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SUMMARY: Due to the progressive demand for more accurate structural health monitoring of large-scale 3 
facilities, e.g. modern high-speed railways and bridges, there is a huge uptake in the development of optical sensor 4 
networks (OSN), which can help mitigate the issues with conventional electric sensors, especially their sensitivity 5 
to electromagnetic interferences and larger sizes. The existing fibre optic infrastructures are not widely used by 6 
OSNs, due to the lack of appropriate multiplexing techniques. Aiming at addressing the implementation issues of 7 
optical sensors in urban areas, this study proposes an efficient and cost-effective system for supporting the 8 
vibration sensing of unequally distributed points. The proposed system takes the advantages of spectral amplitude 9 
encoding optical code division multiple access (SAC-OCDMA) technique, in providing differentiated services in 10 
the physical layer with varying code weights. This system utilises more wavelengths (i.e. higher power) to the 11 
farthest sensing points in order to retrieved vibration signals, properly. The mechanism of SAC for OSN is 12 
elaborated using simulation results including the impact of transmission distance and the procedure of allocating 13 
codes to different zones. These results indicate the suitability of the proposed system to be implemented in existing 14 
fibre optic infrastructures. Moreover, the numerical analysis shows a high capacity of the sensor network 15 
deploying SAC. The proposed system contributes to the construction research and practice by addressing the 16 
implementation issues of structural health monitoring of large-scale facilities in urban areas. 17 

KEYWORDS: Structural Health Monitoring, Vibration Sensing, Optical Sensing, Optical Code Division Multiple 18 
Access, Unequally Distributed Sensor Nodes. 19 

1. BACKGROUND OF THE STUDY  20 

Due to a myriad of advantages such as small and manageable size, accuracy, and immunity to electromagnetic 21 
noises, optical sensors have recently been advocated as prevailing solutions for structural health monitoring (SHM) 22 
(Majumder et al. 2008, Yi et al. 2011b). Use of optical multiplexing techniques has also improved the efficiency 23 
of optical sensing for distributed sensors’ network in terms of cost and system complexity (Li et al. 2004). In such 24 
systems, fibre optic sensing is either implemented as intrinsic, in which the fibre is used as the sensing element, or 25 
extrinsic, where fibre is a medium to communicate the sensed signal. Seminal literature report on the success of 26 
optical sensing in the construction industry, when used for various monitoring purposes including gas leakage 27 
(Shabaneh et al. 2014), temperature (Woyessa et al. 2016), strain (Li et al. 2008), reinforced concrete beams (Lu 28 
& Xie 2007) and building cladding systems (Unzu et al. 2013).  29 

Accurate monitoring of vibration is essential for assuring the structural health of large facilities in order to evaluate 30 
the structural condition and eventually mitigate risks of internal damages at very early stages, before they actually 31 
develop further and become irreversible (Li et al. 2004, Rinehart & Mooney 2008, Chae et al. 2012, Alavi et al. 32 
2016). Since the use of traditional electric sensors in measuring vibration is noticeably exposed to electromagnetic 33 
interference, the practicality of these systems has always been limited to single-point simplex measuring only. 34 
Researchers have taken the advantages of optical vibration sensors in the capability to eliminate electromagnetic 35 
interference. These advantages of optical sensor networks make them more economical and allow the 36 
implementation of a broad range of essential applications as the real-time monitoring of large civil engineering 37 
structures (Barrias et al. 2016). 38 

In last decade, various fibre-optic techniques and tools has been proposed for vibration monitoring. Takahashi et 39 
al. (2001) employed a fibre Bragg gratings (FBG) with a minimum bandwidth for a narrowband reflection of the 40 
spectrum coming from a broadband light source. The vibration was then detected based on the intensity modulation 41 
produced from the vibration of the FBG. The main disadvantage of the FBG-based sensors are being temperature 42 
sensitive, which hinders the vibration detection. Later, a temperature compensation technique for these sensors 43 
was introduced (Gu et al. 2005). Zhang and Bao (2008) assessed the practicability of a fully distributed vibration 44 
sensor based on a fibre diversity detection sensor. Talebinejad et al. (2009) proposed an accelerometer based on 45 
FBG by use of the stiffness of the optical fibre. The sensor was assessed for monitoring of vibration for an actual 46 
bridge. Thakur et al. (2011) applied FBG and photonic crystal fibre sensors for SHM of composite and found that 47 
the crystal fibre sensor is the better alternative, as it is less sensitive to temperature. Zhang et al. (2016) also 48 
monitored vibration and deformation distribution identification of a long-span rigid-frame bridge using sensors. 49 



