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Abstract

The energy-aware MAC protocol is the basic communication protocol for device-to-device communication in
sensor-cloud computing and facilitates data sensing, computing, and sharing for applications. Transmitting high-
priority data to control centers quickly to manage emergencies is essential for sensor-cloud applications. In this
paper, a Dynamic Wait time-based MAC (DWT-MAC) protocol is proposed for data differentiated services of a
sensor-cloud system (SCS). The DWT-MAC protocol is novel in that it changes the receiver wait time, which has
been fixed in previous MAC protocols, and it reduces the delay in data transmission by dynamically adjusting the
wait time. In the DWT-MAC protocol, the wait time changes according to the number of senders, which can ensure
that it always approaches the optimal value. A dynamic time adjustment algorithm, which causes the wait time to
always trail the optimal value, is proposed to reduce delays. While the DWT-MAC protocol cannot ensure wait times
of the optimal value, it can ensure that it quickly comes close to the optimal value, which is suitable for
dynamically changing networks. Extensive experiments show that the DWT-MAC protocol reduces the average
delay in the transmission of data of the highest priority by 49.3%.
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Introduction
Cloud computing has been widely used by the scien-
tific community and industry, because users can bene-
fit from computing infrastructures at low costs [1–3].
At the same time, big data networks have attracted
the attention of numerous researchers [4–6]. How-
ever, the development of big data networks is attrib-
utable to the development of numerous applications
with several sensing devices [7–9]. A sensor-cloud
system (SCS) combines cloud computing [10–12] with
sensor nodes [13–15] to sense, collect, process,
analyze, store and share data for various applications;
this combination has largely promoted the develop-
ment of big data networks [16–18].

In recent years, with the development of microproces-
sor technologies [19], devices connected to the Internet
have become more prevalent [20–22] with the number
of such devices anticipated to increase to 23 billion by
2020 according to relevant research [19]. The comput-
ing, storage, and communication power of these devices
has also developed considerably with network edges ac-
cumulating numerous resources for computing, storage,
and communication, forming the so-called edge network
[23–25]. This has resulted in a computation shift from
the cloud to the edge, and the combination of edge and
cloud networks has formed the edge cloud computing
mode, which has considerably changed existing networks
[26, 27]. However, most of these large devices are em-
bedded sensing devices, which are the main source of
big data networks. We can obtain large amounts of data
because these sensing devices can sense surrounding en-
vironments anytime and anywhere. A Cisco report
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shows that data flows generated by the Internet of
Things (IoT) account for 69% of data flows generated by
the Internet, reflecting a 30-fold increase relative to
levels in 2000. Data flows are still increasing, continu-
ously promoting the development of big data networks
[28]. Data transmission, data protection and intrusion
detection technologies can help guarantee the security of
IoT data [29].
However, numerous challenges still emerge when

massive data enter big data networks. Communication
between sensing devices follows a basic protocol [30]
and creates challenges in big data networks due to its
influence on every aspect of big data network per-
formance [31–36]. Device-to-device (D2D) communi-
cation has attracted considerable research interest as
a basic mode of network computing [30, 36]. The
MAC protocol is an important protocol of D2D com-
munication [30, 36]. It influences every aspect of
communication performance. Communication per-
formance is also affected by other communication
constraints such as bandwidth and communication
noise [34–36]. The two most important aspects of
communication it influences are as follows. (1) Energy
efficiency [37]. Generally, most sensing devices are
powered by batteries, which provide very limited en-
ergy, creating a need for high energy efficiency [38].
Under normal circumstances, node energy consump-
tion is divided into four states as follows: (a) sending
data; (b) receiving data; (c) idle listening; and (d)
sleeping. The first three states consume the most en-
ergy. Therefore, network nodes should sleep when
possible to save energy. In most cases, nodes work
based on a duty cycle [38], i.e., nodes periodically
shift between the active and sleep modes to save en-
ergy [39]. (2) Delay in data transmission. Transmitting
and storing data reliably and quickly is critical [40].
The delay in data transmission is the expected delay
in communication between devices and is mainly at-
tributable to communication protocols [3, 9, 30]. As a
node only sends and receives data when it is active,
when a node is sleeping, the sender must wait until
the receiver wakes for data operation [39], shortening
the node’s active time and increasing delays. At the
same time, when transmitting many-to-one data
through a sensor-cloud, different MAC protocols can
greatly influence delays.
The MAC protocol for sensor-cloud systems is divided

into two MAC protocols for actively initiating communi-
cation: (1) the sender-initiated MAC protocol and (2)
receiver-initiated MAC protocol. Under the sender-
initiated MAC protocol, when a sender has data to be
transmitted, the sender listens to and polls the channel,
and if the receiver is awake, the receiver can receive the
data transmitted by the sender and establish a

communication, resulting in data transmission. Under
the receiver-initiated MAC protocol, when the sender
must transmit data, it does not initiate data transmission
and must wait for a beacon from the receiver indicating
that the receiver is ready to receive data [41]. When the
receiver wakes, it actively sends the beacon to receive
data and initiate communication. As the sender waits for
the beacon, it can communicate with other receivers
until achieving data transmission [41].
In most sensor-cloud systems, sensing devices are rela-

tively dense, and there are always multiple sensing de-
vices with data to transmit at the same time within a
communication range; in other words, there are a many-
to-one cases of communication in which multiple
senders must transmit data to the same receiver [39].
Data from different senders usually is of varying priority
[41], and of course high priority data must be transmit-
ted first, as this is good for the system [41]. For example,
in an emergency, alarm data should be transmitted first
while less important data such as daily life data can be
transmitted later. Therefore, researchers have designed
data transmission protocols that prioritize data in the
MAC protocol layer. Such protocols are helpful, as in
many cases of sensor-cloud system communication,
there is only one channel, meaning that high priority
data must be transmitted first when multiple senders
must transmit data. Sarang et [41] developed an MAC
protocol allowing a receiver-initiated network to trans-
mit high priority data faster. Under this protocol, when
the receiver wakes up, it broadcasts a wake up beacon to
indicate that it is ready for data transmission; then, it
initiates a wait time of a fixed duration for sender nodes
to reply to it. The wait time is usually determined by the
number of sender nodes. Thus, if there are n sender
nodes, the receiver’s wait time is equal to the duration
required to transmit n Tx-Beacons. If the sender node
has data to transmit, it will listen to the channel. If it re-
ceives a wake up Beacon from the receiver, it transmits a
Tx-beacon to the receiver. Because a Tx-Beacon con-
tains priority data, after the receiver receives Tx-Beacons
from all sender nodes, it communicates with the sender
with data of the highest priority to transmit this infor-
mation faster.
While past studies have realized ways of transmitting

prioritized data, such methods present the following
shortcomings: (1) Long delays. When there are numer-
ous sender nodes, wait times are long, causing establish-
ing communication before data transmission to take a
considerable amount of time for each set of data and
resulting in long delays. In a multi-hop network, multi-
hop data transmission results in considerable delays. (2)
Inefficient energy consumption. While there are many
sender nodes in a network, not every sender node has
data to transmit most of the time. However, a receiver
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must reserve time to transmit Tx beacons for each
sender node. When some sender nodes do not have data
to transmit, some wait time is wasted because the re-
ceiver must reserve time for these sender nodes, result-
ing in long periods of empty consumption, invalid
energy consumption, and long network delays.
The above analysis shows that the current MAC

protocol for prioritized data is mainly limited in that the
wait time set by the receiver is not equal to the number
of sender nodes, and the fixed wait time results in long
delays and low energy efficiency. This is the case because
while a receiver may have multiple sender nodes, not
every sender node has data to transmit. The method re-
serves time for each sender node, which limits the proto-
col’s flexibility and performance. Thus, a more energy
efficient Dynamic Wait time-based MAC (DWT-MAC)
protocol with shorter delays is proposed in this work.
The paper makes the following contributions:

(1) In this paper, a Dynamic Wait time based MAC
protocol is proposed to reduce delays and enhance
the energy efficiency of data differentiated services
of a sensor-cloud system (SCS). The DWT-MAC
protocol differs from the previous strategy with a
fixed wait time by reducing data transmission delays
by dynamically adjusting the wait time. Under the
DWT-MAC protocol, wait times change depending
on the number of senders, which can ensure that
they are always close to optimal. This dynamic wait
time strategy with wait times always close to the
optimal value is intended to reduce delays. While
the protocol cannot ensure that wait times are al-
ways of the optimal value, it ensures that wait times
are close to the optimal value, making it very suit-
able for networks with changing data.

