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Low delay and long lifetime are a very important issue for industrial wireless sensor networks (IWSNs) in which it
require long-time monitoring of industrial sites and respond quickly to events that is monitored; therefore, high
delay communications can cause serious damage to property and personnel at industrial field. Due to delay, lifetime,
and other performance involved to multiple layers, it is difficult to optimize from a single layer. Therefore, a cross-layer
design optimal scheme for reducing delay and maximizing lifetime (RDML) scheme is proposed for IWSNs which is
from several layers such as transmitted power, duty cycle, and node deployment positions to optimize the network
performance of delay and lifetime etc. Firstly, due to the node which sends a packet within a cycle, different duty cycle
leads to different selection of the modulation level, resulting in different power consumption efficiency of transmitting
data. Through careful analysis, the optimal value of the duty cycle is given which has the lowest energy consumption
per bit. In fact, the energy consumption of the node is not balanced. Therefore, an optimization method of changing
the duty cycle is proposed. In this paper, larger duty cycle is chosen for nodes with residual energy to improve the
reliability of data transmission, reducing the probability of data retransmission, so that the network delay can be
reduced in IWSNs. Third, based on the previous analysis, a network optimization deployment algorithm is proposed,
which not only maximizes the energy efficiency of a single node but also maximizes the network lifetime and the total
network energy efficiency. Both our comprehensive theoretical analysis results indicate that the performance of RDML
scheme is better than the previous studies. Relative to equal distance and optimal duty cycle scheme, the RDML scheme
can reduce the delay by 19-30% and increase the lifetime by more than 43%.

Keywords: Industrial wireless sensor networks, Duty cycle optimal, Network performance optimization, Transmitted

1 Introduction

Industrial wireless sensor networks (IWSNs) are important
components of Internet of things (IoT) [1-9] which lever-
age the ubiquity of sensor-equipped devices to collect
information at low cost and provide a new paradigm for
solving the complex sensing applications from the signifi-
cant demands of industrial applications such as [2, 4]
surveillance systems [10-15], intelligent traffic manage-
ment [16, 17], and automated vehicles in environmental
transportation [18-20]. The wireless sensor networks have
been developed for a long time [21-26]; with the
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development of wireless portable devices and sensor
technology, the application of wireless sensor network in
the industrial field becomes the focus of attention [2, 4].
Industrial wireless sensor networks (IWSNs) is emerging
in this background; it does not require wiring to be
deployed at any time and has simple requirements for
complex industrial sites; the device is small and easy to
deploy and has powerful functions that can be used to de-
tect and monitor a variety of visible and invisible physical
phenomena in close range and high precision; and the
strong practicality makes it to have broad application
prospects in various fields of industrial production [1, 2, 9,
10], especially with the rise of cloud computing [27] and
fog computing [28-30], to make its development face
greater opportunities.
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Industrial wireless sensor networks also face similar
problems with wireless sensor networks, and because of
the different application situations, there are some differ-
ences between IWSNs and WSNs [2]. Firstly, high energy
efficiency is urgently required for IWSNs [2]. In IWSN:S,
sensors are powered by battery; therefore, the energy is
limited [31, 32]. But what is more troublesome is that the
sensors are placed in a variety of industrial equipment or
production workshop. These industrial equipment and
workshops were not designed to provide space for these
sensors; thus, these sensing nodes can only be required to
adapt to the industrial production environment. Therefore,
it is required to be smaller in size than other application to
adapt to industrial production. But reducing the size of the
sensors means that the battery size also decreases [31], and
the battery size determines the energy stored in the battery;
therefore, in IWSN:S, it is very important to design a more
efficient energy system [31-33]. The same as wireless
sensor networks, the energy consumed by data communi-
cations is the most of the energy consumed by the entire
system [34, 35]. Thus, the key to reduce energy consump-
tion and increasing network lifetime is how to maintain
efficient communications [36—40, 42]. In IWSNs, sensor
nodes can send perceived data to a hub in a one-hop
method and can also use multi-hop routing to the control
center (CC) [36-39, 41, 42]. Therefore, how to reduce the
energy consumption of routing is the key to improving
lifetime [43-45].

IWSNs not only require high energy efficiency but also
have special needs for network performance [46]. As
IWSNs are mainly used in industrial production
monitoring and control process, there are many indus-
trial processes in high-temperature and high-pressure
environment, and the control process requires extremely
sensitive monitoring physical phenomena, and sending
out control information requires that time interval is less
than industrial milliseconds, that is, the perception of
information to the control center and the feedback
control information to the control equipment delay is
very strict. Because of the large delay which may lead to
serious disasters [8, 11, 18, 24, 36, 47], such as monitor-
ing of industrial boiler temperature and industrial
furnace metallurgy, if the control is not timely, may lead
to explosion of the boiler, the product quality does not
meet the requirements and results in waste. It affects
production schedule, wastes production material,
destroys industrial production equipment, and seriously
causes death to people. Thus, in addition to energy
efficiency [9, 22, 36, 37], in IWSNs, the performance
metrics such as lifetime and delay are referred to as
quality of services (QoS) requirements which is actually
important for IWSNs [44, 46, 48].

There are already some studies on energy-efficient QoS
for IWSNs [49-51], such as energy-efficient QoS awares
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routing and delays reduction algorithm [52]. However,
there are several key issues in these studies that deserve
further study. (1) Most studies are optimized from a layer,
so there is a limitation for optimal performance. There are
many studies on the performance optimization of IWSNs
and wireless sensor networks. Existing are for the
optimization of the MAC layer, such as research on the
optimization of duty cycle of nodes [53], research on the
competition window, and research on the adjustment of
slot frame structure for MAC. In optimizing the MAC
layer, the main goal is to reduce energy consumption and
reduce delay and conflict rates. Existing are for the
optimization of the network layer, such as selecting the
appropriate relay nodes to make the energy consumption
balanced. However, there are few studies that optimize
IWSNs from multiple layers. Obviously, if IWSNs can be
optimized from multiple layers, the QoS optimization will
be better [49-51]. (2) Although reducing the energy con-
sumption of nodes is an optimization goal, this is not the
ultimate goal. The ultimate goal of energy optimization is
to increase network lifetime rather than to reduce energy
consumption. Although many methods are proposed to
reduce energy consumption [9, 22, 36, 37], few studies
have been optimized from the overall view of the network.
From the overall network, in general, the node near the
control center is needed to forward data that is from the
node away from the control center, so its energy
consumption is greater than that of the other nodes.
Therefore, although the node near the control center has
low energy consumption, the node away from the control
center has residual energy. Thus, in this case, the transmit
power of the node far from the control center is increased,
so that the bit error rate of the node transmission is re-
duced and the data retransmission times are reduced [49,
51]. So, the data transmission delay is reduced, and the
overall network performance is optimized. (3) Although
there are many researches on the optimization of network
performance from node deployment, most of them have
not been optimized from MAC layer [54]. This paper
further studies the deficiencies of the previous studies,
and the main innovation of the paper is as follows:

(1)Firstly, the optimal duty cycle of the nodes is obtained
from the theoretical analysis when the energy
consumption of per bit data successfully received is
smallest. Because the data transmitted by a node in a
cycle is constant, so the duty cycle is larger and the
required modulation level is lower; conversely, the
smaller the duty cycle, the higher the modulation level
required. And the duty cycle and modulation level is
related to energy consumption. Therefore, in this
paper, the optimized duty cycle is obtained
theoretically which can make the lowest energy
consumption per bit transmission.
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(2)Secondly, a cross-layer design optimal scheme is
proposed to optimize the delay of network and
energy efficiency for IWSNs. RDML scheme first
selects the optimized duty cycle for each node to
maximize the energy efficiency of the data
transmission. Then, according to nodes in the
network at different locations, the energy
consumption of nodes is unbalanced. Greater duty
cycle for nodes with residual energy is needed to
improve data transfer reliability and reduce delay.
Because the node has residual energy, the duty cycle
is not to minimize the energy consumption of the
sending unit bit at this time. Therefore, increasing
the node duty cycle, although more energy is
consumed and no effect on network lifetime, can
effectively reduce the number of data
retransmissions, which can effectively reduce the
delay.

(3) Thirdly, a strategy of network deployment is
proposed. By unequal deployed nodes, the energy
consumption of the network is optimized.

(4) Through our extensive simulation study, the delay
and energy efficiency can be enhanced
simultaneously using the proposed RDML scheme.
RDML scheme selects the optimized parameters for
multiple layers and takes full advantage of the
residual energy to improve network performance.
Comparing with the previous method, the energy
utilization rate has reached more than 43%. The
delay can be reduced by 19-30%. More importantly,
the performance is enhanced without reducing the
network lifetime, which is difficult to be achieved in
the previous studies.

The rest of this paper is organized as follows: a simple
description of the method is presented in Section 2. In
Section 3, the related works are reviewed. The system
model and problem statement are described in Section
4. In Section 5, the RDML scheme is presented to cross-
layer optimization. The performance analysis of RDML
scheme is provided in Section 6. We present our conclu-
sions in Section 7.

