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Abstract—This work introduces an enhanced optical wireless 

Line of Sight (LOS) indoor localization system based on Visible 

Light Communication (VLC) technology using Light-Emitting 

Diodes (LEDs) as optical sources. Although Received Signal 

Strength Indication (RSSI) localization algorithm is simple and 

needs no extra hardware to be installed, but its performance is 

poor at some received areas compared to Time Difference of 

Arrival (TDOA) technique. That is because RSSI technique 

depends on the received power strength which is degraded 

towards room corners. Therefore, the proposed system is a 

combination between RSSI and TDOA algorithms and the target 

position is estimated using RSSI only at places with acceptable 

received electrical power (1.04x10-8W or between 6.53x10-9 to 

9.92x10-9W) while TDOA will be used at the other positions. 

Thus, this hybrid localization system will decrease the root 

mean-squared-error (RMSE) from 7.34cm using RSSI technique 

only on the whole received area to 5.81cm (using this hybrid 

system) and will save time. Some parameters that affect the 

performance of both RSSI and TDOA techniques are also 

included in this work in order to select the suitable values in the 

hybrid localization system. This work is evaluated by using 

MATLAB software version 2013.  


Index Terms—Light-emitting diode, line of sight, visible light 

communications, radio frequency, received signal strength 

indication, root mean-squared-error, time difference of arrival 

I. INTRODUCTION

Because of the rapidly growing population of mobile 

users, wireless communications based on Radio 

Frequency (RF) face a serious spectrum shortage problem. 

VLC, the communication technology using “Visible 

Light”, has gained popularity in recent years as a 

supplement to RF technology [1]-[3]. This is due to its 

advantages including worldwide availability, high 

bandwidth, high security, privacy, license-free, and no 

interference to RF communication. So, it can be used in 

airports and hospitals where radio wireless 

communication cannot be used because of 

electromagnetic wave interference [1], [2], [4], [5]. 
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VLC is an attractive technology that utilizes a light-

emitting diode (LED) as a source, so it can be used for 

both lighting and communication at the same time. 

LEDs have an extended lifetime, low-power 

consumption, high-lighting efficiency, small size, light 

weight, low cost, and are easy to use and can be 

modulated at higher data rates than conventional lighting 

sources [1], [2]. The dual functionality provided by LEDs 

has created a whole range of interesting applications such 

as high bit rate data broadcasting within homes and 

offices, huge transmission speed of video streaming, 

traffic control systems which use VLC to enable vehicle-

to-vehicle and infrastructure-to-vehicle communication to 

increase both the safety and efficiency of the 

transportation systems [4], and short-range underwater 

data transmission [1]-[3]. One of the various services 

based on VLC is indoor positioning systems in large 

buildings like hospitals, railway stations, and shopping 

malls.  

Accurate indoor localization is critical for numerous 

applications including indoor navigation, Location-Based 

Services (LBS), asset tracking, autonomous robot control, 

and personal services [6], [7]. The satellite-based 

navigation system such as the Global Positioning System 

(GPS), is not an applicable technology to be used in 

indoor environments due to its low positioning accuracy 

which reaches up to several meters [8], [9]. That is 

because the difficulty of the satellite microwave signals to 

penetrate the walls of the buildings.     

Thus, alternative technologies have been considered for 

indoor positioning based on radio-frequency systems such 

as Infrared (IR), Radio Frequency Identification (RFID), 

Wireless Local Area Network (WLAN), Bluetooth, Ultra-

Wideband (UWB), magnetic, and audible positioning 

systems [10]. Unfortunately, the performances of these 

systems are limited by electromagnetic interference, low 

security, complexity, and needs for additional 

infrastructure. 

For these reasons, localization systems based upon 

VLC are proposed and will be the backbone of this work. 

The localization process is performed in two steps: 
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1) Estimating distances between multiple points and a

target. 2) Determining the indoor target position from the

estimated distances [11].

Several algorithms are used to find the target position, 

including scene analysis, proximity detection, 

fingerprinting, trilateration, and triangulation. 

Triangulation is the most widely used algorithm which 

uses the geometric properties of a triangle to estimate the 

target location from the estimated distance. This can be 

achieved using Received Signal Strength Indication 

(RSSI), Time of Arrival (TOA), Time Difference of 

Arrival (TDOA), and Angle of Arrival (AOA) methods 

[1], [11]. 

According to the literature review, many VLC 

localization systems based on visible light that use RSSI 

techniques have been proposed and enhanced [1], [7]. In 

[1], the effect of LOS and non-line of sight (NLOS) light 

on RSSI localization system performance in a 5 × 5 × 3 

m
3
 room configuration with uniform lights distribution is 

presented. For LOS link, the minimum localization error 

obtained is 0.18 mm at the room’s center, reached to 

14.06cm which is the worst recorded error. To increase 

the accuracy dependence of the RSSI localization system 

in case of LOS link, Mohammed Abd Elkarim et al. 

suggested distinct lighting system instead of uniform 

system after comparing between them [12]. The 

comparison showed that using the distinct lighting system 

can enhance the accuracy by 3.9%.  

