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Abstract— Visible Light Communication (VLC) uses the visible light emitted from Light Emitting Diode (LED) to transmit/receive 

data. Since the data is transmitted through the light, the connection speed is as fast as the speed of light, making it potential for very 

fast and massive data exchange. One thing that needs to be considered in VLC is that the power of the signal received by the sensor 

relies on the angle between the LED and the light sensor used as an antenna. The bigger the angle between LED and light sensor, the 

less optimal the signal power will be, and surely will affect the speed and reliability of the data transmission. To optimize the signal 

power, multiple photonic sensors will be used as an antenna to receive the light signal. The signal received from each photonic sensor 

will be combined to get higher signal power. However, to ensure that all signals from all photonic sensors are constructive to each other, 

all phase differences must be minimized. This paper proposes the extended-resonance-based beamforming system to be used to 

minimize the phase difference of the light signals in VLC application. A non-linear optimization method is used to tune the extended-

resonance-based beamforming system. Given that the varactor is chosen carefully and sufficient enough, the non-linear optimization 

method such as active set, interior point, or sequential quadratic programming is able to tune the varactor, so that the beamformer will 

compensate the phase difference from the incoming signal. 
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I. INTRODUCTION

Light Emitting Diode (LED) light nowadays is the most 

used source of light in houses, offices, roads, and other places 

as well. This is based on the fact that LED light has much 

higher efficiency than light bulbs [1]. Other advantages of 

LED lights are long-lasting, lower heat energy produced, and 

able to emit some different intensities of light with high 

frequency [1]. All these advantages motivate the development 
of a high-speed communication technology using visible light 

from the LED, which is called Visible Light Communication 

(VLC) [2],[3]. Moreover, since the LED light is an 

electromagnetic wave with a frequency that cannot go through 

walls or any other solid surfaces, the security of the data 

transfer through VLC can be secured [4]–[6]. 

Signal transmission in VLC system uses LED a driver 

controller circuit controls light witch. This controller 

regulates the current going to the LED. Therefore, the 

intensity of the LED light can be a controller as we want [4]. 

By using this controlled light intensity, we can transmit a 

signal. For example, we can transmit a high and low signal by 
controlling two light intensities emitted by LED. The sensors 

that can be used to receive the light signal are photodetector 

and imaging sensor. Photodetector is a semiconductor device 

which is able to convert light energy to electric energy. 

Meanwhile, imaging sensor is an array of small 

photodetectors which is constructed to a certain geometry. 

This imaging sensor usually is applied in the CMOS camera 

sensor [7]–[9].  

In the transmission process, there are sone factors which 

affect the power of the signal received by the light 

sensor/antenna. Those factors are the distance between LED 
and sensor/antenna, the angle of transmission from LED, and 

the angle of reception of the sensor/antenna. The illustration 

of those factors can be observed in Fig. 1. 

Mathematically, the power loss from the signal 

transmission, which is called path loss (��) is represented by

the following Equation: 

�� � �� � 1�	
2�
� cos��� cos����,  (1) 
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where � is the angle of transmission from LED, � is the angle 

of reception of the sensor, 
 is the distance between the LED 

and the sensor, and � is the order of Lambertial emission. 

Those three factors depend on the sensor's position, and 

orientation relative to the LED as the light source. The power 

of the signal will be maximum when the sensor is located 

exactly below the LED. However, the sensor position is not 

exactly below the LED, so the signal's power is not optimal 
as well. 

 

 
Fig. 1  The illustration of the factors that affect the power of the light signal 

received by the light sensor [4]. 

 

In order to increase the power of the signal, a multi-

photodetector sensor is used as an antenna. This type of sensor 
consists of some photodetectors which are combined in an 

array antenna configuration. Each photodetector will receive 

the light signal that comes from the LED. Then, the output of 

each photodetector will be combined. Therefore, hopefully, 

the total power from the combined output will be bigger. 

However, if the phase of the combined signals is not the same, 

the total power of the signal will not be constructive to each 

other. The phase of the combined signals depends on the angle 

of the incoming light signal. When the light signal is coming 

from a certain angle, each of the sensors/antennae will receive 

a light signal with a certain time delay from each other. 
In order to correct the phase difference between signals 

received by each antenna/sensor, a beamforming system is 

needed. Some previous research has been conducted to 

correct the phase difference in Phased Array Antennas (PAAs) 

using Optical Beamforming Networks (OBFNs) [10], [11]. 