2 Methods

In IWSNSs, the energy consumption of sensor nodes is
unbalanced, causing the low energy efficiency, and it
requires lower delay. Therefore, a method of reducing
delay and maximizing network lifetime is proposed. In a
typical network, the nodes near sink forward more data
packets, so these nodes will consume more energy and
thus determine the network lifetime. Therefore, reducing
the distance of these nodes to the sink node reduces the
energy consumption of these nodes and improves the net-
work lifetime. However, it is difficult to balance the energy
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consumption of each node through node deployment, so
there will still be some nodes that have residual energy;
therefore, by mathematically analyzing, adjusting the duty
cycle of node can affect the energy consumption and also
affect the delay. In the previous strategy, the duty cycle of
nodes is of optimal value, so increasing the duty cycle of
nodes can increase the energy consumption and will re-
duce the delay. So, increasing the duty cycle of nodes that
have residual energy cannot reduce the network lifetime
and can reduce the delay. The background and related
work on this method can be found in Section 3.

3 Background and related work

The background work is closely related to Ref. [53]. In
these sensor networks, the sensor nodes use periodic sleep/
awake operations to save energy. Considering the periodic
time used by the node is presented by 7, using Ty time to
represent the time of node in active mode, the duty cycle of
node is 7= Ty time/ 7. When the node is in sleep mode, its
energy consumption is minimal and can be ignored. When
the node is in active mode, the energy consumption is large,
especially when receiving data and sending data. However,
the node cannot communicate in sleep mode. The node
can receive data and send data only in active mode. The
same as in Ref. [53], the node can forward a packet in a
cycle. Due to the different bits of the data packet, the node
adopts the method of changing the modulation level to
send a packet in a cycle. Specifically, it is assumed the node
unit time to send is T, and the channel bandwidth B equals
1/T, because the time of the node work in a cycle is T,
time- 1N order to ensure that in the time of T;,;, time to send a
length of L data packets, it must make the number of bit
per symbol b = L/(BT oy time)- Therefore, sending a packet of
length L in a cycle is guaranteed.

In fact, this model has been applied in many applica-
tions [49, 55]. The model used by Ruifeng Zhang et al.
[55] is similar to this model. One of the main research
topics in Ref. [55] is the influence of node transmit power
on energy consumption and the reliability of data transfer.
The transmit power of the node mainly affects the signal
strength of the receiving node, that is, the signal-to-noise
ratio of the received signal. In general, the greater the
signal-to-noise ratio of the received node, the higher the
reliability of the receiving data. However, to increase the
signal-to-noise ratio of the receiver node, it is necessary to
increase the transmission power of the sending node, and
increasing the node’s transmit power will increase the en-
ergy consumption. When the receiver signal-to-noise ratio
is relatively small, the rate of success in receiving data is
very low and the rate of the receiver’s success in receiving
data will increase a lot while the transmit power increases
a little. When the signal-to-noise ratio is larger and the
rate of success receiving data is larger, even if the sender
transmit power is greatly increased, the reception success
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rate of the receiver also increased little. Therefore, Ruifeng
Zhang et al. [55] gives the optimization result of how to
make the energy consumption of the unit bit to be trans-
mitted successfully.

There are some similar studies, for example, Chen et
al. [56] which studied in a linear network, on how to
choose the optimal distance that makes the total energy
consumption in the multi-hop network minimum. Obvi-
ously, this work is similar to the previous research work;
in a linear network, the method of minimizing the
energy consumption of a single node can make the total
energy consumption of the network minimum, but not
necessarily maximize the network lifetime. Simultan-
eously, the optimal transmission range of a node is
affected by multiple channel parameters; thus, Ref. [57]
also shows how to choose optimized channel parameters
to reduce the energy consumption. Ref. [58] defines a
method known as a Bit-Meter-per-Joule metric to evalu-
ate energy efficiency. The authors found the network
topology and the nodal density, and the transceiver
characteristics affect energy consumption; therefore,
optimizing energy consumption needs to be optimized
from multiple aspects. Xue Chen et al. [58] consider that
minimizing the node energy consumption does not
necessarily enable the network to achieve high perform-
ance and to maximize the network lifetime is the goal of
optimization. This is similar to Yunxia Chen et al. [58]
which proposed utilization efficiency which is defined as
network lifetime per unit deployment cost. Therefore,
the difference between their strategy and previous
researches is not to reduce the energy consumption of
nodes but to balance the energy consumption of nodes
and maximize the network lifetime. Because there is a
phenomenon in the sensor network that seriously
damages the network lifetime which is called “energy
hole,” that is, the energy consumption of nodes in the
near-sink area is much higher than that in the other
areas, these nodes die early and make the entire network
prematurely die. And on the other hand, nodes in the
far-sink area have a lot of residual energy; therefore, Ref.
[49, 50] proposes two approaches to optimize network
performance for this situation. The first is a cross-layer
optimization method proposed to minimize the energy
consumption of transmitting a bit data by selecting the
optimal transmit power. Then, selecting the high
transmit power for nodes with energy remaining in the
far-sink area can effectively improve the data transmis-
sion reliability. This strategy improves the reliability of
data transmission while maintaining high network
lifetime. In addition, the reliability of data transmission
is also related to the data transmission distance. If the
transmit power of the sender is increased, when the
distance between the nodes is far, better transmission
efficiency can be maintained but this time will consume
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more energy. Thus, Ref. [49, 59] also proposed a method
to optimize the network performance from the node
deployment. In their approach, for nodes near-sink,
there is a smaller distance between the nodes and a
larger distance between the nodes far-sink. In this case,
energy consumption per bit data transmission in near-
sink node is small, while nodes in far-sink area have en-
ergy surplus. Therefore, using larger transmit power and
larger distance between nodes can still maintain a higher
network lifetime and data transmission reliability. The
lifetime is improved and data transmission reliability is
guaranteed from overall network; the similar study can
also be found in Ref. [50]. This paper discusses the
cross-layer optimization strategies for energy-efficient
and reliable data transmission in AWGN (additive white
Gaussian noise channels), RBF (Rayleigh block-fading
channels), and RFF (Rayleigh fast fading channels).

Another important issue associated with this paper is
the delay [8, 11, 18, 24, 36, 60]. Reducing the delay has
been one of the focuses of IWSN research. There are
many factors that affect delay. This paper summarizes
the following factors:

(1) First, the reliability of data transmission is one of
the important factors that affects delay. The main
reason that transmission reliability affects data
transmission is that if there is a high reliability of
data transmission, the data need to be retransmitted
less, and multiple retransmissions will lead to the
delay of linear growth. Therefore, an important way
to reduce the delay is to improve the reliability of
the network transmission. The reliability of network
transmission is also related to many factors in the
network. It is related to the transmit power of
nodes. When the transmit power of nodes is large,
the signal-to-noise ratio of the wireless channel is
large and the signal of the receiver to receive data is
strong. Therefore, if the bit error rate of data
transmission is low, this will effectively reduce the
delay but at this time need to consume more energy,
so it can be seen the energy consumption is related
to the delay of network.

(2) Second, the method of node retransmission also
affects delay. If the node transmit power is fixed, the
data transmission reliability is fixed. At this time,
some mechanism needs to be taken to ensure the
data transmission meets the requirements of the
application. The most commonly used measure are
the following categories: (a) Retransmission
mechanism [34]. The retransmission mechanism is
one of the most important ways to guarantee the
reliability of the network transmission. The principle
of retransmission mechanism is once the data
packet is sent, the sender uses some mechanism to
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determine whether the packet is successfully
received by the receiver and, if successfully received
by the receiver, send the next packet, otherwise
retransmitting the current packet. In this method,
the receiver sends an ACK to the sender after
receiving the packet, which presents data packet
was successfully received. The sender does not
receive the expected ACK within a fixed time then
resends the data packet. The above process
continues until the receiver has successfully
received the data packet or the number of
retransmissions exceeds the maximum
predetermined number of retransmissions [34]. The
disadvantage of this method is sending of one data
packet ends with the ACK signal received by the
sender or the number of retransmissions exceeds
the set threshold to abandon the sending of this
packet. The waiting time between each transmission
needs to be more than round-trip time (RTT). Thus,
in a link with high packet error rates, multiple
retransmission causing its network delay is large
[34]. There are many more methods to improve this
approach as in Ref. [30]. (b) Network coding
techniques are an effective and reliable guarantee
mechanism based on redundant coding [34]. In
network coding techniques, the source node
encodes the packets with some redundant level. The
destination node decodes the packets to retrieve the
original packets. Because the data sent by the source
node is redundant, thus, even if some data is lost in
the lossy nature of wireless channels, it will not
affect the destination node correctly receiving the
data. Network coding techniques have the
advantage that the source node can send the data at
once and the destination node can be received with
high reliability and so, compared with retransmission
mechanism, can reduce the delay. But the cost is that
the nodes need to encode and decode and the data
that is transmitted is redundant, resulting in higher
computation and energy consumption for nodes. (c)
Multiple transmission mechanism. This mechanism is
generally used less and mainly used to protect the
safety of data transmission. In this method, the data
packets are sent through multiple paths at the same
time. As long as any one path successfully reaches the
destination, the data transmission is successful [61].
The advantage of this approach is that the delay is
small, whereas the disadvantage is that the energy
consumption of the network is high.

