node C, and also assume that
no other data transfers are in progress (so none of the antennas are blocked). In this case, node B sends a DRTS
frame including the physical location information of
B, in the direction of node C. Thus, node A does not
receive the DRTS from node B even though node A also
exists within B’s transmission range. If node C receives
the DRTS frame from B successfully, it then returns an
omnidirectional CTS (OCTS) reply. Two location information are included in the OCTS frame: location of
the node sending OCTS (e.g., node C’s location in Figure 2(a)) and location of the sender of the corresponding
DRTS (e.g., node B in Figure 2(a)). After the successful
exchange of DRTS and OCTS frames, a data frame is
sent by node B using a directional antenna. When node
C receives the data frame, it immediately sends an ACK
to node B using a directional antenna as well.
Now, during the proposed length of transmission
between nodes B and C, assume that node D, which
is a neighbor of node C, has data to transmit to node
E. Note that the directional antenna of node D that
points towards node C is blocked, since node D would
have received on this directional antenna the OCTS
sent by node C to node B. However, the blocked
antenna is different from the directional antenna that
points towards node E. Therefore, node D can send a


This ﬁgure uses notation similar to Figure 1. Letter in
parentheses, such as DRTS(B) or OCTS(B,C) denote the
physical location information included in the message. The
white gray box below node D denotes that node D may
transmit to node E in the corresponding duration, unlike when
using omnidirectional antennas.
Wirel. Commun. Mob. Comput. (in press)
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Fig. 3. A different way to react when node receives DRTS.

DRTS frame towards node E. Essentially, if node D
knows that its data transmission to node E would not
interfere with the other on-going data transfer from B
to C, D sends a DRTS control frame to E. As a result,
our modiﬁed MAC protocol for directional antennas
can improve performance by allowing simultaneous
transmissions that are disallowed when using only
omnidirectional antennas.
Similarly, in Figure 2(b), node A is allowed to
transmit to node F while transmission between B and C
is taking place. This is possible because node A does not
receive the DRTS from node B, so node A is not blocked
from transmitting the DRTS to node F. Note that, with
standard omnidirectional RTS/CTS mechanisms, node
A in Figure 2(b) must defer transmission to node F
until the transmission from B to C ﬁnishes, causing
performance degradation.
Let us now consider some other node X in Figure 2(b)
whose location is covered by the directional antenna
of B pointing towards node C. Clearly, node X will
also receive the DRTS from B when node B sends
the DRTS frame to node C, as shown in Figure 3.
Therefore, the directional antenna at node X that points
towards node B will be blocked for the duration of
transfer from B to C. With this scenario, in scheme 1,
node X is still allowed to initiate its data transmission
to some other node Y as long as the directional antenna
at node X that points towards Y is not blocked by the
receipt for DRTS from node B (or, by the receipt of
DRTS or OCTS from some other node).
When a node Y gets a DRTS frame from node X,
Y may or may not send an OCTS to X, depending on
the status of its directional antennas. Since an OCTS
frame transmission requires the use of all directional
antennas, an OCTS cannot be sent if any of the
directional antennas are blocked. Therefore, node Y
transmits an OCTS in reply to the DRTS from node X if
and only if none of its directional antennas are blocked.
Thus, in Figure 3(a), node Y may send an OCTS to node
X, however in Figure 3(b), node Y may not send the
Copyright © 2007 John Wiley & Sons, Ltd.

Fig. 4. A possible scenario of collisions with DRTS frame.

OCTS. Since, in case of Figure 3(b), node Y would have
received an OCTS from node C blocking its directional
antenna for the duration of transfer from B to C.
4.2.

Scheme 2: Using both DRTS and ORTS

In our ﬁrst D-MAC protocol to improve network
performance, a DRTS frame is transmitted in the
direction of the intended receiver prior to the
transmission of the actual data frames. Using DRTS
only, instead of omnidirectional RTS (ORTS), may
increase the probability of control packet collisions in
some cases. We consider one such scenario in Figure 4.
In Figure 4, assume that node B has initiated a frame
transfer to node C. Node A is unaware of this transfer
because node B’s DRTS to node C has not been received
by node A. Now, node A wants to send a data frame
to node B, while B’s transfer to node C is still in
progress. Transmission of a DRTS by node A to node
B may interfere with the reception of OCTS or ACK
control frames sent by node C to node B¶ . Note that
node A does not defer its attempt to communicate with
node B because A has not received node B’s DRTS
frame directed to node C. This situation cannot occur in
the current omnidirectional RTS/CTS exchange mechanisms. Since the size of control frames is typically

