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Abstract
The application of directional antennas in the mobile devices 
of wireless ad hoc networks has the potential to increase the 
network connectivity and capacity. Previous research in ad hoc 
networks typically assumes the use of omnidirectional antennas 
at all nodes. With omnidirectional antennas, while two nodes 
are communicating using a given channel, MAC protocols such 
as IEEE 802.11 require all other nodes in the vicinity to remain 
silent. With directional antennas, two pairs of nodes located in each 
other’s vicinity may potentially communicate simultaneously, 
increasing spatial reuse of the wireless channel. Range extension 
due to higher gain of directional antennas can also be useful in 
discovering fewer hop routes. Directional antennas provide 
numerous benefits, such as higher gains, increased transmission 
range and low interferences at all nodes.  However, new problems 
arise when using directional beams, that simple modifications to 
802.11 may not be able to mitigate. This paper identifies these 
problems and mention the possible modification to MAC protocol 
for directional antennas.
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I. Introduction
The problem of utilizing directional antennas to improve the 
performance of ad hoc networks is non-trivial. Directional 
antennas can provide higher gain, and reduce interference by 
directing beam forms towards a desired direction [1]. However, 
they also pose challenges in the design of Medium Access Control 
(MAC) protocols. A directional transmission, due to its greater 
transmission range, may potentially interfere with communications 
taking place far away. Previous research on MAC protocols using  
directional antennas has assumed equal transmission range when 
using directional and omnidirectional beam forms. However, this 
prevents exploiting the potential of directional antennas, especially 
the possibility of replacing many small hop communication links 
with one long, single hop link. By using directional antennas, a 
node may also be able to selectively receive signals only from 
a certain desired direction. This enables the receiver node to 
avoid interference that comes from unwanted directions, thereby 
increasing the Signal to Interference and Noise Ratio (SINR).
However, due to selective reception of signals, a node might not 
be aware of some other node, attempting to initiate communication 
with it. Node, receiving no response from node would continue 
to retransmit, wasting channel capacity in unproductive control 
packet transmission. Thus the question of whether directional 
antennas improve the performance of an ad hoc network is not 
straightforward, but requires close examination of issues involved 
in channel access. The contribution of this paper lies in identifying 
the fundamental problems with directional medium access control. 
The design of IEEE 802.11 implicitly assumes an omnidirectional 
antenna at the physical layer. Although 802.11 may operate 
correctly when using directional antennas, performance may get 
affected [4]. Recently, several MAC protocols have been proposed 
that suitably adapt 802.11 for beam forming antennas [7]. 

The DNAV mechanism [12] reduces the interference in the wireless 
channel by communicating directionally. However, their proposals 
require the transmission of omnidirectional CTS to inform the 
receiver’s neighborhood about the imminent dialog. This offsets 
spatial reuse – a key advantage of using directional antennas [8]. 
In [14], they use RTS/CTS to inform the neighborhood about 
the beam indices to be used for the imminent communication 
[15]. Based on this information, neighbors of the communicating 
nodes decide which beams may be used for initiating their own 
RTS packets. As described in [3] present another MAC protocol 
that informs neighborhood nodes about ongoing communications 
through additional control messages. In addition, the protocol 
assumes knowledge of network traffic.

II.  Antenna Model & Topology
The antenna system offers two modes of operation: Omni and 
Directional. A node resides in the Omni mode when it does not 
know the direction from which a signal might arrive. Once a 
signal is detected, the antenna begins to receive the signal with 
an omnidirectional gain. While the signal is being received, the 
antenna performs an azimuthal steer and selects the beam on 
which the impinging signal power is maximum. This beam is 
then cached at the receiver, and may be used in the near future 
for communicating back to the transmitter. Of course, while 
transmitting for the first time, the MAC layer needs to specify 
the direction in which the antenna must steer its beam. When using 
directional beams for communicating (transmitting or receiving), 
the main lobe gain in the direction of the beam is Gd. Typically, 
Gd > G0 [10]. The Friss Equation represents how transmit and 
receive gains and  are related to the transmit and receive powers 
( and ):

