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Abstract: In recent years, the traditional power grid is undergoing a profound revolution due to the
advent and development of smart grid. Many hard and challenging issues of the traditional grid such
as high maintenance costs, poor scalability, low efficiency, and stability can be effectively handled
and solve in the wireless smart grid (WSG) by utilizing the modern wireless sensor technology. In a
WSG, data are collected by sensors at first and then transmitted to the base station through the
wireless network. The control centre is responsible for taking actions based on this received data.
Traditional sensors are failing to provide accurate and reliable data in WSG, and optical fiber based
sensor are emerging as an obvious choice due to the advancement of optical fiber sensing technology,
accuracy, and reliability. This paper presents a WSG platform integrated with optic fiber-based
sensors for real-time monitoring. To demonstrate the validity of the concept, fresh water sensing of
refractive index (RI) was first experimented with an optical fiber sensor. The sensing mechanism
functions with the reflectance at the fiber’s interface where reflected spectra’s intensity is registered
corresponding to the change of RI in the ambient environment. The achieved sensitivity of the
fabricated fiber sensor is 29.3 dB/RIU within the 1.33—-1.46 RI range. An interface between the
measured optical spectra and the WSG is proposed and demonstrated, and the data acquired is
transmitted through a network of wireless smart meters.

Keywords: smart grid; wireless sensor networks; optical fiber sensors; environmental monitoring
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1. Introduction

In traditional electric power grid system, large central generating stations are connected through
a high-voltage (HV) transmission system. The transmission system is then connected to a distribution
system that directly meets customer demand. In recent years, the transmission system has grown
from local and regional grids into a large interconnected network. In traditional power grid, peak
demand and energy consumption grew at predictable rates, and technology evolved in a relatively
well-defined operational and regulatory environment. With current power grid systems gradually
progressing into more advanced complexes, there are also many all around the world as we speak
which are rendered archaic alternatively. In addition, the lack of modern technology has clearly
outlined the limitations of large conventional power grids, drawing out problems it suffers such as
energy loss, overload conditions, power quality issues, poor peak load management and time wastage
on manual operation. In order to solve these problems, many research works have been carried out to
upgrade the electric grid to a smart grid. The goal of the smart grid is to provide a much more
reliable distribution, improve fault detection with self-healing capabilities of the network without the
intervention of technicians, create greater efficiencies in monitoring and load adjustments based on
peak using times and locations, provide better security to the grid, and empower the consumer to be
able to better manage their usage and costs [1].

Wireless communication and networking are widely adopted in many smart grids due to its high
flexibility and low complexity while keeping the costs low. Figure 1 illustrates an overview of a
typical wireless smart grid architecture. In a wireless smart grid, data is first collected by different
types of sensors and then sent to the base station through wireless networks. A smart grid sensor,
which serves as a detection node, can enable the remote monitoring of equipment such as
transformers and power lines. For instance, smart grid sensors can monitor weather and power line
conditions which determine the line’s carrying capacity, also known as dynamic line rating. This
process can enable power companies to understand their power line’s capabilities and ultimately
helps them improve their efficiency as well.
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Figure 1. An overview of wireless smart grid architecture.
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2. Comparison of sensors

Sensors based on Micro-Electro-Mechanical System (MEMS) have been traditionally used to
acquire information on parameters such as temperature, pressure, acceleration, vibration and the
measurement of chemical species [2]. Though, these MEMS sensors are tiny in size with low power
consumption they have limitations in their measurement capabilities due to the limited types of
sensing mechanisms built into these MEMS sensor designs [3,4]. Also, most of MEMS-based
sensors have limited sensitivities thus making them less suitable for applications where
high-sensitivity is required in the measurement.

As compared to MEMS-based sensors, optical fiber sensors are also small in size and lightweight,
immune to electromagnetic interference, resistant to harsh condition and capable of
distributed/quasi-distributed sensing with remote sensing capability which makes them suitable for
high sensitivity applications [5]. Recently, optical fiber-based sensors are emerging as an obvious
choice due to the advancement of optical fiber sensing technology, accuracy, and reliability and in
most of the applications, optical fiber sensors have demonstrated significant advantages over
conventional sensor technology, i.e., MEMS [6]. Uses of optical fiber sensors are limited in a wireless
network and thus the benefits of the advanced design and the significant capabilities of optical fiber
sensors are not fully utilised. Also, there has been limited research work on integration of optical
sensors into a wireless network except some work on its integration into a wireless sensor network
(WSN) platform [7], for embedded instrumentation systems [8] for remote flood monitoring [9] using
polymer optical fibers as liquid level sensors and for a variety of temperature, pressure and chemical
measurements [10] using optical fiber-based Fabry-Perot filters.