ITcon Vol. 0 (1994), Turk, pg. 2 

Ge et al. (2013) developed a particular intensity-modulated fibre-optic accelerometer for vibration monitoring of 50 
wind turbine blades. Brillouin scattering based sensors have also been introduced for examining distributed 51 
vibration along the optical fibre. The systems operate based on the backscattered light from the sensing fibre to 52 
reflect the vibration. Each sensor point has to be accessed at a time slot and might not be the best option for real-53 
time vibration sensing (Hotate & Sean, 2003).  Klar et al. (2014) evaluated a Brillouin scattering optical time 54 
domain analysis for monitoring the tunnelling process with ground displacements.  Li et al. (2018) used distributed 55 
fibre vibration sensor for monitoring pipe line in China. They tested the system in an area with length of 131 km 56 
where thousands of vibration were detected daily. 57 

In addition, optical sensors provide the characteristic of light signal transmission, which enables multiplex 58 
measurements from multiple points over a shared media (i.e., one optical fibre) to form a distributed optical sensor 59 
networks (OSN). These multiplexing techniques include time division multiplexing (TDM) (Li et al. 2004), 60 
wavelength division multiplexing (WDM) (Li et al. 2004), frequency modulated carrier wave (Li et al. 2004) and 61 
optical code division multiple access (OCDMA) (Taiwo et al. 2014). Various multiplexing techniques to collect 62 
data from sensors have already found applications in building monitoring. WDM has commonly been used in 63 
much static strain sensing and also been integrated with each other, resulting in hybrid multiplexing systems 64 
(Noura et al. 2013). In WDM, each sensor is assigned a given slice of the input spectrum which is provided by a 65 
coherent optical source. WDM is mostly suitable for sensing a few points only since by increasing the number of 66 
sensors, the system cost increases significantly due to the high cost of fabricating multi-wavelength lasers (Cheng 67 
et al. 2011). In time division multiplexing approach, sensors transmit signals at different time slots that demand 68 
precise network synchronisation.  TDM can significantly expand the number of sensors in the time domain. 69 
Nevertheless, it endures from transmission loss and is restrained by light source power, therefore a few sensors 70 
(i.e. a maximum of 10 sensors) could be supported in this system (Dai et al. 2009). Wang et al. (2011) introduced 71 
a serial TDM-OSN based on FBG. They concluded that achieving high signal quality is difficult due to the presence 72 
of twelve FBGs. 73 

Although these multiplexing methods facilitate sensing different structures using one shared medium, they 74 
generally fail in the utilisation of the ever-growing fibre optic infrastructures in urban areas. The main reason is 75 
that OSN with current technologies are developed to monitor nodes with almost the same distances so that they 76 
require a separate fibre wiring. Otherwise, the vibration signals is retrieved with varying powers which results in 77 
high interference of signals. A solution must receive signals from different distances with almost the same level. 78 
Figure 1 illustrates an example of how sensing data from a structure can be transmitted over an urban fibre optic 79 
infrastructure.  80 

 81 
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 85 

To address these issues, several studies advocate adopting OCDMA sensor network due to its random access 86 
capabilities (e.g. Yang & Kwong 2002, Ko et al. 2010, Tseng et al. 2013). In a sensor network based on the 87 
OCDMA system approach, each sensor will be assigned with a unique address called a signature code. This unique 88 
feature enables individual sensor identification and provides its location in the building (Taiwo et al. 2016). Yen 89 
and Chih-Ming (2016) proposed an optical CDMA system to increase the capacity of OSN by integrating hybrid 90 
wavelength and time multiplexing. 91 

The implementation of sensors in construction industry can use either optical or electric sensors. There have been 92 
several studies focusing on sensors placement in different structures including tower buildings (Yi et al. 2011a, 93 
2012, 2014), bridges (Wan et al. 2013, Chen et al. 2014), railways (Filograno et al. 2010), tunnels (Li et al. 2008) 94 
and complex structures (Li et al. 2016). When it comes to sensor selection, for the vibrations monitoring, FBGs 95 
have been the choice of preference when it came to a sensor type in most OSNs, due to their low price and high 96 
performance. When it comes to a sensor placement topology, the focus has been on equally distributed sensor 97 
points. However, in SHM of structures having different distances from each other (i.e. near-far problem), it is not 98 
possible to set up the sensor network base on having equal distances from all the sensing points. The near-far 99 
problem is the inability of a receiver in hearing a weak signal from a farther location in the presence of a strong 100 
signal which is transmitted from a more adjacent source. A distributed sensor network consists of varying fibre 101 
lengths amongst the sensing points that are resulting in uneven power attenuation, which makes it hard to detect 102 
the transmitting signals from points with longer fibre lengths. 103 

In order to address the aforementioned research gap in supporting unequally disturbed sensors, this study 104 
proposes an optical sensing system based on variable weight spectral amplitude coding (VW-SAC) network 105 
approach. In this system higher weight codes (giving a better signal quality) are assigned to the nodes requiring 106 
higher quality (Prucnal 2006). The weight of the code is the number of wavelengths which are assigned to the user 107 
or sensing point. The more wavelengths carry higher optical power. Hence, the signals from farther sensing points 108 

