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Abstract Directional communication in wireless sensor networks minimizes interference
and thereby increases reliability and throughput of the network. Hence, directional wireless
sensor networks (DWSNs) are fastly attracting the interests of researchers and industry
experts around the globe. However, in DWSNs the conventional medium access control
protocols face some new challenges including the synchronization among the nodes,
directional hidden terminal and deafness problems, etc. For taking the advantages of spatial
reusability and increased coverage from directional communications, a low duty cycle
directional Medium Access control protocol for mobility based DWSNs, termed as DCDMAC, is developed in this paper. To reduce energy consumption due to idle listening, duty
cycling is extensively used in WSNs. In DCD-MAC, each pair of parent and child sensor
nodes performs synchronization with each other before data communication. The nodes in
the network schedule their time of data transmissions in such a way that the number of
collisions occurred during transmissions from multiple nodes is minimized. The sensor
nodes are kept active only when the nodes need to communicate with each other. The DCDMAC exploits localized information of mobile nodes in a distributed manner and thus it
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gives weighted fair access of transmission slots to the nodes. As a final point, we have
studied the performance of our proposed protocol through extensive simulations in NS-3
and the results show that the DCD-MAC gives better reliability, throughput, end-to-end
delay, network lifetime and overhead comparing to the related directional MAC protocols.
Keywords Wireless sensor networks  Medium access control  Directional antenna 
Synchronization  Duty cycle  Spatial reuse

1 Introduction
Latest researches have drawn a great attention in wireless sensor networks (WSNs) because
of its evolving applications in many fields like—smart spaces, robotic exploration, battlefield monitoring, disaster monitoring, emergency health care, infrastructure monitoring
and precision agricultural system, etc. These types of applications are bandwidth hungry
and demand novel mechanisms that can increase the data delivery performance of the
network. Contrasting to sensor networks that use omni-directional nodes, the DWSNs with
directional sensor nodes can attain greater transmission range and throughput with minimum interferences and reduced energy consumption, etc [1, 2]. Recently, numerous
coverage and surveillance applications are using sensors with directional antennas like
multimedia and camera sensors [3–7]. Then again, a large network can be covered with a
mobile infrastructure compared to a static infrastructure using less number of sensor nodes.
Furthermore, a mobile sensor network has better energy efficiency and improved target
coverage compared with a static sensor network. But the performance of the network could
be degraded due to the state of mobility.
A sensor node with omni-directional antenna in WSNs generates interference in the
neighborhood [8], which bounds spatial reusability of network [2]. On the other hand,
directional antenna emphases on transmitting signal into one particular direction which
leads less interference and improved spectrum utilization in the network. Thus, higher
spatial reusability can be achieved with directional antennas by reducing the interference.
Some directional nodes in a neighborhood are shown in Fig. 1; neighboring nodes can
communicate to each other while particular source (S) and destination (D) nodes are
transferring data in the identical channel, that is quite difficult in omni-directional case.
At present, the opportunity of getting lower cost sensor devices and the advancement of
novel methods for signal processing have facilitated a conducive situation for WSNs with
smart directional antennas [3]. Unfortunately, some new problems also introduce in
DWSNs like—hidden and exposed terminal, deafness and asymmetry-in-gain problems. A
number of medium access control (MAC) protocols for WSNs—R-MAC [9], S-MAC [10],
B-MAC [11, 12] etc, based on duty cycling, are already proposed in literature. However,
most of them are designed for omni-directional WSNs, which are not applicable for
DWSNs because these works are designed on the assumption that a node can overhear the
transmission signal of all its neighboring nodes.
For wireless ad hoc networks, there are a good number of medium access control
protocols with directional antennas in the literature [13–20]. Among them a very limited
number of works [21–23] address the MAC challenges for DWSNs. In PMAC [18], a
polling based directional MAC protocol is proposed for mobile wireless ad hoc networks,
where one-hop neighbors are discovered. The protocol proposes a mechanism that
schedules directional communications among sensor nodes so that exclusive access to the
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Fig. 1 Spectrum reuse in directional communication

medium can be shared among them. For a dense wireless network, it fails to properly
schedule all the transmissions as nodes do not give the weighted share of transmission
slots. In DU-MAC [21], the overhead of the network upsurges as an idle node constantly
switches its antenna sectors toward different directions for finding the surrounding
neighbors as well as their schedules. As a result, the energy consumption of the sensor
nodes is greatly increased for continuous rotations for sending the preambles prior to
packet transmission. Furthermore, both protocols do not study the many-to-one data
communication policy of DWSNs during the selection of the transmission and reception
beams of the sensors. Hence, it is hard to maintain the data transmission and reception
schedule properly that results loss of data.
The WSNs has some unique characteristics for data collection at the sink node from all
nodes in the network. In the environment of wireless network, the directional transmission
sometimes creates multifarious problems for the features of sensor networks, thus it
demands a different MAC protocol for DWSNs. The proposed DCD-MAC is a duty-cycle
based directional MAC protocol that collaboratively decides the transmission and reception time slots of the devices. Using a periodic neighbor discovery protocol [24], each
DCD-MAC node gets the neighbor list of the network. The DCD-MAC also adopts a tree
structure WSN, rooted at sink, where a child node has only one parent but a parent may
have multiple children. The DCD-MAC presents a new frame structure for data transmission having multiple slots; each transmission slot is cooperatively determined by
parent–child pairs. Before transmission, time synchronization is carried out by the parent–
child pairs. The prime benefit is that, parent and child nodes do not need to continuously
rotate their beams. Hence, a sensor in the network need not to be active when it does not
take part in communication. The proposed protocol is fully distributed and the scheduling
mechanism exploits sensor mote’s local information only, facilitating the development of a
scalable MAC protocol. This work is an extension of our previous work [25]. Here we have
consolidated the equations for protocol operation and developed the synchronization and
slot allocation algorithm, lemma for proving the protocol and also performed a theoretical
analysis for the synchronization between parent–child pair, which were not present in the
previous work. It is also mentionable that, we have done extensive simulation work in this
work to validate the protocol performance. What follows next are the summarization of the
key contributions of this paper:
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• In this paper, a MAC protocol for multi-hop DWSNs, namely DCD-MAC, based on
duty cycling is proposed.
• A new data transmission frame has been developed in DCD-MAC to facilitate
collision-free and energy-efficient data delivery.
• The DCD-MAC greatly reduces the medium access challenges caused by directional
transmission (discussed in Sect. 3).
• The DCD-MAC upsurges the lifetime of a network significantly by sending nodes into
sleep state whenever it is possible.
• The DCD-MAC is designed for multi hop data transmission approach of DWSNs to
increase end-to-end data delivery performance.
• Lastly, simulation experiment results from NS-3 [26] illustrate that the DCD-MAC
protocol achieves as much as 40 % performance improvement in terms of reliability
and throughput compared to PMAC and DU-MAC protocols.
The rest of this paper is organized as follows. The Sect. 2 reviews the related work and
the Sect. 3 describes the challenges of designing MAC protocol for DWSNs, in Sect. 4, we
define the assumptions and the system model of directional MAC design. The proposed
DCD-MAC is introduced in Sect. 5. A theoretical analysis for the protocol is presented in
Sect. 6. The performance analysis and simulation results are presented in Sect. 7, and
concluding remarks are given in Sect. 8.