(2) Our numerous studies and experiments show that
the strategy proposed here is better than the
previous strategy. Under the DWT-MAC protocol,
when wait times exceed the number of senders (i.e.,
for f senders, the wait time exceeds the period re-
quired to transmit f Tx-Beacon), this has almost no
effect on high priority data. When wait times fall
below what is required for the number of senders
(i.e., wait times fall below what is required to trans-
mit f Tx-Beacon), this may influence some high pri-
ority data, but network data transmission delays can
be reduced. In both cases, the wait time is adjusted
before the next round of data transmission, causing
wait times to approach optimization. Our numerous
experiments show that the DWT-MAC protocol is
better than the previous strategy by 49.3%.

The rest of this paper is organized as follows. In “Re-
lated work” section, we review the related work. “System

model and problem statement” section describes the
network model and formulate the optimization problem
to reduce delay. In “The design of the DWT-MAC
protocol” section, we propose DWT-MAC protocol.
Simulation results are presented in “Experimental results
and analysis” section and the entire paper is concluded
in “Conclusion” section.

Related work
With the development of the Internet of Things (IoT)
[15], more and more sensor devices are deployed in vari-
ous applications, such as vehicles network [18, 42], traf-
fic monitoring, healthcare [43], security monitoring [44–
46], and industrial networks [47–49]). Numerous sensor
devices are used to sense and collect data, providing rich
data for various applications [50]. As the computing and
storage power of these devices has improved and with
the development of microprocessor technology, a major
shift in current network architectures has occurred. The
large number of computing and storing resources gath-
ered at the edges of networks have formed Edge net-
works. The center of network computing has thus
shifted from the cloud to the edge. Edge networks gener-
ate large amounts of data and have formed big data net-
works. The combination of these forms has led to a
considerable shift in network computing modes. Networks
are developing from those of single cloud computing
those combining edge and cloud computing [1, 2, 5, 7].
Among sensor devices, device-to-device communication

plays an important role in network performance. Data
transmission delays and network energy consumption are
two main issues of concern, and the basic MAC protocol
plays an important role in network performance. This sec-
tion introduces research conducted in this area.

MAC protocol
The MAC protocol is vital for device-to-device commu-
nication and directly influences network performance
through energy consumption, delays, etc. [3, 9, 30]. The
protocol has attracted considerable attention due to its
importance. Past works related to the research presented
this paper is introduced below.
In most networks, the time ratio for devices used in

data operations is not high. Therefore, most devices use
a duty cycle scheme, which causes devices to periodically
alternate between the awake and sleep modes. As de-
vices consume 1/1000 of their energy capacity when
asleep, a duty cycle scheme can save considerable
amounts of energy [39]. However, while a duty cycle
scheme can increase network lifetimes, it can have nega-
tive impacts on other areas of network performance. Its
influence on delays is the most significant. In a network
that does not use a duty cycle, multiple senders must
transmit data at the same time, increasing delays. In a
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network that uses the duty cycle, when a sender must
transmit data, it must wait until the receiver wakes, also
increasing delays. The Sensor-MAC (S-MAC) protocol
employs a duty cycle based the MAC protocol [51].
Under the S-MAC protocol, while nodes save energy by
periodically waking and sleeping, even when there is no
data operation, the amount of time spent awake is sta-
tionary. Therefore, researchers have proposed the Time
out MAC (T-MAC) protocol [52], which keeps time
spent awake constant even during times without data
operation under the S-MAC protocol. A node listens the
channel for a period of time, and when there is no data
operation, it goes to sleep to save energy, increasing de-
lays. Under duty cycle-based MAC protocol, the length
of a duty cycle influences delays most. Usually, the pro-
portion of awake time is greater and delays are shorter,
but energy consumption is higher [52–55].
The above analysis is based on the contention-based

MAC protocol, which requires devices to be periodically
awake even when there is no data operation. The Time
Division Multiple Access (TDMA) protocol [56] deter-
mines device work slots in advance. Devices are awake
during data operation and go to sleep when data oper-
ation is complete, saving energy. However, this MAC
protocol must plan work slots for each device before-
hand. Therefore, it is not suitable for dynamically chan-
ging networks [56].
Under the divided MAC, receiver-initiated MAC and

sender-initiated MAC protocols, one receiver and one
sender form the proactive side of data transmission [41].
The receiver-initiated and sender-initiated MAC proto-
cols are similar and differ only in the timing of data op-
eration. Under the sender-initiated MAC protocol, when
a sender has data to transmit, the sender uses to non-
stop polling channel, and the receiver listens to the
channel after it wakes; if the receiver finds a sender poll-
ing channel, it can communicate with the sender. It is
apparent that under this MAC protocol, both the polling
frequency of the sender and the time required for the re-
ceiver to listen to the channel will affect data transmis-
sion delays [41]. When the polling channel frequency of
the sender is high, the receiver receives polling signals
easier after it wakes, causing it to communicate with the
sender earlier and shorten data transmission delays.
However, the energy consumed by the sender increases.
The amount of time required for the receiver to listen to
the channel also affects delays, because when this period
is short, the receiver will go to sleep after listening; when
the sender has data to transmit in this period and a data
request must be sent, it must wait until the receiver
wakes, resulting in long delays.
On the other hand, under the receiver-initiated MAC

protocol, when a sender has data to transmit, it stays si-
lent and listens to the channel. The receiver broadcasts a

wake up beacon showing that it is ready to receive data
transmission requests from senders after wakes. There-
fore, after the sender receives the wake up beacon from
the receiver, the sender sends a Tx-Beacon requesting
data transmission. Thus, under the receiver-initiated
MAC protocol, the receiver’s wake up-Beacon influences
delays most. When a receiver only needs to send a wake
up-Beacon once, a sender waking before the receiver
sends a wake up-Beacon can receive the wake up-
Beacon and thus initiate data communication. Senders
waking after the receiver sends a wake up-Beacon and
wanting to establish data communication must wait for
the next cycle, increasing delays. When a receiver inter-
mittently sends a wake up-Beacon after it wakes, this
shortens delays but requires more energy consumption.