The TDOA-based localization system is also 

investigated in some papers such as [13], [14]. The 2D 

coordinates of the target position are simulated in [13] 

based on the TDOA algorithm in which LED lamps each 

assigned unique frequency address are used. Accuracy 

less than 1 cm have been reported. A modification on the 

system in [13] is introduced in [14] to estimate the 3D 

coordinates of the receiver position using the solution of 

four set equations.  

As RSSI technique depends on a power-level 

measurement in distance calculation, its localization 

accuracy is decreased at the received areas where the 

intensity of received light is poor. On the other hand, 

TDOA-based localization does not depend on the 

received power strength, and consequently can be used to 

enhance the positioning process even in poorly light areas 

but at the expense of time. Thus, using both RSSI and 

TDOA techniques in the localization system can enhance 

the localization accuracy at the whole received area and 

can save time. 

In this work, a hybrid RSSI / TDOA localization 

system based on LOS optical wireless channel model is 

proposed. First, the distribution of the received optical 

power on the received area is shown. Then, the 

localization error based on RSSI technique only is 

investigated around the whole room. Also, parameters 

that affect the performance of RSSI are studied. The 

TDOA-based localization error around the whole room is 

then shown. After that, the parameters that affect the 

performance of TDOA are studied with noise model 

consideration. The separate evaluation of localization 

error of each technique around the whole room is used to 

compare between the performances of these two 

techniques. Finally, that  localization error based on RSSI 

/ TDOA hybrid technique is investigated around the room, 

considering the suitable values of the parameters that 

affect each technique to get best localization performance. 

In this hybrid system, TDOA is used for distance 

calculations only at the places with low accuracy based on 

RSSI algorithm, so that the performance of localization 

algorithm can be enhanced and the processing time can be 

saved.  

The rest of this paper is organized as follows: Section 

II describes the LOS indoor optical wireless channel 

model. Section III presents the proposed system model 

and shows the RSSI and TDOA based positioning 

algorithms with linear and nonlinear estimators. Room 

topology and parameters are presented in section IV. 

Section V contains simulation results and performance 

evaluation. Finally, Section VI provides the conclusions 

of this work. 

II. LOS OPTICAL CHANNEL MODEL

The t-domain LOS impulse response of the optical 

wireless channel can be modeled as a linear attenuation 

and delay as follows [3] 

ℎ(𝑡) = (
 𝑅(𝜙)

𝑑 2
) 𝐴𝑒𝑓𝑓 (𝜃) 𝛿 (𝑡 −

𝑑

𝑐
 )    (1) 

Where R(𝜙) is the radiant angle intensity by the radiation 

angle 𝜙 with respect to the transmitter axis. The distance 

between the transmitter and receiver is d, and θ is the 

angle of incidence with respect to the receiver axis, as 

depicted in Fig. 1. The speed of the light in free space is c. 

δ(t − d/c) represents the signal propagation delay, and Aeff 

is the effective signal collection area and is given by [1] 

𝐴𝑒𝑓𝑓(𝜃 ) = {
𝐴 𝑇𝑆(𝜃 )𝑔(𝜃) 𝑐𝑜𝑠(𝜃)    , 0 ≤ 𝜃 ≤ 𝐹𝑂𝑉
0                                        ,          𝜃 > 𝐹𝑂𝑉

 (2) 

where A is the detector physical area, TS(θ) is the optical 

filter gain, g(θ) is the concentrator gain and FOV is the 

receiver field of view as shown in Fig. 1. 

Fig. 1. LOS optical channel model 

Also, the emission from an LED can be modeled as 

Lambertian emission, so the radiant angle intensity R(𝜙) 

can be expressed as [1]     

R(ϕ)=[
(m+1)

2π
] cosm (ϕ)  (3) 
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Where m is the mode number of an LED and its value 

indicates the transmitter directivity. It is related to 𝜙1/2 

which is the transmitter semi-angle at half power by [1], 

[7], [15] 

               m =-ln (2)/ln ( cos( ϕ
1/2

))                               (4) 

Then, the t-domain Los channel impulse response h(t) 

can be written as [13]  

ℎ(𝑡)= { 
 
(𝑚+1)𝐴 

2𝜋𝑑 2
𝑐𝑜𝑠𝑚(𝜙) 𝑇𝑆(𝜃)𝑔(𝜃) 𝑐𝑜𝑠(𝜃)𝛿(𝑡 −

𝑑

𝑐
) 

                                               , 0 ≤ 𝜃 ≤ 𝐹𝑂𝑉
0                                             ,          𝜃 > 𝐹𝑂𝑉

(5) 

Using the Fourier transform of the channel impulse 

response h(t), we get H(𝜔) which can be considered as the 

channel gain and is given by [13] 

𝐻(𝜔) {
   
(𝑚+1)𝐴

2𝜋𝑑 2
𝑐𝑜𝑠𝑚(𝜙) 𝑇𝑆(𝜃)𝑔(𝜃) 𝑐𝑜𝑠(𝜃)𝑒

(−𝑖𝜔𝑑  𝑐⁄  )

                                                     , 0 ≤  𝜃 ≤ 𝐹𝑂𝑉
0                                                 ,           𝜃 > 𝐹𝑂𝑉

 (6) 

