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a b s t r a c t

To improve the precision of indoor positioning and actualize three-dimensional positioning, a reversed indoorpositioning system based on visible light communication (VLC) using genetic algorithm (GA) is proposed. In orderto solve the problem of interference between signal sources, CDMA modulation is used. Each light-emittingdiode (LED) in the system broadcasts a unique identity (ID) code using CDMA modulation. Receiver receivesmixed signal from every LED reference point, by the orthogonality of spreading code in CDMA modulation, IDinformation and intensity attenuation information from every LED can be obtained. According to positioningprinciple of received signal strength (RSS), the coordinate of the receiver can be determined. Due to systemnoise and imperfection of device utilized in the system, distance between receiver and transmitters will deviatefrom the real value resulting in positioning error. By introducing error correction factors to global parallel searchof genetic algorithm, coordinates of the receiver in three-dimensional space can be determined precisely. Bothsimulation results and experimental results show that in practical application scenarios, the proposed positioningsystem can realize high precision positioning service.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, with the rapid development of wireless sensor network(WSN) and physical networking technology, demands for location-basedservices gradually present a significant growth trend [1–3]. In the fieldof positioning, global positioning system (GPS) is well-known for itswide coverage and low cost of application. GPS has found an increas-ingly wide utilization in many situations, such as vehicle navigation,map service and so on. For outdoor environment, GPS has providedsatisfactory services, however, it has low accuracy in indoor position-ing [4]. GPS is still far from a perfect system in the field of positioningwhen it comes to a situation that indoor environment for radio signalsfrom a satellite will be blocked by tall buildings causing big positioningerror. To meet the increasing need of indoor positioning service, Wi-Fi,Bluetooth, radio frequency identification (RFID) and camera-based posi-tioning system have been developed to complement GPS. All positioningsystem mentioned above can provide a position precision from tensof centimeters to several meters and some of them have already beenused in indoor environment. However, due to the disadvantages of highcost, low positioning accuracy, electromagnetic interference and other
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factors, the schemes above are not ideal candidates [5]. Those solutionsof indoor positioning have the following disadvantages: (1) To installthese systems, extra device should be added to an indoor environment,which increases the cost and complexity of operation and control. (2) Insome RF-inappropriate environments like an underground mine, radio-based indoor positioning systems are unable to work. (3) The unevenspatial distribution of wireless signal leads to an intense volatility ata same location which results in a reduction of positioning accuracy.(4) These radio-based positioning systems will produce ElectromagneticInterference to the indoor electronic device like a MRI scanner in ahospital. (5) The confidentiality of radio-based communication systemis usually not high, which may lead to a location information leakage.Visible light communication (VLC) based positioning system is anew solution of indoor positioning which has the advantages of highpositioning accuracy, no electromagnetic interference, fewer extra mod-ules, good communication confidentiality and integration of lightingand communication. Positioning systems based on VLC can be dividedinto two formats: (1) photodiode-based (PD-based). (2) Image sensor-based [6,7]. As an image sensor-based positioning system usually need
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to use image processing techniques which sets a great demand onsystem performance, the simplicity, reliability and low cost of PD-basedpositioning system show wide application in indoor positioning field.In PD-based systems, the receiver collects optical signal from signalsources to estimate distances between itself and t signal sources usinga series of methods such as received signal strength (RSS) [8,9], angleof arrival (AOA) [10], time of arrival (TOA) [11], time difference ofarrival (TDOA) [12] and so on [13]. Among these methods introduced,time of arrival (TOA) and time difference of arrival (TDOA) are immuneto noise, and the angle of arrival (AOA) measures the distance betweenby the angle of received signal while this is difficult to achieve in realityfor the layout of transmitters and receiving range of a PD brings adramatic effect on the angle of arrival measured which results in abig error in positioning accuracy. Instead, the received signal strength(RSS) detects the distance only according to the received signal strengthwhich reduces circuit complexity of transmitters while ensuring thelocalization accuracy of the premise. At the same time, for a receiver itis easy to measure the signal strength by using an AD converter. HenceRSS is studied deeply. For example, Yang et al. proposed an indoorpositioning system using single transmitter and multiple receivers, thedevice can find its location using RSS and the relative position ofoptical receivers, the average positioning error was reported to be0.65 cm [14]. Jung et al. defined received signal strength ratio (RSSR)between received signals, three equations could be obtained using thedistance ratios which is a function of RSSR, the target can be located bysolving the equations [15]. The methods above both achieve satisfiedprecision, however, they fail to give the height information. In [16],Xu Wei et al. focus on a unique scenario where a single target terminalwith multiple PDs given their relative positions known which can give3D coordinates of target. Trilateration algorithm can also be appliedfor estimating 3D positions within the projection area surrounded byLEDs. However, when the target located outside the projection region,the algorithm is no more applicable [17].In order to actualize indoor positioning using visible light basedon the method of RSS, the problem that should be solved first is theinterference of optical communication. The introduction of a multipleaccess technique is necessary. In consideration of possibility that manyLEDs’ existing in an indoor environment at the same time, frequencybands will be divided too detailed when using the frequency divisionmultiple access (FDMA) resulting in difficulty of filter design. As forthe time division multiple access (TDMA), it will be difficult to controlthe transmitters for the communication time slot will be short whenthere are too many LEDs. The code division multiple access (CDMA)modulation can separate the signal overlapping both in time domainand frequency domain, and the spread spectrum technology in CDMAcan also reduce the inter symbol interference caused by the presenceof multipath effect indoor which improves communication quality andincrease system stability [18–20].Among most existing studies on the VLC positioning system basedon RSS, the work focus is on how to realize the positioning [14–17],problem of positioning error is not discussed deeply. In order to actualizehigh-precision positioning based on VLC, reasons causing positioningerror should be discussed first. Usually, in practical application, noiseand imperfection of the device cause the deviation from the theory. Andcertain parameters can be introduced to fix the positioning error basedon the principle of RSS. According to the assumption, the high precisionpositioning problem can be treated as a multi-parameter optimizationproblem. In order to solve the problem, the global parallel search of GAis obviously an ideal solution. By optimizing the attenuation factor inRSS, high precision positioning can be realized. And rate of convergenceof GA is discussed further to improve system availability.This paper is organized as follows. The model of indoor positioning,including indoor optical wireless channel model, model of communi-cation system and method of positioning is described in Section 2.Simulations, analysis and experiment are described in Section 3. Theconclusion of this paper is given in Section 4.