Priority data transmission
As delay sensitivity varies for different perceived data,
when large amounts of data must be transmitted at the
same time, prioritizing emergency data transmission is
essential for applications. For example, emergency data
related to fires, alerts and etc. must be transmitted as
soon as possible so that the decision center can address
the emergency quickly. Some works have thus focused
on priority data transmission. Priority data transmission
can be divided into the following types based on differ-
ent methods used:

(1) Priority data transmission in the MAC layer.
Priority data transmission based on the MAC layer
can transmit high priority data to the channel first
in the bottom layer of the network or transmit high
priority data after determining priorities, lowering
system costs and improving system performance.
The contention window is the amount of time
required for random backoff when multiple devices
are using a channel; devices randomly select a
period of time to wait for and listen to the channel,
and data transmission starts if the channel is still
idle after this period of time [57]. The length of the
contention window is critical to the contending
channel. Generally speaking, a contention window
has following effects on devices using a channel.
When a contention window is large, in terms of
probability, devices must wait a long time, so it a
device selects a shorter contention window,
shortening the wait time, the probability of winning
the competition for devices selecting a shorter
contention window is higher, increasing the
likelihood of data from these devices being
transmitted first [57]. Obviously, devices use smaller
contention windows for high priority data and
larger ones for low priority data. Therefore, high
priority data are likely to be successful in the
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contending channel, ensuring that high priority data
are sent first. Setting a smaller contention window
not only ensures that high priority data are sent
first, but also reduces delays because the contending
channel uses less time, reducing energy
consumption and increasing network lifetimes.
However, when the size of the contention window
is reduced, there will be more collisions channels
compete, degrading system performance. Priority
data transmission that involves setting the size of
the contention window is most advantageous due to
its low costs. With this method, the MAC protocol
need not pay extra costs for priority data
transmission. It only needs to change the size of the
contention window. However, for this method, data
priorities are undetermined, meaning that it is
impossible to determine which data are transmitted
first when there are multiple senders. This the case
because even when the contention window is small,
the wait time randomly selected by devices with a
small contention window may still be shorter than
that chosen by devices with a large contention
window, and thus devices with lower data priority
access the channel earlier. Therefore, this priority
data transmission method is effective, but it cannot
guarantee that high priority data are transmitted
first.

S. Sarang et al. [41] proposed another reliable strategy
for priority data transmission where high priority data
are transmitted first. In a receiver-initiated network,
after a receiver wakes, it broadcasts a wake up-Beacon
which indicates that a sender with data to transmit can
send a request to transmit data. A sender sends a Tx-
Beacon to request data transmission, and priority data it
wants to transmit is contained in the Tx-Beacon. The re-
ceiver returns the Rx-Beacon to select the sender with
the highest priority data after it receives Tx-Beacons
from all senders, and thus devices with high priority data
can transmit data first. This method guarantees that
high priority data are transmitted first. However, the sys-
tem’s costs are high, as a period of time is set for each
Tx-Beacon.

(2) Priority data transmission in the network routing
layer. Priority data transmission based on a network
routing layer is another commonly used and diverse
method. The priority queue method is frequently
used for priority data transmission and is based on
the network routing layer. The method sets
multiple queues by data priority, and senders
choose data to send by polling when they can send.
Polling starts with the highest priority queue, and if
there are high priority data to transmit, these data

are selected and sent; otherwise, the lower priority
queue is queried. Using this method can guarantee
that high priority data are transmitted first.
However, while the sender can ensure that its high
priority data are transmitted first, it cannot
guarantee that its data will be sent. When a sender
cannot send data, its high priority data cannot be
sent, limiting this method.

In the routing layer, data transmission delays not
only affect delays in each hop of data transmission,
but also the number of hops required for routing. If
the number of hops needed for data transmission
routing is large, delays will be long as well. Thus, a
routing path with few hops should be used for emer-
gency data. Interference emergency data routing
should be avoided by choosing the path with more
routing hops for data that are not urgent. To select
different routing paths based on data priority, Zhang
et al. [58] proposed the integrity and delay differen-
tiated routing (IDDR) strategy. Under the IDDR
scheme, delay-sensitive data choose the shortest
routing path for data transmission to guarantee delay
minimization. Longer routing paths for data that are
delay-insensitive but with high integrity requirements
are selected to prevent the shortest routing path
from being chosen by emergency data. Thus, integ-
rity is guaranteed, and network performance and
data transmission with different requirements can be
ensured by selecting different routing paths.

Table 1 Symbols used in this paper and their definitions

Symbol Definition

V All ordinary nodes in the network

W All nodes in the network

Pack All data generated in the network

Piac i-th data generated in the network

Phi All data of the highest priority generated in the network

Nhi Total volume of data of the highest priority in the network

T ig The time when i-th data are generated in the network

T ie The time when i-th data generated in the network are
successfully transmitted to the sink node

T it The packet delay of i-th data generated in the network

Tto The total delay of the network

Tave The average delay of highest priority packets in the network

T The time required for a cycle with the exception of the
wait time

Tw The wait time

Ttx The amount of time required to transmit a Tx-Beacon

Tcur The amount of time required for the network to initiate
a current

Liu et al. Journal of Cloud Computing: Advances, Systems and Applications            (2020) 9:48 Page 5 of 33



System model and problem statement
The network model
The network model used in this paper is similar to that
used in Ref. [41] as is described as follows: a wireless
sensor network contains a sink node and multiple ordin-
ary nodes with the same characteristic V = {v1, v2,……,
v(n − 1), vn}; for ease of expression, the network described
in this paper is abstracted to a plane tree network, and
each ordinary node in the tree network has sole parent
nodes but can have multiple child nodes. A tree network
with n ordinary nodes can be expressed as W = {sink, v1,
v2,……, v(n − 1), vn}, and the sink node is expressed as the
root node in the tree network. Each node in the sensor
network can sense its surrounding environment and can
send sensing data to the node in the next hop. The next
hop node makes fewer hops to the sink node, and the
node sends data to the sink node by multi-hop routing.
Ordinary nodes in the network are powered by batteries
of the same limited capacity, and they can harvest energy
from the surrounding environment; the energy of the
sink node is infinite.
Data priority is divided to four levels: P4 (emer-

gency), P3 (most important), P2 (important), and P1
(not important). P4 denotes the highest level of data

priority. Data in the network are expressed as Pack,
and data of the highest priority in the network are
expressed as Phi. Phi ⊆ Pack.
Some symbols used in this paper and their definitions

are given in Table 1.

The problem statements
Definition 1
Packet delay. The time required for the data is success-
fully transmitted to the sink node. If a data Pi

ac is gener-
ated at time Ti

g , it is successfully transmitted to the sink

node at time Ti
e . The packet delay Ti

t of these data can
be expressed as

Ti
t ¼ Ti

e − Ti
g ð1Þ

Definition 2
Total delay. The sum of the packet delay of multiple
data. If there are x data in the network, the total delay
Tto of these x data can be expressed as

Fig. 1 Data transmission process of the QPPD-MAC protocol

Fig. 2 Frame format of beacons
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Tto ¼
Xx

i¼1
Ti

t ð2Þ

In the network, the total delay should be as low as
possible to ensure the data can be transmitted in time
and processed quickly. Thus, the first focus of this paper
can be expressed as

min Ttoð Þ ¼ min
X

Ti
t

� �
j i∈Pack

s:t:Ti
t≠0 j i∈Pack

(
ð3Þ

Definition 3
Average highest priority packet delay. The average
packet delay for multiple data of the highest priority. If
there are x data of the highest priority in the network,
the average delay of highest priority packets Tave of these
x data can be expressed as

Tave ¼
Xx

i¼1
Ti

t

� �
=x ð4Þ

In the network, the average delay of highest priority
packets should be as low as possible to ensure that the
highest priority data can be transmitted as soon as pos-
sible and so that emergencies can be addressed earlier.
Thus, the second goal of this paper can be expressed as

min Taveð Þ ¼ min

P
Ti

t

Nhi

� �
¼ min

XTi
e − Ti

g

Nhi

 !
j i∈Phi

s:t:Ti
t≠0 j i∈Phi;Nhi≠0;Phi≠∅

8
><

>:

ð5Þ
Overall, we seek to minimize the total delay, D, and

the average delay of highest priority packets, A, which
can be summarized as follows:

min Dð Þ ¼ min
X

i∈Pack
ðTi

e − Ti
g

� �

min Að Þ ¼ min
X

i∈Phi

T i
e − Ti

g

Nhi

 !

