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            Abstract
          
        

        
          This paper introduces an adaptive digital readout integrated circuit (DROIC) equipped with a pixel-level multiple single-slope analog-to-digital converter designed for high-resolution microbolometer infrared focal plane arrays. This DROIC features exceptionally low power consumption, making it well-suited for ultralight portable devices. Because it was engineered to adjust to rapidly changing ambient conditions, the circuit enhances the dynamic range and signal-to-noise ratio across a broad input spectrum and efficiently offers multiple operational modes. The DROIC was designed using a 0.18 μm CMOS process and integrated into a 640 × 512 array of 17 μm × 17 μm pixels. It achieved a maximum integration time of 1.82 ms and dynamic range of 81.9 dB, while its power consumption remained below 20.5 nW per pixel at a frame rate of 30 Hz.
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      1. INTRODUCTION
      Infrared (IR) cameras are extensively employed in the military, medical, and commercial sectors. Recent advancements have increased the demand for low-power micro-infrared cameras in ultralight portable devices such as drones and head-mounted displays (HMDs) [1]. Consequently, significant research has focused on uncooled IR detectors such as bolometers [2-11].

      Digital readout integrated circuits (DROICs) incorporating monolithic analog-to-digital converters (ADCs) are pivotal for enhancing the efficiency of low-power micro-infrared cameras. These DROICs enable on-chip signal processing in systems on chips (SoCs), substantially reducing the overall size and cost of camera systems, while simultaneously improving the power efficiency and minimizing noise during data transmission. Among the various ADC designs, pixel-level ADCs are preferred over chip- and column-level ADCs because of their superior noise and power performances, offering enhanced control over signal integration processes that improve the integration time and dynamic range (DR) [12-18].

      Research on implementing pixel-level ADCs in infrared cameras has led to the adoption of single-slope analog-to-digital converters (SS-ADCs) because of their simple architecture [19]. However, reducing the noise and power consumption remains challenging because the analog-to-digital (A/D) conversion occurs after signal integration. Pulse frequency modulation (PFM)-based ADCs offer better noise performance owing to their adequate charge handling capacity; however, their constant integration time, regardless of the signal intensity, leads to higher power consumption [20-22]. Time-to-digital converters (TDCs) optimize power usage by adjusting the integration times based on the signal intensity; however, they struggle to minimize the quantization noise for larger signals owing to the inverse relationship between the analog input and digital output [23].

      A pixel-level ADC employing multiple SS-ADC was effectively utilized in the proposed DROIC. This multiple-SS-ADC design is characterized by its simplicity and ease of control, making it an ideal choice for pixel-level ADCs in micro-infrared cameras. The ADC was designed to dynamically adjust the integration time and A/D conversion period based on the intensity of the input signal, which significantly enhanced the SNR, DR, and power efficiency. This adaptability allows multiple operational modes to be tuned to adjust to various environmental conditions, while maintaining ultra-low power consumption.

    

    

  
    
      2. PROPOSED PIXEL-LEVEL ADC
      
        2.1 Basic concepts
        Fig. 1 (a) shows a schematic of the unit circuit used to implement a pixel-level SS-ADC. This circuit includes an integrator for converting the input current (ISIG) into a voltage, a comparator for comparing the integrated voltage (V(CINT)) with a reference voltage (VTH) to measure the size of the input, and a memory component for storing the digital conversion value. Here,fRST, VRST, and CINT are the reset signal, reset voltage, and integration capacitor, respectively. Fig. 1 (b) displays the V(CINT) waveform during standard SS-ADC operation, showing example waveforms for two different input currents (ISIG1 and ISIG2). In conventional SS-ADCs, V(CINT) is maintained at the post-maximum integration time (Tm), and A/D conversion is conducted using a ramp signal. In scenarios where a high current such as ISIG1 reaches the saturation voltage (VSAT) before Tm, it cannot be reliably converted into a digital value, thus diminishing the DR. A solution to this limitation involves multiple samplings. If V(CINT) surpasses the reference value at time T0 before Tm, it is held, as shown by the dotted line in Fig. 1 (b), and the SS-ADC is carried out after Tm. Depending on when V(CINT) is maintained, subsequent adjustments are necessary for the digital value. By employing multiple integrations that dynamically adjust the integration time based on the signal intensity, accurate results can be achieved even for large inputs, thereby significantly enhancing the DR. However, this method leads to higher power consumption and complicates accurate A/D conversion owing to changes in the held V(CINT) value caused by the leakage current.

