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A New Active 3D Optical Proximity Sensor
Array and Its Readout Circuit
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Abstract— A new 3-D proximity sensor panel (3-D touch panel)
for a single object is proposed in this paper. The sensor panel
consists of a photo detector (PD) array as active pixels, along
with its optics design, a computation algorithm, and sensing
circuitry to eliminate background lighting. This sensing panel
system acts as a noncontact 3-D positioning sensor, which is
able to sense spatial positions of the object without realistic
touching to the panel. New active readout pixel circuits for
the PDs are designed to efficiently convert PD-received light
intensities to voltage signals. It offers high readout resolutions,
larger output ranges, and lower noises, as compared with the
conventional active pixel sensor (APS) with a 3T-structure (called
3T-APS). Toward success of the sensor, background light is
eliminated by a specially designed sample and hold circuitry,
whereas a computation algorithm for 3-D object detection is
developed based on photometry. The circuit is fabricated by
Taiwan Semiconductor Manufacturing Company 0.35-µm 2P4M
3.3 V mixed signal CMOS process. Sensing trials for a moving
object are finally conducted. The sensor performance is validated
and further illustrated by a Labview program. The sensing errors
of a sphere object are successfully limited to 5% in percentages.

Index Terms— Active pixel sensor (APS), photo detectors,
photometry, 3D proximity sensor.

I. INTRODUCTION

MOST of touch sensing products in the market nowa-
days are aimed for 2D sensing. Related touch panel

technologies are developed in a fast pace and vastly used in
the mobile devices and the video game products. Many of the
ATMs, cell phones and the vending machines are equipped
with touch panels. In recent years, there has been increasing
interests in extending “touch-sensing” to “proximity-sensing,”
which has been developed for an extended time. The proximity
technologies to date can be categorized into three different
types: (14) capacitance proximity sensors [1]–[2], (2) induc-
tance proximity sensors [3], and (3) optical proximity sensors
[4]–[11]. Most of the afore-mentioned works are limited to
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Fig. 1. The schematic of the proposed optical 3D single-object proximity
sensing panel.

detecting objects very close to the sensor panel. This study
is the first to propose a 3D proximity sensing panel and its
computation algorithm, which can be used to realize so-called
3D touch panels, 3D keyboards, or installed at the end effectors
of robots [7]–[11] for sensing the distance and position of an
object that may not be close to the touch panel. To this end, the
proposed sensor panel in fact consists of arrays of light diode
emitters (LEDs) and photo- detectors (PDs), where the PDs
are the critical components of the entire system. It is known
that a photo detector functions properly as it successfully
transfers the photon to the current (photocurrents). A special
readout circuit is designed herein for the PDs to transforms
efficiently their output currents to voltage signals with noise
reduced and output ranges enlarged. The readout circuits and
the PDs constitute a so-called active pixel sensor (APS) array.
Developed APS circuits are widely used to realize the function
of converting the output currents of the PDs to voltage readings
in wide ranges but low noises [12], [13]. Together with an
array of LEDs, the PDs and APS array/circuits are successfully
extended in this study to a 3D single-object sensing panel,
as shown in Fig. 1.

The proposed 3D optical proximity sensing panel system
as shown in Fig. 1 is designed to be capable of detecting
a single object in non-contact with the panel or even in a
moderate distance to the panel. In this panel, the sensing com-
ponents, i.e., photo-diodes (PDs), employed by this study are
inorganic photo-gate devices fabricated by a standard CMOS
technology [14], not the others like a-Si photodiode [15], since
CMOS PDs enjoy benefits of low cost and high adaptability.
As the 3D sensing panel in operations, the LEDs act as the
light sources that emit light to the object. The reflected light
from the object to sense is received by PDs. By acquiring
the output voltage levels of the PDs and conducting the
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Fig. 2. The optics geometry between a PD surface and the object to detect.

computation based on the ensuing developed algorithm, the
optical proximity sensor system is able to detect the position
and distance of the target object. The computation algorithm
is developed based on basic optics principles, where var-
ied output voltage signals of multiple PDs are extracted to
reversely estimate the 3D coordinates of the object to detect
based on geometric optics and related power analysis. Note
that different from conventional 2D capacitance or resistance
touch panels, the proposed proximity sensor array owns the
capability of sensing the distance of the object along the
perpendicular axis of the panel surface.