8
>><

>>:
ð6Þ

The design of the DWT-MAC protocol
In improving the previous receiver-initiated MAC proto-
col, we first introduce the QoS MAC protocol for Priori-
tized Data (QPPD-MAC) below and improve it. After
discussing QPPD-MAC protocol communication, our
proposed protocol is given.

Background information
Communication under MAC protocols for prioritized
data such as the QPPD-MAC is illustrated in Fig. 1. The
network shown in Fig. 1 is a many-to-one data transmis-
sion network with three sender nodes that want to
transmit data to the same receiver. Nodes in the network

Fig. 3 Simplify the data transmission process

Fig. 4 An example of data transmission

Liu et al. Journal of Cloud Computing: Advances, Systems and Applications            (2020) 9:48 Page 7 of 33



with data to transmit wake and listen to the channel.
The receiver performs clear-channel assessment (CCA)
once it wakes to determine the status of the medium; if
the medium is idle, it broadcasts a wake up-Beacon indi-
cating that it is ready to receive data. The wake up-
Beacon contains a Source Address (SA) and Energy State
(ES) as shown as Fig. 2. The receiver then initiates a wait
time of duration Tw to receive Tx-Beacons from the
sender nodes, and the Tx-Beacon contains an SA,
Destination-Address (DA), Priority (PR), and Network-
Allocation Vector (NAV) (see Fig. 2). The duration of
wait time Tw is proportional to the number of sender
nodes N , and Tw not only contains the time length for
CCA but also the time length for the N Tx-Beacon. After
sender nodes receive the wake up-Beacon from the re-
ceiver, they send Tx-Beacons to the receiver after they
successfully compete for the channel. The receiver broad-
casts the Rx-Beacon with the address of the selected
sender when one of the following two conditions is met.
The Rx-Beacon contains an SA, Selected Node (SN), and
NAV (see Fig. 2). The two conditions are as follows:

(1) the timer expires and the wait time reaches the
predetermined value Tw;

(2) Timer cancelled, receiver received the Tx-Beacon
with the highest data priority. Sender nodes com-
pare the SN contained in Rx-Beacon to itself ad-
dress after successfully received Rx-Beacon, if the
SN is same as itself address, this indicates that this
sender node is selected for data transmission, and
this sender node transmits data packet after a Short
Interframe Space (SIFS), finally receiver reply a
ACK packet to the selected sender after successfully
received data packet. The above process completes
the data transmission of a data. Know from the
process, when there are multiple sender nodes
which have data need to be transmitted, it can
guarantee the data which obtain the chance for data
transmission must be the data with the relative
highest priority among all sender nodes, and finally
this data was transmitted to receiver. The subse-
quent data transmission process is same as above

process. The different just is there is no data to be
transmitted in sender 1, so sender 1 does not send
Tx-Beacon no longer, only senders which have data
need to be transmitted still send Tx-Beacon. But re-
ceiver did not know the sender 1 has no data to
transmit, Tw remains unchanged. The transmission
process is shown in Fig. 1. The frame formats of
beacons in the transmission process are shown as
Fig. 2.

Research motivation
From the MAC protocol for prioritized data, to transmit
high priority data first, it takes a long period of Tw to de-
termine what data to receive from which sender. A time
length of Tw can ensure that each sender sends a Tx-
Beacon for data transmission, ensuring that the receiver
selects the sender with the highest priority data among
N senders. This method guarantees that high priority
data are transmitted first, but it has the following
limitations:

(1) Long data transmission delays. The previous MAC
protocol based on data priority is similar in that
time length Tw is equal to the number of sender
nodes when there are multiple sender nodes. This
requires data to take a long time to establish
communication before data transmission, increasing
delays.

(2) Ineffective energy consumption. As mentioned
above, because a receiver needs set a period of
time for each sender node, it waits for sender
nodes sends a Tx-Beacon in this period of
time. However, while there may be multiple
sender nodes in a network, most of the time,
only some sender nodes have data to transmit,
resulting in long periods of empty

Fig. 5 Initial topology diagram of network 1

Table 2 The priority levels of data of each node in network 1

Node Data priority

v1 P4

v2 P3, P2
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consumption, ineffective energy consumption,
and long delays.

We use a concrete example to analyze the impact
of Tw on network performance. For ease of analysis,
for networks described in section 4, assume that no
new data are generated after data transmission in
each cycle. The index of node vc in the network (i.e.,
c) is larger, and this node can compete for the chan-
nel faster.
The MAC protocol proposed in this paper focuses

on the time used for high priority data, and the
transmission process is the same after communication
is established. Therefore, to make the transmission
process shorter and clearer, it is simplified as shown
in Fig. 3. Transmission from the receiver broadcasts a
wake up-Beacon until the receiver initiates the wait
time through a simplified Wake up (Wu) process.
The transmission process whereby the receiver broad-
casts an Rx-Beacon until data are successfully trans-
mitted to the receiver is simplified as the Data
transmit (Dt) process.
To accurately compare the optimization of Tw

under different MAC protocols, we do not use time
units to represent delays and instead use the number
of cycles and the required number of Tx-Beacons to
represent delays, which is more accurate. A delay in
this paper is defined as time used for multiple cy-
cles. The basic transmission process is generally the
same for each data transmission process. A node
wakes, a receiver sends a wake up-Beacon, the re-
ceiver sends a Rx-Beacon, the sender node sends a
data packet and the receiver returns a ACK packet.
The time required for each cycle is the same. The
cycles differ in transmission processes required for
receivers to initiate wait times and receive Tx-
Beacons. The wait time stops when the time expires
or is cancelled, and the timer is stopped depending
on how many Tx-Beacons are transmitted, resulting
in different periods of data transmission between cy-
cles. To facilitate comparisons, the time required for

the current cycle can be expressed as the total num-
ber of cycles passed and the total number of Tx-
beacons transmitted. The current time Tcur can be
expressed as:

Tcur ¼ yT þ zTtx

y indicates the total number of cycles passed until the
current cycle is reached, and z denotes the total num-
ber of Tx-Beacons received by the receiver until the
current cycle is reached. We provide an example to
explain our delay calculations. For the data transmis-
sion process shown in Fig. 4, using the above delay
calculation method, for data generated at time 0T +
0Ttx, a sender first sends a Tx-Beacon for the highest
priority data. Thus, the receiver’s wait time is can-
celled early. When the receiver successfully receives
data of the highest priority, the network passes a
cycle, and the receiver receives 1 Tx-Beacon. The
total delay of this transmission process is expressed
as 1T + 1Ttx. The packet delay of the data of the
highest priority is 1T + 1Ttx, as only one set of data
of the highest priority is successfully transmitted. The
average delay of highest priority packets is expressed
as 1T + 1Ttx.
In the following, we analyze limitations of the previ-

ous MAC protocol and describe the DWT-MAC
protocol proposed here. We use network 1 as an ex-
ample to illustrate limitations of the previous MAC
protocol. An initial topology diagram of network 1 is
shown in Fig. 5, and the priority levels of data from
each node in network 1 are listed in Table 2. Delays
of the three cases experienced when the length of Tw

Fig. 6 The transmission process when Tw = 3Ttx in network 1

Table 3 Symbols used in Algorithm 1 and their definitions

Symbol Definition

Cycle _ num The current cycle number

if _ timercan() This function is used to determine when the
wait time is stopped by the timer or expires

thiscycleTx() This function is used to calculate the total number
of Tx-Beacons received in the current cycle
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is fixed are analyzed to illustrate limitations of the
previous MAC protocol.