2 Related Works
A good number of MAC protocols have been developed for wireless ad hoc networks using
directional antenna technology; however, very few works are found on that for wireless
sensor networks. In recent times, we find few DWSN MAC protocols addressing deafness
and hidden terminal problems [27–30]. Some protocols addressed also the asymmetry-ingain problem [16, 17]. Though these methodologies reduce the challenges, the protocol
operation overhead is very high which bound the spatial reusability.
Several researchers have developed random access based MAC protocol for ad hoc
networks [13–15, 18, 31]. One of the most primitive directional medium access control
protocols is DMAC [14]. The DMAC has a prior knowledge of all surrounding neighbors
and uses per sector blocking methodology so that once a node senses an ongoing RTS or
CTS packet, it blocks that particular sector for any further communication for that certain
period. In this protocol, a node uses omni directional antenna for transmitting its own RTS
packet which causes asymmetry in gain problem and for unnecessary blocking the performance of the proposed protocol degrades.
The Hidden and Exposed Terminal problems in directional sensor networks have been
addressed in [22, 23]. An energy-efficient directional MAC protocol is proposed for WSNs
in Sensor-MAC [22] that addresses the hidden and exposed terminal challenges. The
Sensor-MAC schedules the transmission of all nodes in the network so as to avoid packet
collisions. Nevertheless, the Sensor-MAC considers a single hop network, where a central/
sink node manages the transmission schedule of all sensor nodes in the network. A sectoredantenna-based MAC protocol, SAMAC [32] is proposed for WSNs which uses a TDMA
approach for nodes discovery and also for activating certain sectors. It computes the time
schedule in the sink node and then distributes the schedule to the whole network. Central
schedule computation increases the overhead for a large dense network. The PMAC [18] is
another directional MAC protocol that discovers the one-hop neighbors of each node. It uses
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polling mechanism to maintain the links of the discovered neighbors. The protocol
schedules the transmission and reception among all the nodes and at the scheduled time the
nodes communicate with each other using directional antenna. In DU-MAC [21], the
directional sensor nodes rotate their antenna continuously over 360 degrees to detect a
defined preamble. It addresses both the deafness and neighbor location determination
problems nicely. The aforementioned approaches failed to address the challenges of multihop wireless sensor networks in general, particularly for nodes with directional antennas.
None of these protocols introduce the Conflict of Interest problem, which is a very common
problem in DWSNs that appears during determination of data transmission schedules.

3 Challenges of Medium Access in DWSNs
The directional antennas allow simultaneous transmissions from nodes in the network
which increase the network bandwidth utilization. Nevertheless, the directional transmission and reception introduce supplementary problems in wireless medium access.
Specifically, directional antennas increase the chance of packet collisions due to new type
of hidden terminal, deafness, asymmetry-in-gain and conflict of interest problems for
DWSNs.

3.1 Hidden Terminal Problem
Generally, the hidden terminal problem is initiated by the simultaneous transmissions of
two or more nodes that cannot hear each other but they transmit to the same receiver [22].
In DWSNs hidden terminal problem arises because transmitter and receiver unhears
DRTS/DCTS frames because of directional transmission which doesn’t happen in omnidirectional transmission. Suppose, in Fig. 2, nodes D and E have data to send to node A and
D first sends an RTS. Unlike in omnidirectional case, here the node E is not aware of D’s
transmission and might send the RTS, causing a collision at A. Thus, the problem is more
acute in DWSNs than in WSNs because the collision domain due to hidden terminal
problem is increased.

Fig. 2 Network model
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3.2 Deafness Problem
In DWSNs, when the intended receiver of a sender is beam forming its antenna in a
different direction deafness problem happens. Suppose in Fig. 2, the parent node A receives packets from its two children D and E using two different beams. Although D is
sending data packets to A, the node E is unaware about that and it’s RTS packet to A will
not be replied. If the transmission from D to A prolongates, E experiences many retries and
thus it may wrongly regard A as unreachable whenever the retry limit exceeds.

3.3 Asymmetry-in-Gain Problem
In the literature, many existing MAC protocols [13, 14, 33] have used the combination of
directional and omni-directional antennas for communication. Most of the works have used
omni-directional transmissions/receptions for control packet exchanges and directional
transmissions for data packets. As a result, it introduces a heterogeneous transmission
environment in terms of transmission ranges of sender nodes and received signal strengths
at the receivers, which leads to asymmetry-in-gain problem [15]. Consequently, all the
desired nodes might not be informed about RTS/CTS transmissions of communicating
nodes and accordingly the number of mutually interfering nodes might be increased, which
in turn degrades the protocol performance.

3.4 Conflict of Interest
A key problem in DWSNs is to schedule the time at which a parent node gathers data from
one of its child nodes and for how long it points a particular beam to that child. When more
than one child nodes want to transmit their data packets at the same time slots to the same
parent node the conflict of interest problem arises. The problem may also appear if the
parent itself has data to send to its higher level at the same time. Hence, a good level of
synchronization is compulsory among all communicating pairs centered each parent node.

4 Network Model and Assumption
We consider a tree based Directional Wireless Sensor Netwroks (DWSNs), as shown in
Fig. 2. The deployed mobile sensor nodes are homogeneous are allowed to move within
the region. The mobile sensor nodes monitor different events and forward the collected
data to the sink node in a multi-hop manner. A neighbor discovery protocol [24] is
performed periodically to update the neighbor table of each node. We also assume that all
nodes know their next hop routing paths toward the sink using a static or dynamic routing
protocol. At a particular time, each node can directionally transmit or receive to another
node but can’t do both at the same time.
First and foremost, directional antenna systems are three types—Switched beam
antenna, Steered beam antenna and Adaptive antenna systems [34]. For the proposed DCDMAC, we use the switched beam antenna system, which consists of fixed, pre-defined and
highly directive beams for data transmission and each node for each transmission uses only
one of the beams. The directional antenna consists of fixed beam width h, and it can be
activated in M fixed directions where M ¼ 2p=h. A node may need to switch it’s antenna to
many sequential beam switches as there are many antenna beams, which is called sweeping
[21]. The received DOA (Direction of Arrival) from a neighboring node is used for
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tracking it’s position. For this protocol, we considered only the main lobe of the antenna
and other side lobes are negligible [14, 15].
Every single sensor node in the network is equipped with smart directional antennas and
a node N is shown in Fig. 3 which covers the area around it by M non-overlapping
directional beams. The node has one parent node P in beam 1 and it has three children in
Beam 4 and 5. All the sensors sent and receive their data and control packets using same
radio frequency channel.
In the duty cycling period, all the sensors remain in Active state and Sleep state periodically. In active mode, a node transmits or receives data according to its schedule. In the
allocation and data transfer phase, the sensors that are not scheduled for any data communication remain in sleep state and completely turn off their radio to save energy.