(3) The third is the adjusting of the node duty cycle.
The duty cycle has an important influence in the
network [24, 53]. The effect of duty cycle on delay is
mainly reflected in the following aspects. Because
the node adopts sleep/active mode to work and the
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node in the sleep state cannot send and receive
data, therefore, when the data of the sender needs
to be transmitted, if the receiver is in the sleep
state, the sender needs to wait for its wake to be
transmitted, thus increasing the delay. Therefore, to
reduce the delay, we need to increase the duty cycle.
But increasing the duty cycle will consume more
energy of the nodes. Thus, there is also an
optimization problem between the duty cycle and
the energy consumption of nodes; such studies can
be found in the literature [24, 53].

From the above, the network performance optimization
involves all aspects of the network. Energy consumption is
an important aspect of network performance. The differ-
ence between this study and the previous studies are the
following:

(1) Most of the above studies mainly optimize the
energy consumption of nodes by optimizing the
energy consumption per bit. However, reducing the
energy consumption of a single node does not
necessarily result in optimal network performance.
Although some studies have proposed to optimize
the network performance as a whole, their research
mainly focuses on the transmission power of the
nodes without optimizing from the modulation level.
At the same time, there is a close correlation between
the modulation level and the duty cycle of the node.
Therefore, a new method of overall performance
optimization from the duty cycle is proposed.

(2) In addition to optimizing the network parameters, a
comprehensive optimization method from the node
deployment is also presented. And applying our
method to different uncoded modulation systems,
i.e, MQAM (M-ary quadrature amplitude
modulation) and MPSK (M-ary phase shift keying),
confirmed its effectiveness.

4 The system model and problem statement

4.1 The energy consumption model

The energy consumption model in this paper is the same
with Ref. [53]. According to Ref. [53], The sensor node
transmission period T consists of three parts which are
the time of transient mode Ty, transmit mode Top times
and standby mode T,

T = Tstart + Ton_time + Tstby (1)

Power consumption associated to the described modes
are denoted as Pgure Pon_times and Pyyy. In general, re-
searchers assumed the standby mode is null for simplifi-
cation [53]. Therefore, the equation for the energy
consumed is:
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Etotal =P on_time Ton,time +P start Tstart

= (PTX + Pcircuit + PPA) Ton_time
+P circuit Tstart

(2)

where

P, is the power of data transmission. P is the cir-
cuit power for transmitter and receiver block without
considering the amplifier. Because the T, is very small,
it only needs to compute the frequency synthesizer with
the higher power in the circuit.

Pp, is the power of amplifier. The amplifier power is
given by:

Ppp = BP1y = (%—1> Pry (3)

where 7 represents the drain efficiency of the amplifier
and ¢ is the peak to average ratio which is expressed as a

function of constellation size M as & = 3(\/\/[\1\—4;;11) for

MQAM and MPSK modulation technique [53].
Therefore, the energy consumption for a transmission
period T in MQAM/MPSK modulation is

Etotal - (1 + ﬁ)PTx Ton_time + Pcircuit Ton_time (4)
+2P syn Tstart

where Ty, time can be obtained from the duty cycle 7

Ton _time
= 5
! T ()

The power of the signal in the output of the transmitter
is calculated by the equation of kth path loss model [53].

Pr. = PGy (6)

G, = G,d*M,, where d is the distance between two
communicating nodes, the exponent order k is between
2 and 4, G; is the gain factor, and M is the link margin.

The relationship between the received power and the
signal-to-noise ratio is as follows:

SNR = Py /(2BNs0”) (7)

Therefore, the received power can be obtained from
signal-to-noise ratio, and according to reference [53], the
bit error probability evaluated in the case of AWGN
channel is expressed in terms of average value of the
transmitted energy as:

(1)For M-ary QAM
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(2)For M-ary PSK

(T
P, ~ e;fc(\/ SNR sin (m)) 9)
where the number of bit per symbol b=zt and the

constellation size M = 2°.

Thus, the signal-to-noise ratio can be obtained from
the duty cycle. Then, according to Egs. (6) and (7), the
relationship between the duty cycle and the transmitter
power can be obtained. So through the duty cycle, get
the total energy consumption E,).

4.2 Realistic unreliable link model
The unreliable radio link probability (p/) is defined using
the packet error rate (PER) [55].

p(r.0) = 12y,
where y is the signal-to-noise

plly) = (1-P.)

According to Ref. [53], the delay between two commu-
nicating nodes is:

@ =1/pl(y) (11)

The unreliable link models are approximated for
AWGN channels. Therefore, the BER (bit error rate)
under MQAM modulation technique or MPSK modula-
tion technique can be obtained from Eq. (8) or (9).

(10)

4.3 Problem statement

According to Ref. [53], the network lifetime is related to
the node which has the maximum energy consumption
in the network. When the energy consumption of all
nodes is balanced, the network lifetime can achieve an
optimization value.

(1) The first goal of this paper is to maximize the
network lifetime. The network lifetime is defined as
[ and the energy consumption of sensor nodes as E;.
It is clear to maximize the network lifetime is to
minimize the energy consumption of the node with
the largest energy consumption, which can be
expressed as min{max(E;)}. When the energy
consumption of the nodes is balanced, the system
performance is maximized. Therefore, the goal of
this paper is to make the energy consumption of the
nodes equal, which is E;=E; | Vi#j, i, j €
N (N={1, 2, ...m} consists of all nodes in the
network). At the same time, the network lifetime is
maximized by adjusting the node duty cycle 7, that
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is, choosing the optimized duty cycle maximizes the
network lifetime.

In summary, our first goal is shown in Formula (12).

{ max([) = min{ max(E;(z))} | ieN (12)

st.  E;=E;|Vizj,i, jeN

(2) The equidistant deployment of the network, due to
each node in network forwarding different amount
of data, will result in each node having different
energy consumption. However, the network lifetime
only related to the largest energy consumption
node. Therefore, a strategy is considered in which
the duty cycle of nodes in a network is different,
Ir;#1; | Vi#j, i, j € N. We define o(1;) as the
delay of node i. Then, Egs. (8) and (9) combined
with Egs. (10) and (11) can deduce the delay. So, our
second goal is as much as possible to improve the
duty cycle 7; of each node without affecting the
network lifetime, thus reducing the network delay &.

As followed from the above, our second goal is shown
in Formula (13).

min(z w(ri)) | ieN

{ min(§) = (13)
sit. Ei(r)< max(E,»(ropt)) | i, jeN

5 The design of the RDML scheme
5.1 The RDML scheme for linear network
The first network studied in this paper is the linear net-
work. The linear network topology is shown in Fig. 1.
There are n + 1 nodes, that is, sink, S;, S,---S,, and d; is
the transmission distance between S; and S; _ ;.

Each node except sink in the linear network generates
a data packet in a data collection round and transmits it
to sink. Therefore, the more the node is close to the
sink, the more data is forwarded. Therefore, if the
parameter for each node is the same, the node which is
nearer the sink consumes more energy (Table 1).

For MQAM, according to Egs. (4)—(8), the energy
consumed to transmit a packet when using MQAM
technology is as:

Fig. 1 lllustration of linear network deployment
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Table 1 Network parameters
Parameter Value Value
T Transmission period 100 ms
Totart The time of transient mode 5107%
n The power of amplifier 035
k The exponent order 3
G, The gain factor 10°
M, The link margin 10*
Peircuit The power of circuit 140.7 mW
Poyn The power of frequency synthesizer 50 mW
o The AWGN power spectral density 3981 1077
B The channel bandwidth 10
L The number of bits in a packet 10°
N The receiver noise figure 10
4(1-+
Euoulvioam = 3(1 N (M—I)In(%)BrTGd

e
+ (Pcircuit)TT + 2Psyn T start
(14)

For MPSK, according to Egs. (4)—(9), the energy
consumed to transmit a packet when using MPSK

technology is as:
I 2
P,
(sin(f)*

+ (Pcircuit) T + 2Psyn Tstart

Eioral_mpsk = 2(1 +/3’)Nf02 BrTG,

(15)

The energy consumed to transmit a packet using MQAM
or MPSK is defined as Ei,. The energy consumption of
nodes in linear network is shown in Theorem 1.

Theorem 1 Assume there are n nodes (not include
sink) in linear network, when n nodes generate a data
packet in a transmission period and transmit it to the
sink, the energy consumption of node i is:

E; = (n-i+ 1)Eqoml (16)

Eiotal is the energy consumption to transmit a data
packet using MQAM or MPSK, which is equal to (14)
or (15).