        
          
          

          Fig. 1. 
				
          

          
            Pixel-level SS-ADC: (a) simplified schematic, (b) timing diagram for conventional SS-ADC, and (c) timing diagram for proposed ADC.
          
          

          

        

        Fig. 1 (c) displays the timing diagram for the proposed multiple SS-ADC, as depicted in Fig. 1 (a). The maximum integration time, Tm, is subdivided as shown in Fig. 1 (c), and V(CINT) is compared with VTH, defined as 0.5(VSAT + VRST), at intervals of 2-nTm (n = 4, 3, 2, 1, 0). If V(CINT) exceeds VTH at any comparison point, it is held and SS-ADC is performed using a ramp signal. For lower inputs such as ISIG2, which do not reach the reference voltage by Tm, the SS-ADC proceeds using a ramp signal based on VTH. This method enhances the DR by dynamically adjusting the conversion gain according to the signal intensity and significantly reduces the power consumption by deactivating all analog circuits immediately after the digital result is captured.

      

      
        2.2 Unit-cell circuit
        Fig. 2 shows a schematic of the unit-cell circuit for the proposed pixel-level ADC. The integrator and comparator are configured using amplifiers A1 and A5, respectively. Amplifiers A1 and A2 are folded-cascode and two-stage amplifiers, respectively, and both amplifiers have an average power consumption of less than 100 nW. The two latches control the circuit based on the comparator outputs, and a 12-bit SRAM stores the digital conversion results. A 12-bit counter and VR control circuit, shared row-by-row outside the unit-cell array, generate globally synchronized signals. A bias current suppression method is employed to eliminate unnecessary bias current (IB) from the image and integrate only the signal current (ISIG) [24,25], thus reducing noise by ensuring an adequate integration time within the limited capacitance (CINT) owing to the constrained pixel area. Capacitor CCDS enables correlated double-sampling (CDS) operations [26-28]. The comparator output clarity is enhanced by an inverter and a level shifter, which ensure a proper logic-level understanding. To minimize the fall time of the comparator output, 0.5VDD is used as the low-side power for the inverter, aligning its logic threshold voltage closer to VDD.

        
          
          

          Fig. 2. 
				
          

          
            Schematic of the unit cell circuit for the proposed multiple SS-ADC.
          
          

          

        

        Fig. 3 presents a detailed circuit diagram of the two latches depicted in Fig. 2, and Fig. 4 illustrates the timing diagram for the operation shown in Fig. 2. Given the extremely small pixel pitch of the target bolometer array in this study, incorporating the circuit shown in Fig. 2 within a single pixel is challenging. Consequently, the adjacent 4 × 4-pixel bolometers share a unit-cell circuit in a time-division manner, as shown in Fig. 2. The timing diagram in Fig. 4 applies to one pixel and accounts for 1/16 of the frame time, which is equivalent to 2.08 ms at a 30 Hz frame rate.

        
          
          

          Fig. 3. 
				
          

          
            Detailed diagrams of the two latches in Fig. 2: (a) Latch 1 and (b) Latch 2.
          
          

          

        

        
          
          

          Fig. 4. 
				
          

          
            Timing diagram for the proposed ADC shown in Fig. 2.
          