 
The term K is a constant that accounts for atmospheric absorption, 
ohmic losses, etc. r is the distance between the transmitter and 
the receiver, and α is the path-loss index. Note that GT and GR 
are transmit and receive gains along the straight line joining 
the transmitter and receiver. Observe from the equation that the 
maximum distance r over which two nodes can communicate, 
increases with increase in transmit and the receive gains. Of course, 
the increase is not linear and depends on the path-loss index, as 
evident from reorganizing the above equation as,

When compared to omnidirectional antennas, directional antennas 
will offer range extension capabilities. Put differently, two nodes 
in Omni mode may be out of communication range because the 
product of their omnidirectional transmit and receive gains, (Go 
×Go), is not large enough. However, if one of the nodes beam 
forms in the direction of the other, the new product, (Gd×Go ) may 
be sufficiently large to enable direct communication. Moreover, 
nodes that beam form towards each other, with gain product, 
(Gd×Gd), may be able to communicate directly with each other 
over a distance greater than what is possible when only one (or 
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none) of them is beam formed. The benefits of range extension 
when using directional antennas can be significant, compensating 
for the losses that arise due to channel access overheads[10].
Relating to 802.11, a transmitter can transmit the RTS directionally, 
assuming that it is aware of the direction of its intended receiver. 
Since the receiver does not know a priori who the transmitter 
might be, it cannot receive the RTS directionally. The receiver 
receives the RTS omnidirectionally and performs the azimuthal 
scan in parallel to obtain the best beam for this transmitter. 
Thereafter, the CTS, Data, and ACK packets can be transmitted 
and received directionally. However, since we assume that the 
RTS must be received omnidirectionally, the maximum distance 
between two communicating neighbors is dictated by the gain 
product, (Gd×Go).
The IEEE 802.11 protocol limits spatial reuse of the wireless 
channel by silencing all nodes in the neighborhood of the sender 
and receiver. Using directional antennas, however, it is possible 
to carry out multiple simultaneous transmissions in the same 
neighborhood. In fig.1, simultaneous communication between 
node pairs A,B and C,D is  possible, provided the beam width of the 
directional transmissions is not very large. However, simultaneous 
communication from A to B, and from E to f is not possible.
Due to higher gain, directional antennas have a greater 
communication range than omnidirectional antennas. This enables 
two distant nodes to communicate over a single hop. From the 
perspective of routing, routes using directional antennas may 
contain fewer hops than what may be possible using omnidirectional 
antennas [5]. The transmit power control is not considered, not 
because it is irrelevant, but because the problem of directional 
medium access control is by itself rich, even without power 
control. Future work would address power control as well.
A MAC protocol for directional antennas should attempt to exploit 
both the benefits of directionality, namely, spatial reuse and higher 
communication range [16]. The Basic DMAC protocol described 
in the next section attempts to improve spatial reuse of the channel. 
In addition the basic DMAC protocol offers useful insight into 
the key problems that arise from directionality problems that we 
believe would be broadly applicable to directional MAC protocols 
in general.
The MMAC protocol attempts to exploit the higher communication 
range of directional antennas by attempting to form longest possible 
links. This is achieved by propagating an RTS over multiple hops 
and then transmitting CTS, DATA and ACK directionally over 
a single hop. 

Fig. 1: An Example Topology Scenario

III.  Basic DMAC Protocol
We use the term Basic Directional MAC or Basic DMAC [13] 
to refer to the MAC protocol for directional antennas described 
in this section. In designing MAC protocols, we assume that an 
upper layer is aware of the neighbors of a node, and is capable 
of supplying the transceiver profiles required to communicate 

to each of these neighbors. The DMAC protocol receives these 
transceiver profiles from upper layers along with the packet to 
be transmitted. The Basic DMAC protocol [13] presented here 
generalizes the ideas similar to protocol proposed in [2]. Later 
in this paper we point out the shortcomings of the Basic DMAC 
protocol and also compare its performance with the “Multi-Hop 
RTS MAC” protocol [8]. In principle, “Basic DMAC” is similar 
to IEEE 802.11, adapted for use over directional antennas.

A. Channel Reservation
Channel reservation in Basic DMAC is performed using a RTS/
CTS handshake, both being transmitted directionally. An idle 
node listens to the channel omnidirectionally (i.e., it is in the 
Omni mode).When it receives a signal arriving from a particular 
direction, it locks on to that signal and receives it. Please note that 
while a node is in the Omni mode and is receiving the signal, it 
is susceptible to interference from all directions. Only when the 
node has beam formed in a specific direction, it can avoid the 
interference from other directions. In describing the Basic DMAC 
protocol, I refer to a sender node as node S and the receiver node 
as node R.

