
 

Abstract—This study presents a novel 3D optical proximity 
sensor (3D OPS) array panel. The panel is capable of detecting the 
objectives centimeters away from the panel surface. This device is 
composed of light-emitting diodes and home-made polymer 
photo-detectors (PPDs). The novel design of the circuit is the 
operation principle through active pixel circuit, sampling circuit, 
amplifier circuit and the decision of proposed chip parameters is 
determined by circuit simulation. The circuit is regarded low 
power and low cost as the design principle. The control sequence 
of the aforementioned circuit module is generated by an FPGA 
board to realize the operation of the whole circuit. The readout 
circuit is able to remove background current, and to detect the 
corresponding output voltage of photocurrent that is received by 
the PPD via reflections of the measured object. A human machine 
interface is built by LABVIEW to create 3D vision tracing of 
sensed object, validating the effectiveness of the 3D OPS. 
 

Index Terms—Proximity sensor, photodiode, readout circuit. 
 

I. INTRODUCTION 
his study proposes a novel 3D optical proximity sensor (3D 
OPS) array panel for detecting the three dimensional 

coordinates of a an object to detect. The optical proximity 
sensor (OPS) is widely used in new applications in wireless 
communications, bio-molecular sciences, environmental 
monitoring [1], and displays [2]. Especially for display 
applications, the designed 3D OPS panel could be an integral 
part of a future 3D touch panel. Usually, the sensing component 
of the pixel is an inorganic polymer photo-detector (PPD), e.g., 
a-Si photodiode [3], or an inorganic photo-gate (CMOS 
technology) [4]. By CMOS technology, the PPD is mainly a 
photodiode. In operations, the light source produces a light 
signal and then the light signal is received by the PPD via the 
reflections of the measured object. The PPD next transfers the 
light signal to the electrical signal [5]-[8]. By detecting the 
intensity of the electrical signal, the OPS can detect the distance 
of measured object. 

The OPS proposed in this study consists of a light source, 
like a light emitting diode (LED), and an array of polymer 
photo-detectors (PPDs) [9]. The LED normally operates in low 
voltage and emits high brightness. As a result of the band-gap 
of the organic materials, the organic molecules in PPDs absorb 
the light in visible spectral range. Therefore, the PPDs are able 
to detect the photocurrent, which includes the background 
current and the current which is received by reflections of the 
measured object.  

This study designs a readout circuit that consists of active 
pixel circuit [10]-[15], sampling circuit and differential 
amplifier circuit, which are responsible for the OPS to remove 
background off current and correctly read out the 

corresponding output voltage of photocurrent that is received 
by PPD, based on reflections of the measured object. 

II. OPERATION PRINCIPLES 

A. System description 
    The OPS is composed of an array of LEDs and PPDs. The 
light emitted by the LEDs is reflected from the measured object 
and traces back onto the PPD pixels. The architecture of OPS is 
shown in Fig. 1, where the PPDs and the readout circuit convert 
the light signal to the electrical signal. By differentiating varied 
intensities of the electrical signals, the designed readout circuit 
can generate different output signals that are proportional to the 
light intensity. 

B. Sensing theory 
The operation of OPS is presented in this subsection. The 

relationship between the detected object and the OPS is shown 
in Figs. 2. The LED is assumed to be a Lambertian emitter and 
the object a Lambertian reflecting surface [5]. The radiant flux 
from the LED that is detected by PPD is proportional to 
cosθ×Ω, where Ω is the solid angle spanned by the PPD to the 
object and it can be obtained by 
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where d  is the distance between the object and the sensor; θ is 
the angle between the PPD and the object; x  and y  are the 

coordinates of the sensing PPDs in x-y plan, respectively; *x  
and *y are the coordinates of the object in x-y plan; and APPD 
is the area of the PPD pixel. The photocurrent I  output by the 
PPD is then 
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Fig. 1. The architecture of proximity sensor. 
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where α is a proportionality factor to be calibrated. The 
positions of the PPDs are (x1, y1, 0)…(x9 ,y9,0) in 3x3 PPD array. 
The position of the object to detect is (x*, y*, d). When the 
object approaches a given pixel of the PDD array, nine pixels of 
PPDs generated photocurrents and give the output voltage of 
the designed pixel circuit as    
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= =                       (3) 

where , out iV  is the output voltage; dA  is the differential gain; 

tT  is the integration time and Cin represents the photodiode 
capacitor in parallel with the equivalent capacitance CMOS of 
MOS transistors seen at node a and a storage capacitor Cs in Fig. 
5(b). Incorporating Eq. (3) into (2), the pixel output voltage due 
to the photocurrent is then 
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To figure out the 3D coordinates of the sensed object based on 
Eq. (4), three different voltage outputs based on Eq. (4) from 
three different PPDs have been available for solving three 
different equations in the form of Eq. (4). It is determined when 
a object is to be sensed that three PPDs with maximum voltage 
outputs are considered to calculate the 3D coordinates of the the 
object based on  
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A nonlinear equations-solver by MATLAB is forged herein to 
solve Eqs. (6-8) for the coordinates of the object, (x*, y*, d). 

