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Abstract

In this paper, we propose a complementary metal oxide semiconductor (CMOS) binary image sensor with a gate/body-tied (GBT)

PMOSFET-type photodetector for high-speed operation. The GBT photodetector of an active pixel sensor (APS) consists of a floating

gate (n+-polysilicon) tied to the body (n-well) of the PMOSFET. The p-n junction photodiode that is used in a conventional APS has a

good dynamic range but low photosensitivity. On the other hand, a high-gain GBT photodetector has a high level of photosensitivity but

a narrow dynamic range. In addition, the pixel size of the GBT photodetector APS is less than that of the conventional photodiode APS

because of its use of a PMOSFET-type photodetector, enabling increased image resolution. A CMOS binary image sensor can be designed

with simple circuits, as a complex analog to digital converter (ADC) is not required for binary processing. Because of this feature, the

binary image sensor has low power consumption and high speed, with the ability to switch back and forth between a binary mode and

an analog mode. The proposed CMOS binary image sensor was simulated and designed using a standard CMOS 0.18µm process.
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1. INTRODUCTION

Currently, CMOS devices and charge-coupled devices (CCDs)

are used for image sensors. Although CMOS image sensors

(CISs) have fixed pattern noise (FPN), their advantages in terms

of low cost, high speed, and high integration have led to their

replacement of CCD image sensors in many applications,

including mobile phones, digital cameras, security devices, and

medical and automotive devices. In CISs, power efficiency is

essential because the battery power of portable devices is limited.

High-speed operation of the image sensor also becomes important

as the resolution increases [1-8].

The CIS can be designed as a binary image processing unit using

the standard CMOS technology. A conventional CIS has complex

circuits, such as an amplifier, an analog-to-digital converter (ADC),

and a noise canceller, to ensure high contrast and multiple bit

information. These complex operations can easily be simplified

using the readout circuits in a binary image sensor. The binary

process can be implemented using a simple comparator and

memory and can have very high speed. The binary image sensor is

interesting because the captured image in a binary form can be

processed using fast logical operations [9,10]. Such a sensor is used

in various applications, including bar-coding, fingerprint and

character recognition, motion detectors, and edge detectors.

The photodetectors used in the image sensors are

conventionally bipolar junction transistor (BJT) photodetectors,

silicon-on-insulator (SOI) photodetectors, hole accumulation

diodes (HADs), and pinned photodiodes [11-14]. We propose a

CMOS binary image sensor using a GBT PMOSFET-type

photodetector. The high-gain GBT photodetector has a high level

of photosensitivity [15,16]. The GBT photodetector does not

require the use of a special fabrication process; it can be designed

using a standard CMOS process. The proposed CMOS binary

image sensor using a GBT photodetector was simulated and

designed using a standard CMOS 0.18 ìm process.

2. OPERATION PRINCIPLE

2.1 Active Pixel Sensor

Fig. 1(a) shows a schematic diagram of a conventional
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photodiode active pixel sensor (APS). It is composed of 3

transistors (M1–3) and a p-n junction photodiode. M1 resets the

floating diffusion (FD) node, M2 serves as a source follower for

amplifying the pixel signal, and M3 performs row selection. M4

is a transistor for biasing the source follower and is located outside

of the pixel. Electron-hole pairs (EHPs) are generated in the

depletion layer of the photodiode. The conventional photodiode

APS has low sensitivity because of the large capacitance of the

FD node. Fig. 1(b) shows a schematic diagram of the proposed

APS. The proposed pixel is made up of the GBT photodetector

and 3 transistors. The body of the GBT PMOSFET-type

photodetector is tied to the gate. The light is incident through the

gate. The operation of the 3 transistors (M1–3) and the bias

transistor (M4) is the same as in the conventional photodiode

APS. The GBT photodetector has high responsivity and is used

for a high-speed CMOS binary image sensor. The output signal of

the GBT APS has a linear response to the light intensity.

A cross-sectional view of the GBT photodetector is shown in

Fig. 2. The floating gate of the GBT photodetector is tied to the

n-well body, similar to that of the conventional PMOSFET. The

source of the GBT photodetector is connected to the VDD, and the

drain is connected to the floating diffusion (FD) node. In the case

of the GBT photodetector, the light is incident on the gate

(polysilicon) and the body (n-well). The EHPs generated by the

incident light affect the gate/body potential. The GBT

photodetector signals are later amplified.

Fig. 3 shows the layout of the proposed APS. The pixel size of

the APS is 5.6 µm×5.6 µm. The pixel size design takes into

consideration the column parallel binary processing and the optics

of the pixel. A metal shield layer is used to block light. The light

that contributes to the APS output signal is incident on the part not

covered with the shield metal. The open region of the metal has

a size of 1 µm × 0.6 µm and is much smaller than that in a typical

photodiode. It is possible to design the chip with the pixel size

Fig. 1. Schematic diagram of (a) the conventional photodiode APS

and (b) the proposed APS.