          

          

        

        Initially, the output voltage of the integrator (VX) and input voltage of the comparator (VY) are both set to VRST owing to the fRST signal, and the outputs of each latch, L1OUT¯ and L2OUT¯, are initialized to the Logic 1 value. VY, which represents the integral of ISIG, increases in response to the fSW signal, which adjusts the maximum integration time. The comparator and Latch 1 inputs are enabled by the fEN1 signal to compare VY with the comparator's reference voltage, VR (= VTH), at 2-nTm. If VY is less than VTH at a specific comparison time, ISIG continues to integrate. However, if VY exceeds VTH, L1OUT¯ switches to Logic 0 and remains in this state until the next reset. At this point, when VY is held, VR is adjusted to VRAMP, and Latch 2 is activated by the fEN2’ signal. The held VY signal is compared with ramp signal VRAMP under the fEN2 signal; when VRAMP matches VY, L2OUT¯ switches to Logic 0, maintaining this state until the next reset. Simultaneously, the digital value from the 12-bit counter synchronized with VRAMP, is stored in the 12-bit SRAM, finalizing the digital conversion, and the power to the integrator and comparator is terminated. If VY does not reach VTH by Tm, VY is maintained at a constant value by fSW, latch 2 is activated by the fLAST signal, and the SS-ADC operation proceeds using VTH converted to a ramp signal. After the integration and A/D conversion, a digital signal is transmitted to the column multiplexer outside the unit-cell circuit array via a row-by-row fREAD signal.

      

      
        2.3 Full readout integrated circuit
        Fig. 5 presents a simplified block diagram of the comprehensive DROIC for the proposed multiple SS-ADC. Given that each 4 × 4 bolometer array shares a single unit- cell circuit, a 160 × 128 array of unit-cell circuits is needed to form a 640 ´ 512 infrared focal plane array (IRFPA). The system includes a row scan circuit to generate row-by-row control signals and reference signal generator that supplies reference voltages such as the VR signal for the unit-cell circuit. Additionally, a suppression circuit, column-level 12-bit ADC, and digital-to-analog converter (DAC) are employed to produce and retransmit the bias information of each bolometer for precise bias suppression. A dark sensor establishes a reference point for bias suppression and column multiplexer sequentially outputs the digital values transmitted from each unit-cell circuit.

        
          
          

          Fig. 5. 
				
          

          
            Block diagram of the complete DROIC.
          
          

          

        

      

    

    

  
    
      3. SIMULATION RESULTS AND ANALYSIS
      The DROIC was designed using a 0.18-μm CMOS process for an a-Si microbolometer. The design specifications of the target bolometer and readout circuit are listed in Table 1. The mask layout of the unit-cell circuit shown in Fig. 2 is illustrated in Fig. 6.

      
        Table 1. 
				
        

        
          Design parameters of the microbolometer and readout circuit.
        
        

      

      
        
          
            	Properties
            	Value
          

        
        
          	Resistance
          	10 MΩ
        

        
          	Signal current (ISIG) range
          	0–8.74 nA
        

        
          	Frame rate
          	Normally 30 Hz
        

        
          	Array size
          	640 × 512
        

        
          	Pixel size
          	17 μm × 17 μm
        

      

      

      
        
        

        Fig. 6. 
				
        

        
          Mask layout of the unit-cell circuit shown in Fig. 2.
        
        

        

      

      
        3.1 Operation of the unit cell circuit
        Fig. 7 shows the operational-waveform simulation results for the proposed pixel-level ADC with three different input currents. For input current ISIG = 0.14 nA, the waveform at the conclusion of the digital conversion process is magnified and displayed as a dotted rectangle. When ISIG = 6.5 nA, VY exceeds VR (VTH) during the first comparison with fEN1, prompting VY to be held, whereas VR switches to ramp signal VRAMP controlled by L1OUT. The SS-ADC process then proceeds with fEN2 set to Logic 1. When VR (VRAMP) matches VY, the digital conversion value is stored by L2OUT. The stored digital value is transmitted to the column multiplexer using the fREAD_1 signal. For ISIG = 0.82 nA, VY first exceeds VTH during the fourth comparison with fEN1, leading to the holding of VY and subsequent execution of the SS-ADC operation after this comparison.