5 The DCD-MAC Design
In this section, we present the details operation of our proposed DCD-MAC. We first present a
new frame structure that addresses the challenges in directional transmission/reception,
mentioned in Sect. 3. A collision aware data transfer mechanism is then discussed, where
each parent–child nodes in the network synchronize with each other prior to any data communication. Thus, the proposed DCD-MAC implements a low-overhead duty-cycle medium
access control protocol, where the nodes wake up and sleep dynamically contingent to their
schedules. The terms, notations, and their semantics are given in Table 1.

5.1 The Frame Structure
Each frame in DCD-MAC is divided into adjacent time slots and the slots are grouped into
three phases: Synchronization, Allocation and Data Transfer, as shown in Fig. 4 having n1 ,

Fig. 3 Antenna pattern of a node consisting of M beams
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Table 1 List of notations

Symbol

Definition

N

Set of all sensor nodes

h

Beam width of antenna

M

Number of sectors/directions of each sensor

Wi

Set of free slots for node i in allocation phase

Wij

Set of matched free slots for i and j in allocation phase

ui

Set of free slots for node i in data transfer phase

uij

Set of matched free slots for i and j in data transfer phase

Ki

Number of requsted slots by node i for sending packets

tp

Set of scheduled slots from the parent in allocation phase

tc

Set of scheduled slots for the child in allocation phase

Sp

Set of scheduled slots for sending data in data transfer phase

Sc

Set of scheduled slots for receiving data in data transfer
phase

Nj

Number of allocated slots for each child node for data
transfer

n2 , and n3 number of slots, respectively. A guard time is kept in between two consecutive
slots. The main objective of the synchronization and allocation phases is to schedule the
data communication in the data transfer slots. The data transfer part is kept much greater
than the synchronization and allocation parts to minimize the control overhead; typically,
n1 ¼ n2 and n3  n1 ; n2 .
Each node tries to synchronize with its parent and child nodes by changing the antenna
sectors in different directions in Sync phase. Control messages are interchanged with each
other after the synchronization among them. Each child node communicates the counting of
data packets it assumes to send to its parent node. The detail mechanism is found in Sect. 5.2.
A parent node including the sink schedules the slots for data transfer for each of its child
nodes and also shares the allocated slots to the child nodes in Allocation phase. Consequently, every sensor knows its transmission and reception schedules for the data transmission phase. Section 5.3 presents the detailed mechanism of allocation phase.

Fig. 4 DCD-MAC frame structure
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In Data Transfer phase, a child node sends data to its parent while the parent moves its
antenna beam toward the child in the scheduled slot, as detailed in Sect. 5.4.

5.2 Parent–Child Synchronization
Without synchronization, it may happen that the parent looks in direction different from
the expected one by its child and no effective communication happens between them.
Thus, it is very important to synchronize the active sectors of communicating nodes prior
to data communication.
Each node finds the active sector of the neighboring nodes in the synchronization phase
(sync). There are four sub-slots in each sync slot: P1 , P2 , S1 and S2 , as shown in Fig. 4. If a
node has some data packets to send, it randomly selects a slot in the Sync phase and a pilot
tone is transmitted toward its parent node by that sender node in the first sub-slot P1 ; or
else, the node listen the medium to hear any pilot tone. Each node selects a random slot to
transmit pilot tone otherwise it may happen that two or more nodes will transmit pilot tone
continuously toward their parent node and collision happens repetitively. After receiving a
pilot tone in P1 , the node sends back a pilot tone to the child nod in P2 sub-slot after SIFS
time period (as in IEEE 802.11). A node activates its omni-directional antenna when it is
not transmitting pilot tone, i.e., when it is in idle mode. When a child node transmits any
pilot tone, its neighbor node hear the tone if the later is in omni-directional mode. It is
important that, the parent activates its antenna in omni-directional mode in idle state,
otherwise it may happen that, the child node continuously tries to synchronize with it’s
parent but the antenna sector of the parent node is activated toward another direction. As a
result, synchronization may not occur at all. Therefore, we opt that all DCD-MAC nodes
receive pilot tones in omni-directional mode and transmit in directional mode.
The parent–child pairs interchange the prerequisite informations in S1 and S2 sub-slots
after the successful handshaking between the nodes. A node calculates the required number
of slots for sending data packets toward its child node and sends tone toward its parent
node in S2 sub-slot so that they can be directed to each other in the Allocation phase.
Accordingly, the request message structure for data transfer is hID; Ki ; Wi i, here, ID is the
node identification, Ki contains the number of slots a particular node i needs to transmit
data packets to it’s parent and Wi represents the set of free slots in the Allocation phase of a
particular node i so that the parent node can determine a slot number in which the child
node will be directed to the parent for receiving allocated data transfer slots. To determine
the slot number for the Allocation phase in which they can be directed to each other, the
parent node in the network calculates the intersection of the free slots of own and children
by using Eq. 1 on reception of message from the child node.
Wpc ¼ Wp \ Wc

ð1Þ

Here, the set of free slots of parent is represented by Wp and the set of free slots of it’s
child is represented by Wc . Then the first slot of the set Wpc is chosen for Allocation phase
if jWpc j [ 1. Therefore, every child node gets slot number of the Allocation phase from its
parent. On the agreed slot, the parent gives the scheduled slot number for the data transfer.
Each parent node will have knowledge about the number of requested data packets for all
of it’s child nodes at the end of the Synchronization phase. Likewise, the parent node sends
the slot number of the Allocation phase toward its each child node when it announces the
data transfer slot to that child. An example scenario for the synchronization for the nodes
A, D, E, and I, is shown in Fig. 5.
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Fig. 5 Transmitter-receiver synchronization mechanism

Algorithm 1 Synchronization Algorithm, at each parent-child pair, (i, j) ∈ N
1. Synchronization Phase starts
2. while (i, j are in sync phase) do
3.
if i is IDLE and has an unsynchronized child then
4.
Continue listening in omni-directional mode
5.
if i receives a pilot-tone in P1 sub-slot from j then
6.
i steers it’s antenna beam towards j
7.
i sends a pilot-tone in sub-slot P2 to j
8.
i receives < j,K j ,Ψj > in sub-slot S1 from j
9.
i determines the slot numbers for j for Allocation Phase using Eqn 1
10.
i sends the allocated slot number to j in sub-slot S2
11.
end if
12.
end if
13.
if j has data to send to it’s parent i then
14.
j steers it’s antenna towards i
15.
while j does not receive P2 from i do
16.
j sends a pilot-tone in P1 of next sync slot
17.
end while
18.
j sends < j, K j , Ψj > to i in sub-slot S1
19.
j receives the slot number for Allocation Phase in sub-slot S2 from i
20.
end if
21.
if Synchronization is not done with any node then
22.
Sleep up to next sync phase starts
23.
else
24.
Allocation Phase starts
25.
end if
26. end while

5.3 Transmission Slot Allocation
Parent nodes in the network fix the number of data transfer slots in the Allocation phase that
can be allocated for its child nodes ensuring their requirements in the Synchronization phase.