II. READOUT COMPUTATION ALGORITHMS

The front part of the proposed 3D sensor system is a panel
module composed of inter-placed PD and LED arrays. The
object for sensing its 3D coordinates is assumed to be a general
white color styrofoam ball. With the object offering a spherical
surface to the sensor panel, according to the photometry [16],
it can be assumed that the object is a Lambertian surface and
the LED is also a Lambertian emitter. A simplified schematic
showing the object and PD is depicted in Fig. 2, where (x , y, z)
is the object coordinates, while (x∗, y∗, 0) is the center
coordinates of a PD surface plane placed at base surface z=0.
With the above assumed conditions, the radiant flux detected
by a single PD, as denoted by IPD, is proportional to the
projection of the PD surface on the plane normal to the cen-
terline of the solid angle, i.e., “cosθ × �,” where θ is the
angle between the PD surface and that perpendicular to the
R-axis, while � is the solid angle from the target object to
the sensor panel, which can be expressed by

� = A · cos θ

R2 , (1)

where R is the distance between the object and the projected
surface perpendicular to the R-axis, as denoted in Fig. 2, while

A is the area of the PD. Thus, the LED irradiance on the PD,
IPD, is

IP D = α0 · cos θ · � = α0 · A · cos2 θ

R2 , (2)

where α0 is the assumed proportionality of the LED irradiance
on the PD, IPD, to the aforementioned “projected solid angle,”
“cosθ × �.” Substituting basic approximation of “cosθ z/R”
to Eq. (2), one can obtain

IP D = α0� cos θ ≈ α0 Az2

R4 = α · z2

[z2 + (x − x∗)2 + (y − y∗)2]2 ,

(3)
where α = α0 A is a constant to be identified. On the other
hand, the output voltage of the PD can then be expressed as

Vout = Aamp · T

Cin
· I ∗

P D, (4)

where Aamp is the gain of the later-designed readout circuit.
T is the discharge time of photodiodes as connected to
the readout circuit. Cin is the parasitic capacitance at the
negative end of photodiode. I ∗

P D is the photocurrent, which
is supposed to be proportional to the pre-defined PD-detected
light intensity, IPD. Substituting Eq. (3) into Eq. (4) yields

Vout = Aamp · T

Cin
· α∗ · z2

[z2 + (x − x∗)2 + (y − y∗)2]2 . (5)

Since Aamp , T , Cin and α∗ are constants, we can define

β ≡ Aamp · T

Cin
· α∗. (6)

Substitution of Eq. (6) into Eq. (5) yields the output voltage
of a PD as

Vout = β · z2

[z2 + (x − x∗)2 + (y − y∗)2]2 . (7)

Based on the above Eq. (7), the 3D coordinates of the object
to detect can be predicted based on multiple voltage outputs
of PDs in the developed 3D proximity array.

A 2×2 PD array as shown in Fig. 3 is considered to
demonstrate development of the computation algorithm based
on optics principles. As the PD array senses the object, the
four PDs in the 2×2 PD array output four different voltage
signals, abiding by Eq. (7). When the object approaches the
sensor panel, the PDs and readout circuit would output larger
voltage levels. The rear-end signal processing unit is designed
to choose three largest voltage outputs from four PDs for
the ensuing computation to predict the 3D coordinates of the
object for maximum sensitivity and accuracy. According to
Eq. (7), the output signals of the three PDs can be expressed as

V1 = βz2

(z2 + x2 + y2)2 , (8)

V2 = βz2

(z2 + x2 + (d − y)2)2 , (9)