As a counter to the problems suffered by large conventional power grids, this paper proposes a
wireless smart grid platform integrated with optical fiber based sensors for real-time remote
environmental monitoring. Optical fiber based refractive index (RI) sensor for fresh water was
primarily investigated to validate the feasibility of the concept.

3. Fabrication of sensing probe

In our experiment, a carbon nanotube (CNT) deposited optical fiber sensor for RI sensing is
adopted due to its capability of continuous sensing with enhanced sensitivity [11-13], which is
essential for our application in WSG. The design of the fiber sensor head consists of three parts: a
standard single mode fiber (SMF), a multimode fiber (MMF) segment with core and cladding
diameters of 105 pm and 125 pm respectively, and a thin film of CNTs deposited on the end face of
the MMF segment as illustrated in Figure 2(a). The purpose of the deposition of the CNT thin film is
due to its high RI optical property which will empower and amplify the range of RIs [11-13]. The
first stage of fabricating the sensing probe involves creating the main body of the sensing probe,
where one end of the MMF segment is fusion spliced to the SMF. In the second stage, the
SMF-MMF joint fiber segment is formed by cleaving the other end of the MMF segment to a length
of 21 mm away from the SMF-MMF splicing point. In the next stage of CNT preparation, CNT
powder is dissolved into dimethylformamide (DMF) solution which is then sonicated in an ultrasonic
bath for around 30 hours. This will produce CNT in the form of a solution with the nanoparticles
evenly dispersed. Finally, using an optical deposition procedure, CNTs are deposited at the end face
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of the cleaved MMF segment [14,15]. By using this deposition method, the carbon nanomaterials
would adhere strongly onto the fiber surface through van der Waal’s forces forming a good durability
of coating for practical applications [16]. Figure 2(b) shows a microscopy image of the CNT coated
fiber end face. As mentioned previously, CNTs possesses a high RI and it will have an effect on the
reflected spectrum. Figure 3 shows the reflected optical spectrum of the sensing probe before (black
line) and after (blue line) the optical deposition of CNT at the SMF-MMF fiber segment. An
increased in the intensity of the reflected spectrum due to the CNT deposition is observed, hence the
variation of ambient RI can be recorded.

(@) (b)

Multi-Mode Fiber

Single Mode Fiber CNT Deposition

Figure 2. (a) Schematic illustration of the sensing probe fabricated with depositing
carbon nanotubes (CNTs) onto a joint SMF-MMF fiber segment; and (b) microscopic
image of CNT deposited on the end face of the joint fiber segment.
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Figure 3. Measured reflected optical spectra of the joint fiber segment before and after CNTs deposition.
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4. Measurement results of sensing probe

Before experimenting the performance of the fabricated sensing probe, certain requirements and
control conditions should be met. For instance, to create the test solution with different Rls, a
saturated sucrose solution is first produced through dissolving sugar into de-ionized water. Different
sugar concentrations will possess different values of RI, hence it is the ideal test solutions for RI
characterization utilizing the sensing probe as it will simulate the RI disturbances of a real external
environment. The saturated sucrose solution is then divided to create a set of solutions with equal
volume and concentration. Finally, through the addition of different volumes of DI water into each of
the saturated sucrose solution, a set of sucrose solution with different sugar concentration is created
as the test solutions. In our experiment, a constant environment at an ambient temperature of 23.7 +
0.1 °C was occupied to ensure that the RI and temperature cross-coupling effects are kept at
minimum. Before each RI characterization the sensing probe conducts on the test solutions, it was
rinsed with DI water and dried. Furthermore, it was ensured that the air-exposed sensing probe’s
reflected spectrum was recovered before the next test. Figure 4 shows the experiment setup of the
sensing probe measurement, which consists of the fabricated sensing probe, an optical circulator, a
broadband source and an optical spectrum analyser (OSA). With a pipette, 1 ml of each test solution
was placed on glass slides for the sensing probe to be submerged into. The SMF end of the sensing
probe is connected to a broadband source through a circulator connected to an OSA to monitor the
back reflected spectrum from the sensing probe. The intensity variation of the spectral features in the
output spectra for each test solution was recorded on the OSA.

Sensing
SMF Cable Probe
Circulator Test
Solutlon

Broad Band Source I Glass Slide

Optical Spectrum Analyzer

Figure 4. Experimental setup for the RI measurements with the fabricated sensing probe.
Figure 5 shows the recorded reflected spectra against RI variations of the test solutions from the

sensor. An increase of the intensity of the reflected spectrum with the decrease of RI from the
different concentrations of sucrose test solutions is observed.
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Figure 5. Reflected optical spectra of the fiber sensor corresponding to different RI of
the ambient environment.