¶

Recall that we make the pessimistic assumption that signals
received on different directional antennas at a given node can
interfere. If this assumption is not true, then scheme 2 is not
needed, and performance of scheme 1 would be better than
the one reported here. However, when the receiver hardware
is constrained, our pessimistic assumption may also be true.
Wirel. Commun. Mob. Comput. (in press)
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much smaller than the data frames, the probability of
collisions described above is not very high, although it
is higher than that in case of IEEE 802.11 MAC.
To reduce the probability of collisions between
control frames, we propose another variation of the DMAC scheme. In this new scheme (we name it D-MAC
scheme 2), there are two types of RTS frames: DRTS
and ORTS. In scheme 2, when a node, say node X,
wishes to initiate a data transfer, it may send ORTS or
DRTS as per two rules: (a) if none of the directional
antennas at node X are blocked, then node X will send
an ORTS. (b) otherwise, node X will send a DRTS
provided that the desired directional antenna is not
blocked. If the desired antenna is blocked, node X will
defer until that antenna becomes unblocked.
For example, in Figure 4, assume that when node B
wants to send a frame to node C, none of the antennas
at B are blocked. In this case, node B will broadcast an
ORTS frame (as per rule (a) above). Since this frame
will be received by node A, its directional antenna
pointing towards B will be blocked for the duration
of the transfer from B to C. Now consider two cases:

networks. In QuaNet, directional antenna models are
implemented to support simulation of state-of-theart antenna technologies and their impact on higher
layer protocol performance. QualNet comes with two
types of directional antenna models: switched beam
and steerable beam antennas [11]. A switched beam
antenna model uses multiple predeﬁned radiation
patterns, whereas a steerable beam antenna model
steers each radiation pattern over azimuth and elevation
towards the signal of interest to maximize the
antenna gain. Both directional antenna models use
pre-computed radiation pattern ﬁles that deﬁne the
antenna gain for a speciﬁc angle on the azimuth and
the elevation planes. We have adopted the switched
beam antenna model. Each directional antenna has a
main lobe with the beamwidth of 60 degrees with
6 elements. We assume that the transmission range
for both omnidirctional and directional antennas are
approximately the same by modifying the parameter
value of receive sensitivity and receive sensitivity.

 If node A wants to send data to node B, it

We consider the 5 × 5 mesh topology illustrated in
Figure 5(a). The nodes form 5 rows and 5 columns,
with two adjacent rows and two adjacent columns being
separated by 200 m. We brieﬂy evaluate the case of
3 × 3 and 6 × 6 mesh topologies at the end of the next
subsection. Transmission range and carrier sensing
range of each node is 250 and 550 m, respectively,
and the wireless link bandwidth is 2 Mbps (DQPSK).
TCP Reno is used for the transport layer over the
IEEE 802.11 MAC layer. The trafﬁc model used in
our simulation is FTP with inﬁnite backlog at each
source node. The TCP packet size is 1460 bytes and
the maximum advertised window is 8 packets. Each
simulation is performed for a duration of 900 seconds.
Each performance measurement reported below is
averaged over 20 executions. Table I summarizes the
parameters used in our simulation.



will wait for the duration of transfer from B
to C (until the corresponding directional antenna
becomes unblocked, as per rule (b) above).
If node A wants to send data to node F, node A will
send a DRTS to node F, provided that the directional
antenna pointing towards node F is not blocked (as
per rule (b) above).

The combination of DRTS and ORTS frames in
scheme 2 can reduce the cases of collisions between
control frames (although it does not perfectly eliminate
the possibility). Apart from the two rules mentioned
above which determine if a node will send ORTS or
DRTS, our D-MAC scheme 2 is identical to scheme 1.
5.

Performance Evaluation

To evaluate our protocols, we performed simulations
using the Qualnet simulator, version 3.6 which is
known to provide more actual physical layer models
of directional antenna [29]** . The Qualnet is a
discrete-event network simulator, which enables it
to accurately simulate multihop wireless ad hoc

** Note that simulation in our previous work [20] have been

done in NS2 [30] with much simpler directional antenna
model.
Copyright © 2007 John Wiley & Sons, Ltd.

5.1.

5.2.

