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          In this paper, we propose a complementary metal-oxide semiconductor (CMOS) binary image sensor with a gate/body-tied (GBT) p-channel metal-oxide-semiconductor field-effect transistor (PMOSFET)-type photodetector using a double-tail comparator for high-speed and low-power operations. The GBT photodetector is based on a PMOSFET tied with a floating gate (n+ polysilicon) and a body that amplifies the photocurrent generated by incident light. A double-tail comparator compares an input signal with a reference voltage and returns the output signal as either 0 or 1. The signal processing speed and power consumption of a double-tail comparator are superior over those of conventional comparator. Further, the use of a double-sampling circuit reduces the standard deviation of the output voltages. Therefore, the proposed CMOS binary image sensor using a double-tail comparator might have advantages, such as low power consumption and high signal processing speed. The proposed CMOS binary image sensor is designed and simulated using the standard 0.18 μm CMOS process.
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      1. INTRODUCTION
      An image sensor detects incident light and converts it into a digital signal. The two main types of image sensors are the charge-coupled device (CCD) sensor and the CMOS image sensor (CIS). The CCD image sensor transmits the electrons generated by incident light to an integrated amplifier. The CIS converts the electrons generated by incident light into voltage in each source follower. The disadvantage of the CIS is the presence of dark current in the photodiode and readout noise. The noise issues in CISs are improved by the development of process technology. The CIS has advantages such as high speed, low cost, and high integration as compared with CCD image sensors. Currently, CISs are used in various applications, such as smartphones and wearable devices. Furthermore, the proposed CMOS binary image sensor is expected to be used in applications such as text recognition, fingerprint detection, motion detection, and barcoding [1-5].

      The p-n junction photodiode, bipolar junction transistor (BJT) photodiode, and avalanche photodiode (APD) are used in the photodetector of CISs. A BJT photodiode requires a large area [6]. An APD exhibits a high sensitivity. However, it requires a high reverse bias voltage [7]. The p-n junction photodiode exhibits a low sensitivity. Among these photodetectors, the p-n junction photodiode is manufactured using standard CMOS processes and is used in conventional CISs. The proposed gate/body-tied (GBT) p-channel metal-oxide-semiconductor field-effect transistor (PMOSFET)-type photodetector exhibits a high sensitivity and occupies a small area [8-10].

      There are various types of binary image processing methods. A comparator compares the output signal of an active pixel sensor (APS) with a binary signal and performs high-speed signal processing [11-12]. The pixel from the input video image and the signal voltage of the APS are synchronized and input to a binary processing device [13]. A quantum image sensor using an optimized 1-bit analog-to- digital converter (ADC) is a binary image sensing system [14]. The proposed double-tail comparator converts the output signal of an APS to a binary signal [15-17].

      In this paper, we propose a CMOS binary image sensor using a GBT PMOSFET-type photodetector and a double-tail comparator for high-speed and low-power operations. The sensitivity of a GBT PMOSFET-type photodetector is higher than that of a conventional p-n junction diode. To improve the signal processing speed and power consumption of the GBT PMOSFET-type photodetector, a double-tail comparator is used. The proposed CMOS binary image sensor is designed and simulated using a standard 0.18 μm CMOS process.

    

    

  
    
      2. OPERATING PRINCIPLES
      
        2.1 GBT PMOSFET-type photodetector of an APS
        Fig. 1 (a) shows the schematic of an APS with a GBT PMOSFET-type photodetector. The APS comprises three NMOSFETs and a GBT PMOSFET-type photodetector. The floating gate (n+ polysilicon) of the GBT PMOSFET-type photodetector is tied with the body (n-well). M1 functions as a source follower for amplifying the floating-diffusion (FD) node voltage, M2 resets the FD node to VPXREF, and M3 performs the row selection. The incident light penetrates through the gate of the GBT PMOSFET-type photodetector and generates electron-hole pairs (EHPs) in the depletion layer of the PMOSFET. The generated holes are drawn into the FD node through the channel, and the electrons decrease the voltage of the gate and body. The GBT PMOSFET-type photodetector amplifies the photocurrent generated by incident light. Therefore, the GBT PMOSFET-type photodetector exhibits a high sensitivity.