From the results shown in Figure 5, inside the ambient RI range 1.33 to 1.46, the intensity
variation magnitude can be approximated to be ~3.8 dB with a sensitivity calculated to be 29.3 dB/RIU.
With an intensity resolution of OSA of 0.01 dB, it is determined that the achievable resolution for the
sensor is approximately ~3.4 x 10 RIU. It is believe that the sensitivity of the sensor can be further
increase by shortening the length of MMF segment. However, it could be limited by the fusion
splicer adopted in the experiment. After examining the performance of the sensing probe, the
investigation proceeds to the practical application of WSG. As the WSG will only read electrical
signals, an interface between the measurements of the optical spectra and the WSG is essential. In
order to serve this purpose, the OSA is replaced by an optical tunable bandpass tuned centered at the
interference dip at around 1580 nm of the output optical spectra, followed by an optical amplifier and
photodetector. Through this setup, instead of recording the ambient RI variation through the shift in
intensity of optical spectra, the ambient RI will be recorded as an output voltage change from the
photodetector. Figure 6 shows a plot of the output voltage of the photodetector against the ambient
RI of the fiber sensor. The data will then be sent into the wireless smart grid platform for
transmission to the data center for further processing and analysis, and an interface between the
optical sensing probe and the WSG is achieved. Besides the RI sensing as a proof of concept
demonstration, practical applications into chemical sensing would also be explored. It has been
shown that CNTs can be functionalized to allow certain molecules to bind to functionalized sites the
CNTs [17,18]. By functionalizing the CNTs before deposition, various analyte specific optical
fiber-based sensing probes can be fabricated, opening up the possibility for applications in chemical
or bio-chemical sensing for environmental monitoring.
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Figure 6. Plot of the output voltage of the photodetector corresponding to the various RIs
of the external environment.

5. Wireless sensor network and performance analysis

In this section, WSN of the smart grid will be simulated to evaluate its performance. We first
describe the system model and its performance metric and then demonstrate simulation results.

5.1. System model

A wireless sensor network usually consists of a number of sensors and a sink node. Each sensor
node periodically generates a packet and transmits it to the sink. Due to the constraint of energy
consumption in sensor nodes, their transmission range is limited to a relatively small range (e.g., 10
to 100 meters). Therefore, most of the sensor nodes cannot send data directly to the sink and
intermediate nodes need to relay packets sent by their peers in order to deliver packets to the
destination. Packets from remote nodes may even be relayed several times. During packet
propagation, transmission collision is inevitable and it will result in packet loss. In order to tackle
this issue, we add smart meters in the network. Each smart meter has a broader transmission range
and their functionality is to forward data received from sensors to the sink. In our network, all nodes
located in a particular region. Assume there are Ns sensors and Nsm smart meter in the region, and
the period of generating and transmitting a packet is #,, within a time T, if the sink receives P packets,
the packet delivery ratio (PDR) is defined as:
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PDR =2~
TN (1)

N

In the following discussions and simulations, PDR is used as a performance metric to evaluate
network performance.

Table 1. Key parameters in simulation

Parameter Value

Packet Generation Frequency One packet per second
Packet Size 128 bytes

Number of Sensor Nodes 20~120

Number of Smart Meter 4~8

Transmission Range Sensor: 20~120 m

Smart Meter: 250~350 m

Data Rate 128 kbps
Routing Algorithm AODV
Path Loss Exponent 3.75

5.2. Simulation setup

The simulation setup accords with the system model described above. Sensor nodes randomly
distribute in a specific region (e.g., a rectangle, a square or a disc), while smart meters uniformly
locate at geometric centre of subregions (such as one-quarter of a rectangle or a square) to assure the
best coverage of sensor nodes. A log-distance path loss model is incorporated in all channels. All key
parameters are listed in Table. . We run simulations for different WSNs in NS-3 [19] and compare
the PDR performance with a benchmark of the same network without smart meters.