(1) The length of Tw is equal to the number of
sender nodes. In network 1 shown in Fig. 5,
when Tw = 3Ttx, during the transmission of data
from v1 and v2 to the sink node, v1 successfully
transmits its data of the highest priority to the
sink node in the first cycle, and only v2 still has
data to transmit in the next 2 cycles. Thus, just
one sender node v2 will wake and transmit data
in the second and third cycles. As shown in
Fig. 6, in these 2 cycles, Tw must be long enough
to transmit one Tx-Beacon, but Tw must be long
enough to transmit three Tx-Beacons, as no high
priority data must be transmitted. The wait time
is thus not cancelled early, and the receiver must
wait for the wait time of duration Tw to expire,
thus wasting time while waiting to receive a Tx-
Beacon (see the red lines in Fig. 6). In this
period, the sink node and v2 are waiting. This in-
creases the average and total delays of highest
priority packets, network energy consumption in-
creases and the network lifetime is shortened.

(2) The length of Tw is lower than the number of
sender nodes, and assuming Tw = 1Ttx, it loses
the feature of priority data transmission. While
network data are still prioritized, the receiver
only can receive one Tx-Beacon from the sender
node at a time; in fact, the receiver starts data
transmission after the first Tx-Beacon is re-
ceived in each cycle. The transmission process
at this time is more consistent with the trans-
mission process for unprioritized data than the
common protocol, and the QPPD-MAC protocol
must transmit a Tx-Beacon, Rx-Beacon and
others. At this point, the QPPD-MAC cannot
ensure that high priority data are transmitted
first, and thus it cannot reduce the average
delay of highest priority packets. Instead, the

average and total delays of the highest priority
packets increase, and network energy consump-
tion increases as well.

(3) Finally, when Tw = 2Ttx (i.e., the length of Tw is
equal to the number of sender nodes), multiple
nodes wake up at the same time, v1 completes data
transmission in the first cycle, and after this cycle,
when v2 transmits data in the next 2 cycles, some
time is wasted while waiting to receive a Tx-
Beacon. While less time is wasted than when Tw =
3Ttx, invalid waiting time is unavoidable.

Our analysis of the above three cases shows that
whatever the length of Tw, it will influence delays and
energy consumption. If Tw is too long, high-priority
data are transmitted first, but delays increase signifi-
cantly. When Tw is too short, delays decrease, but the
transmission of high priority data first cannot be
guaranteed.
Thus, is it possible to develop a method that transmits

high priority data as early as possible while limiting
delays?
Under the previous MAC protocol, the wait time is

fixed, and its length Tw does not change with the state
of the network, resulting in high network energy con-
sumption and long delays. When there are k sender
nodes with data to transmit, if the value of Tw can be ad-
justed to Tw = kTtx before the timer starts, this value can
ensure that all sender nodes participate in transmission
and that sender nodes with the highest priority data
send Tx-beacons in this transmission cycle. This also en-
sures that Tw is not too large, shortening invalid wait

Fig. 7 Initial topology diagram of network 2

Table 4 The prioritization of data of each node in network 2

Node Data priority

v1 P3, P2

v2 P1

v3 P2

v4 P2
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times and solving the above problem. If the value of Tw

in each cycle can be adjusted to the optimal value
kTtx, the desired goal can be met. However, because
Tx-Beacons are transmitted after the wait time is ini-
tiated, the value of Tw cannot be adjusted according
to the number of Tx-Beacons received in the current
cycle and can only be adjusted by estimating how
many Tx-Beacons may be received in the current
cycle according the number of Tx-Beacons received
in the previous cycle.
To our knowledge, no MAC protocol can dynamically

adjust wait times according to the number of Tx-
Beacons successfully received. Therefore, there is a need
for an MAC protocol that can reduce delays by

dynamically adjusting wait times according to the num-
ber of Tx-Beacons successfully received. A novel dy-
namic timer adjustment algorithm is proposed in section
4.3, and an MAC protocol is proposed based on this
algorithm.

DWT-MAC protocol
As the wait time is fixed throughout transmission in
the previous QoS MAC protocol, a novel Dynamic
Wait time based MAC (DWT-MAC) protocol is pro-
posed in this section based on the ideas analyzed in
section 4.2. Under the DWT-MAC protocol, the wait
time is adjusted according the following rules after
the wait period stops in each cycle to bring the value

Fig. 8 In network 2, the initial wait time is Tw = 3Tx during transmission under the common MAC protocol

Fig. 9 In network 2, the initial wait time is Tw = 3Tx during transmission under the DWT-MAC protocol
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of Tw as close to the optimal value as possible before
the next cycle:

(1) The initiated value of Tw must be set before
transmission starts, Tw = nTtx.

(2) If the wait time is stopped by the timer in a cycle,
do not change the value of Tw in this cycle, and the
wait time stays at its original time length.

(3) If the wait time is expires in a cycle, the current wait
time is Tw = iTtx, and thus count the total number of
Tx-beacons successfully transmitted in this cycle as j.

If j < i, adjust the value of Tw to Tw = jTtx, and if j = i,
adjust the value of Tw to Tw = (j + 1)Ttx.

(4) If an exception occurs during transmission and data
transmission is not completed, do not change the
value of Tw in this cycle, and thus keep the wait
time at its original length.

A dynamic timer adjustment algorithm is designed
based on the above rules, and the algorithm is written as
Algorithm 1. Symbols used in Algorithm 1 and their def-
initions are given in Table 3.

Fig. 10 In network 2, the initial wait time is Tw = 5Tx under the transmission process of the common MAC protocol

Fig. 11 In network 2, the initial wait time is Tw = 5Tx under the transmission process of the DWT-MAC protocol
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Next, in comparing the data transmission processes
of the DWT-MAC and previous MAC protocols,
how the protocol proposed in this paper reduces the
average delay of highest priority packets and total
delays by dynamically adjusting the wait time is ana-
lyzed. In the following, the transmission process of
the other MAC protocol is called the common MAC
protocol.

The network for comparing network 2 (the initial
topology diagram is shown as Fig. 7) and the priority
of data in each node in network 2 is listed in
Table 4.
A case in which the initial wait time is short is ana-

lyzed first, setting the initial value of Tw as Tw = 3Ttx.
The transmission process of this initial wait time is
shown in Fig. 8.
From the transmission process of the MAC protocol,

in the first 2 cycles, v4 cannot transmit data of the high-
est priority. As Tw cannot change under the common
MAC protocol until third cycle v1 has successfully trans-
mitted all data it contains to the sink node, v4 can only
transmit its Tx-Beacon of the highest priority data to the
receiver and participate in data transmission. Sender

nodes in the network continuously generate new data,
preventing v4 from transmitting a Tx-Beacon to the
receiver and leading to a very long delay for these
high-priority data. Sometimes, such data may not be
transmitted at all. The packet delay of these data is
3T + 9Ttx, as there is just one high priority dataset
and the average delay of highest priority packets is
thus 3T + 9Ttx.
For the same network (i.e., in network 2, the initial

value of Tw is Tw = 3Ttx), the transmission process that
occurs until the highest priority data are transmitted to
the sink node is shown in Fig. 9.
Under the transmission process of the DWT-MAC

protocol, Tw is dynamically adjusted in each cycle
according the dynamic timer adjustment algorithm.
The wait time is stopped once the timer completes
the first cycle, and the number of Tx-Beacons re-
ceived by the sink node within Tw is i = 3. The wait
time was Tw = 3Ttx, so j = 3 and i = j = 3 at this time,
and thus the value of Tw is adjusted to Tw = 4Ttx

after the wait time ends in the first cycle. Thus, all
four sender nodes can transmit their Tx-Beacons in
the second cycle, and v4 is transmitted the highest
priority data in the second cycle, and the highest
priority data are successfully transmitted to the sink
node early. The packet delay of this highest priority
data and of high priority packets is 2T + 7Ttx at this
point.
Relative to the common MAC protocol, the DWT-