        
          
          

          Fig. 1. 
				
          

          
            (a) Schematic of an APS with a GBT PMOSFET-type photodetector and (b) cross-section of a GBT PMOSFET-type photodetector. 
          
          

          

        

        Fig. 1 (b) shows a cross-section of the GBT PMOSFET-type photodetector. Except in the photodiode region, a metal shielding layer is used to block light.

      

      
        2.2 CMOS binary image processing
        Fig. 2 (a) shows the architecture of the CMOS binary image sensor processing system and Fig. 2 (b) shows the schematic of a unit column readout circuit. The proposed CMOS binary image sensor comprises a pixel array, double-sampling circuit, comparator, and 1-bit memory. The column-parallel readout circuits for binary image processing comprise a double-sampling circuit, comparator, and 1-bit memory.

        
          
          

          Fig. 2. 
				
          

          
            (a) Architecture of the CMOS binary image-sensor processing system and (b) schematic of unit column readout circuit. 
          
          

          

        

        The pixel output voltage (VPX) is fed into the double-sampling circuit and converted to a double-sampling voltage (VDS). In CISs, one component of the fixed-pattern noise (FPN) is performance variation of each pixel amplifier. The FPN of VPX is removed using double-sampling. VDS is compared with the reference voltage of the comparator (VCMREF). If VDS is higher than VCMREF, the output of the comparator (VCM) is high (i.e., 1), and if VDS is lower than VCMREF, VCM is low (i.e., 0). VCM is a digital signal and is stored in the 1-bit memory and then sequentially output. VPX, which stores the information of the incident light, is fed into the column-parallel readout circuits and converted to a binary output. The CMOS binary image sensor signal processing circuits are simpler than the CIS signal processing circuits, thus rendering high-speed and low-power operation in these sensors possible.

        Fig. 3 shows the timing diagram of the CMOS binary image sensor. The column-parallel readout circuits are used in the proposed CMOS binary image sensor. Pixels of the same row are simultaneously sampled. The timing diagram shows the unit-row operation. A unit-row operation comprises the sampling time and readout time.

        
          
          

          Fig. 3. 
				
          

          
            Timing diagram of the CMOS binary image sensor. 
          
          

          

        

        When the selected voltage of the APS (VSEL in Fig. 1 (a)) is high, a row in the pixel array is selected. The reset voltage of the APS (VRST in Fig. 1 (a)) resets the FD node. VSEL and VRST are controlled using a vertical scanner. S1 and S2 are switches in the double-sampling circuit. The output voltage and reset voltage of each pixel in each column are sampled. When the CLK signal falls, the comparator compares VDS in Fig. 2 with VCMREF. VCM in Fig. 2 is a binary signal and is determined using the comparator.

        When COL_SW in Fig. 2 is switched on, the stored signal in the 1-bit memory is output. In each column, COL_SW is controlled using a horizontal scanner that is sequentially operated. Therefore, the binary output in each column is sequentially read.

      

      
        2.3 Double-tail comparator
        Fig. 4(a) shows the schematic of a conventional comparator. A conventional comparator operates continuously based on the bias voltage (VBIAS). Two input signals (VINP, VINN) are compared continuously using a comparator. When VINP is smaller than VINN, VOUT is low (0). A conventional comparator is not suitable for CMOS binary image sensors owing to its disadvantage of higher power consumption.
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            Schematic of (a) the conventional comparator and (b) the double-tail comparator.	Hyeunwoo Kwen, Sang-Hwan Kim, Jimin Lee, Pyung Choi, and Jang-Kyoo Shin
          
          

          

        

        Fig. 4(b) shows the schematic of the double-tail comparator. When the clock signal changes, the double-tail comparator compares VINP with VINN, and current simultaneously flows in the circuit. Therefore, the double-tail comparator reduces unnecessary power consumption. The CLKn signal is an inverted clock signal. VINP is the double-sampling voltage with information of the incident light. VINN is a fixed reference voltage. D+ and D− are output signals of the first-stage comparator. Q+ and Q− are output signals of the second-stage comparator. When the CLK signal starts to fall and CLKn starts to rise, the double-tail comparator compares VINP and VINN.