Simulation Model

Simulation Result

The performance metric used to evaluate the protocol
is TCP throughput. The unit for all throughput measurements reported here is Kilobits per second (Kbps).
In our simulations, we experimented with TCP
connections that traverse different number of hops.
Note that throughput of a TCP connection decreases
quite rapidly when the number of wireless hops is
increased from 1 to 4. For future reference, the
throughput of a single TCP connection using the IEEE
802.11, as a function of the number of hops, is as
Wirel. Commun. Mob. Comput. (in press)
DOI: 10.1002/wcm
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Fig. 5. Simulation scenarios I–III.

follows: one hop 1258.7 Kbps, two hops 664.4 Kbps,
three hops 438.1 Kbps, and four hops 313.0 Kbps.
(1) Scenario I: As seen in Figure 5(a), the ﬁrst scenario
considered in our evaluation consists of two singlehop TCP connections: one connection from node
6 to node 11 and the other from node 16 to node
21. The total throughput of D-MAC scheme 1 is
higher than the IEEE 802.11 MAC protocol. This
is because, with D-MAC scheme 1, simultaneous
transmission on the two TCP connections are
allowed by using DRTS packet. On the other hand,
when using the IEEE 802.11 protocol, the two connections cannot transmit frames at the same time.
Note that the aggregate throughput of the
two connections above using IEEE 802.11 is
comparable to that of a single TCP connection
Table I. Simulation parameters.
Type

Parameter name

General

Simulation time (sec.)
Dimension (m2 )
Transmission range (m)
Channel frequency (GHz)
Path-loss model
Transmission power (dBm)
Receive sensitivity (dBm)
Receive threshold (dBm)
Antenna model
Directional antenna gain (dBm)
Bandwidth (Mbps)
Routing protocol
TCP variant
Maximum segment size
Trafﬁc model

Wireless
settings

Network
protocol
Application

Copyright © 2007 John Wiley & Sons, Ltd.

Value
900
1500 × 1500
250
2.4
Two-ray ground
15.0
−87.0
= 74.0
Switched beam
15.5
2
DSR
Reno
1460
FTP

using IEEE 802.11—essentially, in this case,
when the two connections are opened, they share
the bandwidth that would have been otherwise
available to a single connection.
(2) Scenario II: The second scenario considered here
also consists of two single-hop TCP connections:
one connection from node 6 to node 1 and the other
from node 11 to node 16 (see Figure 5(b)). The
total throughput using the IEEE 802.11 protocol in
scenario II is slightly lower than scenario I. However, the performance of the D-MAC scheme 1 is
better than in scenario I. This is because, in scenario
II, there is a smaller probability of control packet
collision when using our D-MAC scheme 1, as
compared to in scenario I. For instance in scenario
I, imagine that node 6 transmits a DRTS frame to
node 11 while node 16 has already started a packet
transfer to node 21. Because node 11 would not
have received node 16s DRTS frame, it may send
an OCTS frame in reply to the DRTS from node 6.
This OCTS frame can interfere with the reception
of ACK from node 21 to node 16, causing degradation of the performance. Despite this possibility of
collision of OCTS and ACK control frames, simulation results also shows that aggregate throughput
with D-MAC scheme 1 is better than the IEEE
802.11—the reason is that the performance beneﬁt
of being able to perform multiple transfer in vicinity of each other (which may be disallowed in IEEE
802.11), outweighs the potential performance loss
due to collision of control frames. In scenario II,
such collisions cannot occur since the direction of
data transfer is different from scenario I. therefore,
observe that scheme 1 yields throughput twice that
Wirel. Commun. Mob. Comput. (in press)
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of IEEE 802.11. Scenario II represents the best case
for the use of directional antennas.
(3) Scenario III: Now we consider scenario III, in
which two TCP connections are established. Thus,
as in Figure 5(c), one connection traverses a row
in the 5 × 5 mesh from node 1 to node 21, and
another connection traverses a column from node
1 to node 5. Both paths consist of four hops.
Table in the Figure 5(c) presents the throughput
measurements. In this case, all three MAC schemes
are quite fair. From the performance point of view,
D-MAC schemes 1 and 2 both achieve signiﬁcant
improvement over IEEE 802.11, with scheme 1
achieving the larger throughput than scheme 2
(not always, as seen later in scenario IV).
Due to its design philosophy, D-MAC scheme 2
can reduce the probability of collision of control
frames. This fact usually contributes to an increase
in aggregate throughput. However, ORTS frames
in scheme 2 also reduce the possibilities for
simultaneous transmission by neighboring nodes
(below we present an example to illustrate this).
Thus, the network performance improvement by
scheme 2 (compared to scheme 1) depends on
whether the beneﬁt of reducing control frame
collision outweighs the decrease in throughput resulting from reduced possibilities for simultaneous
frame transmissions. Thus, there exists a trade-off
between probability of collisions of control frames
and disallowed simultaneous transmissions, when
D-MAC schemes 1 and 2 are compared.
To illustrate the above issue, consider the
network consisting of 6 nodes in Figure 6. Assume
that 2 TCP connections are established—one
from node E to C and another from A to B. In
Figure 6(a), when D-MAC scheme 1 is used,
node E can transmit to node C, while node A is