Proof 1t is clear that the number of packet forwarded
by the node i is n - i+ 1, so the energy consumption of
node i is

Ei = (l’l—i + 1)Etotal

The following gives optimization methods for linear
network under different modulation techniques.
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5.1.1 The RDML scheme in MQAM technique
This part focuses on the optimization for sensor network
using the MQAM modulation technique. First, the net-
work lifetime at a certain duty cycle is optimized by
non-equidistant deployment of nodes, and the distance
between nodes is as Theorem 2.

Theorem 2 For linear network under MQAM
modulation technique, to minimize the maximum energy

consumption is to calculate a set of dy, dy, d, ..., d,at duty
cycle t to satisfy the following equation.
nTd" + E. = (n-1)T1d%
(n-1)T1ds + E. = (n-2)T1d5
(n-i+ ) Tvd! + Ec = (n-i)Todl, (17)

2Td* |+ E = Td*
n
di=D

i=1

1
where T; =3%(1+ B)Nso*(M-1) In (4(;?7))BG1M1 Tr,
E = ((P circuit) Tt + 2P, synTstart)~
Proof If the energy consumption of all nodes is bal-
anced, the maximum energy consumption in network is
minimum. So the E; = E;, i #j is required.
Reorganizing the above formula, then:

E,=E
E,=E;
E,1=E,

> di=D

Substitute (16) to the above formula, then:

nTd" + E, = (n-1)T,d%
(n-1)T1d% + E, = (n-2)T1d5

i+1

(n-i+1)T1df + E. = (n-i) T1d~

2Tyd* | +E, = Tyd"

n

> di=D
i=1

So, according to Eq. (17), we can calculate a set of d,
dz, dg, veey dn as:

diy1 = (18)

Theorem 3 For non-equidistant linear network under
MQAM modulation technique, there exists an optimal
duty cycle to minimize the maximum energy consumption.
The maximum energy consumption is shown as:
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bpP,
+ n(Pcircuit)TT + 2npsyn Tstart

E(1) = nT>(1 4+ B)(M-1)In <@> Td

where T2 — 2NfUZBGlM1
Proof From Eq. (18), if the length of the linear network
is unchanged, the distance between the first node and
the sink becomes smaller as the duty cycle increases.
The node with the highest energy consumption in the
linear network is divided into two parts, which is the
energy consumption of transmission as:

1
4(1-—
Ey = nT5(1 +/)’)(M—1)ln<%> 1Td,?

The other part is the energy consumption of the
circuit as:

Ecireuit = n(Pcircuit)TT + 2”lpsyn T start

As the duty cycle of the sensor node increased, the
modulation level will be reduced. Therefore, the energy
consumption of transmission will gradually decrease
and the energy consumption of circuit increases linearly
with the duty cycle. Therefore, it is possible that the
energy consumption of transmission is same as that of
circuit. If the above two parts are same, there must be a
minimum total energy consumption. Therefore, the
problem translates into whether two function images
can be equal in a same duty cycle.

Setf(r) =E, g(T) = Ecircuie- When 7— 0%, the b — + oo,
M — + 0o, because the node’s signal-to-noise ratio

41—
bPeM > 1. When

71— 0% VM is a large number, so the formula changes
to 74 > 1. In other words, we need to meet b < 7 and

cannot be negative, so we require

then the minimized duty cycle is 7 < zf]f%. It is clear that
the duty cycle is a number close to zero because usually
the sensor node BER is a very small number(< 10%), so
VM also which meets the above formula is a large

number.

1
(- 7)
lim () = lim nT(1+ B)(M-1) In | ~—YM/ | 11q(7y3
r—)—f bﬁ% bPe

The f3, d(7) is a constant which can be obtained from b
equals to 1%; M=2"1is a large number, and it is close to

oo. Therefore, in reorganizing the formula, we can get:
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b—»z bP, b—>1f—e 1
(2"-1)
Using L’ Hospital’s rule
4 1
1 z
: ! <bPe> . b (2h_1)2
lim I = lim = lim 5
b—p b—p 2b (zb_ ) b_>4 b2° In2

@D

Obviously, b is a large number. Thus, when 77— zng’
A7) is bound to infinity.

When 7— 07, the energy consumption of the circuit is
as:

lim g(7) = 2nPsyn Tstart

—0"

Obviously, f(7) > g(7).

When 7=1, f(1) = 1.47nT, In (%2 )Td( ).

g(l) =n (Pcircuit) T+ 2nPsyn T start

Because T, is a small number (<10719), we usually can
get g(1) > f11).

Then, tiding up the above, 4BT, fln)>g(r
and when =1, g(r) > (1), and the above two functlons
in the interval (0,1) is a continuous function. Thus, there
are intersections between the two functions. So the max-
imum energy consumption have a minimized value.

The energy consumption of transmission and circuit
in a linear network with n=6, D =500 m is shown in
Fig. 2. Obviously, there exists an intersection point and
an optimal duty cycle to minimize the maximized energy
consumption.

Theorem 2 shows that the network lifetime can be
maximized by non-equidistant deployment of nodes in a
certain duty cycle. Theorem 3 shows that the network
lifetime can be further increased by finding an optimal
duty cycle so our goal min{max(E;(z))} can be reached.

But it is impossible to completely balance the energy
consumption in the network. Therefore, the nodes in
the linear network have residual energy, so we can use
the residual energy to increase the duty cycle of nodes
(see in Theorem 4) and reduce the node’s BER (see in
Theorem 5). Therefore, this strategy can achieve the
purpose of reducing the delay.

Theorem 4 For linear network, nodes are deployed
equidistantly. The duty cycle of each node can be calculated
as follows to reduce the delay of each node.
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J

{ Etotal(Ti) = (1 +ﬁ)PrXGdTiT +Ec (19)

S.t.(n—i + l)Etotal(Ti) < nEtotal(Topg)

where P, is receiver power, E; = (Peircui) T. T + 2Py Tstar.

Proof 1t is clear that the node which is closest to the
sink has the maximum energy consumption in linear
network. Assume E,y,;(7;) is the energy consumption of
transmitting a data packet. Because we hope the network
lifetime to be as long as possible, the node with the
largest energy consumption uses the optimal duty cycle,
and the energy consumption of other nodes does not ex-
ceed the maximum energy consumption, so the network
lifetime will not be reduced. So, according to (19), we
can calculate the duty cycle of each node.

Theorem 5 Under MQAM modulation technique, the
relationship between BER and duty cycle is as follows

where K; = ﬁ"% and M is up to the duty cycle.
Proof According to (8) the BER can be obtained from
the duty cycle

P 4 (1 1 > (i) _ 48T (1 1
~ — ——— e 1) 2 — -
b\ VM L VM

And the signal-to-noise ratio can be obtained from the
receiver power

el

P vmoam

SNR =
2BNfO'2

So we can get:

1
4| 1-—= |BrT
)
‘ LeK
where M = 257 is up to the duty cycle. From this, the
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relationship between the BER and the duty cycle is
obtained.

From Fig. 3, it can be seen that the BER will gradually
decrease with the increase of the duty cycle.

The delay can be obtained from the BER by Egs. (10)
and (11). Obviously, as the BER decreases, the delay will
also decrease, and in Theorem 5, the BER decreases as
the duty cycle increases. So, the larger the duty cycle of
the nodes, the smaller the delay. Therefore, this paper
can reduce the delay by increasing the duty cycle of the
node that is away from the sink. The following in The-
orem 6 give the formula for the delay calculation under
the optimization strategy of this paper.

Theorem 6 For linear network under MQAM
modulation technique, the delay ratio of the optimization
strategy in this paper to the ODCNP (optimal duty cycle of
nodes policy) is given by:

Z?:l @ (7:)

= @ (Topt)
where the delay can be computed by w@(r)=
ABIT (1L )e T t and M = 257
(1 BT ~
L

Proof In order to facilitate the calculation, the transmit
power of each node is assumed same in network and the
signal-to-noise ratio of each node will not change, so we

can get:
4 1 R
21— )e(=)%
b\ vM

According to (14) and (15), combined with the above
formula, we can get

P, =

0.0035

0.0030

0.0025

0.0020

0.0015

0.0010

The error probability

0.0005

T

0.0000 -

-0.0005

T
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Ton_time/T

Fig. 3 The bit error rate under MQAM modulation
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asne \ L

4:BTT(1— ﬁ) oy
L

w(r)=|1-

In linear network, the data is sent to the sink at most via
n hops. Therefore, the maximum delay of the network is
nw(1,,) when the nodes are used for the optimal duty
cycle. So the delay ratio of the optimization strategy in this
paper to the previous strategy is given by

Z?:lw(l'l’)

@ (Topt)

¢):

5.1.2 The RDML scheme in MPSK technique

Similar to the previous analysis, when the modulation
technique is MPSK, the non-equidistant strategy is used
to optimize the network lifetime and the distance
between nodes is as Theorem 7.