The channel is assumed to be distortion-less, so a gain 

H(ω) can be calculated as a channel DC gain H(0) for all 

frequencies used in the model. Then, the LOS channel DC 

gain H(0) can be written as[13], [16] 

𝐻(0) = {
   
(𝑚+1)𝐴

2𝜋𝑑 2
𝑐𝑜𝑠𝑚(𝜙) 𝑇𝑆(𝜃)𝑔(𝜃) 𝑐𝑜𝑠(𝜃)            

                                                  , 0 ≤ 𝜃 ≤ 𝐹𝑂𝑉
0                                              ,        𝜃 > 𝐹𝑂𝑉

  (7) 

The received optical power Pri to a receiver from the 

LEDi due to a LOS link is given by [13] 

           𝑃𝑟𝑖 = 𝑃𝐿𝐸𝐷𝑖 . 𝐻𝑖(0)       , i= 1,2,3, or 4                  (8) 

III. PROPOSED SYSTEM DESIGN, INDOOR LOCALIZATION 

METHOD, PARAMETERS, AND NOISE MODEL 

A. Indoor Localization Estimation 

In this section, we introduce the proposed localization 

algorithm using an array of LED ceiling lights lamps, 

each has a unique frequency address F-ID as shown in Fig. 

2. 

 

Fig. 2. Proposed system configuration 

To estimate the location of the Rx in the room, at least 

three LED lamps out of the four LEDs are used. Each 

LED  has a unique frequency address (F-ID) and emits 

light intensity proportional to the current passing through 

the diode. Thus, it can be considered linear. The radiated 

optical power that meets both RSSI and TDOA 

requirements from each LED can be expressed as [13] 

   PLEDi=PCONT+PMOD cos(2πf
i
t+φ

0
)  , i =1,2,3, or 4    (9) 

where PCONT and PMOD are continuous and modulated 

optical waves respectively and 𝜑0 is the initial phase of 

the radiated optical wave.  

1) Distance estimation 

The first step in the localization algorithm is estimating 

the distance between the Rx and at least three LEDs. This 

can be performed by using the received power in case of 

RSSI technique or on the phase difference between the 

transmitted signals in case of TDOA algorithm. The 

decision of which technique will be used is depending on 

the strength of the received power.        
Mathematically, this step differs in case of using RSSI 

technique than that in TDOA, so this work includes a 

mathematical model to find a common formula that can 

be used in both cases.  

First, the incident optical power received from the 

LEDs is converted into an electrical current. This 
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electrical current is proportional to the incident photon 

flux. Therefore, a photodetector device can be considered 

linear.  

The output electrical signal of the 

photodetector,  𝑃𝑃𝐷(𝑡)  is an absolute square of the 

received optical wave, and can be expressed as [13] 

       𝑃𝑃𝐷(𝑡) = 𝐾 ∑  |𝑅 . {𝑃𝐿𝐸𝐷𝑖 ⊗  𝐻𝑖(0)}|
24

𝑖=0              (10) 

where R is the responsivity of the photodetector, K is a 

constant of proportionality, and ⊗  is a convolution 

operator.   

The photoelectric output from the photodetector (PD) 

consists of lots of frequency components such as, DC 

component, f1 and some harmonics. So this output passes 

to band pass filters (BPFs) whose pass band is adjusted to 

each F-ID. The band pass filter output can be expressed as 

[13] 

𝑃𝐵𝑃𝐹𝑖(𝑡 ) = 𝐿𝑖  . cos{ 2π𝑓𝑖(𝑡 − 𝑑𝑖  c⁄ ) + 𝜑0}            (11) 

where Li=2K𝑅
2

Hi(0). PCONT . P
MOD

 .{ ∑ Hi(0)
4
i=0 } , di is 

distance between LEDi and the receiver.  

Equation (11) is the step from which we can use RSSI 

technique or switch to TDOA technique based on the 

strength of received power. 

a) Based on RSSI technique 

In which the distance di between the LEDi and receiver 

can be estimated based on the received optical power after 

passing through photodetector and then being filtered by 

band pass filters.  

Based on RSSI technique, using the constant term Li in 

(11) which is considered as the magnitude of the band 

pass filter output signal as follow 

Li=2𝐾R2.
(m+1) A cosm (𝜙𝑖)Ts (θ)g(θ) cos (𝜃𝑖)

2πd i
 2  .PCONT .PMOD  (12) 

Then, the required distance di  can be calculated by 

𝑑𝑖 = √2𝐾𝑅2
(𝑚+1) 𝐴 𝑐𝑜𝑠𝑚(𝜙𝑖)𝑇𝑠(𝜃)𝑔(𝜃) 𝑐𝑜𝑠(𝜃𝑖)

2𝜋𝐿𝑖
𝑃𝐶𝑂𝑁𝑇  𝑃𝑀𝑂𝐷

2
    

                                                                                      (13) 

b) Based on TDOA 

If the received power is less than a certain threshold 

level, TDOA algorithm can be used to estimate the 

required distances. In this algorithm, distance 𝑑𝑖  between 

LEDi and receiver can be obtained by estimating the time 

difference of arrival that is detected from the phase 

difference between each transmitted signal (from LED2, 

and LED3) and signal from LED1 which is considered as 

reference source [13]. 