V3 = βz2

(z2 + (d − x)2 + y2)2 , (10)

where d is the distance between adjacent PDs as defined in
Fig. 3. Solving the above three highly nonlinear equations
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Fig. 3. The schematic of the object and the PD array. (a) Top view; (b) 3-D
view.

simultaneously, one is able to find the 3D coordinates of the
object to detect. With complex computation conducted, the
solutions for the 3D object are

x = d

2
− R3 − R1

d
z = d

2
−

√
β

2
(

1√
V3

− 1√
V1

)
z

d
, (11)

y = d

2
− R2 − R1

d
z = d

2
−

√
β

2
(

1√
V2

− 1√
V1

)
z

d
, (12)

The calculation of (11) and (12) above, and (13) shown at
the bottom of the page is carried out by the combined codes
of MATLAB and LABVIEW. In the codes, β is estimated by
optics, PD properties and circuit parameters, and/or calibrated
based on prior experiment data.

III. SENSING CIRCUIT

A. The Conventional 3T-APS Circuit

The conventional active pixel sensor is so-called 3T-APS,
standing for 3 transistors (3T) and active pixel sensor (APS).
The schematic is shown in Fig. 4. It consists of three
MOSFETs and one photo detector. This 3T-APS needs a
RESET clock for controlling M1 switch. When M1 turns on,
the parasitic capacitance of the photo detector is charged from
bias voltage. When M1 turns off, the parasitic capacitance of
the photo detector is discharged by the photocurrent which is
generated by the photo detector. On the other hand, M2 plays
the role as a unit gain buffer for isolating the photo detector
from the external noises. Finally, M3 does the role as a switch
for selecting the pixels. With this topology, noise reduction

Fig. 4. The schematic of the 3T active pixel sensor.

Fig. 5. The new active pixel circuit.

and high output linearity is achievable, while suffering the
only disadvantage that the output voltage range is limited by
M2 overdrive, noting that the maximum output voltage is
bias voltage – VDS (M2). In other words, the drawback of
3T-APS is a limited output range, thus the maximum output
not being up to bias voltage. The output range and resolution
of this conventional 3T-APS is intended to be improved by
this study, as stated in the following subsection.

B. The New Active Pixel Sensor Circuit

A new active pixel sensor circuit is designed and shown in
Fig. 5. The photodiode which plays the role of a photo detector
is operated with reverse bias. The photodiode is charged and
discharged through M1. M2 acts as a buffer for isolating
the photodiode from the external noise. M3 ∼ M5 comprise
an adjustable current mirror. TG is a transmission gate for
choosing which pixel should be read. The output range of this

new APS is larger than the afore-mentioned conventional
3T-APS, rendering a better output resolution. The operation
of the new APS is elaborated below as a two-stage one. TG is
constantly turned on for only one pixel, therefore the voltage
at RS is 3.3 V.

1) Reset Mode: Reset and SH are turned to low-states (0V).
M1 and M2 are turned on. The parasitic capacitance of
the photodiode and Ch are charged. The voltage at node
A is raised to the bias voltage.

z =
( 1

2

√
β
V2

+ 1
2

√
β
V3

) ±
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− β
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Fig. 6. The schematic of the designed IC.

2) Read Mode: Reset and SH are turned to high state (bias
voltage). M1 and M2 are turned off. With the photocur-
rent starting to discharge the parasitic capacitance of
the photodiode, the voltage at node A is decreasing.
The speed of the voltage decrease at A is determined
by the received intensity of the photodiode.

C. The 3D Optical Proximity Sensing Circuit

With an object closing the module, the light from LEDs
emits to the object and then reflects to the PD. The photo
detector receives both the reflected light and the background
light when the LEDs are on. The background light should
change with the environment. In order to have the system
function as well as in different lighting environments, the
background light needs to be eliminated. The previous readout
circuit is extended to eliminate the effects of the different
environments.