Theorem 7 For linear network under MPSK modulation
technique, minimizing the maximized energy consumption
is to calculate a set of dy, dy, ds, ..., d,to satisfy the
following equation:

nTsdf +E. = (n-1)T3ds
(n-1)Tsd¥ + E = (n-2)Tsd"

(n-i +1)T3df + E. = (n-i)T»df,,

2T3d% |+ E. = Tsd"
" d;=D

i=1

2
where T3 =2(1+ /J’)Nfaz(( :::l((’j;;z
same as Theorem 2. M

Proof Under the MPSK modulation technique, to
minimize the maximum energy consumption of the net-
work, the energy consumption of each node also needs
to be balanced, so the equation is:

)BTTGlMl ) Ec is

E,=FE
E, =E;
E,,=E,

> di=D

Substitute (20) into the above formula, that is:
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nTsd + E,. = (n-1)Tsd}
(n-1)T3d5s +Ec = (n-2) Tsdk

(n—i+1)Tsd* + EC = (n-i)Tsd} ,
2T3d* +E = T3d"

Zdl =D
i=1

Solving Eq. (21), we can calculate a set of dy, dy, ds, ...,
d,, as follows:

(22)

Theorem 8 For non-equidistant linear network under
MPSK modulation technique, there exists an optimal
duty cycle 1, which minimizes the maximum energy
consumption. The maximum _energy consumption is:

E(r) = nT4(1 + /3)1n< oo )mﬁ /(sin(1z/M))>

+ n(Pcircuit) T + 2}’lpsyn Tstart

where T, = 2Njo°BG,M,.

Proof According to Eq. (22), the distance between the
first node and the sink decreases as the duty cycle
increases.

The node with the highest energy consumption in
linear network is divided into two parts, which is the
energy consumption of transmission as:

Ey=nTo(1+p) In (bi )erf’/( sin(/M))*

The other part is the energy consumption of circuit as:
Ecircuit = n(Pcircuit)TT + 2"lpsyn Tstart

Then, the problem is whether the two functions of the
duty cycle have an intersection.

Set fir) = E,, g(7) = Ecireuir- Whent — 07, the b — + o,
M — + oo, Because the signal-to-noise ratio cannot be
negative, we require % > 1. In other words, we need to

meet b < 2 -, and then, the minimized duty cycle is 7

LP,
< 3BT

zero because usually the sensor node BER is a very small
number (<10%).

Itis clear that the duty cycle is a number close to

Tllﬁif( T) = 11m Vng(l +5) In (Mz))er( ) /(sin@%))2

2BT

The f3, d(7) is a constant which can be obtained from b
equals to 1%; M = 2% is a big number, and it is close to oo.
So the formula is converted into a type of 3.

Replacing with equivalent infinitesimal:
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2 2-bP, 2-bP,
. ln (b_I)e> ln (1 + bPe > hPe
lim ;=1 5 =1 5
bor (sin()” ben () bog T
22b
Using L’ Hospital’s rule
2-bP,
. bP, . 2%
lim —F = lim ——s——
b—g T b—E 72b°P, In 2
52
Obviously, b is a big number, ZBT, the

A1) > +oo.
When 7— 0%, the energy consumption of the circuit is
as:

lim g(7) = 2nPgyn T start

—0"

It is clear that f{7) > g(7).
When 7=1, f(1) = 1.47nT; In(§)Td(1)’.

g(l) = n(Pcircuit) T+ 2npsyn Tstart

Because T, is a small number (<107*°
get g(1) > f(1).

Then, tiding up the above formula, when 7— g;, flo) >
g(1), and when r=1, g(z) >f(r), and the above two func-
tions in the interval (0,1) is a continuous function. Thus,
there is an intersection between the two functions. So the
maximum energy consumption has a minimum value.

From Fig. 4, it can be seen that the transmission energy
and the circuit energy exist as an intersection, so they have
an optimal value. Theorem 7 is shown that the energy
consumption of each node in linear network can be
balanced by adjusting the distance between each node.
Theorem 8 shows that the network has an optimal duty
cycle to minimize the maximum energy consumption
under MPSK modulation technique.

For MPSK modulation technique, the same as the above
formula, some nodes have residual energy. Because the
difference of MQAM and MPSK is the calculation of the
signal-to-noise ratio, according to Eq. (23), we also can
compute the duty cycle.

Theorem 9 Under MPSK modulation technique, the
relationship of BER and duty cycle is as:

), we usually can

2BtT
e — Lekz (23)
where K, :%}\W and M is up to the duty
cycle.

Proof According to (9), the BER can be obtained from
the signal-to-noise as:
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\

P~ erfe (\/SNR sin (ﬁ))
And the signal-to-noise can be obtained from the
receiver power

Pryx_mpsk
SNR = ———
2BN fo 2

Substitute the signal-to-noise ratio into the BER, so we
can get:

_ 2BtT
¢ Leka

where M = 28T,

From Fig. 5, it can be seen that the BER will gradually
decrease with the increase of the duty cycle when adopt-
ing the MPSK modulation technique.

From Egs. (10) and (11), the delay will decrease with the
duty cycle increase. Theorem 9 gives the relationship be-
tween the BER and the duty cycle in MPSK modulation tech-
nique, and the BER will decrease with the duty cycle increase.
Therefore, the delay will decrease with the duty cycle in-
crease. Therefore, the delay of network can be reduced by in-
creasing the duty cycle of node which is far away from sink.
Theorem 10 gives the calculation formula as follows.

Theorem 10 For linear network under MPSK
modulation technique, the delay ratio of the optimization
strategy in this paper and ODCNP is as follows:

where the delay, can be computed by: w(7)=
(1_ ZBTTe’(S‘"L("/M)) ~SNR) ) and M — 285_T,

Proof In order to facilitate the calculation, the transmit
power of each node is assumed same in network and the
signal-to-noise of each node will not change, so we can get:

0.0004

0.0003

0.0002

The error probability

0.0001

"
0.0000 =

t
0.5 0.6 0.7 0.8 0.9 1.0
Ton_time/T

F

g. 5 The bit error rate under MPSK modulation

9~ sin(m/M))*-SNR

P, =
b

According to (10) and (11), combined with the above
formula, we can get

BT e sin(mw/M))*SNR L
W( ‘[) = 1 _ L

For linear network, the data is sent to the sink at most
via n hops. Therefore, the maximized delay of the network
is n@(1,,,) when the nodes are used for the optimal duty
cycle. So, the delay ratio of the optimization strategy in
this paper to the previous strategy is given by

_ Z?:lw(fi)

@ (Topt)

¢

5.2 The RDML scheme for Grid network

Another network studied in this paper is the Grid net-
work. The Grid network has applications in many scenar-
ios [41, 62]. The Grid network is a two-dimensional
network. The deployment of nodes in the network is at
the intersection of rows and columns, the sink is deployed
at the intersection of the bottom leftmost row and
column, and the sink is only connected with S; ;. The
network model is as follows:

Figure 6 is a n x n Grid network model. In a data collec-
tion round, the nodes except the sink generate a data
packet. Because each node can only transmit to the left or
down with the same probability, we can calculate the
number of packets forwarded for each node as in
Theorem 11.

Theorem 11 For Grid network, the data packets
forwarded by each node is as follows:
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sink

Fig. 6 lllustration of Grid network deployment

D,,=1
Dyj=1 +%Dn./'+1 (1<j<n-1)
Diy =1+ Diyin+ %Di,z (1<isn-1) (24)
Dij=1+ % (Dis1j+Dijrr)  (L<ij<n)
D;j=Dj; (i=))

Proof First, we analyze the nodes in the nth row. Since
D, ,=1 and each node is forwarding to the left or down
with the same probability, we can get:

1 .
Dn,j:1+§Dn,]'+l 1S]<l’l

Then, in analyzing the node in (n - 1)th row, we can
get:

1
Dn,nfl =1+ EDn,n

1 ,
anl.j =1 +§ (Dn—l,/'Jrl +Dn'/') 2S] <n
1
Dy 11 =1+Dy1+5Du12

2

And so on, reorganizing the above formula, we can
get:

D,,=1
D,;=1 +%Dn,,‘+1 (1<j<n-1)
D1 =1+ Di1a -I—%Di,z (1<i<n-1)
Dij=1 +%(D,.+L,- +Dijp)  (1<ijj<n)
Dij = Djq (i=))

Theorem 12 For Grid network, the node that is
forwarding the most data packets must be in the first
row or in the first column.

Proof In analyzing the nodes in the first row, the num-
ber of packets forwarded is:

1
Diy =1+Dij11+-Dip  1<i<n-1
’ o2 (25)
1
Dn,l =1+ EDn,Z

In analyzing the nodes in the second row, the number
of packets forwarded is:

1
Dip =1+ 5 (Dis + Dit12) 1<i<n-1

1
Dnﬁ2 =1+ EDH,3

In substituting D,, , into (29), we can get:

3 1
Dn,l = E + EDn,S

To prove D, ;>D,, , is equivalent to prove D, ;-
Dn’ 2> 0

So, we require D,, 3<2.

The number of data packets in the nth row can be
rewritten as:
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1<j<n-1

I
o)
' 2

So the number must be less than 2. Thus, D,, 1 >D,, .

Then, by the nth row derived to the (1 — 1)th row, it is
easy to know D, 1 1>D, 1, ».