123

A Low Duty Cycle MAC Protocol for Directional Wireless...

If the number of free spaces in the buffer of a parent node i is jui j, it allocates at most jui j
number of slots to its child nodes since each slot in the Data Transmission phase is corresponding to transmission-reception of data packet. A DCD-MAC parent node i gives
weighted share of the total number of slots to each of its n number of child nodes j using Eq. 2,
k
j K
j
 jui j ;
N j ¼ Pn
ð2Þ
j¼1 Kj
where, Kj is the number of slots requested by the child node j.
Note that a race condition may be arised among the parent–child pairs while determining the
slots. It occurs when multiple parent nodes attempts at the same time to allocate a single time slots
to their respective children. For example, in Fig. 2, the parent node D has already allocated slots
{3,4,5} and {6,7} to its child nodes I and J, respectively; however, the parent node A does not
know that. In such a case, the parent A might also attempt to allocate the same or overlapping slot
numbers to its child nodes, leading a race condition for the node D.
The propagation of the slot allocation process from the sink node of the tree to the lower levels
is a naive solution for the problem. With this approach each parent node is induced to allocate the
child nodes its free slots only. However, for a large scale wireless sensor networks, this solution is
quite impractical and also not scalable, imposing the strict requirement of clock synchronization
among the all nodes. The proposed DCD-MAC protocol provides a distributed solution to this
challenge. The Allocation slot in each data frame is divided into two sub-slots: a1 and a2 . Each
node i in the network has a set ui , which contains the free slot numbers of the node in the Data
Transfer phase. The node i then allocates the required slots from ui for data transfer to its
child. After allocating Sc slots to a particular child node, this ui of the node is updated as,
ui ¼ ui n SC :

ð3Þ

In sub-slot a1 , a child node j shares its free slots uj with its parent i. Similarly, i replies
with Allocj (set of allocated slots) to j, chosen from the slots that are free both at i and j, uij ,
computed using Eq. 4.
uij ¼ ui \ uj
ð4Þ
Consequently, the DCD-MAC develops a distributed slot allocation process. Each parent–
child pair in the network is independent from others while allocating data transmission slots
and exploits local information only. From the list of free data transmission slots the DCDMAC parent nodes allocate slots to their child nodes serially. The sleep periods of the nodes
are increased and the state transition overheads are decreased through such a distributed
scheduling process in Allocation phase of the DCD-MAC. In the Allocation phase, all nodes
having no (transmit or receive) communication requirement will be in sleep state.
Algorithm 2 Transmission Slot Allocation Algorithm, at each parent-child pair, (i, j) ∈ N
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

while (i is in Allocation Phase) do
i wakes up for tc period in Allocation Phase
i receives ϕ j from j in α1 sub-slot
i computes Alloc j using Eq. 2 and Eq. 4, ∀ j
i sends Alloc j to j in α2 sub-slot
end while
while ( j is in Allocation phase) do
j wakes up for t p period in Allocation phase
j sends ϕ j in α1 sub-slot to i
j receives Alloc j in α2 sub-slot from i
end while
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5.4 Data Transfer Mechanism
In the data transfer phase, the data transfer among all nodes take place. In the scheduled
data transfer slots, the parent–child pair that want to communicate with each other direct
their antenna beams in the direction to each other. The data packets are then sent to the
parent nodes from their children nodes in the data transfer phase.
Lemma 1 No two siblings will get the same scheduling slots in the Data Transfer phase.
Thus, the transmissions from sibling nodes will never collide.
Proof We use proof by contradiction to prove this lemma. Let P be the proposition, ‘‘No
two siblings will get the same scheduling slots in the Data Transfer phase.’’ Suppose :P is
true, i.e, two sibling nodes will get the same scheduling slots in the Data Transfer phase
and their transmissions will collide with each other.
Suppose A is a parent node and D and E are two child nodes as given in Fig. 2. In the
Sync phase D and E requests slots to transmit data packets to A. A gives weighted share of
total slots to each child node in such a way that transmission from it’s children will never
collide with each other. After the Synch phase A knows the data transmission requirements
of D and E. Accordingly, A allocates slots to D and E in the Allocation phase for
scheduling the data transfer. A allocates the SD and SE slots for data transfer to D and
E from it’s free slots which is maintained by Eq. 3.
Suppose the set of free slots available at node A is, uA = 2, 3, 4, 5, 6, 9, 10, 11, 12, 14 .
After getting the requirement of D it gives SD = 2, 3, 4 slots to it’s child D. Now, using
Eq. 3 the uA becomes 5, 6, 9, 10, 11, 12, 14. After allocating these slots parent A will
allocate SE = 9, 10 from the new uA .
Now we can find that,
SD \ SE ¼ /

ð5Þ

So, we can see that SD and SE has no common slots. This is a contradiction, since we have
stated that, two siblings will get the same scheduling slots.
Hence, :P is false, so P : ‘‘No two siblings will get the same scheduling slots in the
Data Transfer phase.’’ is true.
h
The communicating parent–child pairs are synchronized with each other prior to the
data transmission. According to the schedule, data packets are sent and received in the predefined slots. Though, if the neighboring nodes are directed toward the same receiver a
small possibility of occurring collisions still remains. Because, during the synchronization,
the communicating nodes check their own free slots but the data slots of the surrounding
neighbor nodes are not checked for the scheduling. If transmission of two neighboring
nodes happen at the same time, a collision is occurred. The introduction of Directional
Ready to Send (DRTS) and Directional Clear to Send (DCTS) control packets minimizes
the collision in the network. Following the procedure in the IEEE 802.11 standard protocols, the exchange of control packets DRTS and DCTS is adopted in our DCD-MAC and
it helps to reduce the collision significantly.
In DWSNs, the nodes could be idle for long time if there is no sensing event.
Throughout this period the data rate would also be very low. Consequently, it is not
required that the nodes in the network will remain active all the time. The active period of
the nodes can be greatly reduced by putting the nodes into periodic sleep state. The DCDMAC nodes go into sleep states after and before of the operational cycle as stated in
Sect. 4. The duty cycle of a node in the network is calculated as,
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Fig. 6 Data transmission in DCD-MAC

DutyCycle ¼



S c [ S p 
jSj

 100 %;

ð6Þ

where, S is the set of all data transmission slots, Sc is the set of slots in which a node
communicates with it’s child nodes and Sp is the set of slots in which it communicates with
the parent.
Accordingly, the nodes are sent to low-power sleep states during the non-active slots of
Allocation and Data Transfer phases except the Synchronization phase which leads to save
a good amount of energy. The Fig. 6 shows a simple scenario of data transmission between
parent node A and its child node B. After the synchronization is done, the sender and
receiver set up a wakeup time for themselves for data transmission. The nodes A and B will
wake up only when they need to communicate with each other, rest of the time both nodes
remain sleep to save the energy.