5.3. Simulation results

Figure 7 demonstrates how transmission range affects PDR performance in a WSN. In this
simulation, 36 sensor nodes randomly distribute in a 200-by-200 m square, while the sink locates at
the origin point. By utilizing four smart meters, the PDR performance is improved obviously. In
addition, the improvement is more dramatic especially in the case of short transmission range. For
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instance, when the transmission range is 20 m, the PDR almost triples if smart meters are employed
in the network. The reason is that, with a low transmission power, some isolated nodes (i.e., the
distance among adjacent nodes is larger than the communication range) cannot find a route to the
sink. Thus, information generated by those isolated nodes is hard to be delivered. By contrast, by
adding smart meters, those nodes may easily find a route to one of smart meters even if no direct
route to sink exists. It is also true for the case of a broader communication range of sensor nodes, but
the improvement is not as significant as the case of smaller communication range, because larger
communication range can results in better connectivity among sensor nodes. Moreover, an overlarge
transmission range (say 120 m) reduce the PDR because interference may be strong when more than
on node is transmitting.

—lw/o smart meters

- Bl vith smart meters

Packet Delivery Ratio
©c © © ‘o o ©
W Ey w (82} ~l (0]

o
M
T

OI1_ ‘ ‘ _
L 1| 1

20 40 60 80 100 120
Transmission Range (m)

Figure 7. The PDR performance for different communication ranges of sensor nodes: the
number of sensor nodes is 36 and the number of smart meters is 4. White bars are for a
WSN without smart meters, while black ones for the network with smart meters.

Except for transmission range, the density of sensor nodes also influences the PDR performance,
which is revealed in Figure 8. For this case, sensor nodes and four smart meters located at the same
square but with the fixed transmission range of 40 m for all sensors. From the bar graph, we can see
that the PDR performance firstly increases as the node density increases, but then it decreases when
the density is too high (i.e., more than 100 nodes in the square), as high node density may cause
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more transmission collisions. For a sparse network, it is hard for some isolated nodes to find a valid
route to the sink or a smart meter. However, the occasion changes with more sensor nodes in the area
because it makes higher probability of finding a route, since the average distance between
neighboring nodes is reduced. In addition, adopting smart meter is effective to enhance PDR for the
sparse WSN because those remote or isolated nodes have larger probability to communicate with the
smart meter than with the sink.

1 | T T T
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Figure 8. The PDR performance for different node density: the transmission range of
each sensor node and smart meter is 40 m and 250 m, respectively.

To see how the number of smart meters affects the network performance, simulations are
conducted in the same square and same configurations but with different amounts of smart meters. In
Figure 9, the PDR rises steadily as the number of smart meters increases, which meets our
expectation, because with more smart meters, data from sensor nodes can be more easily sent to the
nearest smart meters, which is able to forward those information directly to the sink.
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Figure 9. The PDR performance for networks with different numbers of smart meters:
the transmission range of each sensor node and smart meter is 40 m and 250 m,
respectively.

In the last, we compare the PDR performance for WSNs with different shapes (e.g., three
rectangles, one square and one disc) of distribution regions but with the same node density. The
number of sensor nodes and smart meters is 60 and 4, respectively. For sensor nodes, its
transmission range is fixed to 40 m, but it varies for smart meters because different shapes have
different requirements on the transmission ability of smart meters. From Figure 10, the PDR
performance is boosted by smart meters for all shapes. In addition, it is apparent that for a
rectangle, enlarging the proportion of its length and width will result in a lower PDR, which can be
explained that disproportional rectangles increase the probability of generating isolated nodes
under the condition of fixed transmission power. Similarly, smart meters are able to substantially
improve the PDR, especially for extreme cases where the shape of the region is a disproportional
rectangle.

Considering the feature of a wireless sensor network, the sensor nodes in all the above
simulations randomly distribute in a particular area. Obviously, the sensor nodes hardly locate
uniformly the reality. To enhance the PDR performance, two strategies are eligible: (1) deploying
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more smart meters in the region, and (2) placing those meters uniformly in the region. Since the
distribution of sensor nodes are in a random way, such placement of smart meters can increase the
probability of route establishment for some remote or isolated nodes. The above conclusion are also
proved by Figure 9 and Figure 10.
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Figure 10. The PDR performance for WSNs (consisting of 60 sensor nodes and 4 smart
meters) with different shapes.

6. Conclusion

In summary, integration of optical fiber based environmental sensor on wireless smart grid
(WSGQG) platform has been proposed. As a proof-of-concept, an RI sensing probe, fabricated through
fusion splicing a multimode fiber (MMF) segment to a single mode fiber (SMF) with carbon
nanotubes (CNTs) onto the MMF end face, has been presented. The sensing probe displayed clear
and distinct variations in its output spectra to perturbations in RI of its external environment. The
achievable sensitivity is calculated to be 29.3 dB/RIU for the fabricated fiber sensor within the RI
range of 1.33-1.46. An interface between the measured optical spectra and the WSG is proposed and
demonstrated and the acquired data has been transmitted by the wireless smart meters. Thus, it can
allow scalability of the sensing areas.
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