MAC protocol decreases the average delay of high prior-
ity packets as follows

3T þ 9Ttx − 2T − 7Ttx ¼ 1T þ 2Ttx

In network 2, when the initial wait time is long, the
common MAC protocol generates longer wait times,
causing sender and receiver nodes to waste time wait-
ing. How the DWT-MAC protocol reduces delays by
dynamically adjusting the wait times is analyzed next.
We set the initial value of Tw as Tw = 5Ttx, and the
first 3 cycles of the common MAC protocol are
shown in Fig. 10.
Under the common MAC protocol, in the second

and third cycles, after the sink node wakes, as the
timer sets a duration of Tw = 5Ttx while only three
sender nodes must transmit data, time is wasted after
the third Tx-Beacon is transmitted, and sink and
sender nodes must wait for the wait time to end, in-
creasing packet delays and wasting energy. The total
delay of the first cycles is 3T + 14Ttx.
For the same network state (i.e., in network 2, the ini-

tial value of Tw is Tw = 5Ttx) and DWT-MAC protocol,
the transmission process is shown in Fig. 11.
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The first 2 cycles of the DWT-MAC protocol are
the same as the common MAC protocol, but in the
second cycle, the wait time stops once the timer
ends, the number of Tx-Beacons received by the
sink node is j = 3, and the wait time is Tw = 5Ttx.
Thus, i = 5 and j < i, so Tw is adjusted to Tw = 3Ttx

after the wait time ends in the second cycle. Thus,
in the third cycle, when there are three sender
nodes in the network, the wait time is just long
enough to receive the Tx-Beacons transmitted by
these three sender nodes, and no time is wasted
waiting. The total delay of the first 3 cycles is 3T +
12Ttx. In this network state, relative to the common
MAC protocol, the DWT-MAC protocol reduces
total delays by

3T þ 14Ttx − 3T − 12Ttx ¼ 2Ttx

From above comparisons, the DWT-MAC protocol
can reduce the average delay of high priority packets
and total delays by dynamically adjusting the wait
time.

Experimental results and analysis
In this section, we compare the DWT-MAC protocol
to the QPPD-MAC protocol based on a series of
simulations. In the simulations, the transmission fail-
ure rate is set to 1/10000, and we calculate the total
delay and the average delay of highest priority
packets. The DWT-MAC and QPPD-MAC protocols
mainly differ based on whether wait times can be
dynamically adjusted in each cycle. The performance
of the DWT-MAC protocol is evaluated through
these simulations.
The network topology of our simulations has two

levels: the sink node and ordinary nodes. When the
number of ordinary nodes in network is l (i.e., W = {sink,
v1, v2,……, v(l − 1), vl}), the topology of this network is as
shown in Fig. 12.
Our simulation proceeds as follows:
We first determine if the current cycle must generate

new data from the minimum value of total data (Mn). If
the current volume of data (Cn) is equal to or greater
than Mn, no new data need be generated, and otherwise
new data must be generated one by one until Cn is equal
to Mn. Which ordinary node generates data and how

Fig. 12 Network topology diagram of simulations

Table 5 Symbols used in simulations and their definitions

Symbol Definition

Mn The minimum total volume of data used in simulations

Cn The current total volume of data used in simulations

QPPD AD(T) Under the QPPD-MAC protocol, the coefficient of T of the average delay of highest priority packets

QPPD AD(Ttx) Under the QPPD-MAC protocol, the coefficient of Ttx of the average delay of highest priority packets

DWT AD(T) Under the DWT-MAC protocol, the coefficient of T of the average delay of highest priority packets

DWT AD(Ttx) Under the DWT-MAC protocol, the coefficient of Ttx of the average delay of highest priority packets

QPPD TD(Tw) Under the QPPD-MAC protocol, the coefficient of Ttx of the total delay

DWT TD(Tw) Under the DWT-MAC protocol, the coefficient of Ttx of the total delay
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the data are prioritized as randomly determined.
Then, each sender node generates a random value to
compete for the medium. Sender nodes transmit Tx-
Beacons in descending order of these random values
until the wait time is stopped by timer expiry or can-
celling. After transmitting Tx-Beacons, the sender
node with the highest priority data transmits data to
the sink node.
Our simulations compare the DWT-MAC protocol

to the QPPD-MAC protocol based on different

volumes of data in each cycle, different numbers of
ordinary nodes in each network and different changes
in the total volume of data. The period is set to Tw =
3Ttx in each simulation. The simulations calculate the
total and average delays of high priority packets for
the first 5000 cycles. Because the number of cycles
passed under the DWT-MAC protocol is always the
same as the number of cycles passed under the
QPPD-MAC protocol, when comparing total delays,
only wait times are compared.

Fig. 13 The total number of periodic data changes increases from 0 to 6; Mn and Cn in the first 50 cycles

Fig. 14 The total number of periodic data changes increases from 0 to 6; the average delay of highest priority packets
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Symbols used in the simulations and their definitions
are shown in Table 5.

Delay comparisons
The total number of periodic data changes
This section shows what results from periodic data
changes in each cycle. The transmission delays of the
DWT-MAC and QPPD-MAC protocols are evaluated
under different conditions.

When the total number of periodic data changes
shifts from 0 to 6, Mn and Cn for the first 50 cycles
are shown in Fig. 13. The average delay of high pri-
ority packets is shown in Fig. 14. At this point, des-
pite the total number of ordinary nodes, the average
delay of highest priority packets is reduced under
the DWT-MAC protocol. When the total number of
ordinary nodes is 6, 12 or 18, the average delay of
high priority packets for the DWT-MAC protocol

Fig. 15 The total number of periodic data changes increases from 0 to 6; the total delay

Fig. 16 The total number of periodic data changes increases from 0 to 12; Mn and Cn in the first 50 cycles
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respectively decreases by 3.6%, 8% or 9.6% relative to
the QPPD-MAC protocol. The average delay of high-
est priority packets is lower for the DWT-MAC
protocol, but the effect is not significant, with the
total number of ordinary nodes increasing and the
average delay of high priority packets decreasing
more. The total delay for this case is shown in
Fig. 15. From the results, the total delay of the
DWT-MAC protocol is increased despite the total

number of ordinary nodes relative to the QPPD-
MAC protocol. As the number of ordinary nodes in-
creases, the total transmission delay increases more,
demonstrating a different trend from the average
delay of highest priority packets.
As data in the network increase, the value periodically

changes from 0 to 12.
Mn and Cn for the first 50 cycles are shown in

Fig. 16. Average delays of high priority packets for

Fig. 17 The total number of periodic data changes increases from 0 to 12; the average delay of highest priority packets

Fig. 18 The total number of periodic data changes increases from 0 to 12; the total delay
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different total numbers of ordinary nodes are shown
in Fig. 17. In this case, when the number of ordin-
ary nodes is 6, 12 or 18, the average delay of high
priority packets for the DWT-MAC protocol is de-
creased by 22.4%, 35% or 37.8%, respectively, rela-
tive to the QPPD-MAC protocol. The average delay

of high priority packets still decreases despite the
total number of ordinary nodes, but the reduction
is significant. As the volume of data periodically
changes from 0 to 6, the number of ordinary nodes
increases, and the average delay of high priority
packets is reduced more. The total delays of the

Fig. 19 The total number of periodic data changes increases from 0 to 18; Mn and Cn in the first 50 cycles

Fig. 20 The total number of periodic data changes increases from 0 to 18; the average delay of highest priority packets

Liu et al. Journal of Cloud Computing: Advances, Systems and Applications            (2020) 9:48 Page 18 of 33



DWT-MAC and QPPD-MAC protocols are shown
in Fig. 18. The total transmission delay of the
DWT-MAC protocol is higher than that of the
QPPD-MAC protocol, and as the number of ordin-
ary nodes increases, the total transmission delay in-
creases more. Thus, the average delay of high
priority packets is decreased more, and the total
delay also increases more in this case.