Starting from band pass filters out shown in (11), 

unified frequency signals are obtained using frequency 

down converter composed with a mixer and a band pass 

filter. This step is required to detect the phase difference 

between each signal and signal from LED1 (since LED1 is 

the reference LED in the system). 

In mixer, each electrical signal PBPFi(t) of frequency fi 

is multiplied by a cosine function of frequency fi − (f1/2) 

then passed through a band pass filter so the resulting 

signals Pi(t) are brought down to one common frequency, 

f1 and can be expressed as [13]    

          𝑃𝑖(𝑡) =
𝐿𝑖

2
. 𝑐𝑜𝑠(𝜋𝑓𝑖𝑡 − 2𝜋𝑓𝑖 𝑑𝑖 𝑐⁄ + 𝜑𝑇)            (14) 

where 𝜑𝑇  is the total phase shift by the electrical path.  By 

extracting the phase difference between each signal Pi(t), 

i=2,3 and reference signal P1(t) using the phase detector 

based on Hilbert transform we get [13] 

               {
△ϕ

12
=2πf

1

d1-3d2

c
= tan-1 (

I12

Q12

)

 △ϕ
13

=2πf
1

d1-5d3

c
= tan-1 (

I13

Q13

)
                   (15) 

where I and Q are in phase and quadrature components 

respectively and can be obtained as follows [13] 

   {
𝐼1𝑖 = 𝑃1(𝑡). 𝐻𝑖𝑙𝑏{𝑃𝑖(𝑡)} − 𝐻𝑖𝑙𝑏{𝑃1(𝑡)}. 𝑃𝑖(𝑡)

  𝑄 1𝑖 = 𝑃1(𝑡). 𝑃𝑖(𝑡) − 𝐻𝑖𝑙𝑏{𝑃1(𝑡)}. 𝐻𝑖𝑙𝑏{𝑃𝑖(𝑡)}
    (16) 

where Hilb{•} is Hilbert transform relations, and i=2, 3. 

The phase difference relations in (15) are two equations in 

three unknowns (d1, d2, d3). By switching between LED1 

and LED2; f1 is modulated to LED2 and f2 is modulated to 

LED1, another relation can be resulted [13] as follow 

      △ 𝜙21 = 2𝜋𝑓1
𝑑2−3𝑑1

𝑐
= 𝑡𝑎𝑛−1 (

𝐼21

𝑄21
)                     (17) 

From (15), and (17), the distance di between the LEDi 

and the receiver can be estimated as [13]     

     

{
 
 

 
   𝑑1 =

−1

8
.

𝑐

2𝜋𝑓1
[𝑡𝑎𝑛−1 (

𝐼12

𝑄12
) + 3 𝑡𝑎𝑛−1 (

𝐼21

𝑄21
)] 

d2=
1

3
[d1-

c

2πf1
.tan

-1
(

I12

Q12

)] 

  𝑑3 =
1

5
[𝑑1 −

𝑐

2𝜋𝑓1
. 𝑡𝑎𝑛−1 (

𝐼13

𝑄13
)]

    (18) 

2) Position estimation 

From (13), based on RSSI or (18), based on TDOA 

using at least three distance values, the receiver position 

can be estimated based on the triangulation process. 

Assuming (xi , yi , zi) are the coordinates of the LEDi , and 

(xest , yest , zest) are the coordinates of the receiver to be 

estimated, we have [6].  

  (xest-xi) 
2+(y

est
-y

i
) 2+(zest-zi) 

2
=di

  2
 , i =1, 2, 3 or 4    (19) 

The solution of (19), can be obtained using linear or 

nonlinear least square estimation approaches [7] 

a) Based on Linear Least Square Approach (LLS) 
Solving at least three equations given in (19), taking 

into consideration that the LEDs are installed at the same 

height (z1 = z2 = z3), the receiver position can be obtained 

based on LLS method [1]                            

                        Ax= b 

              𝑥 = (𝐴𝑇𝐴)−1𝐴𝑇𝑏                                   (20) 

where 

𝐴 = (
𝑥2 − 𝑥1          𝑦2 − 𝑦1 

𝑥3 − 𝑥1          𝑦3 − 𝑦1
)   , 𝑥 =  (

𝑥𝑒𝑠𝑡
𝑦𝑒𝑠𝑡

) 
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       , 𝑎𝑛𝑑  𝑏 = (
(𝑑1
2−𝑑2

2+𝑥2
2+𝑦2

2−𝑥1
2−𝑦1

2)/2

(𝑑1
2−𝑑3

2+𝑥3
2+𝑦3

2−𝑥1
2−𝑦1

2)/2
)                      (21) 

So the LLS localization error is given by  

    𝑒𝐿𝐿𝑆 = √(𝑥𝑅 − 𝑥𝑒𝑠𝑡)
2 + (𝑦𝑅 − 𝑦𝑒𝑠𝑡)

2                      (22) 

where (xR, yR) is the actual Rx position coordinates. 

b) Based on Non-Linear least square approach (NLS) 

As LLS approach causes a high error in estimating the 

receiver position, so NLS considered another approach 

that uses a minimum error function eNLS as follows [7] 

  eNLS=∑ (√(xest-xi)
 2

+(y
est

-y
i
) 2-di)

2

, i=1,2,3, or 4i    (23) 

B. Noise Modeling 

The localization system performance is very sensitive 

to noise which causes high inaccuracies in the distance 

estimation process, especially if it depends on the 

received power as in the RSSI algorithm. So noise is 

considered in this work.               