FIG. 1: Schematic demonstration of using existing urban fibre optic infrastructure for transmitting sensor data 
in structural monitoring. 
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are carried by more power to be delivered distinguishably enough for detecting vibrations. The proposed system 109 
offers a cost-effective method for vibration monitoring of urban infrastructures such as tower buildings, bridges, 110 
tunnels. Moreover, because the SAC-OCDMA system is immune to most fibre effects (Seyedzadeh et al. 2016b), 111 
it solves the problems of WDM and TDM regarding these issues. 112 

In this paper, a novel collimator-based VW-SAC sensor network is proposed which is capable of supporting 113 
distributed vibration sensing while maintaining the desired signal level delivery from all monitoring nods in the 114 
network. The proposed system eliminates the demand for in-line signal amplification and thereby eases the 115 
implementation and reduces the maintenance cost of the sensing nodes located in farthest distances from the data 116 
collection point. The main advantage of this approach is that vibration monitoring of heterogeneous structures at 117 
different distances can be performed using a single sensor network by utilising inexpensive components. 118 
Furthermore, by noting the fact that optical fibres have a large bandwidth, the proposed system in this study can 119 
be designed to take advantage of the possibility of using the already existing fibre infrastructure being already in 120 
place. Hence, this system presents a robust and practical vibration sensing network, ideal for monitoring of 121 
constructions in metropolitan areas where optical fibre infrastructures are readily available. 122 

This paper first provides an overview of OCDMA and SAC systems as well as the configuration of intended 123 
distributed sensor networks (Section 2). Then the architecture of the proposed VW-SAC based sensor system is 124 
explained in detail in Section 3 providing parameters used in performance analysis. The paper also presents the 125 
results of conducted OptiSystem (Optiwave Photonics Software) simulation of the proposed sensor network based 126 
on the assumption of 3 distinct sensing points located at different distances (Section 4). The outcome of the system 127 
is also illustrated as received signals of sensors in the radio frequency domain by considering three vibration levels. 128 
The results are then expanded for a system containing nine monitoring points to demonstrate the effect of 129 
transmission distance and allocation of the right weight set to each area. Section 5 presents the results of a 130 
mathematical model, which is developed in order to drive the signal to noise ratio of received signals for showing 131 
the capacity of the proposed system in supporting simultaneous active sensors. In this mathematical model, all 132 
assumptions are set to be the worst cases in calculating an upper bound for the noise level to guarantee simulation 133 
and real case scenarios. Section 5 also presents the expansion of mathematical model and the numerical result. 134 
Finally, Section 6 presents some concluding remarks. 135 

2. VW-SAC CODE AND ARCHITECTURE 136 

In the proposed system, all sensing points are grouped based on the distance from the monitoring unit, where a 137 
matrix with suitable code weight is assigned to them. This means the construction sites which are located 138 
approximately in the same distance from the control unit are clustered in one group or zone. For example, if we 139 
have 9 sensors of which 4 located in almost 14-15 km, 3 in 11-12 km and 2 from 7-8 km from the control unit, 140 
then we will have three zones. Next we need to assign highest weight to the farthest zone, a lower one to the zone 141 
with the medium distance and the lowest weight to the nearest zone.  In the proposed VW-SAC system, sensing 142 
points with higher weights carry vibration signals using more number of wavelength or chips, hence having higher. 143 
In this approach, the attenuation caused by optical fibres is compensated by increasing transmit power by adding 144 
additional wavelengths instead of signal amplification. Therefore, the system can be utilised in any existing 145 
infrastructure, and without the need for electric power in any sensing location. The design of the system and choice 146 
of the codes are in a way to retrieve almost same power from all distances to overcome the near-far problem. 147 

To determine how available chips are designated for different nodes, one needs to use one of the codes developed 148 
for SAC-OCDMA system. These codes are differentiated by their characteristics such as maximum cross-149 
correlation (maximum number of wavelengths shared between two pairs of codes), length and supportable weight.  150 
The cross-correlation is the maximum number of overlapping wavelength between codewords, which determines 151 
the interference level of a system. A code family with high cross-correlation provides higher information security 152 
but a lower performance.  The importance of using codes for sensing application rather than assigning consecutive 153 
wavelengths to the nodes is then to provide security in the transmission layer while maintaining maximum 154 
bandwidth utilisation. The code length defines the total wavelength required for supporting the all sensing point 155 
in different zones. Generally, higher weights increase the overall code length. It is true that higher code weight 156 
intensify the quality of one group of sensing signals, however, due to the higher length the overall performance of 157 
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the system is decreased. Therefore, to construct a system with higher capacity and still providing a minimum 158 
security, it is essential to select a right code.   159 