        
          
          

          Fig. 7. 
				
          

          
            Simulation results showing operational waveforms for the proposed pixel-level ADC.
          
          

          

        

        When ISIG = 0.14 nA, VY does not surpass VTH before the maximum integration time, Tm, elapses. As a result, L1OUT remains unchanged, and VY is held by fSW after integration until Tm. The SS-ADC operation then proceeds based on the fEN2 and fLAST signals. As depicted in the magnified section within the dotted rectangle, the ramp signal is a step waveform produced by the global 12-bit counter and DAC. Once ramp signal VR reaches the maintained VY, the output of the comparator (A2_OUT) transitions slowly from a high to low voltage. However, L2OUT responds quickly within one clock cycle, enabled by an inverter designed with a high logic threshold voltage at the A2_OUT terminal.

        By dynamically adjusting the integration time based on the input signal intensity, the proposed pixel-level ADC achieves a wide DR and enhanced SNR for smaller inputs requiring sufficient integration time. Additionally, the accuracy of the A/D conversion is improved by implementing the ADC immediately after integration, and the average power consumption is significantly reduced by deactivating the power to the analog circuit immediately after the A/D conversion.

      

      
        3.2 Noise characteristics and power consumption
        In a readout circuit designed for high-quality infrared imaging, the noise characteristics that determine the minimum recognizable signal level are of paramount importance. The primary sources of noise in a microbolometer IRFPA are thermal and flicker noise, which can be reduced by providing sufficient integration time for the input current [4,5]. Therefore, a pixel-level readout circuit that can provide a sufficient integration time is advantageous. This necessitates the use of a large integration capacitor within the confined space of the pixel area, along with the integration of the input current after removing unnecessary bias current. For portable micro-IR cameras, where environmental conditions can change swiftly, the readout circuit must effectively process both small and large input signals. The ability to handle such varying input signals is quantified by the DR, which is defined as the ratio of the maximum available signal to the minimum recognizable signal.

        Fig. 8 displays the estimated SNR characteristics of the proposed pixel-level multiple SS-ADC, which is designated as <A>, comparing it with the SNRs of other methodologies. In this figure, <A> represents the proposed ADC, while the remaining data pertain to the conventional SS-ADC after integration time. The methods labeled <B> and <B'> are designed with limited integration times to align the maximum input range with that of <A>. Notably, Method <B'> does not incorporate a bias-suppression circuit. In Method <C>, the input range is restricted to equalize the maximum integration time to that of <A>. The proposed ADC demonstrates superior SNR characteristics across a wide input range by employing an optimal integration time customized to the input intensity.

        
          
          

          Fig. 8. 
				
          

          
            Comparison of SNR characteristics with current input.
          
          

          

        

        Fig. 9 shows a comparison of the DR and power consumption per pixel values for the four methods shown in Fig. 8. Method <C> consumes a large quantity of power because the analog circuit is activated for a long integration time regardless of the input intensity. Methods <B> and <B'> suffer from a trade-off between power consumption and noise characteristics because of their limited integration times. The proposed ADC significantly reduces the average power consumption by optimizing the operational duration of the analog circuit in response to the input intensity.

        
          
          

          Fig. 9. 
				
          

          
            Comparison of DR characteristics and power consumption.
          
          

          

        

        Table 2 presents a performance comparison between the proposed ADC and alternative methods. The design of the DROIC is strongly influenced by the specifications of the IRFPA. Consequently, the pixel-level ADC of the uncooled IRFPA is mainly selected for the comparative analysis. The maximum integration time, Tm, serves as an indicator of the noise level, and the power consumption per pixel is normalized against the frame rate. A PFM-based pixel-level ADC that requires multiple comparisons to achieve a wide DR consumes considerable power [20]. This problem can be addressed by employing a PFM-based two-stage ADC or extended-counting ADC (EC-ADC) [29]. However, an EC-ADC also has limitations in reducing the power consumption because the integration time remains constant regardless of the input signal intensity. While column-level (CL) ADCs are simpler to design than pixel-level ADCs, achieving low-noise characteristics is challenging because Tm is constrained by the array size [30].