The four led arrays placed at the ceiling of the room are 

assumed to be the only sources of lights in our room. 

Major noise sources in a photodiode can be categorized as 

thermal noise, and shot noise. Based on Gaussian 

distribution these noises can be approximated with a total 

variance of N as follow [7] 

                     N=σthermal
2 +σshot

2                                        (24) 

where  𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙
2 ,   σshot

2  are the thermal, and shot noise 

variances respectively and can be given by [3] 

𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙
2 =

8𝜋𝑘𝑇𝑒

𝐺
𝜂𝐴𝐼2𝐵

2 +
16𝜋2𝑘𝑇𝑒𝛤

𝑔𝑚
𝜂2𝐴2𝐼3𝐵

3            (25)                    

 σshot
2 = 2𝑞𝑅𝑃𝐵𝑆𝐴𝛥𝜆𝐵 + 2𝑞𝑅𝑃𝑅𝐵 + 2𝑞𝐼𝐷𝐶𝐵               (26) 

where PR is the peak to peak optical power of the received 

optical signal. The description and value of the other 

parameters used for calculating shot and thermal noise are 

listed in Table I [1]. 

TABLE I: NOISE PARAMETER VALUES 

               Parameter        Value 

Electronic charge (𝐪) 

Boltzmann's constant (k) 

Dark current (IDC) 

1.6x10-19 C 

1.38x10-23 

5 PA 

Channel noise factor ( Γ) 1.5 

Equivalent noise bandwidth (Β) 100  MHz 

Open-loop voltage gain (G) 10 

Absolute temperature (Te) 300 K 

Transconductance (gm) 30 

Bandwidth of the optical filter    (Δλ) 400 nm 

Background spectral irradiance (pBS) 5.8 × 10−6  W/cm.nm 

Fixed capacitance of PD per unit area (η) 

noise-bandwidth factors ( I2) 

noise-bandwidth factors ( I3) 

112 pF/cm2 

0.562 

0.0868 

IV. ROOM TOPOLOGY AND PARAMETERS 

For evaluating this work, assume an empty room with 

dimensions 5 x 5 x 3m
3
 as shown in Fig. 3. Four arrays of 

LED lights are used as transmitters each have a unique F-

ID to distinguish them. The center locations of these LED 

lights are (1.25,1.25,3), (1.25,3.75,3), (3.75,1.25,3), and 

(3.75,3.75,3) m.  

 

 
Fig. 3. Room model 

The simulation values that provide both convenient 

lighting and communication functions for the proposed 

RSSI / TDOA hybrid system are listed in Table II [1], 

[13].   

TABLE II: ROOM, SOURCE, AND RECEIVER PARAMETER VALUES 

 

Parameter 

 

    Value 

 

Room: 

 Size 

 

 

5 m ⅹ 5 m ⅹ 3 

m 

Source: 

 Continuous optical power (PCONT)  
 Modulated optical power (PMOD) 

 Semi-angle at half power (𝝓𝟏/𝟐) 

 Number of LEDs 

 Positions 

 LED1 
 LED2 

 LED3 
 LED4 

 

1 W 

0.1 W 

60˚ 
25 (5× 5) 

 

(1.25 , 1.25 , 3 ) 

(1.25 , 3.75 , 3) 

(3.75 , 1.25 , 3) 
(3.75 , 3.75 , 3) 

 

Receiver: 

      Area (A) 

 FOV 
      Responsivity (R) 

      Concentrator gain (g(ө)) 

 Filter gain (Ts(ө)) 
 F-IDI  

 

 
1 cm2 

70˚ 

0.4 A/W 
1 

1 

1, 3, 5, and 7 
MHZ 

V. SIMULATION RESULTS AND PERFORMANCE 

EVALUATION 

This section contains the simulation results of the 

proposed hybrid system, starting with the power 

distributions for the LOS link in section A. Followed by 

localization error based on RSSI only around the room in 

section B. Localization error analysis under different Tx 

and Rx parameters are presented in section C. The 

localization error based on TDOA only around the room 

is presented in section D. Some parameters affecting this 

error are shown in section E. Finally, the proposed  RSSI / 

TDOA hybrid system localization error is investigated in 

section F. 
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The performance is evaluated along the receiving 

surface which is divided into a grid of 81 points. 

A. Power Distribution and Signal to Noise Ratio (SNR) 

Distribution 

The received power distribution at the desk level due to 

the LOS link along the 81 points on the bottom xy-plane, 

is shown in Fig. 4a. From this figure, the maximum LOS 

optical power is received directly under the four lighting 

sources and is gradually decreased as the Rx moves 

towards the corners.  

The optical received power varies from 0.0828mW at 

the corners of the room to 0.254mW toward the center of 

the LEDs.  