Among several VW-code families (Djordjevic et al. 2004, Kwong & Yang 2004, Liang et al. 2008, Anas et al. 160 
2016, Seyedzadeh et al. 2017), this study uses VW Khazani-Syed (VW-KS) code, which was initially developed 161 
based on the single weight KS code (Ahmad Anas et al. 2009). KS code is based on matrix construction, where 162 
the two sub-codes A = [110] and B = [011] are used to construct the basic matrix. The structure of this code is in 163 
such way that cross-correlation (the number of the overlapping chip(s) between two different users’ codes), R, is 164 
either zero or one which results in the reduction of multiple access interference (MAI) effect. Figure 2 shows the 165 
basic KS code matrix with the weight of a 4. The overlapping chips between each pair of codes are depicted with 166 
blue dotted lines. 167 

 168 

 169 
 170 

 171 

The number of rows KB, also known as basic number of users and number of columns NB or basic code length are 172 
calculated by following equations: 173 

 174 

 175 
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and 176 
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(2) 

 178 

For the detail of code constructing VW-codes for large number of nodes refer to Appendix A. 179 

 180 

2.1 Recovering Signals from Multiple Distances 181 

When each sensing nodes wavelengths are identified, upon a vibration exposure these coded signals are modulated 182 
by collimators installed on the site. As all signals from all nodes travel over a shared medium, the signal must be 183 
optically decoded. This means that chips or wavelengths dedicated to each node should be retrieved while 184 
cancelling the effect of signals from other nodes. Then optical signals are converted into the electrical domain to 185 
obtain the vibration frequency. The more intense oscillation will result in retrieving higher frequency. This 186 
procedure will be discussed more in Section Simulation Results. Here, the approach for receiving the correct 187 
spectrum and cancelling noise is elaborated. 188 

FIG. 2: Construction of the basic matrix for KS code with weight of 4. 
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Among several detection techniques developed for SAC system to cancel MAI and decode the desired signals, 189 
three widely used ones are complementary subtraction (CS) detection (Zaccarin & Kavehrad 1993), AND 190 
subtraction detection (Hasoon et al. 2008) and direct decoding (DD) (Abdullah et al. 2008). Both CS and AND 191 
utilise balanced detection in which two decoders (upper and lower) are required in a single receiver to eliminate 192 
the effect of MAI. The upper decoder detects the desired code, while the lower decoder retrieves the binary logical 193 
AND of desired and interfering code (the interferer signal of other nodes having an overlapping chip with the 194 
desired code) for AND detection and the complement of the upper decoder in the case of CS. DD only deploys 195 
one decoder unlike the others, which reduces the number of filters and receiver complexity by detecting the non-196 
overlapping code of the desired signal. 197 

Generally, FBGs are employed to filter the coveted wavelengths within both encoder and decoder. After forming 198 
the code words for each sensor point, the signals which have been modulated by vibration sensors travel over the 199 
fibre. In order to avoid power splitting to grab the whole wavelengths, FBGs are consecutively structured. 200 
However, such an arrangement causes unequal losses in different chips (due to the FBGs insertion loss affecting 201 
passing signals). Therefore, to prevent power reduction of various chips, the FBGs arranged in the opposite order 202 
of the encoder in the receiver part. This technique also eliminates the delay imposed by FBGs at the decoder. 203 

The choice of deployed detection technique is dependent on the utilised code family (Seyedzadeh et al. 2013, 204 
2016a). It has been shown that codes with high cross-correlation values (≥ 3) such as integer lattice optical 205 
orthogonal code (Djordjevic et al. 2004) are best decoded via balanced detection based methods, while DD is 206 
much appropriate for lower cross-correlation codes (e.g. VW-KS and VW-MS (Seyedzadeh et al. 2017)). Hence 207 
this study uses DD detection technique for retrieving the vibration modulated optical signals. The hardware 208 
experiment of a VW-OCDMA system using DD transmitted over optical fibre has been successfully demonstrated 209 
(Seyedzadeh et al. 2014). 210 

3. SYSTEM DESCRIPTION 211 

This study assumes that sensing points are distributed in different zones in which the nodes inside the same zone 212 
have almost the same distance from the base control unit and different zones are located unequally from the base 213 
unit. Figure 3 shows three zones with different sensing nodes and the base control unit. The main idea of this work 214 
is to assign a specific code weight for each zone where higher weights are allocated for zones with farther distance 215 
from the base. In this case, nodes are categorised into zones as equivalents to services in communication systems, 216 
according to their distances from the control unit. It should be noted that dividing nodes into the zones does not 217 
mean they are near each other but have logically distributed with similar span. 218 

 219 
FIG. 3: Configuration of optical sensors for monitoring structures distributed over three zones with different 220 
distances from control unit. 221 
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Based on the assumed three sensing zone and nine sensing points the weight assignment technique is used to 222 
construct the desired code with weight of 6, 4 and 2. 223 