And so on, get D; 1>D; ».

Therefore, the nodes in the first row have the largest
forwarding number of data packets. The same can also
prove for the nodes in the first column.

5.2.1 The RDML scheme in MQAM technique
This section focuses on optimization for Grid network
using MQAM modulation technique. From Theorem 12,
the first column node has the most data packets to for-
ward, so the first column node has the highest energy
consumption. Because the network lifetime is deter-
mined by the nodes with the largest energy consump-
tion, the first column is needed to be considered.
Theorem 13 gives the energy consumption of the first
column nodes.

Theorem 13 For Grid network under MQAM
modulation technique, the energy consumption of the first
column nodes is as:

Ei1 = Di1(Thd} +E.) (1<i<n)

aJ:DM<n(¢MJB+EJ =y

4(1-—)
where T1 = % (1 + )N s0*(M-1) In( bPZ_ )BG1 M, 7T.

Proof From Theorem 11, the number of data packets
forwarded by the node S; ; is D; ;. Considering the
energy consumption of transmitting a data packet is E.
wotap thus, the energy consumption of node §; ; is as:

Ei1 = Dj1Etal (27)

Substitute (20) into (31), and the transmission distance of
node S, 1 is different from the other node, so we can get:

Eiy = Dy (Td} +E,) (1<i<n)
3
Eiy =D, (Tl (\/§d1> + Ec> (i=1)

Theorem 14 For Grid network under MQAM
modulation techmnique, minimizing the maximum energy
consumption is to calculate a set of dy, d, ds, ..., d,to sat-
isfy the following equation:
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3 3
D1aT1(V2dr)" + DisEe = Do Trd} + Do E
D, T1d§ +Dy1E. = D3 T1d§ + D31 E.

D; T1d> + D;1E. = Di+1.1T1di3+1 + Dir11E.

Dy 11T1d> |+ Dy11E; = D1 T1d> + Dy E,
n
o 1di =D

(28)

where T is the same as Theorem 11.

Proof For Grid network under MQAM modulation
technique, minimizing the maximum energy consump-
tion is needed to meet:

Ei1=E;
Ei»=E3
Ei,.1=Ei,

> di=D

In substituting (29) in the above formula, we can get:

3 3
DT, (\/Ed1> + Dy 1E. =Dy T1d; + Dy E,
Dy1Tvd3 + D1 E, = D31T1d3 + D31 E.

D T1d> + Di1E. = Dij1a Tld?+1 +Di11E.

Dy 11T1d> |+ Dy11E; = Dy T1d> + Dy E,
n

> di=D
i=1

In solving (32), we can get a set of dy, dy, ds, ..., d, as

follows:
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J
1
g2 Dy, (\/Ed )3 (D1,1—Di+1,1)Ec (29) 4(1——M) i
i+l = 1 = Ty(1 -Din| ————— |T
i+1,1 Dit11Th Ey = D1y To(1 + B)(M-1) oD, TG, M,d,
Theorem 15 For Grid network under MQAM

modulation technique, there exists an optimal duty cycle to
maximize the network lifetime. The maximum energy
consumption in the Grid network is as:

44(1;1)\:%\_4) eri’

+ DLl (Pcircuit)TT + 2D171psyn Tstart

E(T) = D111T2(1 + ﬂ)(M—l)II‘l

where T = $N;0>BG M.

Proof In the Grid network, when the row (column)
length is unchanged, according to (33), the length of d;
will decrease with the duty cycle increase.

The node with the highest energy consumption in the
Grid network is divided into two parts, which is the
energy consumption of transmission as:

Table 2 The unequal distance of nodes

d d d, ds dy ds ds

T

0.2 63.98 68.27 73.83 81.59 93.76 1186
0.25 62.95 67.57 73.50 81.66 94.34 1199
03 61.36 66.52 73.03 81.83 95.27 1220
035 59.09 65.09 7242 82.10 96.56 124.7
04 56.03 63.26 7173 82.54 98.26 1282
045 51.96 61.04 71.02 83.21 1004 1324
0.5 46.55 58.50 7042 84.24 103.1 137.2
0.55 39.05 55.81 70.16 85.77 106.3 1429
06 2754 5358 70.68 88.17 1105 149.5
0.65 533 54.10 7341 9249 116.5 158.1

The other is the energy consumption of circuit as:
Ecircuit = Dl,l (Pcircuit)TT + 2l)l,lpsyn Tstart

Because the energy consumption of these two parts
and that of Theorem 3 has only the number of data
packets different, and has the number of data packets
constant, so similar with Theorem 3, we can prove that
there are two curves intersecting and there is an optimal
duty cycle to maximize the network.

Figure 7 shows the energy consumption of transmis-
sion and circuit at node S;, ; in n =6, and the length of
row(column) is D =500 m. It can be seen they have an
intersection.

Theorem 14 shows that there exists a set of dy, ds, ds,
..., d,, to ensure the energy consumption is balanced at
the first row (column) nodes. Theorem 15 shows that

T
0.8 :
—m— Unequal distance|
—0— E;ual distance
N \
5 os
£
b [ ]
g \
= 05
[} \ll
0.4 \I
\"
0.3
5 6 7 8 9
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Fig. 10 The optimal duty cycle under UDNP and EDNP (MQAM)
.
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Fig. 11 The maximum energy consumption at optimal duty cycle
under UDNP and EDNP (MQAM)

there is an optimal duty cycle to minimize the maximum
energy consumption.

The same as the linear network, because the energy
consumption of nodes is completely balanced which is
very difficult, a strategy is used to increase the duty cycle
of nodes with lower energy consumption in an equidis-
tant deployed network, thereby reducing the delay. The-
orem 16 gives the calculation method of the duty cycle
of each node in the Grid network.

Theorem 16 For the Grid network, the nodes are
deployed equidistantly and the duty cycle of each node is
calculated as follows to reduce the delay of each node.

{ Etotal(Ti,j) = (1 + ﬁ)PrdeTi,/T + E.

(30)
s.L. Di,jEtotal(Ti,j) Sl)l,lEtotal((Topt))

where P, is the receiver power and E, = ((Pgcuir) TT +
2P, synj—;tart)'

48

47

46

45

44 4--

The reduction ratio of energy consumption

43

Fig. 12 The maximum energy consumption reduction ratio of UDNP
vs EDNP (MQAM)
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Fig. 13 The duty cycle used at each node in linear network (MQAM)

Proof According to Theorem 12, the node S; ; for-
warded the largest data packet, so the maximum energy
consumption is in this node. Therefore, node Sy, ; uses the
optimal duty cycle to guarantee the maximum network
lifetime. At the same time, the energy consumption of the
other nodes in the network does not exceed that of node
S1, 1 to guarantee the network lifetime. So according to
Eq. (33), we can calculate the duty cycle of each node.

Theorem 17 For Grid network under MQAM
modulation technique, the delay ratio of optimization
strategy in this paper to the ODCNP is given by:

> a@(r) + ZLZW(Ti,n)

@2n-1) @ (o)

¢:

where the delay @(r) and M is the same as in Theorem 6.

Proof In order to facilitate the calculation, the transmit
power of each node is assumed same in the Grid
network, so the signal-to-noise ratio of each node will
not change. So, we can get:

—m— Unequal Duty Cycle|
—®— Optimal Duty Cycle ]

Delay

Num

Fig. 14 The delay from each node in linear network to sink (MQAM)
J
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According to (14) and (15), combined with the above,
we can get

3snr \ L

4BTT(1— ﬁ) ¢ 20-1)
3

w(r)= | 1-

In the Grid network, the data is sent to the sink at
most via 21 — 1 hops, which is along the outermost edge
of the network transmit to the sink. Therefore, the delay
ratio is:

Zinzl @(11,) + Z:l:zw(ru,)

(2n-1)@(Topt)

¢):

Theorem 17 gives the delay formula in the Grid net-
work, so the delay can be calculated in the Grid network
under MQAM modulation technique.
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Fig. 16 The delay of UDCNP and ODCNP (MQAM)
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Fig. 17 The delay reduction of UDCNP vs ODCNP (MQAM)

5.2.2 The RDML scheme in MPSK technique
This section focuses on optimization for Grid network
using MPSK modulation technique. First, Theorem 18
gives the energy consumption of the first column nodes
under the MPSK modulation technique.