2. System principle and positioning algorithm

2.1. The channel model of indoor optical communication

In the indoor positioning system based on visible light commu-nication, light sources (LEDs) are regarded as reference points, andterminal is the optical signal receiver. As Fig. 1 shows, the positioningsystem is consisted of two parts: (1) LEDs installed on the ceiling ofthe room model. (2) The receiver. In order to describe the indooroptical communication process, several parameters are introduced. Thedistance between LEDs and the receiver is defined as d, the angle ofirradiance with respect to the perpendicular axis of the transmitter isdefined as 𝜃, the incidence angle with respect to the receiver’s normalis defined as 𝜙 and the orientation angle between the receiver’s normaland the vertical is defined as 𝜑.LEDs can be treated as Lambertian sources for their large beamdivergence when discussed in the indoor positioning. The channelgain of a line-of-sight (LOS) wireless channel can be described as thefollowing formula [19]:
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where the effective area of PD is given by the constant A, the filter gainand concentrator gain are given by TS (𝜙) and G(𝜙), and the FOV ofPD is defined as 𝜓𝑐 . The Lambertian parameters can be represented asfollowing:
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where 𝜃1∕2 and 𝜙1∕2 are the half-power angles of the transmitter (LED)and the receiver (PD) respectively. 𝜃1∕2 refers to the angle at whichluminous intensity is half of the axial (normal) luminous intensity and
𝜙1∕2 refers to the angle at which received signal strength (photocurrentresponse) is half of the value in the normal direction. Received opticalpower P𝑟 can be represented as:
𝑃𝑟 = 𝑃𝑡𝐻 (0) + 𝑃𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 (3)
where 𝑃𝑡 is the average transmitted optical power, and 𝑃𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 isthe incident optical power caused by other optical resources existing inthe background environment. Go a step further, we may use the meansof average electric current 𝜇𝐼𝑟 to measure the incident optical powerproduced by the PD:
𝜇𝐼𝑟 =
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(4)
where 𝑅𝑝 is the responsivity of the PD, it is a constant to the opticalsignal with the same wavelength. [18] The average PD current is af-fected by two noise processes: (1) shot noise which is caused by incidentoptical power including the desired signal and lighting environment. (2)thermal noise which is caused by the stochastic behavior of electrons.The total noise 𝜎2𝑛𝑜𝑖𝑠𝑒 can be seemed as a Gauss process which is the sumof shot noise 𝜎2𝑠ℎ𝑜𝑡 and thermal noise 𝜎2𝑡ℎ𝑒𝑟𝑚𝑎𝑙, represented as [21]:
𝜎2𝑛𝑜𝑖𝑠𝑒 = 𝜎2𝑠ℎ𝑜𝑡 + 𝜎
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In these formulas, 𝑞, 𝐵, 𝑘, 𝐼𝑏𝑔 , 𝑇𝑘, 𝐺0, 𝛤 , 𝜂, 𝑔𝑚 is the elementarycharge, equivalent noise bandwidth, the Boltzmann constant, back-ground current, absolute temperature, the open loop voltage gain, thechannel noise factor, the fixed capacitance of photo-detector (PD), andthe trans-conductance, respectively. 𝐼2 and 𝐼3 are the noise bandwidthfactors.
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