 224 
FIG. 4: Code construction for vibration system and the wavelengths for each chip in OCDMA system. 225 

 226 
Structure of the code and the wavelengths assigned for chips (each one in the code representing the presence of 227 
the correspondent wavelength) are depicted in Figure 4. Nine codewords are generated using VW-KS code with 228 
chip spacing of 0.4 nm and a code length of 30. These codes support 4 sensing points in zone 3 (with the longest 229 
distance), 3 in zone 2 (with the medium distance) and 2 points in zone 1 (the nearest to the control unit). 230 
Figure 5 shows the architecture of a VW-SAC OCDMA system designed for multiple sensor nodes. Amplified 231 
spontaneous emission broad-band source (ASE-BBS) is used as the optical source. The spectrum of BBS is sent 232 
through an optical circulator and a 1×3 optical coupler (for supporting three zones). Each port of coupler is then 233 
connected to a 1×N coupler (N is the number of sensing point in each zone) after transmission over a single mode 234 
fibre (SMF) with different lengths of 8, 12 and 15 km. Then the output port of the secondary couplers are connected 235 
to the sensing points to collect the vibration signals. The encoder of VW-SAC comprises of a collimator, vibration 236 
box and a series of FBGs. Due to the property of VW-KS code in being double weighted the two wavelengths can 237 
be reflected using one FBG with bandwidth twice the chip spacing. The generated vibration causes a modulation 238 
that can be detected by decoders. In conducted simulation set-up, the study uses Mach Zehnder modulator to mimic 239 
the behaviour of the collimator in sensing vibration. Three different frequencies of 70, 140 and 210 MHz are used 240 
to represent low, medium and high vibration, respectively. It should be noted that these values are examples from 241 
previous experimental researches Taiwo et al. (2016) and used to demonstrate the operation of the proposed 242 
system. In a real-world implementation, first, the intensity of vibration is not discrete and second the range is 243 
determined by the type of structure and variation of the quiver. 244 

 245 
FIG. 5: VW-SAC OCDMA system structure of fibre vibration sensor for monitoring three nodes in different areas. 246 

The modulated signals are then travelled back to the couplers, combined and then guided to the detection section 247 
by a circulator. Here, the combined signals are split among decoders using a coupler. FBGs are also used to filter 248 
the desired wavelengths at the receiver part. As mentioned DD is used for recovery of sensor signals in which only 249 
the non-overlapping wavelengths (the chips without crosscorrelation with other coeds) are detected at the receiver 250 
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for the desired users. The FBGs with a bandwidth of 0.4 nm arranged in the opposite order of the encoder. As the 251 
node with weight 2 uses only one filter in both encoder and decoder, the order is not important, and the decoder is 252 
composed of one wavelength. 253 

The decoded optical signals are finally converted into electrical domain employing PIN photodetectors and sent 254 
to three channel oscilloscope to be translated using fast Fourier transform. 255 

The proposed system is simulated using OptiSystem version 12 software and default values are used for optical 256 
and electrical components. 257 

 258 

4. SIMULATION RESULTS 259 

Three different vibration scenarios are considered to demonstrate the performance of the system as shown in Table 260 
1. To illustrate the vibration sensing in the system from each zone one sensing point are selected. Nodes N1, N2 261 
and N3 are respectively located 8, 12 and 15 km far from the base control unit. The frequencies of other nodes are 262 
randomly assigned from 0 to 210 MHz. 263 

 264 

Table 1: Configuration of vibration frequencies for three nodes indicating various vibration scenarios for these 265 
points 266 

Node EXP 1 (MHz) EXP 2 (MHz) EXP 2 (MHz) 

N1 (W =2) 70 0 210 

N2 (W =4) 140 70 70 

N3 (W =5) 210 210 70 

 267 

Figure 6(a) to 6(c) illustrate the power in radio frequency (RF) domain of three nodes for experiments 1 to 3, 268 
respectively. As it can be observed low, medium and high vibration signal are constantly retrieved at frequencies 269 
of 66.3, 139.8 and 207.1 MHz at the encoder. Moreover, the signals of all nodes in different configurations are 270 
revived at almost the same peak power (±1 dB). The configuration of utilised weights are based on the selected 271 
distances and different combination can be applied for desired results. 272 

 273 

  
(a) (b) 
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(c)  

FIG. 6: The RF signal power received for three nodes for experiments (a )1 - (c) 3 indicated in Table 1. 274 
Hence, the weight of each zone is selected in a way that sufficient optical power for delivery of a noiseless signal 275 
could be received in the base station where all signals are collected and vibration is monitored. 276 
To make it clear, another experiment was conducted to check the scenario in which the different weights are 277 
applied to the same distance. Here, the fibre length for all nodes is set to 20 km and the vibration frequencies are 278 
adopted from experiment 1 in Table 1. Figure 7 depicts the signal power for different frequencies. The signal for 279 
node N3 which is received with a power of -33.4 dBm, so the vibration is distinctly detectable. The signals of 280 
nodes N1 and N2 are obtained with peak power of -47.6 and -41.8 dBm, respectively. This lower power retrieval 281 
is due to the fact that the received optical power of these nodes are lower than N3 as they are assigned with lower 282 
weights. It shows that it was impossible to recognise vibrations happening in node N1 with such a configuration. 283 