Theorem 18 For Grid network under MPSK modulation
technique, the energy consumption of the first column is:

Eiy = Djy (Tod; +E,)
3
Eii =D (Tz (\/5@’1) + EC> (i=1)

n (2
where T3 = 2(1 + )N o” ((IW%;;Z)BTTGIML
s M

Proof Substitute (16) to (27), and the transmission distance
of node S, ; is different from the other node, so we can get:

(1<is<n)
(31)

E;y = Dy (Tsd; + E.) (1 <i<n)
3
E11 =D1, <T3 (\/Qd1> + EC> (i=1)

Theorem 19 For Grid network under MPSK modulation
technique, minimizing the maximum energy consumption

Table 3 The unequal distance of nodes under MPSK

d d d, d3 da ds de

T

0.2 64.55 68.65 74.02 81.53 9341 117.79
0.25 64.01 68.28 73.84 81.58 93.73 118.54
03 62.74 6743 7343 81.68 94.46 120.20
0.35 60.51 65.98 72.79 81.91 95.75 123.03
04 57.16 63.92 7197 82.36 97.63 126.96
045 52.56 61.35 711 83.10 100.08 131.78
0.5 46.54 58.50 7042 84.23 103.05 137.24
0.55 38.68 55.70 70.16 85.85 106.49 143.13
06 27.80 53.60 70.66 88.11 11043 149.40
0.65 10.53 53.62 7267 91.51 115.26 15641
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Fig. 20 The maximum energy consumption at optimal duty cycle

under UDNP and EDNP (MPSK)

is to calculate a set of dy, d», ds,
following equation

.oy dyto satisfy the

3 3
D173 (\/Edl) + Dy 1Ec =Dy Tsd, + Dy E,
D, T3d3 +Dy1E. = D3 T3d§ + D31 E,

D;1T3d? + DisEc = Dij1y T3d?+1 + Dip11E.

Dn—l,l T3d2,1 + Dn—l‘lEc = Dn,l T3d?, + Dn,lEc
n
=D

(32)

where T; is similar to Theorem 15.

Proof For Grid network under MPSK modulation tech-
nique, minimizing the maximum energy consumption is
needed to meet:

0.8

07 iflf Unequal distance]

—®@— Equal distance
[ |

o
o

Ton_time/T
/./

o
13

04 \.,-

0.3

Fig. 19 The optimal duty cycle under UDNP and EDNP (MPSK)

E1=E
Ei» =E;3
E,1=E,

> di=D

In substituting (31) to the above formula, we can get:

3
D11Ty (\/Edl) + Dy E. = D2,1T4d; + Dy E,
Doy Tady + Dy E. = D3, T4d§ + D3 E,

D1 Tad? + D; E, = Di+1,1T4d?+1 + Diy11E.

Dy13Tads ) + Dy11Ec = Dy 1 Tads + Dy E,

> d;=D
i=1

In solving (32), we can get a set of dy, dy, ds, ..., d,, as

follows:

47.0

46.5

46.0

455

45.0

44.5

The reduction ratio of energy consumption %

44.0

Fig. 21 The maximum energy consumption reduction ratio of UDNP

vs EDNP (MPSK)
.




Tan et al. EURASIP Journal on Wireless Communications and Networking (2018) 2018:50

Page 19 of 26

11 T T
—m— Unequal Duty Cycle
—®— Optimal Duty Cycle
1.0 n L » L
0.9
I~
Q
E 08 ]
C\
o
°
0.7
0.6 +-
0.5
1 2 3 4 5 6
Num
Fig. 22 The duty cycle used at each node in linear network (MPSK)

33
i+1,1 Dit11T3 (33)

dis1 = \S/DD# (\/5@’1)3 +M

Theorem 20 For Grid network under MPSK modulation
technique, there exists an optimal duty cycle to maximize
the network lifetime. The maximum energy consumption in
Grid network is as:

E=D;1T4(1+4 B)In <b%) tTd3 /( sin(/M))*

+D1,1 (Pcircuit)TT + 2D171Psyn Tstart

where T, = 2N BG,M,.

Proof In Grid network, when the row (column) length
is unchanged; according to (36), the length of d; will
decrease with the duty cycle increase.

The node with the highest energy consumption in the
Grid network is divided into two parts, which is the
energy consumption of transmission as:

06 —m— Unequal Duty Cycle|
—@— Optimal Duty Cycle

0.5

0.4

The total energry consumption

0.3

Fig. 24 The total energy consumption under UDCNP and
OPCNP (MPSK)

Eu =Dy Ta(1+ /3)1n<bipe) 1Td,? ) (sin(r/M))?

The other is the energy consumption of the circuit as:
Ecircuit - Dl,l (Pcircuit)TT + 2D171Psyn Tstart

Similar with Theorem 7, we can prove that there are
two curves intersecting and there is an optimal duty
cycle to maximize the network.

From Fig. 8, we can know that they have an intersec-
tion, so there is an optimal duty cycle to maximize the
network lifetime.

Theorem 19 shows that there exists a set of dy, da, ds,
..., d,, to ensure the energy consumption is balanced at
the first row (column) nodes, and Theorem 20 shows
that there is an optimal duty cycle to maximize the
network lifetime.

Theorem 16 also can get the calculation method of the
duty cycle of each node in Grid network using the
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—@— Optimal Duty Cycle
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Delay
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Fig. 23 The delay from each node in linear network to sink (MPSK)
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Fig. 25 The delay of UDCNP and ODCNP (MPSK)
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MPSK modulation technique. Theorem 21 gives the
delay formula in the Grid network as follows:

Theorem 21 For Grid network under MPSK modulation
technique, the delay ratio of optimization strategy in this
paper to the previous strategy is given by:

Y @) + Z:’:Zw(Ti,n)

(2n-1)@(Topt)

¢):

where the delay @w(7) and M are same as Theorem 10.

Proof In order to facilitate the calculation, the transmit
power of each node is assumed same in the Grid network;
the signal-to-noise ratio of each node will not change, so
we can get:

96~ ( sin(r/M))*SNR

P, ~
b

According to (14) and (15), combined with the above
formula, we can get:

2BTTe—( sin(r/M))%-SNR L

L

w(r) =

In the Grid network, the data is sent to the sink at
most via 2n - 1 hops, which is along the outermost edge

Table 4 The data packet forwarded of node in Grid network

j 1 2 3 4 5 6

i

6 1.969 1.938 1875 1.750 1,500 1.000
5 3844 3719 3500 3125 2500 1,500
4 5555 5266 4813 4125 3125 1.750
3 7.047 6.539 5813 4813 3.500 1.875
2 8293 7539 6539 5266 3719 1938
1 9293 8293 7.047 5555 3844 1.969

Page 20 of 26

Table 5 The unequal distance of nodes (MQAM)

d d, d> ds ds ds ds
.

03 4843 7182 7669 8412 9649 1224
0.35 47.29 70.62 76.02 84.11 97.35 124.6
04 4579 6908 7519 8415 9847 1273
045 4387 6718 7423 8427 9987 1306
05 4146 64.92 73.19 84.51 1016 1343
055 3843 6228 7210 8495 1037 1386
06 3455 5928 7107 8564 1061 1433
0.65 29.39 56.02 70.25 86.72 109.0 148.6
07 2180 5288 6997 8840 1125 1545
0.75 6.98 51.63 7128 9140 1171 161.6

of the network transmit to the sink. Therefore, the delay
ratio is:

B Z?ZIW(TL;‘) + Z::2W(Ti,n)

o (2n-1)@(Topt)

6 The experimental results and analysis

This section provides some simulation examples to study
the RDML scheme proposed in this paper. In the follow-
ing simulation experiments, the total length of the linear
network and Grid network rows (columns) are all 500 m
and at optimal duty cycle the delay for each node is taken
as 1.5. We define the unequal distance of nodes policy as
UDND, the equal distance of nodes policy as EDNP [49],
the unequal duty cycle of nodes policy as UDCNP, and the
optimal duty cycle of nodes policy as ODCNP [55].
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Fig. 27 The maximum energy consumption under UDNP and

EDNP (MQAM)
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A

6.1 Linear network

6.1.1 Performance in MQAM technique

For EDND, the energy consumption of nodes is unbal-
anced due to the different data packets of each node.
Therefore, UDNP strategy is proposed. The following
will verify our strategy by some simulation examples.

For UDNP, according to Eq. (18), we can get the dis-
tance between nodes in a # = 6 linear network as shown
in Table 2.

Figure 9 shows the maximum energy consumption
under UDNP and EDNP, where the horizontal axis repre-
sents the duty cycle and the vertical axis represents the
maximum energy consumption for transmitting a bit data
in terms of decibels relative to a 1073 J: 10log1o(E;ymie -
10%) dB mJ. It can be seen for UDNP that the minimum of
maximum energy consumption achieved at a duty cycle is
0.55, compared with EDNP [49] in which the maximum
energy consumption decreased by 2.80667 dB.

Next, we will consider the maximum energy consump-
tion of UDNP and EDNP in networks with different

o
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Fig. 29 The maximum energy consumption at optimal duty cycle
under UDNP and EDNP (MQAM)
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Fig. 30 The maximum energy consumption reduction ratio of UDNP
vs EDNP (MQAM)

number of nodes when both strategies adopt an optimal
duty cycle.

Figure 10 shows the optimal duty cycle of UDNP and
EDNP in the linear network with n nodes, where the
horizontal axis represents the number of nodes in the
network and the vertical axis represents the optimal duty
cycle. Figure 11 shows the maximum energy consump-
tion of all nodes in the network when both strategies are
at the optimal duty cycle. As shown in Fig. 12, it can be
seen the UDNP scheme is reducing the maximum en-
ergy consumption by more than 43% over the EDNP
scheme [49].