6 Analysis of Synchronization Slots
The success probability of synchronization between each pair of parent–child nodes puts
great impact on the performance of the proposed DCD-MAC protocol. In this section, we
provide the statistical analysis for synchronization success probability Ps and the expected
number of the synchronization slots E[s] required for synchronization for a certain
neighborhood in the mobile network.
Given that, each parent has at most k child nodes, there are n synchronization slots in the
frame, and each sensor node has m sectors. For data transmission and reception, a sensor
node can be directed to one of m sectors for a particular time. In the Sync phase, a node in
the network can either transmit or receive pilot tone in a slot. More specifically, a node will
transmit pilot tone toward its parent node if and only if it has data packets in its queue.
While transmitting pilot tone, the node remains in directional mode. On the other hand,
there is no packet to transmit i.e, the node need not to communicate with it’s parent node, it
waits to receive pilot tones. For pilot tone reception, the node remains in omni-directional
mode so that it can receive the pilot tone from any of its child nodes. Therefore, in Sync
phase, the directional mode of a node is determined by its packet arrival rate. Lets consider
the packet arrival rate at sensor nodes follow Poisson distribution with rate k. Therefore,
probability that no packets arrive in a particular node’s queue during time duration t is
calculated as,

123

F. N. Nur et al.

Po ¼

ðktÞ0 ekt
¼ ekt :
0!

ð7Þ

Therefore, Po is the probability that the node will remain in omni-directional mode and
the probability that the node will be in directional mode is,
Pd ¼ 1  Po

ð8Þ

Now, any pair of parent–child in Fig. 2, where the child has data to send, needs to
synchronize with each other. For example, child node E requires synchronization with its
parent A in a particular slot of Sync phase. The node A should be in receiving mode, i.e.,
the antenna of A should be in omni-directional mode. This event can be happened with
probability PAo . In the same way, node E should be in transmitting mode with it’s directional antenna beam forming towards A with probability m1  PEd . Additionally, we are
assuming that A has k children. So, successful synchronization between E and A imposes
the condition that none of the other ðk  1Þ child nodes try to synchronize with A at the
o k1
same Sync slot. The probability of the event is ð1  1P
.
m Þ
Henceforth, the probability that nodes A and E synchronize with each other in a particular slot of Sync phase is given by,


1
1  Po k1
A
E
ð9Þ
Ps ¼ Po   Pd  1 
:
m
m
Now, the probability that A and E synchronize with each other in any of the N slots of
Sync phase in a frame is calculated as,
Pf ¼ 1  ð1  Ps ÞN :

ð10Þ

Note that the number of slots required for E to get synchronized with A is a Geometric
random variable Y, and we find the probability that E finds A in exactly nth slot is:
PðY ¼ nÞ ¼ Ps ð1  Ps Þn1 ;

1sY

ð11Þ

The average number of time slots that the node E has to wait before synchronization is
given by,
E½n ¼
¼

1
X
n¼0
1
X

n  PðY ¼ nÞ
n  Ps ð1  Ps Þðn1Þ

i¼1

¼

ð12Þ

Ps ð1  Ps Þ

ð1  Ps Þ2
Ps
¼
ð1  Ps Þ
For a parent node synchronization with each of its child nodes is independent of each
other, i.e., the number of children nodes that will be synchronized in the Sync phase of a
frame is a binomial random variable. Therefore, the probability that c nodes are synchronized nodes is given by,
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(a)

(b)

Fig. 7 Statistical analysis of parent–child synchronization in Sync Phase. a Probability of synchronization
between parent–child. b Expected number of synchronized child nodes

Pc;N

 
k
¼
ðPf Þc ð1  Pf ÞÞkc :
c

ð13Þ

Then, the expected number of child nodes that would be synchronize with their parent
node within K number of slots is given by,
E½C ¼

K
X

k  Pc;N

ð14Þ

k¼1

We plot the probability of synchronization of a node in a network with it’s child nodes
within a particular frame for an example topology in Fig. 7. We know, for different
antenna beamwidths, m varies. For this experiment, we vary the beam width from 72 to
180 , ranging m from 2 to 5. In addition, we vary the number of sync slots from 0 to 16.
We also plot the expected number of child nodes that have been synchronized in synchronization slots for varying beam width.
From the graph of Fig. 7a, we observe that the larger the antenna beam width and the
larger the number of sync slots, the higher the probability that a particular child synchronize with by it’s parent within a specified number of slots in a frame. However, when
the antenna beam width is 180 , a particular parent node may have more child nodes than
that of bigger beamwidth. Hence, the collision between the child nodes increase at that
time. From the graph of Fig. 7b, we also observe that with the increasing number of
synchronization slots the number of expected child nodes that synchronize with their
parent node also increase.

7 Performance Evaluation
The performance of the proposed DCD-MAC protocol is evaluated and a comparative
study is carried out among the proposed DCD-MAC, DU-MAC [21] and PMAC [18]. The
DU-MAC operates in a distributed manner and aims to fulfill the same goals as in DCDMAC; and, PMAC is a directional MAC protocol, where neighbors are synchronized with
each other before data transmission in ad-hoc fashion.

123

F. N. Nur et al.

7.1 Simulation Environment
We implement the studied MAC protocols using ns-3 [26], a discrete-event network
simulator. The wifiSimpleAdhoc model is used for the simulation and a tree structured
mobile directional wireless sensor network with a sink node is deployed, where a neighbor
discovery protocol SAND [24] is run in periodic basis which allows each node to perform
neighbor discovery within a bounded time. Each node relays its neighborhood information
to the surroundings and makes a neighbor table for a certain interval. SAND performs
neighbor discovery in a serialized fashion allowing individual nodes to discover all
potential neighbors within a predetermined time. After neighbor discovery each node have
a knowledge about its surrounding neighbors and starts data communication in the
direction to the sink in multi-hop fashion. We have used the Friis Propagation Loss Model
to measure the available energy at the receiving and transmitting antenna and fragmentation is enabled for the large packets. For defining the channel characteristics and channel
properties the YansWifiPhy model is used. For mobility, the random waypoint mobility
model is used which includes pause time between changes in destination and speed. Each
node stays in one location for a certain period of time.
The network configuration parameters are shown in Table 2 and an example scenario of
the implemented topology in simulation environment is given in Fig. 8. We deploy the
sensors with uniform random distribution in a region of 500  500 m2 . Runtime of the
simulation is 1000 s. We run the simulation experiments 30 times, with different seed
values, and take the average for each graph data points. Three events are generated randomly for the simulation and the event description is given in Table 3.
Table 2 Simulation parameters
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Parameters

Value

Area deployment

500 m  500 m

Type of deployment

Uniform random

Number of nodes deployed

100–1000

Number of sectors

2–6

Transmission range

100 m

Sensing range

50 m

Initial node energy

5J

Synchronization phase slots

15

Allocation phase slots

10

Data transfer phase slots

75

Slot duration

5 ms

Packet size in sync phase

20 Bytes

Packet size in allocation phase

20 Bytes

Data packet size

512 Bytes

Data transmission rate

1 Mbps

Routing protocol

AODV

Channel model

Yans WiFi model

Propagation model

Friis propagation loss model

Application type

Event-driven

Mobility model

Random way point

Simulation time

1000 s

A Low Duty Cycle MAC Protocol for Directional Wireless...