III. FABRICATION PROCESS 

A. Photodiodes (PDs) 
The fabrication process of the PPD array fabrication is 

illustrated by Fig. 3, which is divided into the following steps. 
First, polymer photodiode pixels are fabricated by patterning 
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Fig. 2. (a) Side view of sensor and light source; (b) Relationship of the 
position of the object and space coordinates. 
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Fig. 3.  Top view and cross section of (a) ITO pattern; (b) deposition of the 
PEDOT:PSS; (c) deposition of the active polymer layers; (d) evaporate 
metal electrode; (e) the 3x3 PPD array. 
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the indium tin oxide (ITO) layer with a thickness of 180 nm as 
shown in Fig. 3(a). In the second step, a 50 nm thick layer of 
poly-(3,4-ethylenedioxythiophene): poly-(styrenesulfonate) 
(PEDOT: PSS) is applied by spin-coating on the patterned ITO 
substrate. PEDOT: PSS, as shown in Fig. 3(b), is the hole-input 
horizon layer in PD and has an advantage to prevent short 
circuit effectively. An active layer of poly (3-hexylthiophene) 
(P3HT) and a (6,6)-phenyl-C61-butyric acid methyl ester 
(PCBM) is next spin-coated a on the PEDOT: PSS layer, where 
P3HT is the donor and PCBM the acceptor, as shown in Fig. 
3(c). A 350 nm thick layer of calcium capped by 1000 nm of 
aluminum is deposited as cathode layer (Fig. 3(d)). Finally, 
there are three remaining steps to encapsulate devices. First, the 
encapsulated glass is formed to the glove box. Second, 
packaging resin is used to smear over the encapsulated glass, 
and a hygroscopic agent is used to paste the encapsulated glass. 
Then, the encapsulated glass is pressed on the evaporated 
device. Finally, it is exposed with ultraviolet (UV) for five 
minutes and perform encapsulation. A top view of the 3x3 PPD 
array is shown in Fig. 3(e). 

B. Performance measurements 
The incident photon-to-current conversion efficiency (IPCE) 

is main performance index of a PPD which can be defined by 
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To measure IPCE of the PPDs, the light source with a 250W 
quartz-tungsten-halogen lamp and monochromator is selected 
single-wavelength light, and then the photocurrent generated 
by PPD is measured. The measurement results of the IPCE is 
shown in Fig. 4, where the measured IPCE is seen close to the 
absolute spectrum, giving a maximized PD performance.  

IV. READOUT CIRCUIT AND SYSTEM 

A. PPD pixel circuit 
In this study, the two transistors active pixel circuits 

(2T-APC) which can substitute for the three transistors (3T), as 
shown in Fig. 5(a), to apply to the proximity sensor array is 
proposed. The simplified 2T circuit can provide improvement 
in electrical performance. For low cost, the polymer photodiode 

is used to replace the organic one in the light-sensitive 
component of the pixel. The novel pixel circuit consists of a 
PPD, a reset transistor (M1), a row select transistor (M2) and a 
storage capacitor. M1and M2 adopts PMOS structure. Fig. 5(b) 
shows the schematic of 2T-APC. The 2T-APC operates in three 
modes: 
(i) Reset: The reset transistor (M1) and row select transistor 

(M2) are switched ON and pre-charges the node Va and Cs 
to 3.3V. 

(ii) Integration: After reset, M1 is switched OFF for an 
integration period (Tt). During Tt, the photodiode voltage 
(Va) drops, since the photo-carriers discharge Cs and CPD. 