Fig. 6. Difference between D-MAC schemes 1 and 2.
Copyright © 2007 John Wiley & Sons, Ltd.

Table II. Aggregate TCP throughput.
Topology
3 × 3 (6 connections)
5 × 5 (10 connections)

IEEE 802.11

D-MAC1

D-MAC2

657.9847
613.680

950.6609
968.010

988.7809
930.591

transmitting to node B. However, with D-MAC
scheme 2, this may not always be possible—when
node E sends an DRTS to node C, node C will not
send OCTS to E, if it has heard an ORTS for an
ongoing transfer from node A (see Figure 6(b)).
Due to scenarios similar to the above, we believe
that, D-MAC scheme 1 allows more simultaneous
transmissions when the number of connections
are increased both horizontally and vertically,
compared to D-MAC scheme 2. This results in
larger aggregate throughput for D-MAC scheme 1.
To verify this intuition, we now consider
simulations with increasing the number of
crossing TCP connections traversing the rows and
columns. We measure the aggregate throughput
for 6 TCP connections in 3 × 3 mesh topology
(one connections along each row and column) and
for 10 TCP connections in 5 × 5 topologies (again,
one connection along each row and column), to
compare with the results for the 10 connections in
5 × 5 topology†† —Table II presents the aggregate
throughput achieved by the TCP connections using
the three MAC schemes. Observe that D-MAC
scheme 2 has the largest throughput in the case
of 3 × 3 topology, whereas D-MAC scheme 1
has the largest throughput with 5 × 5 topology.
In summary, we conclude that the effects of
concurrent transmission is inversely proportional
to the complexity of TCP connection ‘topology.’
(4) Scenario IV: In the Figure 7, scenario IV consists of
5 TCP connections, each connection traverses one
row of the 5 × 5 mesh. For all three schemes, the
‘border’ connections from node 1 to 5 show much
higher throughput than other interior connections
(connections from node 2, 3, and 4). This is
because the border connections share wireless
medium with only one other connection, whereas
the interior connections share the medium with
two other connections. Similar to the case of two
connections in scenario III, both D-MAC schemes
have better total throughput than IEEE 802.11

††
In case of 5 × 5, more detailed simulation result will be
shown at the simulation results with scenario V.
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Fig. 7. Scenario IV: Five simultaneous connections.

However, in this scenario, D-MAC scheme 2
achieves the largest throughput. We believe, this
is because the scheme 2s advantage of reducing
control frame collisions becomes dominant in
this topology. Another interesting observation is
that the D-MAC schemes are somewhat fairer
(particularly, to connection from node 3 to node
23) than IEEE 802.11 in this scenario.
(5) Scenario V: Next, in scenario V, we increase the
number of TCP connections to 10, with 5 connections traversing the 5 rows, and 5 connections
traversing the 5 columns. (See Figure 8. Each of
these connections traverses four hops.)

Fig. 8. Scenario V: Ten TCP connections.

In this case, although both D-MAC schemes
achieve signiﬁcantly better throughput than IEEE
802.11, D-MAC scheme 1 performs better than
scheme 2. This again means that D-MAC scheme 2
has lower throughput (compared with scheme 1) as the
disallowed simultaneous transmissions caused by cross
connections increase.
6.
6.1.

Additional Discussions
Optimized Scheme: Introducing DWTS

We showed above that using DRTS frames can
potentially improve performance of wireless ad hoc
networks. Let us consider another scenario for using
Copyright © 2007 John Wiley & Sons, Ltd.