We used to deploy the nodes into a non-equidistant
method to optimize the network lifetime. In addition,
when the nodes are deployed equidistantly, we can use a
strategy of unequal duty cycle, near the sink nodes using
the optimal duty cycle to ensure the network lifetime
and away from the sink node appropriate to increase the
duty cycle to reduce the delay.

Figure 13 shows the duty cycle used by each node at a
n =6 linear network under UDCNP and ODCNP, where
the horizontal axis is the node number and the vertical
is the selected duty cycle. Figure 14 shows the delay of
each node under UDNCP and ODCNP, where the hori-
zontal axis presents the node number and the vertical

Table 6 The duty cycle used at each node (MQAM)
j 1 2 3 4 5 6

0.8 09 1 1 1 1
1 0.7 08 1 1 1 1
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Fig. 31 The total energy consumption in Grid network under UDCNP
and OPCNP (MQAM)

presents the delay from each node to sink. It can be seen
that the UDCNP scheme is reducing the maximum delay
by 2.48116 over the ODCNP scheme [55].

Figure 15 shows the total energy consumption of the
network with # nodes under UDCNP and ODCNP,
where the horizontal presents the number of nodes in
the network and the vertical presents the total energy
consumption of the network. It can be seen the energy
consumption of UDCNP is higher than that of ODCNP,
but we reduce the network delay by increasing the duty
cycle of the node that is away from the sink. Figure 16 is
the network delay under UDCNP and ODCNP, com-
bined with Fig. 17 which shows UDCNP is reducing the
network delay by more than 25% over ODCNP.

6.1.2 Performance in MPSK technique
For MPSK modulation technique, we can also use
UDNP to optimize the network lifetime.
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Fig. 32 The delay in Grid network under UDCNP and
ODCNP (MQAM)
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Fig. 33 The delay reduction of UDCNP vs ODCNP (MQAM)

According to Eq. (22), we can calculate the distance
between the nodes as in Table 3.

Figure 18 is the maximum energy consumption at
linear network with n=6. It can be seen that when
UDNP uses the optimal duty cycle, the maximum en-
ergy consumption is reduced by 2.80127 dB over that
of EDNP.

Figure 19 is the optimal duty cycle of the network at
the MPSK modulation technique. Figure 20 is the
maximum energy consumption at the optimal duty
cycle of UDNP and EDNP. From Fig. 21, it can be
seen the UDNP scheme is reducing the maximum
energy consumption by more than 44% over the
EDNP scheme.

Figure 22 shows the duty cycle used by each node at a
n =6 linear network under the MPSK modulation tech-
nique. Figure 23 is the delay of each node in the network
under the MPSK modulation technique. Similarly, the
maximum delay for the UDCNP scheme is reduced by
2.37812 compared to that for the ODCNP scheme.

Table 7 The unequal distance of nodes (MPSK)

d 1 2 3 4 5 6

T

0.35 48.00 7136 7643 84.11 96.81 123.26
04 46.34 69.64 7549 84.13 98.06 126.35
045 44.15 67.46 7437 84.25 99.67 130.12
0.5 4146 64.92 73.19 84.51 101.59 134.33
0.55 38.29 62.17 72.06 84.97 103.75 138.77
06 3463 5934 71.09 85.63 106.05 143.24
0.65 3042 56.60 70.37 86.50 10845 147.63
0.7 2549 54.16 69.99 87.59 110.89 151.86
0.75 1941 5229 70.06 88.92 11339 155.94
0.8 11.10 5149 70.77 90.61 116.05 159.99




Tan et al. EURASIP Journal on Wireless Communications and Networking (2018) 2018:50

Page 23 of 26

0 T T T

&) —&— Equal distance
2 —B8— Unequal distance

3\9\6

P—m70FxD

T H—a—a— ¥

Energry consumption per information bit (dB mjoule)

035 040 045 050 055 060 065 070 075 080
Ton_time/T

Fig. 34 The maximum energy consumption under UDNP and
EDNP (MPSK)

Figure 24 is the total energy consumption of the network
using the MPSK modulation technique, and it can be seen
the total energy consumption of UDCNP is higher than
that of ODCNP. Figure 25 is the delay of network under
the MPSK modulation technique. Combined with Fig. 26, it
can be seen the delay for the UDCNP scheme is reduced by
more than 19% over that for the ODCNP scheme.

6.2 Grid network

This section verifies the optimization strategy of the
Grid network. We first choose a 6 x6 Grid network
model. According to Eq. (24), the data packets for-
warded by each node can be calculated in Grid network
as in Table 4.

6.2.1 Performance in MQAM technique

For a 6 x 6 Grid network under the MQAM modulation
technique, when adopting UDNP, according to Eq. (29)
and Table 4, we can calculate the distance as in Table 5.
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Fig. 36 The maximum energy consumption at optimal duty cycle
under UDNP and EDNP (MPSK)

- J

Figure 27 shows the maximum energy consumption of
a node in the Grid network when the energy consump-
tion of the outermost nodes is the same. In the Grid net-
work, the amount of data packets increases, so the gap
between the two strategies will also increase. When
UDNP uses the optimal duty cycle, the maximum energy
consumption is less than half of that of EDNP.

Figure 28 is the optimal duty cycle under UDNP and
EDNP. In EDNP, when the number of nodes is small,
due to the distance of d; which is longer compared with
that of linear network, the minimum energy consump-
tion can be obtained when the duty cycle is maximum.
Figure 29 is the maximum energy consumption under
UDNP and EDNP. From Fig. 30, it can be seen the
maximum energy consumption of UDNP is reduced by
more than 58% over that of EDNP [49].

In a Grid network with n = 6, the duty cycle of each node
under the MQAM modulation technique is as Table 6
when the lifetime of the Grid network cannot be reduced.
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Fig. 37 The maximum energy consumption reduction ratio of UDNP
vs EDNP (MPSK)
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Table 8 The duty cycle used at each node (MPSK)

J 1 2 3 4 5 6
i

6 1 1 1 1 1 1
5 1 1 1 1 1 1
4 1 1 1 1 1 1
3 09 1 1 1 1 1
2 0.7 0.8 1 1 1 1
1 06 0.7 09 1 1 1

Figure 31 is the total energy consumption of the Grid
network under UDCNP and ODCNP. The total energy
consumption of UDCNP is higher than that of ODCNP.
Figure 32 shows the delay of UDCNP and ODCNP.
From Fig. 33, it can be seen that the delay of UDCNP is
reduced by more than 28% over that of ODCNP [55].

6.2.2 Performance in MPSK technique

When the modulation technique is MPSK, choose the same
Grid network as in Section 5.2.1. According to Eq. (33), we
can get the distance between the nodes as in Table 7.

Figure 34 is the maximum energy consumption of a
node in Grid network. It can be seen the optimal duty
cycle is 0.6 and the maximum energy consumption of
UDNP is less than half of that of EDNP.

Figure 35 is the maximum energy consumption of
Grid network when the energy consumption of the
outermost nodes is the same. Figure 36 is the optimal
duty cycle under the MPSK modulation technique. From
Fig. 37, it can be seen that the maximum energy con-
sumption of UDNP is reduced by more than 58% over
that of EDNP.

In a Grid network with n=6, the duty cycle of each
node under MPSK modulation technique is as in Table 8
when the lifetime of the Grid network cannot be reduced.
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Fig. 38 The total energy consumption under UDCNP and
OPCNP (MPSK)
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Figure 38 is the total energy consumption of UDCNP
and ODCNP, and the total energy consumption of
UDCNP is higher than that of ODCNP. Figure 39 shows
the delay of UDNCP and ODCNP, and combined with
Fig. 40, we can see that the delay of UDCNP is less than
that of ODCNP by more than 22%.

7 Conclusions

In this paper, we propose a cross-layer design scheme
for IWSNs which is from duty cycle and node deploy-
ment and other layers to optimize the network lifetime
and delay. This paper discusses the linear network and
Grid network that use two modulation techniques which
are the MQAM technique and the MPSK technique to
optimize the performance of network under additive
white Gaussian noise channels.

Different from the previous research, the previous
optimization strategies choose to increase the energy effi-
ciency of the node and optimize the network lifetime under
a certain duty cycle. The strategy of this paper is to further
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Fig. 40 The delay reduction ratio of UDCNP vs ODCNP (MPSK)
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optimize the network lifetime by adjusting the duty cycle
when the energy efficiency has reached an optimal value.

However, in reality, the node deployment difficulty
and deviation are considered, and the energy consump-
tion of the node cannot be completely balanced, so we
put forward a strategy of unequal duty cycle. For energy-
intensive nodes, the duty cycle uses the optimal value to
optimize the network lifetime; for those nodes with low
energy consumption, the duty cycle is appropriately in-
creased to reduce the transmission delay. This strategy
can be applied to industrial wireless sensor networks,
can increase the lifetime of IWSNs, and can speed up
the response of the network to events. Therefore, this
strategy has a good meaning.
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