Fig. 8 An example scenario for random node deployment in simulation environment
Table 3 Events and bursts
description

Event A

Event B

Event C

Burst 1

20–40 s

30–60 s

50–100 s

Burst 2

140–160 s

150–180 s

100–300 s

Burst 3

700–750 s

740–790 s

800–850 s

7.2 Performance Metrics
• Data delivery throughput of the network is computed as the number of data bytes
received by the sink in unit time. The higher value of throughput represents better
performance of a MAC protocol.
• Reliability is calculated as the ratio of the total number of unique packets received by
the sink within the delay-deadline to the number of packets generated by all the source
nodes. The transmission efficiency will be better with the higher value.
• Average end-to-end packet delay for a particular packet is measured by the time
difference between receiving time at the sink and packet generation time at the source.
These delays are averaged for all packets received by the sink during the simulation
period. Lower value of averaged end-to-end delay indicates better performance of the
protocol.
• Network lifetime is defined in several approaches in the literature studies. In this work,
it is calculated from the deployment time of the network to the time at which the first
node dies out of energy. This is an acceptable quantification since it is expected that the
rest of the nodes would also exhaust their energy soon after the first one.
• Protocol overhead is measures as the amount of control messages sent for a successful
data delivery. It is calculated as the ratio of control message bytes transmitted to the
data packet bytes delivered to the sink during the simulation period.
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7.3 Simulation Results
We study the performance of the DCD-MAC protocol for varying number of sensor nodes
and the data traffic rate deployed in the network . We examine the performances of two
versions of the proposed DCD-MAC protocol—with control packets and without control
packets.

7.3.1 Impact of Number of Sensor Nodes
The protocol performance is measured for varying number of directional sensor nodes
ranging from 100 to 1000 and the number of sectors of each sensor is fixed at 4. The packet
generation rate during the simulation time is 1.5 packets per second.
The graph in Fig. 9a, b shows that the average data delivery throughput and the average
end to end delay are increased with the growing number of sensing nodes in the protocols.
However, our DCD-MAC has more throughput and least delay compared to DU-MAC and
PMAC as it schedules the data transfer before transmitting data. Again, DU-MAC has an
extra overhead for maintaining the neighbors location and beam locking, unlocking and as
PMAC is designed for wireless ad-hoc network, it doesn’t perform well in wireless sensor
network scenario. Both the protocols are unable to synchronize properly with growing
number of sensor nodes.
As shown in Fig. 9c, the reliability is decreased in both protocols as the network
becomes dense, because with the growing number of nodes the probability of collision in
the network increases. Initially, the performance of DCD-MAC(without DRTS/DCTS)
remains almost same as the DCD-MAC(with DRTS/DCTS) but with the growing number
of nodes the probability of collision also increases and the DCD-MAC(with DRTS/DCTS)
achieves more throughput and reliability. The network lifetime and delay remain almost

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 9 Impacts of number of sensor nodes on performances of the studied MAC protocols. a Data delivery
throughput. b Average end-to-end packet delay. c Network lifetime. d Reliability. e Protocol operation
overhead. f Average duty cycle
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same in the DCD-MAC(without DRTS/DCTS) and the DCD-MAC(with DRTS/DCTS).
Figure 9d shows that, the lifetime of the network in DCD-MAC increase with the growing
number of nodes, whereas in DU-MAC, it remains almost in a stable state and it decreases
in PMAC.

7.3.2 Impact of Increasing Data Traffic
In this experiment, the number of deployed sensor nodes in the network is 500 and antenna
of each node has four sectors. We also assume that all data packets are homogeneous.
The graphs in Fig. 10a, b show that the average data delivery throughput and the
average end-to-end delay is increased with the increasing data traffic rate in all protocols.
We observe that our DCD-MAC has more throughput and least delay compared to DUMAC and PMAC. As the data rate increases the network nodes have to carry more traffic,
the additional traffic causes congestion in the network and the reliability decreases as
shown in Fig. 10c. Similarly, the increasing traffic puts energy burden on to the nodes,
because of fast exhaustion of node energy which reduces the network lifetime.

7.3.3 Protocol Operation Overhead
The protocol operation overhead of DCD-MAC protocol is compared with the studied
protocols as shown in Fig. 9e for varying number of sensor nodes. Our proposed protocol
has less overhead than the DU-MAC as active scanning is applied to each individual
sectors sequentially in the later. With the increasing number of sensor nodes, DU-MAC has
higher throughput as in DCD-MAC only the parent–child nodes are synchronized with
each other. Again, PMAC has also more overhead than both the other protocols because
synchronization is done among all the neighbors of a node.
(a)

(b)

(c)

(d)

(e)

(f)

Fig. 10 Impacts of increasing data traffic on performances of the studied MAC protocols. a Data delivery
throughput. b Average end-to-end packet delay. c Network lifetime. d Reliability. e Protocol operation
overhead. f Average duty cycle
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In Fig. 10e, we have shown the protocol operation overhead for varying number of data
traffic. Naturally, with the increasing number of data packets, the protocol overhead
increases as it takes more control messages to synchronize with each other.

7.3.4 Average Duty Cycle of DCD-MAC
The average duty cycles of the network for varying number of sensors and data traffic are
shown in Figs. 9f and 10f, respectively. From the Fig. 9f we observe that, the duty cycle of
proposed DCD-MAC protocol linearly increases with the growing number of sensor nodes.
All over again, the duty cycle of DCD-MAC slightly increases with varying data traffic,
and after a certain interval it becomes flat as shown in Fig. 10f. In DUMAC and PMAC,
the sensor nodes always remain awake and do idle listening for synchronization and node
discovery. Consequently, the duty cycle of DCD-MAC is always lower than the studied
protocols and it remains from 20 to 50 % with varying number of sensor nodes and data
traffic. The duty cycle of DCD-MAC without control packets increases as with growing
number of data packets the congestion among the neighborhood also increases and a sender
with it’s pending data must wait for next data frame when the medium is congested and has
to awake longer.

7.3.5 Impact of Varying Number of Sectors
For this simulation, sensor nodes are equipped with directional antenna of 2–6 sectors,
resulting in a 180–60 beamwidth respectively. Here, we assume fixed number of 650
sensor nodes and the traffic load is also fixed at 1.5 pps. The graph of Fig. 11, shows that

(a)

(b)

(c)

(d)

Fig. 11 Impacts of increasing number of sectors on performances of the studied MAC protocols. a Data
delivery throughput. b Average end-to-end packet delay. c Reliability. d Network lifetime
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when we are increasing the beam width the network performance is increasing gradually.
Again, when the sector is 6, the performance degrades than the situation when the sector is
5. This is not surprising, because it requires more slots for synchronization and also causes
greater collision among the transmissions from the sensor nodes. Similarly, the energy
consumption of node increases with the higher number of sectors for additional coordination activities among the nodes of the network and thus the network lifetime in the
studied protocol also slightly decreases as shown in Fig. 11d.