 284 
FIG. 7: The RF signal power received for distance of 20 km for all nodes. 285 
 286 

4.1 Effect of Transmission Distance 287 

In order to evaluate the performance of the proposed system under the effect of the transmission medium, a set-up 288 
with nine nodes (two points in the nearest zone with the allocated weight of 2, three points in zone 2 with the 289 
weight of 4 and four-point at the farthest zone with weight 6) is investigated. The codes are generated using the 290 
fixed mapping technique (cf. Appendix A). The plot of the signal to noise ratio (SNR) against average transmission 291 
distance is presented in Figure 8. The length of optical fibres for each zone is demonstrated as the separate x-axis. 292 
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 293 
FIG. 8: SNR of received signals from three zones vs transmission distance. 294 

It can be seen that below the transmission distance equal to 56 km, SNRs of all nodes satisfy the minimum value 295 
of 15 dB. The reason SNRs of nodes with higher weights decrease with faster rate is that dispersion has a more 296 
significant impact on them (Seyedzadeh et al. 2016b). However, all worst-case scenarios are selected for 297 
investigations so that to provide more robust results. In reality, the vibration frequencies are far lower than test 298 
cases of this study, and the chirping effect will not be an essential problem. Therefore, not only in-line boosting is 299 
not required in a metropolitan area, but also dispersion compensation is needless. 300 

To elaborate the determination of right weight for different distances, this study assumes that zone 3 and 2 are 301 
located 2 and 2.5 times of zone 1 from the control unit, respectively. The aim is to assign weights for these three 302 
zones located at 36, 72 and 90 km from data collection point. Figure 9 demonstrates two set of weights allocated 303 
for 9 sensor points distributed in different zones. The first set (i.e 6, 4 and 2) cannot deliver good enough signals 304 
for nodes located in zone 2 and 3. Utilising the second set including weights 10, 8 and 2, signals from all nodes 305 
are received with sufficient power with acceptable SNR. That means the second set of weights allows for 306 
monitoring of vibrations of structures located at the target distances. Hence, the selection of weights for each zone 307 
depends on distances of all zones from the signal collection point, and the number of sensing points located in 308 
each area. 309 

 310 
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 311 
FIG. 9: SNR for different combination of code weights against transmission distance. 312 

 313 

5. VW-OCDMA SENSOR SYSTEM CAPACITY 314 

 315 

In order to determine the approximate capacity of VW-OCDMA sensor system, a mathematical model based on 316 
the upper bound calculation (Smith et al. 1998) is developed. In this model shot and thermal noises are taken into 317 
account to derive the SNR of the received signals. It should be noted that as DD detection is used the phase-induced 318 
intensity noise is avoided in the proposed system. 319 

The noise variance of a photocurrent emitted from optical source as a result of the detection of an ideally 320 
unpolarised thermal light can be calculated as (Wei et al. 2001): 321 

 
(3) 

Where Ishot and Ithermal represent the shot noise and thermal noise, respectively. The coherence time of the thermal 322 
source, τc is given by (Smith et al. 1998) 323 

 

(4) 

Where G(v) is the source power spectral density (PSD). 324 

This mathematical model considers the following assumptions: 325 
a) Each power spectral component has identical spectral width. 326 
b) Each node receives equal total power. 327 
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c) Each vibration is considered as a modulated signal at frequency of 210MHz. 328 
d) The number of nodes in every zone is almost the same 329 

The PSD of the received signals can be expressed as (Yang et al. 2004): 330 

 331 

 

(5) 

Here Psr is the effective power of source at receiver, ∆v is the bandwidth of optical source, K and N are number of 332 
sensor nodes and total code length respectively, dk is the modulated information of kth vibrated nodes which is 333 
either “1” or “0” ( ) is the ith element of the kth KS code sequence and Π(i) is a function written as: 334 

 335 

 

(6) 

and u[v] is the unit step function expressed as: 336 

 

(7) 

 337 

The code properties using DD is expressed as 338 

 

(8) 

The photocurrent of the desired node’s signal is therefore 339 

 

(9) 

Where ℜ represents the receiver responsitivity, and Psr is the received power. It is assumed that the configuration 340 
of VW-OCDMA sensor system is in way that signals from nodes in different distances are received with almost 341 
the same power, therefore Psr×Wk remains constant for all nodes and can be replaced by Pc . Indeed this the main 342 
idea of varying weights for unequally distributed sensors. For longer distances Psr is decreased; however different 343 
higher weights, Wk, ensures that the same received power will be attained from these nodes. It is true that in reality 344 
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the noise of these signals with different wavelength but the same total power is not the same, as this model gives 345 
an upper bound approximation of SNR, this issue can be ignored. 346 