The change in the total volume of data increases more
when it periodically changes from 0 to 18. Mn and Cn
for the first 50 cycles are shown in Fig. 19. The average
delays of high priority packets under the DWT-MAC
and QPPD-MAC protocols are shown in Fig. 20. In this
case, when the number of ordinary nodes is 6, 12 or 18,
the average delay of high priority packets under the
DWT-MAC protocol is respectively decreased by 33.4%,

Fig. 21 The total number of periodic data changes increases from 0 to 18; the total delay

Fig. 22 The total number of periodic data changes increases from 0 to 3; Mn and Cn in the first 50 cycles
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47% or 50% relative to the QPPD-MAC protocol. The
total delays of the DWT-MAC and QPPD-MAC proto-
cols are shown in Fig. 21, and that of the former in-
creases more.
When the total number of periodic data changes in-

creases from 0 to 3, the change in the volume of data
is less than the maximum number of Tx-Beacons that
can be transmitted during the initial wait time. Mn
and Cn for the first 50 cycles are shown in Fig. 22.

The average delays of high priority packets under the
DWT-MAC and QPPD-MAC protocols are shown in
Fig. 23. The average delay of high priority packets is
greater for the former in this case. When the total
number of ordinary nodes is 6, 12 or 18, the average
value of highest priority packets increases by 4.7%, 6%
or 4.6%. Thus, in this case, the average delay of high
priority packets is slightly higher under the DWT-
MAC protocol. The total delays of DWT-MAC and

Fig. 23 The total number of periodic data changes increases from 0 to 3; the average delay of highest priority packets

Fig. 24 The total number of periodic data changes increases from 0 to 3; the total delay
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QPPD-MAC protocols are shown in Fig. 24. When
the number of ordinary nodes in network is 6, the
total delay for the DWT-MAC protocol is higher than
that of the QPPD-MAC protocol, but when the num-
ber of ordinary nodes is 12 and 18, the total delay of
the DWT-MAC protocol is less than that of the
QPPD-MAC protocol. When the volume of data peri-
odically changes from 0 to 3, as the number of ordin-
ary nodes increases, data are more likely to be

distributed to different ordinary nodes. The number
of cycles with at least three sender nodes increases as
well. This adjusts the wait time of the DWT-MAC
protocol to Tw = 4Ttx more often, leading the total
delay of the DWT-MAC protocol to be higher.
Thus, the total volume of periodic data changes

by a value less than the maximum number of Tx-
Beacons that can be transmitted in the initial wait
period. The average delay of high priority packets

Fig. 25 The total volume of data is equal to 3 in each cycle; Mn and Cn in the first 50 cycles

Fig. 26 The total volume of data is equal to 3 in each cycle; the average delay of high priority packets
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under the DWT-MAC protocol is less than that of
the QPPD-MAC protocol. As this change becomes
more significant and as the total number of ordin-
ary nodes in the network increases, the average
delay of high priority packets decreases more
under the DWT-MAC protocol, but the total delay
of the DWT-MAC protocol is greater than that of
the QPPD-MAC protocol. When the total volume

of data in each cycle changes periodically by less
than the maximum number of Tx-Beacons that can
be transmitted in the initial wait period, the delay
corresponds to different numbers of ordinary
nodes. Whether the delay of the DWT-MAC
protocol is less than that of the QPPD-MAC
protocol depends on the total number of ordinary
nodes. As the total number of ordinary nodes

Fig. 27 The total volume of data is equal to 3 in each cycle; the total delay

Fig. 28 The total volume of data is equal to 6 in each cycle; Mn and Cn in the first 50 cycles
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increases, the delay of the DWT-MAC protocol is
more likely to become higher than that of the
QPPD-MAC protocol.

The total volume of data is constant
This section illustrates delays that occur when the total
volume of data remains the same in each cycle. DWT-
MAC and QPPD-MAC protocol delays are evaluated
under different conditions.

First, the total volume of data for each cycle is
equal to 3, and Mn and Cn for the first 50 cycles are
shown in Fig. 25. In this case, average delays of high
priority packets for the DWT-MAC and QPPD-MAC
protocols are shown in Fig. 26. Regardless of the
total number of ordinary nodes, the average delay of
high priority packets under the DWT-MAC protocol
is equal to that of the QPPD-MAC protocol. The
total delays of the DWT-MAC and QPPD-MAC pro-
tocols are shown in Fig. 27. The total delay of the

Fig. 29 The total volume of data is equal to 6 in each cycle; the average delay of high priority packets

Fig. 30 The total volume of data is equal to 6 in each cycle; the total delay

Liu et al. Journal of Cloud Computing: Advances, Systems and Applications            (2020) 9:48 Page 23 of 33



DWT-MAC protocol is higher than that of the
QPPD-MAC protocol, as the wait time of the DWT-
MAC protocol dynamically varies between 2 Ttx, 3
Ttx, and 4 Ttx in this case, causing the total delay of
the DWT-MAC protocol to increase. As the total
number of ordinary nodes increases, the total delay
of the DWT-MAC protocol increases more, and as
the total number of ordinary nodes increases, new
data are more likely to be distributed to different

ordinary nodes. The number of cycles with at least
three nodes participating in transmission increases as
well.
We increase the total volume of data in each cycle

to 6. Mn and Cn for the first 50 cycles are shown in
Fig. 28. The average delays of high priority packets of
the DWT-MAC and QPPD-MAC protocols are shown
in Fig. 29. When the volume of data in each cycle is
greater than 3, the average delay of high priority

Fig. 31 The total volume of data is equal to 2 in each cycle; Mn and Cn in the first 50 cycles

Fig. 32 The total volume of data is equal to 2 in each cycle; the average delay of high priority packets
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packets of the DWT-MAC protocol is less than that
of the QPPD-MAC protocol. When the total number
of ordinary nodes is 6, 12 or 18, the average delay of
high priority packets of the DWT-MAC protocol re-
spectively decreases by 20.6%, 37.7% or 43.1% relative
to the QPPD-MAC protocol. The average delay of
high priority packets of the DWT-MAC is decreased
significantly in this case. The total delays of the DWT-
MAC and QPPD-MAC protocols are shown in Fig. 30,
and that of the DWT-MAC protocol is higher because its

wait times are always longer to transmit high priority data
first, thus increasing delays.
We set the total volume of data for each cycle to

less than 3 and equal to 2, and Mn and Cn for the
first 50 cycles are shown in Fig. 31. The average de-
lays of high priority packets of the DWT-MAC and
QPPD-MAC protocols are shown in Fig. 32 and they
are equal in this case as observed when the total vol-
ume of data is equal in each cycle. The total delays
of the DWT-MAC and QPPD-MAC protocols in this