        
          Table 2. 
				
          

          
            Performance comparison.
          
          

        

        
          
            
              	
              	<A>
              	<B>
              	<C>
              	
                
                  [20]
                
              
              	
                
                  [29]
                
              
              	
                
                  [30]
                
              
            

          
          
            	Description
            	Proposed ADC
            	SS-ADC
            	SS-ADC
            	PFM
            	EC-ADC
            	CL EC-ADC
          

          
            	DR [dB]
            	81.9
            	63.9
            	57.3
            	< 71.0
            	80.1
            	N/A
          

          
            	Tm [ms]
            	1.82
            	0.114
            	1.82
            	20
            	3.1
            	0.054
          

          
            	Power consumption
[nW/Hz/Pixel]
            	0.683
            	1.19
            	0.887
            	117
            	10.3
            	6.93
          

          
            	Array size
            	640 × 512
            	640 × 512
            	640 × 512
            	320 × 240
            	640 × 512
            	1024 × 768
          

          
            	Pixel pitch [µm]
            	17
            	17
            	17
            	25
            	40
            	17
          

        

        

      

      
        3.3 Multiple modes for adaptive operation
        The proposed DROIC offers multiple operational modes with adaptive characteristics that respond to the surrounding environment. Because each 4 × 4 bolometer array shares a single unit-cell circuit, the spatial resolution can be readily adjusted. Depending on ambient conditions, reducing the spatial resolution can enhance the DR, speed, and noise characteristics. Table 3 summarizes the four modes and their respective parameters.

        
          Table 3. 
				
          

          
            Four modes and their parameters.
          
          

        

        
          
            
              	Mode
              	Array size
              	Fram rate
              	1 pixel time
              	Digital resolution
            

          
          
            	Normal
            	640 × 512
            	30 Hz
            	2.08 ms
            	14 bit
          

          
            	WDR
            	320 × 256
            	30 Hz
            	8.3 ms
            	16 bit
          

          
            	Fast
            	320 × 256
            	50 Hz
            	5.0 ms
            	14 bit
          

          
            	Low-noise
            	160 × 128
            	15 Hz
            	66.6 ms
            	13 bit
          

        

        

        Fig. 10 compares the DR and power consumption values across the four modes. The wide-DR (WDR) mode enhances the DR by decreasing the spatial resolution, prolonging the time allocated to each pixel, and further subdividing the integration time. The fast mode increases the frame rate by reducing the spatial resolution. However, elevating the frame rate beyond 50 Hz is impractical owing to bolometer constraints. In scenarios in which the input signal is minimal, it is crucial to extend the integration time to reduce noise. An adequate integration time can be ensured by reducing both the spatial resolution and frame rate in the low-noise mode. Although the low-noise mode exhibits a diminished DR owing to its restricted input range and elevated power consumption owing to prolonged integration times, it significantly improves the SNR characteristics for small inputs, as illustrated in Fig. 11.

        
          
          

          Fig. 10. 
				
          

          
            DR and power consumption comparisons across four operational modes.
          
          

          

        

        
          
          

          Fig. 11. 
				
          

          
            SNR characteristics for small inputs in low-noise mode.
          
          

          

        

      

    

    

  
    
      4. CONCLUSIONS
      A pixel-level ADC that utilizes multiple SS-ADCs was proposed to develop an adaptive DROIC for a microbolometer IRFPA for use in ultralight portable devices. Portable devices require excellent noise characteristics for a broad range of inputs. The proposed DROIC demonstrated superior SNR and DR characteristics across a wide input spectrum with extremely low power consumption. This is achieved by optimizing the integration time and ADC operation period in response to the intensity of the input signal. Moreover, the DROIC features multiple operational modes that can easily be adjusted to optimize the performance based on environmental conditions. Consequently, this DROIC is exceptionally well suited for ultralight portable applications.
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