Based on noise parameters that are listed in Table I, the 

SNR distribution is shown in Fig. 4b. The distribution of 

SNR follows the received optical power distribution, as 

illustrated in Fig. 4a. The SNR decreases as the Rx moves 

from the center of the LEDs towards the corners. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

Fig. 4. (a) LOS received power distribution  (b) LOS SNR 

B. RSSI Localization Error 

RSSI localization technique is introduced and its error 

is also estimated among 81 points of possible Rx position 

at desk level due to the LOS link as shown in Fig.5 based 

on the parameters listed in Table II.  RSSI localization 

depends on the strength of the received power. So, the 

minimum localization error occurs approximately at the 

room’s center (≈0m) as shown in Fig. 5 reaching to its 

maximum value at the corners (around 19.43cm). 

 
Fig. 5. RSSI localization error 

C. Parameters Affect the RSSI Performance  

The performance of the RSSI technique is affected by 

some parameters such as the Tx semi-angle, Rx noise BW, 

and estimation approach used as in [1]. The effect of each 

parameter on RSSI localization error is investigated at 

different received points, some of them with low received 

power values [(0,5,0.85), (5,0,0.85), (0,0,0.85)] and the 

other point is the center (2.5,2.5,0.85) which has 

approximately the maximum received power value. 

Fig. 6(a) shows that as increasing the Tx semi-angle 

(𝜙1/2), high localization accuracy can be achieved. This is 

because a higher Tx semi-angle will improve the 

distribution of the received power among the received 

points but at the expense of the Tx directivity as shown in 

(4), (7), and (8). For example, at Rx position (0,5), 

when  𝜙1/2 =40° the RSSI localization error reaches 

24.95cm and this error can be decreased to 13.74cm at 

𝜙1/2 =60° based on the parameters listed in Table II.  

From Fig. 6(b), it is clear that higher Rx noise BW 

increases the uncertainty in the received signal and 

consequently increases the RSSI localization error. This 

appears when estimating the error at BW =50MHZ 

(10.68cm) which is smaller than error recorded at BW 

=500MHZ (1.24m) for Rx position (0, 0) based on the 

parameters listed in Table II. 

 

(a) 

(b) 
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Fig. 6. Effect of  (a) Tx semi-angle (b) Rx noise BW on RSSI 
localization error at corner, and center using the same parameter values 

shown in TABLE II. 

The results in Fig. 7 show that LLS approach causes a 

higher localization error than the NLS approach. 

Applying these two estimation approaches to get the 

localization error at (5,0), the error  will be 15.36cm using 

the LLS approach in (22) which  decreases to 0.9508cm 

based on the NLS approach. This is because the error 

calculation formula used in the LLS approach depends on 

information about Rx only (actual and estimated position 

of Rx) as shown in (23).  

 
Fig. 7. Effect of estimation approach used on RSSI localization error at 

different points using the same parameter values shown in Table II. Rx 

position no.1: (2.5,2.5), Rx position no.2: (0,5), Rx position no.3: (5,0), 
Rx position no.4: (0,0) 

D. TDOA Localization Error 

Based on the phase difference between the transmitted 

signals instead of strength of received power, TDOA 

localization error is also evaluated among 81 points of 

possible Rx position at desk level due to the LOS link as 

shown in Fig. 8 using the parameters listed in Table II.  

Fig. 8 shows that the maximum localization error is 

12.48cm, which is smaller than that of RSSI technique 

(19.43cm). Thus, a more accurate Rx position can be 

estimated based on TDOA technique. 

 
Fig. 8. TDOA localization error 

E. Parameters Affect the TDOA  Performance 

The performance of the TDOA technique is affected by 

some parameters including the distribution of used 

sources and estimation approach used on the TDOA 

localization accuracy. The effect of this parameters on 

TDOA localization error is recorded at different received 

points such as [(2.5,2.5,0.85), (1.875,1.875,0.85), 

(3.125,3.125,0.85) , (5,0,0.85)]  

Fig. 9 shows the variation of TDOA localization error 

with different sources of distribution. Four different 

sources are presented. Three of them are required for 

estimating distance di between LEDi and Rx.  

Before the 1
st
 distribution in which LED1, LED2, and 

LED3 shown in Fig. 3 are used and signal from LED1  is 

considered as a reference signal and switching occurs 

between LED1 and LED2 this lead to estimate the required 

distances as in (18). 

Using the 2
nd

 distribution in which LED1, LED2, and 

LED4 shown in Fig.3 are used, and also consider LED1 as 

a reference source, so using the phase detector output can 

be expressed as 

     {
△ 𝜙12 = 2𝜋𝑓1

𝑑1−3𝑑2

𝑐
= 𝑡𝑎𝑛−1 (

𝐼12

𝑄12
)

△ 𝜙14 = 2𝜋𝑓1
𝑑1−7𝑑4

𝑐
= 𝑡𝑎𝑛−1 (

𝐼14

𝑄14
) 

                  (27) 

Repeating the previous process and make switching 

between LED1 and LED2; f1 is modulated to LED2 and f2 

is modulated to LED1; another relation is required to get 

the unknown distances as following 

         △ 𝜙21 = 2𝜋𝑓1
𝑑2−3𝑑1

𝑐
= 𝑡𝑎𝑛−1 (

𝐼21

𝑄21
)                  (28) 

Based on △ 𝜙12, △ 𝜙14,  and  △ 𝜙21,  the information 

about the distance di between the LEDi and the receiver 

can be estimated as 

       

{
 
 

 
  𝑑1 =

−1

8
.