Fig. 33 The total volume of data is equal to 2 in each cycle; the total delay

Fig. 34 The total volume of data randomly changes from 0 to 6; Mn and Cn inthe first 50 cycles
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case are shown in Fig. 33, and that of the DWT-
MAC protocol is lower since under the QPPD-MAC
protocol, each cycle has two sender nodes with data
to transmit, wasting time waiting, while the DWT-
MAC protocol can adjust the wait time to 2Ttx, lead-
ing to a lower average delay of high priority packets
and lower total delays.
Therefore, when the total volume of data per cycle

remains the same and is equal to the maximum num-
ber of Tx-Beacons that can be transmitted in the

initial wait period, the average delay of high priority
packets under the DWT-MAC protocol is equal to
that of the QPPD-MAC protocol, and the total delay
of the DWT-MAC protocol is greater than that of
the QPPD-MAC protocol. When the total volume of
data is less than the maximum number of Tx-
Beacons that can be transmitted in the initial wait
period, the average delay of high priority packets
under the DWT-MAC protocol is still equal to that
of the QPPD-MAC protocol, but the total delay of

Fig. 35 The total volume of data randomly changes from 0 to 6; the average delay of high priority packets

Fig. 36 The total volume of data randomly changes from 0 to 6; the total delay
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the DWT-MAC protocol is less than that of the
QPPD-MAC protocol.
When the volume of data is greater than the max-

imum number of Tx-Beacons that can be transmitted in
the initial wait period, the average delay of high priority
packets under the DWT-MAC protocol is less than that
under the QPPD-MAC protocol, but the total delay of
the DWT-MAC protocol is higher than that of the
QPPD-MAC protocol.

The total number of data irregularly changes
This section illustrates the delay that occurs when the
total volume of data randomly changes. The delays of
the DWT-MAC and QPPD-MAC protocols are evalu-
ated under different conditions.
The total volume of data randomly generated is in-

creased from 0 to 6. Mn and Cn in the first 50 cy-
cles are shown in Fig. 34. The average delays of high
priority packets under the DWT-MAC and QPPD-

Fig. 37 The total volume of data randomly changes from 0 to 12; Mn and Cn in the first 50 cycles

Fig. 38 The total volume of data randomly changes from 0 to 12; the average delay of high priority packets
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MAC protocols are shown in Fig. 35; when the total
number of ordinary nodes is 6, 12 or 18, the average
delay of high priority packets under the DWT-MAC
protocol is decreased by 3.2%, 10.8% or 11%, re-
spectively, relative to the QPPD-MAC protocol. The
total delays of the DWT-MAC and QPPD-MAC pro-
tocols are shown in Fig. 36, and that of the DWT-
MAC protocol is higher in this case.

We increase the scope of total data volume change with
volumes randomly increasing from 0 to 12. Mn and Cn in
the first 50 cycles are shown in Fig. 37. The average delays
of high priority packets for the DWT-MAC and QPPD-
MAC protocols are shown in Fig. 38. In this case, the aver-
age delay of high priority packets under the DWT-MAC
protocol is further reduced, and when the total number of
ordinary nodes is 6, 12 or 18, delays respectively decrease

Fig. 39 The total volume of data randomly changes from 0 to 12; the total delay

Fig. 40 The total volume of data randomly changes from 0 to 18; Mn and Cn in the first 50 cycles
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by 22%, 37.6% or 38% relative to the QPPD-MAC protocol.
The total delays of the DWT-MAC and QPPD-MAC pro-
tocols are shown in Fig. 39, and that of the DWT-MAC
protocol is higher in this case.
We further increase the scope of data volume changes

with volumes randomly increasing from 0 to 18. Mn and
Cn in the first 50 cycles are shown in Fig. 40. The aver-
age delays of high priority packets for the DWT-MAC
and QPPD-MAC protocols are shown in Fig. 41, and
when the total number of ordinary nodes is 6, 12 or 18,

delays respectively decrease by 30%, 45.6% and 47%
under the DWT-MAC protocol relative to the QPPD-
MAC protocol. Under the DWT-MAC protocol, the
average delay of high priority packets decreases signifi-
cantly in this case. Additionally, as the number of ordin-
ary nodes increases, the average transmission delay of
highest priority packets decreases more under the
DWT-MAC protocol. The total delays of the DWT-
MAC and QPPD-MAC protocols are shown in Fig. 42,
and that of the former is still higher in this instance.

Fig. 41 The total volume of data randomly changes from 0 to 18; the average delay of high priority packets

Fig. 42 The total volume of data randomly changes from 0 to 18; the total delay
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We decrease the scope of data volume changes
with volumes randomly increasing from 0 to 3. Mn
and Cn in the first 50 cycles are shown in Fig. 43.
The average delays of high priority packets for the
DWT-MAC and QPPD-MAC protocols are shown
in Fig. 44, when the volume of data is less than or
equal to the maximun number of Tx-Beacons that
can be transmitted in the initial wait period, the
average delay of high priority packets under the

DWT-MAC protocol is higher than that under the
QPPD-MAC protocol, and when the total number
of ordinary nodes is 6, 12 or 18, delalys respectively
increase up 2.6%, 5.2% or 4.3% under the DWT-
MAC protocol relative to the QPPD-MAC protocol.
The total delay for this case is shown in Fig. 45.
From the results, the total delay of the DWT-MAC
protocol is decreased relative to the QPPD-MAC
protocol.

Fig. 43 The total volume of data randomly changes from 0 to 3; Mn and Cn in the first 50 cycles

Fig. 44 The total volume of data randomly changes from 0 to 3; the average delay of high priority packets
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Experiment summary
The experimental results are summarized as follows: no
matter the volume of data changes in what way, when
the total volume of data changes by a value greater than
the maximun number of Tx-Beacons that can be trans-
mitted in the initial wait period, the average delay of
high priority packets under the DWT-MAC protocol is
less than that under the QPPD-MAC protocol, but the
total delay of the DWT-MAC protocol is higher relative
to the QPPD-MAC protocol, as the scope of data vol-
ume or the total number of ordinary nodes increase, the
greater the proportion of the average delay of high prior-
ity packets and the total delay change under the DWT-
MAC protocol relative to the QPPD-MAC protocol.
When the total volume of data changes by a value less
than or equal to the maximum number of Tx-Beacons
that can be transmitted in the initial wait period, experi-
mental results show that even when the average delay of
high priority packets under the DWT-MAC protocol is
increased relative to the QPPD-MAC protocol, the pro-
portion of increase is not large. In most cases, when the
average delay of high priority packets under the DWT-
MAC protocol is decreased relative to the QPPD-MAC
protocol, the total delay under the DWT-MAC protocol
is increased relative to the QPPD-MAC protocol.

Conclusion
In the previous receiver-initiated MAC protocols for pri-
oritized data, the wait time is seted as a fixed duration
and thus leads to long delays in data transmission and
high network energy consumption. The DWT-MAC
protocol is proposed in this paper for reduceing the

delay in data transmission as well as network energy
consumption, the main innovation of the DWT-MAC
protocol is that it is based on a novel dynamic timer ad-
justment algorithm, it can dynamically adjust the wait
times in each cycle according to the number of Tx-
Beacons received by receiver. The preformance of the
DWT-MAC protocol is evaluated in simulations, the re-
sults show that by dynamically adjsting the wait time,
when the total volume of data changes greatly in the
network, the DWT-MAC protocol can significantly re-
duce the average end-to-end delay of high priority
packets, and when the total volume of data changes not
greatly in the network, the DWT-MAC protocol can also
significantly reduce the total end-to-end delay.
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