Fig. 9. Useless retransmission of RTS frames.
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DRTS frames. In Figure 9, nodes B and C communicate
with each other for some duration of time, similar to
Figure 2(a). However, unlike Figure 2(a), where node
E has data frames for node D during that period of
time, now node E wishes to transmit to node D. When
using the ﬁrst D-MAC mechanism, node E sends a
DRTS in the direction of node D and expects an OCTS
frame to be returned from D. Node D may know the
fact that node C is receiving data frames from node
B so its OCTS reply for node E can disturb node
C’s data reception from node B. Therefore, D will be
silent despite a DRTS from node E until the proposed
transmission between B and C is done. This can cause
unnecessary retransmission of DRTS from E to D (see
Figure 9). This situation would happen in the current
IEEE 802.11 protocol as well.
One solution to prevent this situation is to introduce
a short control frame, directional Wait-To-Send
(DWTS). DWTS messages can be used for preventing
useless retransmission of RTS frames by telling how
much time to wait before retrying the RTS frames.
Thus, a DWTS frame contains a duration ﬁeld that
indicates the period a node must wait for transmission.
When a node receives a DRTS frame from its neighbor
while it is aware of another on-going transmission, it
replies with a DWTS frame to the neighbor that sent
the DRTS frame.
Figure 10 illustrates this mechanism. In the ﬁgure,
a DRTS frame from nodes E to D follows an OCTS
frame from node C. Upon receiving the DRTS, node D
returns a DWTS frame back to node E because D can
not reply with an OCTS frame for node E at this time.

Fig. 10. Example of using DWTS frames.
Copyright © 2007 John Wiley & Sons, Ltd.

Fig. 11. Four topologies by varying the number of
connections.

Using DWTS frames can avoid useless retransmission
of DRTS frame by node E until the time speciﬁed
in the duration ﬁeld of DWTS frame has elapsed.
When E sends the next DRTS (after waiting appropriate
duration), node D replies with an OCTS. The main idea
of using DWTS frame is to let node E know about how
much to wait before retrying the DRTS frame.
In order to study the combining DWTS optimization
scheme to D-MAC protocol, we once again developed
an evaluation environment. First of all, we try to
generate the scenarios that may require the use of
DWTS frames, as shown in Figure 11. In the ﬁgure, the
ﬁrst case of single connection between the two nodes A
and B is simply used for a reference. By putting another
adjacent connection, in case of two connections, at least
one sender (node A or D) may get DWTS frame from
its expected receiver (node C or D). Thus, by increasing
the number of adjacent connections, the frequency of

Fig. 12. Result for number of unnecessary RTS retransmission by varying the number of adjacent connection(s).
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In 802.11, ACK frame collisions are minimized
since the transmission range of both a transmitter and a
receiver is reserved. However, in our D-MAC schemes,
there is no guarantee of collision-free ACK frame
reception even though scheme 2 reduces the probability
of frame collisions by using ORTS frames. To remedy
this problem of no ACK collision guarantee, we present
some approaches below.

Fig. 13. Result for total throughput of D-MAC with DWTS
by varying the number of adjacent connection(s).

using DWTS is increased. These topologies are simple,
but it is sufﬁcient to show the effect of unnecessary retransmission of RTS in D-MAC protocol. Other simulation parameters are the same as previous experiments.
The simulation results are shown in Figures 12 and
13. For these ﬁgures, a dotted line represents original
D-MAC (without DWTS), and a solid line represents
optimized D-MAC (with DWTS). Especially, in this
scenario, we measure the total number of retransmitted
RTS frames. Figure 12, as the number of adjacent
connections are increased, the total number of
retransmitted RTS begins to increase for both case.
However, optimized D-MAC provides a lower rate of
increase than D-MAC without DWTS. This is because,
with DWTS, D-MAC prevents useless retransmission
of RTS frames by telling how much time to wait before
retrying the RTS frames. These factors contribute to
increase in throughput of D-MAC. As you see in the
Figure 13, the total throughput of optimized D-MAC
scheme is always lager than that of original D-MAC.
6.2.

Conflict-Free ACK

In the current IEEE 802.11 MAC protocol standard, immediate link layer acknowledgements‡‡ are
employed to determine if the data frame was
successfully received. Thus, RTS-CTS-DATA-ACK
exchange mechanism is used to enhance reliability of
data transmission. Note that, in our proposed D-MAC
schemes, returning the ACK frame immediately after
the DATA is also assumed.