8 Conclusion
In this paper, a low duty cycle distributed MAC protocol DCD-MAC is proposed for
Directional Wireless Sensor Networks. The proposed mechanism ensures synchronized
transmission-reception between all parent–child pairs. All DCD-MAC nodes schedules the
collision free data transmission slots in distributed manner. Each parent allocates slots to
its child nodes proportionate to their requirements. Thus, an energy-efficient and highly
scalable protocol is developed that allows a sensor node to switch into sleep state whenever
it is not scheduled to receive or transmit any data packets. We have also presented an
analytical model for the synchronization among nodes in the network. The results of
simulation study show the effectiveness of the proposed DCD-MAC protocol in terms of
throughput, delay, reliability, and network lifetime performances.
Acknowledgments The authors would like to extend their sincere appreciation to the Deanship of Scientific
Research at King Saud University for its funding of this research through the Research Group Project no.
RGP-281. Special thanks to the ICT Division of the Government of Bangladesh for student fellowship.

References
1. Winters, J. H. (1998). Smart antennas for wireless systems. Personal Communications, IEEE, 5(1),
23–27.
2. Ramanathan, R. (2001). On the performance of ad hoc networks with beamforming antennas. In
Proceedings of the 2Nd ACM international symposium on mobile ad hoc networking&Amp; computing,
MobiHoc (pp. 95–105). ACM.
3. Akyildiz, I. F., Melodia, T., & Chowdhury, K. R. (2007). A survey on wireless multimedia sensor
networks. Computer Network, 51, 921–960.
4. Cai, L. X., Cai, L., Shen, X., & Mark, J. W. (2007). Efficient resource management for mmwave wpans.
In Wireless communications and networking conference, 2007. IEEE (pp. 3816–3821).
5. Islam, Md., Ahasanuzzaman, Md., Razzaque, Md., Hassan, M. M., & Alamri, A, et al. (2014). A
distributed clustering algorithm for target coverage in directional sensor networks. In Wireless and
mobile, 2014 IEEE Asia Pacific conference on (pp. 42–47). IEEE.
6. Sharmin, S., Nur, F. N., Razzaque, M. A., & Rahman, M. M. (2015). Network lifetime aware area
coverage for clustered directional sensor networks. In Networking systems and security (NSysS), 2015
international conference on (pp. 1–9).
7. Mofijul Islam, Md., Ahasanuzzaman, Md., Abdur Razzaque, Md., Hassan, M. M., Alelaiwi, A., &
Xiang, Y. (2015). Target coverage through distributed clustering in directional sensor networks.
EURASIP Journal on Wireless Communications and Networking, 2015(1), 1–18.
8. Le, T. A., Hong, C. S., Abdur Razzaque, Md., Lee, S., & Jung, H. (2012). EC-MTCP: An energy-aware
congestion control algorithm for multipath tcp. IEEE Communications Letters, 16(2), 275–277.
9. Du, S., Saha, A. K., & Johnson, D. B. (2007). RMAC: A routing-enhanced duty-cycle mac protocol for
wireless sensor networks. In INFOCOM 2007. 26th IEEE international conference on computer
communications. IEEE (pp. 1478–1486).

123

F. N. Nur et al.
10. Van Dam, T., & Langendoen, K. (2003). An adaptive energy-efficient mac protocol for wireless sensor
networks. In Proceedings of the 1st international conference on embedded networked sensor systems,
SenSys (pp. 171–180). ACM.
11. Polastre, J., Hill, J., & Culler, D. (2004). Versatile low power media access for wireless sensor networks. In Proceedings of the 2nd international conference on embedded networked sensor systems,
SenSys ’04 (pp. 95–107). New York, NY: ACM.
12. Guerroumi, M., Pathan, A.-S. K., Badache, N., & Moussaoui, S. (2014). On the medium access control
protocols suitable for wireless sensor networks-a survey. International Journal of Communication
Networks and Information Security, 6(2), 89.
13. Korakis, T., Jakllari, G., & Tassiulas, L. (2003). A mac protocol for full exploitation of directional
antennas in ad-hoc wireless networks. In Proceedings of the 4th ACM international symposium on
mobile ad hoc networking&Amp; computing, MobiHoc (pp. 98–107). New York, NY: ACM.
14. Ko, Y.-B., Shankarkumar, V., & Vaidya, N. F. (2000). Medium access control protocols using directional antennas in ad hoc networks. In INFOCOM 2000, proceedings. IEEE (Vol. 1, pp. 13–21).
15. Abdullah, A. A., Cai, L., & Gebali, F. (2012). DSDMAC: Dual sensing directional mac protocol for ad
hoc networks with directional antennas. Vehicular Technology, IEEE Transactions on, 61(3),
1266–1275.
16. Gossain, H., Cordeiro, C., & Agrawal, D. P. (2005). MDA: an efficient directional mac scheme for
wireless ad hoc networks. In Global telecommunications conference, 2005. GLOBECOM ’05. IEEE
(Vol. 6, pp. 5–3637).
17. Jakllari, G., Broustis, I., Korakis, T., Krishnamurthy, S. V., & Tassiulas, L. (2005). Handling asymmetry
in gain in directional antenna equipped ad hoc networks. In Personal, indoor and mobile radio communications, 2005. PIMRC 2005. IEEE 16th international symposium on (Vol. 2, pp. 1284–1288).
18. Jakllari, G., Luo, W., & Krishnamurthy, S. V. (2007). An integrated neighbor discovery and mac
protocol for ad hocnetworks using directional antennas. In IEEE transactions on wireless communications (pp. 11–21).
19. Ali, A., Huiqiang, W., Hongwu, L., & Chen, X. (2014). A survey of mac protocols design strategies and
techniques in wireless ad hoc networks. Journal of Communications, 9(1), 30–38.
20. Cordeiro, C. D. M., Gossain, H., & Agrawal, D. P. (2004). A directional antenna medium access control
protocol for wireless ad hoc networks. Journal of Communication and Information Systems, 19(3),
61–73.
21. Karapistoli, E., Gragopoulos, I., Tsetsinas, I., & Pavlidou, F.-N. (2009). A mac protocol for low-rate
uwb wireless sensor networks using directional antennas. Computer Network, 53(7), 961–972.
22. Adere, K., & Murthy, G. R. (2010). Solving the hidden and exposed terminal problems using directional-antenna based mac protocol for wireless sensor networks. In Wireless and optical communications networks (WOCN), 2010 7th international conference on (pp. 1–5).
23. Zhang, S., & Datta, A. (2005). A directional-antenna based mac protocol for wireless sensor networks.
In Proceedings of the 2005 international conference on computational science and its applications—
volume part II (pp. 686–695).
24. Murawski, R., Felemban, E., Ekici, E., Park, S., Yoo, S., Lee, K., et al. (2012). Neighbor discovery in
wireless networks with sectored antennas. Ad Hoc Networks, 10(1), 1–18.
25. Nur, F. N., Sharmin, S., Razzaque, M. A., & Islam. M. S. (2015). A duty cycle directional mac protocol
for wireless sensor networks. In Networking systems and security (NSysS), 2015 international conference on (pp. 1–9).
26. Wu, H., Nabar, S., & Poovendran, R. (2011). An energy framework for the network simulator 3 (ns-3).
In Proceedings of the 4th international ICST conference on simulation tools and techniques (pp.
222–230). ICST.
27. Choudhury, R. R., & Vaidya, N. F. (2004). Deafness: A MAC problem in ad hoc networks when using
directional antennas. In Network protocols, 2004. ICNP 2004. Proceedings of the 12th IEEE international conference on (pp. 283–292).
28. Takata, M., Bandai, M., & Watanabe, T. (2007). A mac protocol with directional antennas for deafness
avoidance in ad hoc networks. In Global telecommunications conference, 2007. GLOBECOM ’07. IEEE
(pp. 620–625).
29. Korakis, T., Jakllari, G., & Tassiulas, L. (2008). CDR-MAC: A protocol for full exploitation of
directional antennas in ad hoc wireless networks. Mobile Computing, IEEE Transactions on, 7(2),
145–155.
30. Takata, M., Bandai, M., & Watanabe, T. (2006). A receiver-initiated directional mac protocol for
handling deafness in ad hoc networks. In Communications, 2006. ICC ’06. IEEE international conference on (Vol. 9, pp. 4089–4095).