The OBFN system uses Optical Ring Resonator (ORR) as a 

delay element to control the phase of each signal [12], [13]. 

This beamforming is categorized as analog beamforming 

[14]–[16]. However, there is a disadvantage of using ORR as 

a delay element. To understand the disadvantage of ORR, 

observe the Equation of the delay time produced by ORR for 

a specific frequency bellow: 

���� � ��
2 − � − 2√1 − � cos�2��� � ��, (2) 

where �, �, � define the coupling coefficient, extra phase shift, 

and round-trip period of an ORR, respectively. There is a 

trade-off between the delay time that ORR can produce and 

the frequency range it operates. The higher the frequency of 

the signal, the lower the delay time ORR can produce. Some 

research of OBFN with ORR as delay element is conducted 

for the signal is the GHz frequency range. However, the VLC 

uses visible light in 400-700 THz spectrum. In order to 

increase the delay time for a higher frequency, we should use 

an ORR with a bigger round-trip period (�) [17]. Because of 

bigger �, the dimension of the ORR will become bigger as 

well, this is not desirable. 

An alternative beamforming system is the extended-

resonance-based beamforming system [18]. This 
beamforming is based on the extended-resonance power-

dividing method. This method eliminates the need for extra 

phase shifters in conventional beamforming and reduces the 

beamformer's cost, complexity, and dimension. This 

extended-resonance-based beamforming system is proposed 

to correct the phase difference in the VLC system. In order to 

tune the extended-resonance beamforming system, we used 

the non-linear optimization method. In this paper, the tuning 

simulation, extended-resonance beamforming system, and the 

simulation setup are presented 

II. MATERIALS AND METHOD 

The basic concept and the design of the extended-

resonance beamforming technique is presented in [13], [14]. 

This paper will implement the modified approach of the 

extended-resonance beamforming technique with improved 

performance, which is presented in [12]. The design of the 

extended-resonance beamforming is depicted in Figure 2.  

The concept of the extended-resonance beamforming is 

based on the power-divider ports which are connected to an 

antenna with a certain antenna gain (���� ). The power-divider 

ports are connected to antenna in shunt with a variable 

capacitor (varactor). This varactor is tunable in order to 

transform the admitance to its complex conjugate, i.e. 

� ���� �  !"#� → � ���� −  !"#�. (3) 

where   is the port number, ����  is the antenna gain, " is the 

angular frequency of the signal, and #  is the value of the 

varactor. 

The value of the inductance �� depends on the value of the 
variable capacitor. In order to transform the admittance as 

shown in Equation (3), the value of the inductance �� should 

be  

�� � 2#
 ������ � "�#��. (4) 

By setting the value of the inductor as mentioned in 

Equation (4), the voltage ratio in each successive port will be 

equal to  

&�'(&�
� ����� � !"#��

����� � "�#� . (5) 

From Equation (5), one can derive the phase difference 

between two successive ports as follow: 

��'(,� � ∠ &�'(&�
, 

(6) 

��'(,� � tan-( . 2"#��������� − "�#�/. 
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Fig. 2  The one-dimensional extended-resonance-based beamforming system [18] 

 

From Equation (6) we can tune the value of the varactor to 

obtain the desired phase shift, such that it can compensate the 

phase difference from the light signal received by each 

antenna/sensor. 

 

 
Fig. 3  Illustration of antenna configuration and the angle of the visible light 

signal. 

 

Consider a one-dimensional antenna configuration and the 

visible light signal coming from a certain angle (�) relative to 
the normal of the antenna, as illustrated in Fig. 3. Each antenna 

will receive a delayed version of the visible light signal 

depending on the position. For example, in Fig. 3, antenna 1 

will receive the light signal the first time, and antenna 2-5 will 

receive the delayed version of the signal received by antenna 

1. Consider 0 is the distance between antenna and 1 is the 

speed of light, the time delay of the light signal for two 

successive antenna is derived as 

where   is the index of the antenna? 