𝑐

2𝜋𝑓1
[𝑡𝑎𝑛−1 (

𝐼12

𝑄12
) + 3 𝑡𝑎𝑛−1 (

𝐼21

𝑄21
)]

 d2=
1

3
[d1-

c

2πf1
.tan

-1
(

I12

Q12

)]

 d4=
1

7
[d1-

c

2πf1
.tan

-1
(

I14

Q14

)]

    (29) 

The 3
rd

 distribution which uses LED1, LED3, and LED4 

shown in Fig. 3 also consider LED1 as a reference LED, 
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so the phase difference out from phase detector can be 

given by   

       {
△ 𝜙13 = 2𝜋𝑓1

𝑑1−5𝑑3

𝑐
= 𝑡𝑎𝑛−1 (

𝐼13

𝑄13

△ 𝜙14 = 2𝜋𝑓1
𝑑1−7𝑑4

𝑐
= 𝑡𝑎𝑛−1 (

𝐼14

𝑄14
)     

              (30) 

After switching between LED1 and LED3; f1 is 

modulated to LED3 and f3 is modulated to LED1; another 

phase detector output relation will appear as follows 

            △ 𝜙31 = 2𝜋𝑓1
𝑑3−5𝑑1

𝑐
= 𝑡𝑎𝑛−1 (

𝐼31

𝑄31
)               (31) 

From △ 𝜙13, △ 𝜙14, and △ 𝜙31, the distance di between 

the LEDi and the receiver can be estimated as follows 

   

{
 
 

 
   𝑑1 =

−1

24
.

𝑐

2𝜋𝑓1
[𝑡𝑎𝑛−1 (

𝐼13

𝑄13
) + 5 𝑡𝑎𝑛−1 (

𝐼31

𝑄31
)] 

    d3= 
1

5
. [d1- 

c

2πf1
.tan

-1
(

I13

Q13

)]   

d4= 
1

7
. [d1- 

c

2πf1
.tan

-1
(

I14

Q14

)]    

       (32) 

Finally, the 4
th

 distribution that depends on LED2, 

LED3, and LED4 can be used  in which LED2  is 

considered as a reference source. So, the output phase 

difference relations from phase detector will be as follows 

      {
△ 𝜙23 = 2𝜋𝑓2

𝑑2−(5/3)𝑑3

𝑐
= 𝑡𝑎𝑛−1 (

𝐼23

𝑄23

△ 𝜙24 = 2𝜋𝑓2
𝑑2−(7/3)𝑑4

𝑐
= 𝑡𝑎𝑛−1 (

𝐼24

𝑄24
)
            (33) 

If  f2 is modulated to LED3 and f3 is modulated to LED2, 

another relation from the Hilbert transform phase detector 

could be introduced as  

        △ 𝜙32 = 2𝜋𝑓2
𝑑3−(5/3)𝑑2

𝑐
= 𝑡𝑎𝑛−1 (

𝐼32

𝑄32
)           (34) 

Then the distance di between the LEDi and the receiver 

can be estimated as 

      

{
 
 

 
  d2=

-3

16
.

c

2πf2
[3tan-1 (

I23

Q23

) + 5 tan-1 (
I32

Q32

)] 

      d3=
3

 5
. [d2- 

c

2πf2
.tan

-1
(

I23

Q23

)]

      d4=
3

7
. [d2- 

c

2πf2
.tan

-1
(

I24

Q24

)]

             (35) 

By comparing the results recorded from each used 

distribution at different Rx positions as shown in Table III, 

TDOA localization error at the most Rx locations has 

approximately  low values using the 1
st
 distribution. Thus, 

it can be used. 

TABLE III: TDOA LOCALIZATION ERROR USING DIFFERENT SOURCES DISTRIBUTION 

TDOA localization error [m] 

 
At (2.5, 2.5) At (1.875, 1.875) At (3.125, 3.125) At (5,0) 

Using 1st distribution 

{LED1 (reference), LED2, and LED3 } 
0.0034 0.0265 0.0364 0.1189 

Using 2nd distribution 

{LED1(reference), LED2, and LED4 } 
0.0486 0.0274 0.0486 0.0767 

Using 3rd distribution 

{ LED1(reference), LED3, and LED4 } 
1.08 0.6218 1.81 3.11 

Using 4th distribution 

{ LED2(reference), LED3, and LED4 } 
3.13x10-6 0.6988 0.6988 4.51 

 

Fig. 9 shows that, the LLS approach causes a higher 

TDOA error in estimating the receiver position than the 

NLS approach as in case of RSSI. For example, the 

TDOA localization error at (5,0) using the LLS approach 

is 11.89cm while it is 0.2880cm in case of using the NLS 

approach.  