B. RTS Transmission
The MAC layer at node S receives a packet from its upper layers, 
along with the transceiver profile Tp to be used for transmission. 
Having received this, DMAC requests the physical layer to beam 
form according to the transceiver profile Tp. Let us denote this 
beam form by BR, since this beam points in the direction of node 
R. To detect whether it is safe to transmit using beam BR, node 
S now performs physical carrier sensing using BR. If the channel 
is sensed idle, DMAC checks its Directional NAV Table to find 
out whether it must defer transmitting in the direction of node R. 
The DNAV table maintains a virtual carrier sense status for every 
Direction of Arrival (DoA) in which it has overheard a RTS or 
CTS packet. Once node finds that it is safe to transmit using, it 
enters the back off phase (similar to 802.11). While in the back 
off phase, Basic DMAC requires node to remain in the directional 
mode. When the back off counter counts down to zero, DMAC 
at node sends down the RTS control packet to the physical layer, 
meant to be transmitted to node R, using beam BR.

C.  RTS Reception and CTS Transmission
A node when idle remains in the Omni mode, listening to the 
channel Omni directionally.The antenna system is capable of 
determining the direction of arrival (DoA) of this incoming signal. 
Let us assume that node is in the Omni mode and is able to receive 
the RTS from node with DoA denoted by DSR. Nodes other than R, 
say Xi, that also receive the RTS, update their respective DNAV 
tables with the captured DoAs (note that the DoA captured by 
node Xi would be DSXi .This prevents node Xi from transmitting 
any signal in the reverse direction of DSXi. Node Xi defers all 
transmissions directed towards a certain range of directions around 
DSXi .Having received the RTS from S, node R determines the 
direction to send the CTS in response. If the DNAV table at R 
permits transmissions in the direction DRS, then the DMAC at node 
R requests the physical layer to beam form in this direction[9]. 
Let this beam be denoted by BS, since it is directed towards node. 
The physical layer at node R senses the physical channel using 
BS, for SIFS time slots. If the channel remains free during this 
interval, the CTS is transmitted using beam BS. If the carrier is 
sensed busy during the SIFS period, CTS transmission is canceled 
(similar to 802.11).
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D. CTS Reception and DATA/ACK Exchange 
The sender node S, meanwhile, waits for the CTS using the beam 
BS that it had used to send the RTS. If the CTS does not come 
back within a CTS-timeout duration (calculated as in 802.11), 
then S schedules a retransmission of the RTS. If S receives the 
CTS, it initiates the transmission of DATA using beam BR. Node 
R, on receiving the DATA successfully, transmits an ACK using 
BS beam. Nodes other than and that receive the CTS, DATA or 
ACK update their DNAV table with the respective DoAs.

E. Directional NAV (DNAV) Table
The Network Allocation Vector (NAV) is a status variable 
maintained by the IEEE 802.11 MAC for virtual carrier sensing. 
The value of the NAV is updated from the “duration” field of 
overheard packets. The value of NAV indicates the duration 
for which the node must defer transmission to avoid interfering 
with some other transmission in the vicinity. Using directional 
antennas requires that the NAV be directional as well [13]. To put 
it differently, if a node receives a RTS or a CTS from a certain 
direction, then it needs to defer only those transmissions that are 
directed in (and around) that direction. A transmission intended 
towards some other direction may be initiated. The Directional 
NAV Table (DNAV) is a table that keeps track of the directions 
(and the corresponding durations) towards which a node must not 
initiate a transmission. We illustrate this with a simple example 
with reference to fig. 1. Assume that communication between 
nodes A and B is in progress, with A transmitting to B. During this 
interval if node E has a packet to send to F, it must check its DNAV 
table to check if it is safe to transmit in the direction of F. However, 
note that node E would have already received a CTS from node B  
and updated its DNAV table. Thus, on checking the DNAV table, E 
finds that it is unsafe to transmit in the direction of F. However, if 
E had a packet to send to D, the DNAV check would indicate that it 
is safe to transmit. In that case, can E proceed to transmit towards 
D. At this point we would like to mention that even if F was a little 
displaced and the line joining EF did not coincide exactly with 
the line joining EB, E might still need to defer transmission to F 
in order to avoid interfering at B. Specifically, in Basic DMAC, 
node E defers transmission towards F if the angle between EF 
and EB is less than some threshold, ε. We illustrate with the help 
of fig. 2. We assume that all nodes transmit with a beam width 
of 2β degrees. Now if node E has overheard a RTS or CTS from 
node B, it updates the DNAV table with the direction DEB. Now if 
E wants to send a packet to node H, then it must beam form in the 
direction of DEH to transmit the RTS. Node E checks whether, the 
angle between DEH and DEB is greater than a threshold ε, where,  
is as following.
ε = 2β + θ
Where, θ is the angular separation of the edges of the two beam 
forms. If  is negative then the two beam forms may overlap. The 
accurate choice of θ depends on the radiation pattern of the antenna 
in use. If the gain of the main lobe reduces sharply with increasing 
angular separation from the main lobe direction, then the value of θ  
can be small. This is because lesser interference will be emanating 
in directions away from the main lobe direction, allowing for lesser 
spatial separation between adjacent communications. 