        During the first-stage comparator operation, the voltages of the D+ and D− nodes fall from VDD to GND. If VINP is smaller than VINN, the current through transistor M8 flows through transistor M10. Simultaneously, the voltage of D+ falls faster than the voltage of D−. D+ and D− are input signals of the second-stage comparator. The transistors M15, M16, M17, M18, and M19 are switched off and the transistors M13 and M14 are switched on. The current through transistor M13 flows through transistor M14. Therefore, the voltage of the Q− node increases. When VINP is smaller than VINN, the output signal of the double-tail comparator, with the voltage at the Q− node inverted, is determined to be low (0).

        Both conventional and double-tail comparators can convert an analog signal to a binary signal. The conventional comparator operates continuously causing current to flow through the circuit. However, the double-tail comparator operating at the clock signal is changed. Furthermore, its signal processing speed is faster than that of a conventional comparator. Therefore, a double-tail comparator is better suited for the proposed CMOS binary image sensor.

      

    

    

  
    
      3. SIMULATION RESULTS
      The proposed CMOS binary image sensor was evaluated using the Cadence Spectre simulator. In this simulation, light intensity is represented as a photocurrent and the exposure time is 500 μs.

      
        3.1 Variation in the signal voltage
        Fig. 5 shows the simulation results for the variation in signal voltage with the photocurrent. VPX is the pixel output voltage and is determined by the photocurrent. If the photocurrent is approximately 9 pA, VPX is saturated. VPX is converted to VDS, which is the double-sampling voltage. VCMREF is the reference voltage in the comparator and is 0.74 V. If VDS is larger than VCMREF, the binary output is determined to be high (1), and if VDS is lower than VCMREF, the binary output is determined to low (0). Furthermore, if the photocurrent is larger than 3.5 pA, the binary output is low (0).

        
          
          

          Fig. 5. 
				
          

          
            Simulation results for the variation in signal voltage with the photocurrent. 
          
          

          

        

      

      
        3.2 FPN reduction using double-sampling circuit
        Table 1 shows the results of Monte Carlo simulations prior and subsequent to voltage double-sampling. The double-sampling circuit converts the pixel output voltage to the double-sampling voltage and reduces the FPN of the pixel output voltage. The voltages are sampled 1000 times in the Monte Carlo simulation. The mean values of the pixel output voltage and double-sampling voltage are 1.5901 V and 0.8509 V, respectively. The standard deviations of the pixel output voltage and double-sampling voltage are 25.31 mV and 3.28 mV, respectively. The standard deviation of the voltage was reduced by approximately 87%, by using double-sampling.

        
          Table 1. 
				
          

          
            Results of the Monte Carlo simulations prior and subsequent to voltage double-sampling. 
          
          

        

        
          
            
              	
              	The pixel output
voltage 
              	The double-sampling
voltage
            

          
          
            	Number of samples
            	2000
            	2000
          

          
            	Mean
            	1.59015 [V]
            	0.8509 [V]
          

          
            	Standard Deviation
            	25.31 mV
            	3.28 mV
          

        

        

        Fig. 6 shows the histogram of the Monte Carlo simulation. The X-axis of the histogram represents the deviation from the mean value and the Y-axis represents the number of samples. The double-sampling voltage is distributed closer to the mean than the pixel voltage, thus confirming the reduction in deviation using double-sampling.

        
          
          

          Fig. 6. 
				
          

          
            Histogram of Monte Carlo simulations. 
          