 
Fig. 9. Effect of estimation approach used on TDOA localization error at 
different points. {Rx position no.1: (2.5,2.5), Rx position no.2: 

(1.875,1.875), Rx position no.3: (3.125,3.125), and Rx position no.4: 

(5,0)} 

F. Localization Error Based on RSSI / TDOA Hybrid   

Technique 

From the results recorded by each separate technique at 

section B and section C, we can extract some localization 

error values at different received points based on RSSI 

and TDOA to be compared as shown in Table IV. 

TABLE IV:
 
COMPARISON BETWEEN RSSI AND TDOA

 
TECHNIQUE AT 

SOME RX
 
POSITIONS

 

    Technique
 

 

 

Rx position
 

Localization error
 
based on

 

RSSI 

technique(cm)
 

TDOA 

technique(cm)
 

At corners
 

  

(0,0)
 

 

19.43
 

(max error)
 

8.85
 

 

(0,5)
 

 

(5,0)
 

 

13.74
 

 

15.36
 

 

9.20
 

 

11.89
 

   

Rx position 

 

Source            

distribution  used 
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)

)



At center 

 

(2.5,2.5) 

 

 

0 

(min error) 

 

 

0.3359 

(min error) 

At other                                              

positions 
 

 

 

1.77 

 

 

 

3.07 

 

(1.25,3.125) 

(4.375,5) 11.76 

 

12.48 

(max error) 

 

Table IV indicates that using the parameter values 

listed in Table II, the localization error based on RSSI 

algorithm is higher than that of the TDOA at some 

receiving points and vice versa. Thus, this hybrid system 

switches between the two techniques to estimate the 

localization error based on the better one. 

After receiving the transmitted optical signals, 

converting them to electrical using photodetector, and 

separate them using BPFs as in (11), then this hybrid 

system can extract the required distances,di from the 

magnitude of the BPFs output,Li using RSSI or from the 

phase differences between each signal and the reference 

one, △ 𝜙1𝑖 using TDOA.  

The study of each technique performance in Fig. 5 and 

Fig. 8 shows which technique is better at each received 

place to be used in distance estimation process. Places 

with electrical power between 6.53x10
-9

 to 9.92x10
-9

W or 

equal to 1.04x10
-8

 W are chosen to be the threshold level 

at which RSSI is used otherwise, TDOA localization 

technique is used. According to this threshold level, some 

Rx positions are estimated using RSSI technique although 

TDOA is more accurate, and vice versa as shown in Table 

V. However, the RSSI / TDOA hybrid system can 

estimate the Rx position accurately and save time.       

TABLE V: LOCALIZATION TECHNIQUE USED AT SOME RX POSITIONS ACCORDING TO THE THRESHOLD LEVEL 

Rx position (0.625, 3.125) (4.375, 0.625) (4.375, 2.5) 

Electrical received power out from Photodetector (W) 6.73x10-9 4.42x10-9 6.35x10-9 

RSSI / TDOA hybrid localization error (cm) 4.72 9.89 6.71 

Used localization algorithm at this position RSSI TDOA RSSI 

Best localization algorithm at this position TDOA RSSI TDOA 

 

Fig. 10 shows the localization accuracy based on this 

hybrid system with a max localization error equal to 

12.48cm instead of 19.43cm in case of using RSSI only. 

Thus, the RMSE will be decreased from7.34cm (using 

RSSI technique only) to 5.81cm using this hybrid system. 

 

Fig. 10. RSSI / TDOA hybrid localization error 

VI. CONCLUSIONS 

This paper proposed an optical wireless indoor 

localization RSSI / TDOA hybrid system based on VLC 

technology using LEDs as sources in a room with 

dimensions 5× 5× 3m3. The radiation model used for the 

LEDs is  a realistic model based on the measured light 

pattern of the diode. It is also widely used in the literature 

to represent the light radiation from the LEDs. 

The performance of this hybrid system is evaluated by 

using MATIAB software version 2013. Each technique 

inside the hybrid system is studied separately. Although 

RSSI localization algorithm is simple and does not need  

extra hardware to be installed, but its performance is poor 

at areas with low lighting intensity. Using RSSI technique, 

the localization RMSE value will be 7.34cm. This error 

can be decreased by controlling some Tx and Rx 

parameters such as the Tx semi-angle, Rx noise BW, and 

estimation approach used. Another localization algorithm, 

TDOA, which does not depend on the received light 

intensity, can be used to estimate the target position. Also 

some parameters that can enhance TDOA performance 

such as distribution of lights, and the used estimation 

approach are considered in this work. Based on TDOA 

algorithm the localization RMSE value will be decreased 

to 6.64cm but at the expense of cost and time  

Therefore, the proposed hybrid system solved this 

problem by combining the two techniques and estimating 

the target position based on RSSI only at places with 

acceptable received electrical power(1.04x10
-8

W or 

between 6.53x10
-9

 to 9.92x10
-9 

W) while TDOA will be 

used at the other positions. Thus, the VLC indoor 

localization system accuracy will be enhanced at the 

whole received area from 7.34cm (using RSSI technique 

only) to 5.81cm using this hybrid system, and the time 

will be saved as well. We will plan to run experimental 

work for the proposed hybrid indoor localization system 

in the future, so as to ensure the validity of this model and 

its results. 
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