The variance of shot noise in the photocurrent can be calculated as 347 

 

(10) 

The thermal noise is given as 348 

 

(11) 

where B is the electrical bandwidth, Kb is Boltzmann’s constant, Tn is received noise temperature and RL represents 349 
the receiver load resistor. 350 

Hence, SNR of VW-SAC-OCDMA can be written as 351 

 

(12) 

The parameters for mathematical analysis are listed in Table 2. 352 

 353 

Table 2: The mathematical parameters adopted from (Kakaee et al. 2014, Smith et al. 1998, Shalaby 2012) used 354 
in evaluation of system capacity. 355 

Symbol Parameter Value 

Symbol Parameter Value 
η Photodetector quantum efficiency 0.6 
∆v Linewidth of broadband source 3.75 THz 
λ0 Operating wavelength 1550 nm 
Pc Received optical power -10 dBm 
Tn Receiver noise temperature 300 K 
Rl Receiver load resistor 1030 Ω 
e Electron charge 1.6 × 10−19 C 
h Planck’s constant 6.66 × 10−34 Js 
Kb Boltzmann’s constant 1.38 × 10−23 J/K 

Figure 10 shows the plot of SNR versus the number of simultaneous sensor nodes with different configurations. 356 
The three zones configuration is simulated using (6, 4, 2), (8, 6, 4) and (10, 6, 4) code combinations. The system 357 
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capacity is also illustrated for four zones with assigned code weights of 8, 6, 4 and 2. It can be seen that how 358 
increasing the code weight expand the system capacity. 359 
 360 

 361 
FIG. 10: SNR of received signal against number of active nodes in the system. 362 

It could be concluded here that, different configurations can be designed for each specific optical sensors. In this 363 
analysis it was assumed that each node group (zone) with different weight has the same share of total number of 364 
nodes. However, it should be noted that if the number of nodes with lower weights are dominated the system 365 
capacity will increase due to the reduction of total code length, Nv and verse. The diagram shown in Figure 11 366 
illustrates a rule of thumb approach to select the code weights for the required number of zones and sensing points. 367 
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 368 
FIG. 11: Flowchart of selecting code weight for sensor configurations. 369 

 370 

To support large number of nodes distributed in several zones, more flexible OCDMA codes such as VW-MS 371 
(Seyedzadeh et al. 2017) will results in better SNR and facilitated configuration. 372 

6. CONCLUSION 373 

The research presented in this study addressed the functionality gap between the emerging optical sensor networks 374 
and urban SHM, in order to leverage efficient remote vibration sensing of constructed sites. As mentioned in the 375 
reviewed literature, despite the broad adoption of optical sensing in SHM, there are several challenges in 376 
monitoring various structures located in urban areas including high cost of implementation of WDM systems, 377 
demand for synchronisation in TDM networks and inability of sensing support of various zones distributed in an 378 
urban area without the need for independent wiring. This study is our response to a need for the cost-effective 379 
monitoring utilizing an existing infrastructure and fibre links connecting these dispersed construction areas while 380 
minimizing possible detrimental effects arising from nonlinearities due to the signal amplification, dispersion, and 381 
time jitter which otherwise would need to be carefully dealt with in case of employing competing approaches 382 
including WDM or TDM systems. The proposed VW-SACOCDMA does not require traffic management or 383 
system synchronisation. As shown in Section Effect of Transmission Distance thanks to the nature of the utilised 384 
optical source, this approach is resilient to performance degradations caused by fibre nonlinearities 385 

An optical multiplexing system for monitoring vibration in unequally distributed nodes was proposed, based on a 386 
VW-SAC OCDMA system. The proposed system with nine nodes with different distances from the control unit 387 
was also investigated, using optical simulation software. Low, medium and high vibrations were considered as 388 
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sinusoidal modulation with different frequency, and the corresponding received signals were presented in radio 389 
frequency domain for the three nodes in different zones. The results indicated that the applied vibration frequencies 390 
were explicitly obtained for all weights in various scenarios. Furthermore, the conducted simulation showed how 391 
by increasing the fibre length (i.e. the distance of nodes from the base) the nodes with lower weight experience 392 
signal power degradation would make the vibration detection more difficult. The effect of transmission fibre and 393 
selection of appropriate code combination for different zones are numerically analysed by considering nine sensing 394 
point distributed in three locations. Furthermore, through mathematical approximation, the capacity of VW-395 
OCDMA for vibration sensing was demonstrated as SNR against the number of nods; indicating that the proposed 396 
system has the potential to support a high number of nodes distributed with uneven distances. The performance of 397 
the system may be further improved using more flexible OCDMA code families. The simulation and mathematical 398 
results point out the suitability of VW-OCDMA system in supporting vibration sensing with simple 399 
implementation and high accuracy. If the security of monitoring data is not an issue, the used of zero cross-400 
correlation codes are recommended as they provide better code-word cardinality using the same bandwidth. 401 
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 558 