‡‡

Here, an ACK is treated as a control frame sent by a MAC
layer. Therefore, no RTS is sent for the ACK.

Copyright © 2007 John Wiley & Sons, Ltd.

(1) Use Two Channels: To guarantee no conﬂicts of
ACK frames, the single common channel may be
split into two separate channels: one for DATA
and ACK frame transmission, and the other for
RTS and CTS frame transmission. MAC-level
acknowledgement requires the receiving node of
data frames to respond with an ACK immediately,
without exchanging RTS/CTS control frames. This
implies that ACK frames are generated by the
MAC layer and they are sent on the data channel
which has been used for the corresponding DATA
reception. Since ACK frames are transmitted on
a different channel than other control frames
(RTS/CTS), conﬂict-free transmission for the ACK
can be guaranteed.
(2) Exchange Another RTS/CTS for ACK frames:
Another possible solution is to perform RTS/CTS
exchange for the ACK itself. A single common
channel is assumed here. The basic idea is that
an ACK frame is considered as another data
frame requiring a successful RTS/CTS exchange.
Unlike immediate MAC-level acknowledgement
mechanisms described above, ACK frames are
generated by an upper layer such as logical link
control (LLC). To send the ACK successfully,
another successful exchange of RTS and CTS
frames is required. Of course, this additional
RTS/CTS exchange mechanism would decrease
bandwidth efﬁciency due to overhead. Thus, there
exists a trade-off between reliability of data
transmission and the control frame overhead.
6.3.

Location Information

The assumption in the above discussion is that a
node knows its own location and neighbors’ location
accurately—this information is necessary to determine
which directional antenna to use either to send
DRTS or DATA. When the nodes are mobile, it is
hard to know the precise location of a node at all
times. A mobile node may inform its location to its
neighbor periodically using beacons. Also, the location
information could be included in other messages (such
Wirel. Commun. Mob. Comput. (in press)
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as RTS and CTS). However, due to node mobility,
the location information can become stale. Since we
suggest using directional antennas for DRTS and/or
DATA, it is useful to consider how the protocol should
be modiﬁed when location information is not known
accurately.
When a node X wishes to send data to node Y, it
may send DRTS or ORTS, using our protocols. Of
course, for sending ORTS, node X need not know Y’s
location. However, to send DRTS, X needs to know the
location. If X does not have any location information
for Y, then the DRTS may be replaced by ORTS,
without loss of correctness. On the other hand, if node
X does know, potentially out-dated, location of node
Y, then X can transmit the DRTS in the appropriate
direction. A reply to the ﬁrst DRTS may not be received,
due to various reasons, such as transmission errors or
because the out-dated location information resulted in
the use of a directional antenna that does not cover the
current location of node Y. To deal with causes such as
errors, node X may retransmit the DRTS after a suitable
back-off interval. However, to recover from out-dated
location information, an ORTS must be transmitted.
Thus, in general, node X may retransmit the DRTS
up to a speciﬁed threshold, and then default to using
an ORTS. It is important to note that using an ORTS
instead of a DRTS does not affect correctness of the
MAC protocol.
When sending the data as well, node X uses
a directional antenna. Since an RTS/CTS exchange
precedes data transmission, and since location
information of node Y can be included in the CTS
message, node X has accurate location information.
Node X can use this information to choose the
appropriate directional antennas. There is always a
(small) probability that node Y moves out of scope of
the chosen directional antenna during the data transfer.
This may result in the loss of the data frame, and may
be handled similar to a loss due to transmission errors.

7.

Conclusion

The current MAC protocols using omnidirectional RTS
and CTS can waste wireless bandwidth by reserving
the wireless medium over a large area. To improve
bandwidth efﬁciency of the previous MAC protocols,
we propose a new approach, named D-MAC, utilizing
the directional transmission capability of a directional
antenna. We considered several possible cases and
proposed two different schemes: D-MAC scheme 1
for using only DRTS frames, and D-MAC scheme 2
Copyright © 2007 John Wiley & Sons, Ltd.

for using both DRTS and ORTS frames. We also
proposed an optimization using DWTS frames to
prevent unnecessary retransmissions of RTS frames.
By simulation studies, we compared our D-MAC
mechanisms to the IEEE 802.11 protocol. In summary,
our D-MAC protocols can improve performance by
allowing simultaneous transmissions that are not
allowed in the current MAC protocols.
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