The relationship between phase (�) and delay (�) is given 

by 

� � − 1
2�

2�
2�, (8) 

and therefore, we can obtain the phase difference between two 

successive antennas created by the delay time of the light 
signal as 

��'(,� � −2����'(,� . (9) 

One can derive the relationship between the time delay of 

two successive antennas with the value of varactors by 

substituting Equation (9) into Equation (6) 

−2����'(,� � tan-( . 2"#��������� − "�#�/,  

and therefore 

��'(,� � − 1
2�� 45 -( . 2"#��������� − "�#�/. (10) 

Moreover, one can also derive the relationship between the 

angle of the incoming signal (�) with the value of varactor by 

substituting Equation (10) to Equation (7)  

� � 67 -( .− 1
2��0 45 -( . 2"#��������� − "�#�//. (11) 

From Equation (11), we can find the suitable varactor value 

(#) given the angle of an incoming visible light signal. To find 

the value of varactor (#) we can implement the non-linear 

optimization technique defined as follows: 

min: .� − sin-( .− 1
"0 tan-( . 2"#��������� − "�#�///

�
, (12) 

subject to the constraint of minimum and maximum of the 

tunable value of varactor #;<� = # = #;�>. 

The proposed method can be observed in the flowchart in 

Figure 4.  

TABLE I 

THE NOMINAL PARAMETERS OF THE SIMULATION 

Symbol Parameter Value Unit 1 Speed of light 3 @ 10B m/s ���� Antenna gain 80 dB � Frequency of the light 
signal 

500 THz 

0 Distance between 
antenna/sensor 

1@ 10-� 

m 

#;<� The minimum value of 

tunable varactor 

4 pF  

#;�> The maximum value of 
tunable varactor 

20 pF 

*) We assume that the varactors and transmission lines were assumed to be 

lossless. 

 

��'(,� � 0 67 ���
1 , (7) 
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START

Get angle of incoming light signal relative to the 

normal direction of antenna

Compute time delay of the light signal for two successive antennas

(equation 7)

Compute phase difference of the light signal for two successive 

antennas

(equation 9)

Determine the relationship between the angle of incoming signal and 

the value of varactors

(equation 11)

Choose suitable non-linear optimization method

Solve the non-linear optimization to find suitable varactor value for a 

certain angle of incoming signal

(equation 12)

Result is Good?

END

YES

NO

 

Fig. 4 The flowchart of the proposed method for tuning of extended resonance 

based beamforming system 

 

III. RESULT AND DISCUSSION 

A. Simulation Setups 

The nominal parameters of setup simulation in this paper 

are shown in Table 1. The angle of the incoming light signals 

is given. The phase difference between the signal received by 
each sensor can be calculated from the given incoming angles. 

It is assumed that the varactors and transmission lines are 

lossless. The value of the varactor is obtained by solving the 

optimization problem stated in Equation (12). That 

optimization problem is non-linear optimization problem with 

constraints.  

B. Simulation Results 

The simulation was performed in MATLAB using the 

optimization toolbox for non-linear optimization with 
constraints, i.e., fmincon. The optimization algorithms which 

will be used are active set [19], interior point [20], and 

sequential quadratic programming (SQP) [21]–[23]. The 

simulation result for some phase difference values is 

presented in Error! Reference source not found.. It is 

clearly shown in Figure 5 that all three optimization 

algorithms used in this simulation work well for small phase 

differences, e.g., �/12 and �/4. However, when the phase 

difference is �/2, all three algorithms fail to produce function 

value that approaces zero. 

It is interesting to simulate other phase differences and 

observe which phase difference. All three algorithms fail to 

produce good varactor value. The simulation was performed 

for the additional phase difference π/6 and π/3. The result of 
the simulation is presented in Fig. 5  Simulation results for some 

different values of phase difference: (a) �/12, (b) �/4, and (c) �/2. 
TABLE. It is confirmed that only �/2 phase difference has 

big final function value. 

One can observe from Fig. 5  Simulation results for some different 

values of phase difference: (a) �/12, (b) �/4, and (c) �/2. 
TABLE that the optimization process hits the constraint 

barrier when the phase difference is π/2 . Indeed, as 

mentioned in  

TABLE I, the value of varactor is from #;<� � 4 pF, and CHIJ � 20 pF, or the tunability of the varactor is 5:1. Figure 

6 (left) shows the relationship between the varactor tunability 

to the maximum phase shift. When the varactor tunability is 
equal to 5:1, the maximum phase shift can be observed is only 

83,6206 degrees. 