APPENDIX A. EXPANDING OCDMA CODE FOR LARGER SENSORS 559 

The process of VW-KS code construction is a combination of two algorithms, which are fixed mapping technique 560 
and dynamic weight assignment. The first technique is a simple mapping of codes with same and different weights 561 
that had been initially constructed using single weight KS technique. The second technique, dynamic weight 562 
assignment uses the value of [1 2 1] combination to arrange sub-codes A and B, accordingly (Anas et al. 2016). 563 
The main aim of developing dynamic weight assignment was to support few number of differentiated services 564 
without wasting extra bandwidth. 565 

A.1. Mapping technique 566 

First, the number of sensor points is increased by mapping the basic matrix, CB, for the required weight. Based on 567 
the assumption that the total number of requisite sensors in one region (which determines the allocated weight) is 568 
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N, the basic matrix repeated by 𝑀𝑀 =  ⌊𝑁𝑁/𝑁𝑁𝐵𝐵𝑐𝑐 ⌋times, where NB is the number of nodes in CB as the following 569 
matrix:    570 

 571 

 572 
 573 

here CB(m) is the mth mapping sequence where m = 1,2,...,M. Each ‘0’ in mapping matrix is a sequence of zeros 574 
with same size of CB. The maximum crosscorrelation λc between codes within the same matrix is one and from 575 
different mappings is zero. Hence; using mapping technique maximum cross correlation of 1 obtained for all users. 576 

Therefore, sensor points are grouped based on the distance from the monitoring unit where a matrix with suitable 577 
code weight is assigned for them. This means the construction sites which are located approximately in the same 578 
distance from the control unit are clustered in one zone. For example, if we have 9 sensors of which 4 located in 579 
almost 18-20 km, 3 in 12-5 km and 2 from 8-10 km from the control unit, then we will have three zones. Next we 580 
need to assign highest weight to the farthest zone, a lower one to the zone with the medium distance and the lowest 581 
weight to the nearest zone.   582 

A matrix with the desire code weight is assigned to each zone. As it is discussed if the number of points is higher 583 
than one basic matrix, more number of mapped matrices are assigned to the group to support all users. Then, 584 
matrices with different code weights are join together using mapping method to construct the overall matrix. Figure 585 
12, illustrates the structure of VW-code construction to support Q number of multiple distances (weights) using 586 
KS code. CBWq(m) shows the mth mapping basic matrix for qth region which is appointed with weight of Wq.  587 

 588 
FIG. 12: General structure of VW-Code construction using KS code. 589 

The total code length of VW-MS code, Lt with mapping technique is  expressed as: 590 

 

(A.1) 

A.2. Dynamic weight assignment and hybrid method 591 

Dynamic weight assignment reduces the code length by considering two important parameters to determine the 592 
position of sub-codes insertion. They are the value of 3-column combination (3CC) and cross-correlation between 593 
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two different users, x and y, i.e. Rx,y. Figure 13 shows an example of KS codes with illustration of 3CC and Rx,y 594 
values. The procedure of dynamic weight assignment is elaborated by Anas et al. (2016). 595 

 596 
FIG. 13: KS codes illustrating 3CC and values. 597 

When the number of requesting nodes having the same weight (sensors in the same region) is equal to the 598 
maximum number of users for that particular mapping, KW = Kmax(M), a fixed mapping technique is the best choice 599 
for VW-KS codes. In the case of KW < Kma x(M), a dynamic weight assignment technique can be result in a reduced 600 
code length and utilised bandwidth, provided that the number of mappings is one, i.e. M = 1. However, for M > 1, 601 
a combination of both techniques results in better bandwidth utilisation. In this method, it is important to determine 602 
the number of maximum nodes in the previous mapping, Kmax(M−1). For large number of requesting users, KW, 603 
where the number of mapping is greater than one (M > 1), fixed mapping technique is the best choice for nodes 604 
up to Kmax(M − 1). While for the remaining users, Kr = KW − Kmax(M − 1), their codes can be constructed using 605 
dynamic weight assignment. The codes of different weights, generated using fixed mapping for 1 ≤ KW ≤ Kmax(M 606 
−1) are appended diagonally, and later combined with codes for remaining users, Kr generated using dynamic 607 
weight assignment technique. The general form of the hybrid fixed-dynamic weight assignment technique is 608 
depicted in Figure 14 and its code length is given by 609 

 

(A.2) 

 610 

 611 
FIG. 14: General form of hybrid fixed-dynamic weight assignment technique. 612 

 613 
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