(iii) Readout: After integration, M2 is switched OFF and read 
out the Vout. Because the M2 acts as ideal switch (VDS2=0), 
Va is equal to Vout. At the end of integration, the output 
voltage of M2 can be expressed as 

Fig. 4. The incident photon-to-current conversion efficiency. 
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Fig. 6.  Timing diagram of 2T-active pixel circuit. 
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(b) 
Fig. 5.  (a) The schematic of a 3T-active pixel circuit; (b) a 2T-active pixel 
circuit. 
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where Tt is the integration time while capacitance Cin 
represents the photodiode capacitor in parallel with the 
equivalent capacitance CMOS of MOS transistors seen at 
node a  and storage capacitor Cs; thus, 

1 2 .in PD gd gd sC C C C C= + + +                     (11) 

The associated timing diagram of 2T-APC is shown in Fig. 6. 

B. Readout circuit  
A schematic of the readout circuit is shown in Fig. 7. The 

readout circuit, which is common to an entire column of pixels, 
includes two sampling circuits for storing the signal levels. 
Each sampling circuit consists of a sampling transistor (M3 or 

M4) and a capacitor (CSHR or CSHR1). The timing diagram for the 
readout circuit is shown in Fig. 8. Firstly, the LED is switched 
OFF in the first reset cycle. Then, the reset transistor (M1) is 
switched ON and pre-charges Va to 3.3V. At the same time, the 
row select transistor (M2) is switched ON. After reset, M1 is 
switched OFF for an integration period (t=t1). During t1, PD 
generates the photo-carriers discharging CPD since ΔQ 
decreases Va. Before M2 is switched OFF, V1 is sampled onto 
capacitor CSHR by pulsing M3 to VDD. Let V1 reflects the 
background voltage. Secondly, the LED is switched ON in the 

Fig. 8.  Timing diagram for readout circuit. 

Fig. 7.  The schematic of the readout circuit. 
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Fig. 9.  The micrograph of the IC. 
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Fig. 10. System architecture of the testing environment.
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Fig. 11.  (a) Measurement of the output signal at 1.5cm distance; (b) at 
2.9cm. distance. 
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second reset cycle. Then, the reset transistor (M1) is switched 
ON and pre-charges Va to 3.3V At the same time, the row select 
transistor (M2) is switched ON. After reset, M1 is switched 
OFF for an integration period (t=t2). During t2, PD generates 
photo-carriers discharging CPD, and ΔQ decreases Va. Before 
M2 is switched OFF, V2 is sampled onto capacitor CSHR1 by 
pulsing M4 to VDD. Moreover, V2 represents the background 
voltage and the voltage of reflected light. Then the differential 
amplifiers subtracts V2 from V1 to obtain the voltage 
proportional to the reflected light. Vout can be expressed as 

( ) ( )2 2 1 ,out dV T A V V= −                               (12) 

where 
2T is the period for the LED switched OFF and dA  is the 

differential gain. The micrograph of the IC is shown in Fig. 9. 

C. Experimental results  
The system description of the testing environment is shown 

in Fig. 10. The control signals of Rst, Row, SHR, SHR1, LED 
in Fig. 8 are generated by FPGA to confirm the designed 
integrate circuit. The output signal of integrated circuit is 
captured by data acquisition (DAQ) to computer. The algorithm 
is established into the computer database by LABVIEW for the 
3D vision tracing. Comparison is performed between the 
measuring coordinates and the setting realistic coordinates in 
3D. At last, Figs. 11(a) and (b) present experimental results that 
are the measurement of the output signal at 1.5cm and 2.9 cm 
distance. For 3D vision tracing, the intensive light emitted by 
LED is used with the OPS for real-time image generation. An 
human finger, as small as 1.2 cm in diameter, is tested for 
mini-scale 3D image generation experiment integrated with the 
home-made PPD and LED with its integrated circuit. A 2x2 
array is utilized to verify the accuracy of the established 
equation. The 3D coordinates of measured object is captured by 
LABVIEW system, which measure the object with the heights 
of 0.5cm, 1cm and 2cm. Comparison between the measuring 
and the realistic coordinates in 3D is shown in Fig. 12, where 
the red balls represent the realistic coordinates, and the yellow 
ones are the predicted coordinates. These experimental results 
generally show that the sensing theory with the designed 
readout circuit can detect the 3D coordinate efficiently. 

V. CONCLUSION 
In this paper, a novel 3D optical proximity sensor is 

proposed and its readout circuit can deal with the background 
off current and the unwanted light from the surrounding. This 
paper also proposes 3D optical proximity sensor to realize 
real-time detection of the sensed objects in the X, Y, Z 
directions. A human machine interface is constructed by 
LABVIEW to create 3D vision tracing. Moreover, the LED 
plays an important role in 3D proximity technology, since the 
direction of reflection has an impact on detecting position. 
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