 
(a) 

 
(b) 
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(c) 

Fig. 5  Simulation results for some different values of phase difference: (a) �/12, (b) �/4, and (c) �/2. 

TABLE II 

THE OBTAINED VALUE OF VARACTOR FOR A DIFFERENT PHASE DIFFERENCE. 

No Target phase 

difference 

(degree) 

Tuned value 

of varactor 

(pF) 

Final function 

value 

1. �/12 4.1906 3.943531@ 10-(B 

2. �/6 8.5291 1.387785@ 10-(K 
3. �/4 13.1848 3.031748@ 10-(K 

4. �/3 18.3776 4.190854@ 10-(K 
5. �/2 20.0000 2.014502@ 10-( 

 

Therefore, we can observe a limitation in the flexibility of 

the varactor. An interesting question now arises: how can we 

determine the required varactor tunability needed to a certain 

value of phase differences? Figure 6 shows the relationship 

between varactor tunability values and the maximum phase 

difference it can handle for a visible light wave frequency 

range. If we want to achieve �/2 phase difference, then we 

should use a varactor with tunability of more than 10:1. The 

higher the tunability, the higher the phase difference it can 

handle. 

However, there is still a limitation: when the tunability is 

already very high, a significant increase of the tunability will 

not significantly increase the maximum phase difference. This 

can be observed when we are comparing tunability 30:1 and 

50:1. There is no significant difference in the maximum phase 

they can produce, especially in the lower frequency region. 

Figure 7 shows the array factor for the five-photodetectors 

used as a visible light sensor for VLC. One can observe that 

the obtained varactor value can create a phase shift that results 

in a shift of the array factor, as long as the tunability of the 

varactor is more than enough to handle the phase difference. 
In order to confirm that the phase-shifting obtained from the 

extended-resonance-based beamforming system is indeed 

enough to compensate the phase difference in the five-

photodetectors, we create the polar plot of the array factor 

pattern. As we can observe in Figure 8, for each photodetector, 

the obtained phase shift compensates the phase difference in 

each sensor, resulting in the phase of all sensors will be in 

phase. 

From Figure 8 (a), we see that since the first antenna is 

considered the reference phase, the phase difference is 0, no 

extra phase shift is needed, i.e., phase shift from extended-
resonance beamformer equals 0. From Figure 8 (b-e), we can 

clearly observe some phase differences between the particular 

antenna and the first antenna. This phase difference should be 

corrected by the phase shift provided by the extended 

resonance beamformer.  

We can also see that for each image in Figure 8 (b-e), the 

phase shift provided by the beamformer can compensate for 

the phase difference. If we add the phase difference and the 

phase shift, the resulting phase will be 0, or in other words, all 

of the antennas are in phase, so the signals received by all 

antennas are constructive to each other. This proves that the 
proposed method can find the suitable varactor values of the 

beamformer.  

 

 
Fig. 6  (left) - Maximum phase difference can be achieved for a different value of varactor tunability (#;�>/#;<�). (right) - Maximum phase difference can be 

achieved as a function of frequency for a different value of varactor tunability.
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Fig. 7 The array factor for the five-photodetectors signals. 

 

 

Fig. 8  The array factor pattern for each of the five-photodetectors. Each phase-shifting obtained from an extended-resonance-based beamforming 

system compensates the phase difference. (a) antenna 1, (b) antenna 2, (c) antenna 3, (d) antenna 4, and (e) antenna 5. 

 

IV. CONCLUSIONS 

The extended-resonance-based beamforming system can 

produce phase shifting enough to compensate for the phase 

difference from the signal received by each photodetector. We 

should make sure that the tunability of the varactor used in the 

beamformer is enough to compensate for a required phase 

difference. Given that the varactor is chosen carefully and 
sufficient, the non-linear optimization method such as active 

set, interior point, or sequential quadratic programming can 

tune the varactor so that the beamformer will compensate for 

the phase difference from the incoming signal. 
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