The process of eliminating the background light is com-
pleted with a specially-designed circuit as shown in Fig. 6.
The circuit includes three parts. The first part is the APS
circuit for driving a photodiode. The second part is the double
sample hold circuit. With the LED on and off, the output
voltages of APS are stored in the double-sample-hold circuit
separately. The final part of circuit is a differential amplifier,
which subtracts two voltages from two sample-and-hold circuit
outputs. With LEDs on, the voltage is stored by the sample-
and-hold circuits with the photo detector receiving the reflected
light and background light. As the LED is turned off, the volt-
age stored by sample-and-hold circuit contains those from the
photo detector receiving the background light only. After the
subtraction via the differential amplifiers, the output voltage
reflects the intensity level of the reflected light. The multiple
voltage outputs can be analyzed to calculate the distance from
an object to the sensor module plane; i.e., z coordinates and
x, y positions without considering the environment light.

Based on the aboves, the IC designed in this study includes
the new designed APS and the circuit for eliminating the
background light, as shown in Fig. 6. The operation process
is explained below.

1) Reset Mode in T 1. LED is turned on. M1, M6 and
TG1 are turned on. The parasitic capacitance of the
photodiode is charged. The voltage at node A and V1
are raised to the bias voltage.

Fig. 7. (a) The layout of the designed IC. (b) The micro-photo of the
fabricated IC.

2) Read Mode in T 1. LED is turned on. M1, M6 are turned
off. TG1 is turned on. The voltage at node A is reduced
since the photodiode receives both the reflected light
and background light. The current mirror composed of
M3 ∼ M5 copies the current from M2 proportionally.
Ch1 is next discharged, while the TG1 turned off and V1
samples the voltage.

3) Reset Mode in T 2. LED is turned off. M1, M7 and
TG2 are turned on. The parasitic capacitance of the
photodiode is charged. The voltage at node A and V2
are raised to the bias voltage.

4) Read Mode in T 2. LED is turned off. M1, M7 are turned
off. TG2 is turn-on. The voltage at node A is in decrease
since the photodiode receives the background light. The
current mirror composed of M3 ∼ M5 then copies the
current from M2 proportionally. Ch2 is then discharged,
while TG2 is turned off and V2 sampled the voltage.

5) With the very rear-end the differential amplifier, VOU T

can be expressed as

VOU T = (1 + 2R1

R
)(V2 − V1). (14)

Then the relationship between the photocurrent and VOU T

is

VOU T = (1 + 2R1

R
)

t

Cm
IR . (15)

In Eqs. (14), (15), IR is the photocurrent generated by the
reflected light. Cin is the equivalent capacitance at the negative
end of the photodiode. t is the discharge time of photodiode.
V1 voltage contains the effect of background and reflects light,
while V2 does only the effect of the background light. Having
operated the differential amplifier effectively, two voltages
from two sample-and-hold circuit outputs are subtracted by
proper timing switchings. The output voltage thus corresponds
to the reflected light, i.e., VOU T indicates only the effect of
the light reflected from the object.

IV. MEASUREMENT

The proposed circuit and PDs are realized by the TSMC
0.35um Mixed Signal 2P4M process. The supply voltage is
3.3 V. The fabricated chip area of IC is 0.8×1.22 mm2. The
layout plot and the photo of the readout chip are shown in
Fig. 7. The designed IC has 28 pins. On the other hand,
the PD chips are measured with a confirmed sensitivity of
0.775 micro- photocurrent (μA) per radiant flux of 10-5 Watts.
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Fig. 8. Chip measurements of the conventional 3T APS with (a) weak light
and (b) strong light.

The LEDs adopted are those modeled HIRB1b-48C with
individual emission luminous intensity of 12 mw/sr as driven
by a nominal current of 10 μA. The control signals are
generated by an FPGA board (Xilinx XC3S500E Spartan-3E
FPGA). In this study, the new APS and the CMOS-processed
PDs are implemented in the designed IC.