123

A Low Duty Cycle MAC Protocol for Directional Wireless...
31. Bianchi, G. (2000). Performance analysis of the IEEE 802.11 distributed coordination function.
Selected Areas in Communications, IEEE Journal on, 18(3):535–547.
32. Felemban, E., Vural, S., Murawski, R., Ekici, E., Lee, Kangwoo, Moon, YoungBag, & Park, Sangjoon.
(2010). SAMAC: A cross-layer communication protocol for sensor networks with sectored antennas.
Mobile Computing, IEEE Transactions on, 9:1072–1088.
33. Nasipuri, A., Ye, S., You, J., & Hiromoto, R. E. (2000). A mac protocol for mobile ad hoc networks
using directional antennas. In Wireless Communications and Networking Confernce, WCNC. 2000
IEEE, 3, pp. 1214–1219.
34. Janaswamy, R. (2001). Radiowave propagation and smart antennas for wireless communications.
Norwell, MA: Kluwer Academic Publishers.
Fernaz Narin Nur received her B.Sc. (Hons) from the Department of
Computer Science and Engineering, Jahangirnagar University, Bangladesh in 2008 and M.S. from Institute of Information Technology,
University of Dhaka, Bangladesh in 2010. She is now a Ph.D. student
in the Department of Computer Science and Engineering, University of
Dhaka, Bangladesh. She is a member of GNR (Green Networking
Research group), IEEE. Her research interests include Wireless Sensor
Network, Directional Wireless Sensor Network, Ad Hoc Networks,
MAC Protocols, Performance Analysis, etc.

Selina Sharmin received her B.Sc. (Hons) and M.S. degree from the
Department of Computer Science and Engineering, University of
Dhaka, Bangladesh in 2007 and 2009. She is now a Ph.D. student of
the same department. She is a member of GNR (Green Networking
Research group), IEEE.Her research interests include Wireless Sensor
Network, Directional Wireless Sensor Network, Ad Hoc Networks,
Coverage problems, MAC Protocols, Performance Analysis, etc.

123

F. N. Nur et al.
Md. Abdur Razzaque received his B.S. degree in Applied Physics
and Electronics and M.S. degree in Computer Science from the
University of Dhaka, Bangladesh in 1997 and 1999, respectively. He
obtained his Ph.D. degree in Wireless Networking from the Department of the Computer Engineering, School of Electronics and Information, Kyung Hee University, South Korea in August, 2009. He had
worked as an Assistant Professor in the Department of Computer
Science and Information Technology of Islamic University of Technology (IUT), Gazipur, Bangladesh. He was a research professor,
College of Electronics and Information, Kyung Hee University, South
Korea during 2010–2011. He is now working as a Professor in the
Department of Computer Science and Engineering, University of
Dhaka, Bangladesh. He is the group leader of Green Networking
Research Group (http://cse.du.ac.bd/gnr) of the same department. He
has been teaching a good number of courses related to Computer
Networks, Wireless and Mobile Systems, Security, Information
Technology Project Management, etc. to graduate and undergraduate students of reputed universities. He is
also working as the principal investigators of some national and international research projects funded by
Government of Bangladesh and Information Society Innovation Fund (ISIF) Asia. His research interest is in
the area of modeling, analysis and optimization of wireless networking protocols and architectures, Wireless
Sensor Networks, Body Sensor Networks, Cooperative Communications, Sensor Data Clouds, Cognitive
Radio Networks, etc. He has published a good number of research papers in international conferences and
journals. He is an editorial board member of International Journal of Network and Distributed Systems. He
is a TPC member of IEEE HPCC 2012–2014, ICOIN 2010–2014, ADM 2014, NSysS 2014, etc. He is a
member of IEEE, IEEE Communications Society, IEEE Computer Society, Internet Society (ISOC), Pacific
Telecommunications Council (PTC) and KIPS.
Md. Shariful Islam received his B.S. and M.S. in Computer Science
from the University of Dhaka, Bangladesh. He obtained his Ph.D.
degree in Wireless Networking from the Department of the Computer
Engineering, School of Electronics and Information, Kyung Hee
University, South Korea in 2011. He is now working as a Professor in
the Institute of Information Technology (IIT), University of Dhaka,
Bangladesh. He has been teaching a good number of courses related to
Computer Networks, Wireless and Mobile Systems, Security, Information Technology Project Management, etc. to graduate and undergraduate students of reputed universities. He has research interests in
wireless networking, Wireless Mesh Networks, Information security,
Cloud computing, etc. He has published a good number of research
papers in international conferences and journals.

123

A Low Duty Cycle MAC Protocol for Directional Wireless...
Mohammad Mehedi Hassan is an Assistant Professor of Information
Systems Department in the College of Computer and Information
Sciences, King Saud University, Riyadh, Kingdom of Saudi Arabia. He
received his Ph.D. degree in Computer Engineering from Kyung Hee
University, South Korea in February 2011. He was a Research Professor at Computer Engineering department, Kyung Hee University,
South Korea from March, 2011 to October, 2011. He has authored and
co-authored more than 100? publications including refereed IEEE/
ACM/Springer journals, conference papers, books, and book chapters.
He has served as, chair, and Technical Program Committee member in
numerous international conferences/workshops like IEEE HPCC,
IEEE ICME, ACM Multimedia, ICA3PP, IEEE ICC, TPMC, IDCS,
etc. His research interests include Cloud collaboration, multimedia
Cloud, sensor-Cloud, mobile Cloud, Thin-Client, Grid computing,
IPTV, virtual network, sensor network, and publish/subscribe system.

123