Fig. 2: An Example Where Node E Wishes to Send a Packet to H  
While it has a DNAV Entry for Direction DEB

The fig. 2, shows a condition where node E can safely trans-mit 
to node H, since it would not interfere with node B’s communi-
cation.

IV.  Problems with Basic DMAC  Protocol

A. Hidden Terminal Problems
The well-known hidden terminal problem in multi hop 
wireless networks can be resolved by the exchange of RTS/
CTS control packets as in MACA and 802.11[6]. However, the 
RTS/CTS exchange assumes that these packets are transmitted 
omnidirectionally. Directional transmission of RTS/CTS introduces 
two new kinds of hidden terminals, discussed below.

1. Hidden Terminal Due to Asymmetry in Gain
Consider fig. 1. Assume that all nodes in this figure are currently 
idle. Nodes in their idle state (Omni mode) have a gain of Go. 
Now assume that node B transmits a Directional RTS(DRTS) to 
node F, and F responds with a Directional CTS (DCTS). Assume 
that node A(still in Omni mode) is far enough from node F not 
to hear this DCTS. DATA transmission begins from node B to F, 
both nodes pointing their transmission and reception beams with 
a gain Gd. Node A cannot sense this transmission. While this 
communication is in progress, assume that node A has a packet to 
send to node E. Node A senses the channel with a directional beam 
(of gain Gd) pointed towards E and concludes that the channel is 
idle. Subsequently, it sends a DRTS to node E. However, since 
node F is receiving DATA with a gain Gd with a beam pointed 
toward node B (and node A), it is possible that the DRTS from A 
interferes at node F. In other words, sender and receiver nodes with 
transmit and receive gain of Gd and Go respectively, maybe out of 
each other’s range, but may be within range if they both transmit 
and receive with gain Gd (note that Gd is greater than Go).
While such hidden terminal problems are possible, closer 
examination revealed that they may not be frequent. Considering 
the example in fig. 1, node A may not always interfere with packet 
reception at node F (from B) because node A will almost certainly 
be further away from F than B. If node F locks on to signals from 
node B, then interfering at F can be rare–to interfere, A must be 
far enough from B to not sense B’s transmission through B’s 
back lobes, and yet needs to be close enough to F to cause a 
collision.

2. Hidden Terminal Due to Unheard RTS/CTS
Assume that in fig. 1, E is transmitting a packet to D. While this 
transmission is in progress, node B sends a RTS to node F. F 
responds with a CTS. Although E may be within the transmission 
range of F, it does not receive the CTS, since it is beamformed 
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in the direction of D. On receiving the CTS from F, B starts 
transmitting data to F. While communication between B and F 
is in progress, assume that E finishes transmitting to D  and now 
wants to transmit to F (or any other node in the direction of F). E 
’s DNAV table indicates that it is free to transmit towards F and 
on performing physical carrier sense, E finds that the channel 
is idle. E transmits the RTS and a collision occurs at F (since 
F’s receiving beam is pointing in the direction of E). Such kind 
of hidden terminal problems can be frequent with directional 
communications, but may not arise in the case of omnidirectional 
transmissions. With omnidirectional transmissions, node B may be 
aware of the ongoing transmission from E. This would prevent B 
from transmitting the RTS while E is engaged in communication. 
This clearly suggests a potential tradeoff between spatial reuse 
and collisions when using directional antennas.