A. Active Pixel Sensor Circuit

The measurements for evaluating the performance of the
fabricated chip circuit for the conventional 3T-APS and the
new APS are shown in Figs. 8 and 9. In order to simulate
the environment with strong light, the LEDs other than those
on the sensing panel emits the light to the PDs directly,
while another case for the environment with weak light is
also considered, where the sensor is tested in the dark room.
In Fig. 8, the maximum output of conventional 3T-APS is
about 2V, while the minimum output is 0 V. It is clear that
the maximum output of the conventional APS is limited. The
output range from 2V to 3.3V is wasted. On the other hand,
the new APS has a larger output range as shown in Fig. 9.
The maximum output can reach 3.3 V, while the minimum
output is 0V. With the experiment accomplished, the new
APS is actually shown to own a larger output range then the
conventional 3T-APS.

B. Sensor Panel System

Measurements on the system IC is conducted next. The
system for measurement is composed of the PD/LED array,
FPGA board and designed IC. The distance from PDs to the
object is changed from 0.5 cm to 3.5 cm for testing the sensing

Fig. 9. Chip measurements of the new APS with (a) weak light and (b) strong
light.

Fig. 10. Measurements of the readout IC with the object distance 0.5 cm.

panel. The experiment results are shown in Figs. 10 and 11.
The blue curve contains the outputs of an APS. The green and
purple curves are the output signals of the double sample and
hold circuit. The orange curve is the output of the entire IC.
It is evidence from Figs. 10 and 11 that the outputs of both
sample and hold function properly despite slight continuous
drop on the voltage across the output capacitances, which is
due to inevitable current leakage of the capacitors. On the
other hand, based on the comparison between two figures,
the outputs of the first sample and hole in greens are the
same while the outputs of the second in purple changes.
This is due to the fact that the first sample-and-hold receives
only ambient light while the second does also reflected light.
Furthermore, the output of the entire circuit in orange curves
decreases as the object to detect positioned away from the
sensing panel. The relation between the output signal and
object distance is summarized by Fig. 12, where a one-to-one
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Fig. 11. Measurement of the readout IC with the object distance 3.5 cm.

Fig. 12. The measured outputs of the fabricated IC versus the distance
between the object and the sensor panel.

correspondence between the object distance and the circuit
output voltage is available for sensing the 3D coordinates of
the object interested.

It should be noted that the adopted sample-and-hold cir-
cuitry in Fig. 6 is in low noise, since it is by nature an integrat-
ing circuit, as evidenced by low-noise signals in Figs. 8–11.
In addition, the basic technique of “moving averaging” and
low-pass filters are also applied in the final stage of signal
processing the Labview program to reduce noise. Finally, the
calibration establishes successfully the true relation between
the object 3D position and PD outputs, in which case, suppos-
edly, the effects of offsets/nonlinearities and those by post-
processing averaging are minimized. In a short conclusion,
the noise does not play a significant factor in designing and
validating the proposed sensor system.

V. EXPERIMENTAL RESULTS

A real-time 3D object position sensing panel is realized by
this study. Fig. 13 demonstrates the experimental configuration
for study on the sensing panel. The photo in Fig. 14(a)
shows an example of a flexible panel. Note that in this study
experiments are conducted with the panel set flat for pioneer
performance testing. On the other hand, a user GUI interface
installed in a computer is established for monitoring real-time
object motion. The object to detect is a styrofoam ball with
a radius of 1.5 cm. The PDs and LEDs array comprise the
front-end sensor panel. The photo showing the experiment
conduction is given in Fig. 14(b).

The signals from the PD/LED array are received by the
designed IC. Having conducted signal processing by an

Fig. 13. The configuration of the test system.

Fig. 14. (a) An example of the sensor panel. (b) The experimental setup.