          

          

        

      

      
        3.3 Operation of each comparator and power consumption
        Fig. 7 shows the simulation results of the output voltages and currents from a conventional comparator and a double-tail comparator. In this simulation, the photocurrent is 4 pA and VCMREF is 0.74 V, and the conventional comparator operates continuously. When the switch of double-sampling is turned on, VDS changes. For VDS ≤ VCMREF, the output voltage of the conventional comparator is determined to be low (0). After double-sampling, VDS and VCMREF are fed into the double-tail comparator. The double-tail comparator compares VDS with VCMREF, when CLK, which is the clock signal, falls.

        
          
          

          Fig. 7. 
				
          

          
            Simulation results of the output voltages and currents from a conventional comparator and a double-tail comparator. 
          
          

          

        

        The current of a conventional comparator flows continuously. However, the current of a double-tail comparator flows only during the operation of the comparator. Thus, power consumption is improved using a double-tail comparator as compared to a conventional comparator.

        Table 2 shows the comparison of the comparators. The supply voltage for each comparator is 1.8 V. In Fig. 7, for 500 ns operation, the power consumption of the conventional comparator is 3.69 pW, and while the power consumption of the double-tail comparator is 81.2 fW. Therefore, if a conventional comparator is replaced by a double-tail comparator, the power consumption could be reduced by approximately 97.8%.

        
          Table 2. 
				
          

          
            Comparison of the comparators (simulation results of Fig. 7). 
          
          

        

        
          
            
              	
              	Conventional
comparator 
              	Double-tail
comparator
            

          
          
            	Supply voltage
            	1.8 V
            	1.8 V
          

          
            	Average power
consumption
            	3.69 pW
            	81.2 fW
          

          
            	Delay time
            	20.25 ns
(from A to D)
            	1.513 ns
(from B to G)
          

          
            	Fall time
            	1.836 ns
(from C to E)
            	1.187 ns
(from F to H)
          

        

        

      

      
        3.4 Delay time and fall time of the comparators
        In Fig. 7, the delay time of the conventional comparator, which is 20.25 ns, is the time taken by the current to travel from point A to point D. The delay time of the double-tail comparator, which is 1.513 ns, is the time taken by the current to travel from point B to point G. The fall time of the conventional comparator, which is 1.836 ns, is the time taken by the current to travel from point C to point E, while the fall time of the double-tail comparator, which is 1.187 ns, is the time taken by the current to travel from point F to point H. By using the double-tail comparator, the delay and fall times are reduced by approximately 92.53% and 35.35%, respectively, compared to those obtained using a conventional comparator.

        Fig. 8 shows the simulation results for the variation in the delay and fall times with the photocurrent. If the photocurrent is lesser than 3.5 pA, VDS is lesser than 0.74 V and the binary output is high (1). In this case, there is no delay time and fall time.

        
          
          

          Fig. 8. 
				
          

          
            Simulation results for variation in delay and fall times with the photocurrent. 
          
          

          

        

        In Fig. 8, when the photocurrent is 3.5 pA, VDS is closest to 0.74 V. This case exhibits the longest delay and fall times in the simulation. The delay time and fall time of a conventional comparator depend on the photocurrent. However, the delay and fall times of a double-tail comparator are constant. The delay and fall times of a double-tail comparator are unaffected by the difference in the two input voltages. Therefore, a double-tail comparator is more suitable for high-speed operations than a conventional comparator.

      

    

    

  
    
      4. CONCLUSIONS
      A CMOS binary image sensor based on a GBT PMOSFET-type photodetector is proposed for high-speed and low-power operation. The power consumption is reduced by approximately 97.8% when a double-tail comparator is used, and the delay and fall times improve compared with conventional comparators. The double-sampling circuit reduces the standard deviation of the output voltages. Therefore, the proposed CMOS binary image sensor using a double-tail comparator might have advantages, such as low power consumption and high signal processing speed.
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