B. Underutilization
When using Basic DMAC, the communication range is bounded 
by the product of Gd x Go. This is because an idle receiver receives 
a directional RTS in the omni mode. However, as discussed earlier, 
it is possible for nodes to communicate over a longer range if both 
the transmitter and the receiver could agree to beamform at each 
other at the same time. In sucha case the communication range 
would be greater–bounded by Gd x Gd ( Gd ≥Go). Basic DMAC fails 
to exploit this potential of range extension, possible when all nodes 
are in the network are equipped with directional antennas.

C. Deafness
Another drawback of directional beam forming is deafness. We 
explain deafness [11] using the scenario in fig. 3. Assume that 
node C and B have packets to send to node (node A being the 
common receiver for both the flows). At any given instance, if A 
is receiving B’s packet, C would be unaware of it (when using 
Basic DMAC) and may transmit a RTS meant for A. Since A 
would be beam formed in the direction of B,does not receive the 
RTS and consequently does not respond with a CTS. Node C, on 
receiving no response from A, doubles its contention window, 
chooses a new back off interval from the new window, and begins 
counting down. When the countdown reaches zero, C retransmits 
the RTS. Retransmissions can go on multiple times until A has 
finished the dialog with B, and has switched back to the omni 
mode. Unproductive retransmissions from C are an outcome of 
deafness. Now consider the case where B has multiple packets 
to send to A. Once B has finished transmitting the first packet, 
it immediately prepares to transmit the next packet by choosing 
a back off interval from the minimum contention window [0, 
CW min]. It is likely that node C is still engaged in the back off 
phase when B finishes counting down its small backoff value for 
the second packet. B acquires channel access. This can continue 
for a long time, causing C to drop multiple packets before it gets 
fortunate enough to steal channel access from B.
After this point B encounters repeated deafness, and continues to 
drop packets whenever it exceeds the retransmission threshold. 
Multiple packet drops at the source node, without actual congestion 
or link failure, can adversely affect performance. Higher layer 
protocols, that use packet drops as indicators of the network 
condition, may be misled. End-to-end throughput and latency 
can degrade. Deafness also leads to short-term unfairness between 
flows that share a common receiver [11].

Fig. 3: An Example Scenario Depicting the Possibility of 
Deafness

Now consider another case in which node C intends to send packets 
to A, and A intends to originate packets meant for B. In other words, 
node A is both a receiver and a traffic originator. Also assume that 
both the originator of the flows (A and C) are always backlogged. 
Observe that once A has finished transmitting a packet, it beam 
forms immediately in the direction of B, mode, forcing C to 
drop all packets during the interval. Since C continues to remain 
beamformed towards A while attempting transmission, another 
node, say D, trying to communicate to C, may also experience 
prolonged deafness. A “chain” is possible in which none of the 
nodes communicate successfully – a “deadlock”. This is a serious 
problem, caused when the intended receiver of a node is itself a 
traffic originator [12].

V. Conclusion
The “deadlock” can be pronounced in the case of ad hoc networks 
because nodes that forward traffic on behalf of other nodes, may 
also originate data traffic themselves. A simple modification to 
Basic DMAC can reasonably address this problem. Observe that 
the problem of deadlock arises primarily because the “deaf” 
node always remains beam formed towards its intended receiver. 
Node A performs carrier sensing, back off, transmission, and 
retransmission, all in the directional mode. This deprives node C 
the chance to communicate to A. The proposed variation to Basic 
DMAC,in which nodes switch back to the Omni directional mode 
while counting down their back off values. Once the back off timer 
expires, a node beam forms towards its intended receiver and 
initiates transmission. While backing off in the Omni directional 
mode, a node senses the carrier busy only if a signal arrives from 
the direction in which the node intends to transmit. However, if an 
RTS or CTS arrives from other directions, a node will be capable of 
receiving them. This mitigates the “deadlock” problem. However, 
the possibility of hidden terminal problem due to asymmetry in 
gain increases if nodes remain in the Omni directional mode.
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