Fig. 2. Cross-sectional view of the GBT photodetector.

Fig. 3. Layout of the proposed APS.
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reduced even further. The proposed GBT photodetector was

designed using a standard CMOS 0.18 µm process.

2.2 Binary Processing

Fig. 4 shows a schematic diagram of the APS with the binary

processing circuit. The output signal of the pixel is fed as input to

the comparator and compared with a reference voltage. The

reference voltage determines the function of the binary

processing. The image after binary processing is represented to

only black and white, with the number of black increasing with

the reference voltage, and the number of white increasing with a

decrease in the reference voltage. It is therefore important to set

the reference voltage accurately to obtained the desired correct

output voltage from the pixel.

A diagram illustrating the binary processing is shown in Fig. 5.

The output signal increases linearly in response to the illuminating

light, owing to the charge generated by the increasing number of

photons at the FD node. When it exceeds the reference level while

counting photons, the binary output bit changes to 1 and the image

is represented by white pixels. Binary processing does not require

an ADC, and the binary image sensor can be operated at high

speeds by taking advantage of the high responsivity of the GBT

APS.

Fig. 6 shows a schematic diagram of the proposed CMOS

binary image sensor, composed of the pixel array, column

parallel binary processing circuits, multiplexer (MUX), and

binary output buffer. The column parallel binary processing

circuits consist of a comparator, memory, and digital buffer. The

binary processing circuits are simple and occupy a small area on

the chip but play a powerful role in the high-speed operation of

the image sensor.

Fig. 4. Schematic diagram of APS with binary processing circuit.

Fig. 5. Diagram illustrating the principle of the binary processing.

Fig. 6. Schematic diagram of CMOS binary image sensor.

I 44 I



Byoung-Soo Choi, Sung-Hyun Jo, Myunghan Bae, Jeongyeob Kim, Pyung Choi, and Jang-Kyoo Shin

J. Sensor Sci. & Tech. Vol. 23, No. 5, 2014 335

3. SIMULATION AND DISCUSSIONS

3.1 Simulation

We simulated a computational circuit using Cadence Spectre

with a simulation library of a standard 0.18 µm CMOS process.

Fig. 7 shows the simulation results of the output voltage for the

photodetector type of APS. The simulation of the APS was based

on an exposure time of 10 ms. The output voltage of the

photodiode APS varies from 2.3 to 0 V by changing the

photocurrent, and the output voltage of the GBT APS varies from

0.93 to 2.2 V. Although the GBT APS has the disadvantage of a

narrow output swing, the response of the GBT APS is faster than

that of the photodiode APS, indicating that the GBT APS has high

responsivity even under low illumination.

The timing diagram of the CMOS binary image sensor using

the GBT APS is shown in Fig. 8. As the photocurrent

increases, the slope of the graph increases and the output signal

of the GBT APS is saturated at an early stage. It is possible to

change the reference voltage. When the output signal of the

GBT APS is less (greater) than the reference voltage, the

output of the comparator is low (high). The output signal of the

comparator becomes therefore the binary bit of the binary

image sensor.

3.2 Discussion

In comparison with the conventional CMOS image sensor, the

proposed binary image sensor has low power consumption and

high speed and with a simpler circuit too, because an ADC is not

required. It is also possible to reduce the pixel size, enabling a

large number of pixels to be fabricated on the chip. Fig. 9 shows

the layout of the proposed CMOS binary image sensor, composed

of a GBT pixel array (176×144), binary processing circuits,

MUXes, and a scanner. The size of the entire image sensor is

small at 1.3 mm×1.5 mm. The image sensor that we present can

be switched between a binary mode and an analog mode. The

Fig. 7. Variation in the output voltage with the photocurrent as a type

of photodetector (simulation results).

Fig. 8. Timing diagram of CMOS binary image sensor using GBT

APS (simulation results).

Fig. 9. Layout of the proposed CMOS binary image sensor.
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overall performance characteristics of the proposed image sensor

are summarized in Table 1.

4. CONCLUSIONS

The proposed binary image sensor was designed using a high-

responsivity GBT photodetector. The proposed CMOS binary

image sensor has digital outputs of zeros and ones. It has a very

simple circuit with low power consumption, high resolution, and

high-speed operation. We expect the image sensor to operate at a

high speed of more than 200 frames per second. The proposed

image sensor with a high speed operation can be applied to

various applications. In addition, it is possible to switch the sensor

between the binary mode and the analog mode or vice versa. 
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