TABLE I

ERRORS IN DISTANCE BETWEEN REALISTIC COORDINATES AND

MEASURED COUNTERPARTS WITH THE TEST OBJECT

AT THE DISTANCE OF 3 cm

TABLE II

ERRORS IN DISTANCE BETWEEN REALISTIC COORDINATES AND

MEASURED COUNTERPARTS WITH THE TEST OBJECT

AT THE DISTANCE OF 4 cm

afore-designed IC, the background light effects are eliminated.
The output signals of IC depend only on the reflected light
intensity. The output signal of the IC is read by a DAQ
card (NI USB-6212), and then the calculation based on the
algorithm developed in section II is preformed to find out the



HUANG et al.: NEW ACTIVE 3D OPTICAL PROXIMITY SENSOR ARRAY AND ITS READOUT CIRCUIT 2191

Fig. 15. The predicted and realistic 3D coordinates with 3 cm between the
sensor panel and the object to detect.

Fig. 16. The predicted and realistic 3D coordinates with 4 cm between the
sensor panel and the object to detect.

3D coordinates of the object to detect, which are carried out by
a LABVIEW (LABVIEW 8.6) code. The calculation and the
display for the near-real-time 3D positions and motions of the
moving object are accomplished by a pre-designed LABVIEW
program, as shown in Figs. 15 and 16. Future effort will be
dedicated to realize the computation and display via newly-
designed digital chips, aiming for no-delays sensed by users.

Figs. 15 and 16 are the test results of predicting the object
coordinates, which correspond to the object distances of 3 and
4 cm from the sensor module. The results of error analysis
are also shown in Figs. 15 and 16 and Tables I and II in
numbers. The black points are the realistic positions of the
object. The red points are the calculated results of the system.
The blue squares at the bottom are the photo detectors. As seen
from Figs. 15 and 16 and the results in Tables I and II, the
predicted 3D coordinates are close to those realistic values
despite the error grows as the object continues to move away
from the sensing panel. The errors are mostly resulted from
inadequate accuracy of the PD/LED array, which mainly due
to sparsity of PDs and the non-uniformity of opto-electric

properties across different PDs. Besides, there are other types
of errors in system, like the noise in the readout circuit.
According to the test results, the calculated 3D coordinates
of the object are particularly less accurate between two PDs.
One of the methods to solve problem is that the PD/LED
array is to be made with much more consistent opto-electrical
properties of devices and more densely distributed PDs and
LEDs in larger numbers. Another means is to adjust the gains
of different amplifier in the readout IC to balance four PDs
outputs.

VI. CONCLUSION

This study proposes a new 3D optical proximity sensing
panel for sensing a single object. Its readout circuit and com-
putation algorithm have been successfully built for satisfactory
accuracy. This 3D sensing panel is composed of PD/LED
arrays, FPGA, designed IC and a LABVIEW program. In this
system, the LED emits the light to the object, and then the light
reflected from the object is sensed by the PDs. The PDs in
the array are fabricated by the TSMC CMOS 0.35um Mixed-
Signal 2P4M process which is available for photodiodes. Each
PD in the array is equipped with a newly-designed front-end
readout circuit, forming a new so-called active pixel sensor
(APS). As compared to the conventional 3T-APS, this new
APS and readout has been proven advantageous in larger
output ranges and higher resolutions.

Following the APSes are the designed/fabricated sample and
hold circuits and differential amplifiers, which are capable
of eliminating background noise that is partly induced by
environmental light. PD/APS outputs are next fed to a data
acquisition module and then a computer for carrying out the
computation based on optical photometry to retro-calculate the
3D coordinates of the object. Also, the reflected light signal
is received by a DAQ card and sent to a LABVIEW code for
displaying real-time object motions. Predicted 3D coordinates
of the object are collected, followed by the associated error
analysis. It has been well proven that the designed 3D optical
proximity sensing panel is effective in predicting the 3D
coordinates of an object in front of the sensing panel with
satisfactory accuracy. In the future, effort will be dedicated
to design and fabricate a mixed-signal ASIC chip to include
both front-end analog circuits for signal acquisition and digital
circuits for algorithm computations, thus towards a complete
small-sized system-on-chip for readout. Also, the possibili-
ties of “multi-touch,” i.e., detecting multiple objects, will be
explored.
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