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Abstract


Low-power portable devices play a major role in IoT applications, where the analog-to-digital converters (ADCs) are very important components for the processing of analog signals. In this paper, a 5-bit two-step flash ADC with a low-power double-tail dynamic comparator (DTDC) using the control switching technique is presented. The most significant bit (MSB) in the proposed design is produced by only one low-power DTDC in the first stage, and the remaining bits are generated by the flash ADC in the second stage with the help of an auto-control circuit. A control circuit produced reference voltages with respect to the control input and mid-point voltage (  V k  ). The proposed design and simulations are carried out using 90 nm CMOS technology. The result shows that the peak differential non-linearity (DNL) and integral non-linearity (INL) are +0.60/−0.69 and +0.66/−0.40 LSB, respectively. The signal-to-noise and distortion ratio (SNDR) for an input signal having a frequency of 1.75 MHz is found to be 30.31 dB. The total power consumption of the proposed design is significantly reduced, which is 439.178  μ W for a supply voltage of 1.2 V. The figure of merit (FOM) is about 0.054 pJ/conversion step at 250 MS/s. The present design provides low power consumption and occupies less area compared to the existing works.
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1. Introduction


Portable devices may now use high-speed applications because of scalable silicon technologies. The analog-to-digital converters (ADCs) play an extremely vital role as a standalone device or a component of the system in mixed-signal design circuits. ADCs are widely used in many different applications, including consumer electronics, health-care systems, IoT, and communication systems [1,2,3,4,5]. Different ADC architectures are available for converting analog signals to digital signals. Each has advantages and drawbacks of its own. Applications demanding high speed and low resolution often choose the flash ADC architecture [6]. The flash ADCs are typically expensive and consume more power due to the large number of transistors, as they require   2 N   − 1 comparators and   2 N   resistors for a N-bit resolution. The core of flash ADC architecture is a comparator circuit that impacts the offset voltage, speed, and power consumption [7,8].



Several types of comparators have been developed to design flash ADC architecture. The static comparators were frequently used in the earlier designs, but the higher power consumption makes design inappropriate for low-power electronic applications. Hence, dynamic latch comparators were developed to improve the power efficiency; they are suitable for high-frequency applications and use timed operation and transient phases to provide faster decision-making and lower power consumption than static comparators. A single-stage dynamic comparator was developed in [9]. It has single path for the current, which flows through the entire circuit during switching. This may cause large transient currents, leading to higher power consumption. Also, a single-stage dynamic comparator suffers from kickback noise due to the presence of parasitic capacitors between the input and output nodes of the comparator structure. Hence, double-tail dynamic comparators (DTDCs) are recommended in order to reduce kickback noise and improve the offset versus speed since the double-tail comparator is inherently differential, which helps to reduce kickback noise. This noise cancelation effect is further enhanced by making sure that the differential pairs in the comparator are symmetric and well matched [10]. Even though the DTDC performs well, it falls short in low-power applications. Many methods have recently been reported for improving the DTDC’s power consumption. A DTDC [11] is designed to reduce power consumption up to 51  μ W with 152 ps delay. A DTDC [12] decreases power use to 188.9  μ W at a frequency of 500 MHz and a 1 V supply. The DTDC [13] design has a low power consumption of 79.260  μ W with a 1.2 V supply voltage using 90 nm technology. However, designing a high-speed DTDC with a low-offset voltage becomes more complex with a low supply voltage. Further, to improve the power of a comparator, a proposed DTDC is used to develop flash ADC architecture.



In addition, various designs have been developed to improve power usage of ADC architecture, such as the SAR ADC [14,15,16] and the two-step SAR ADC [17,18]. However SAR ADCs offer high resolution and power efficiency but are slower due to the sequential nature of their operation. Flash ADCs have exceptionally quick conversion speeds but are limited in resolution and consume more power due to their parallel architecture when compared to SAR ADCs. In addition, hybrid flash ADCs [19], folding flash ADCs [20], and flash ADCs with time-domain latch interpolation techniques [21,22] are presented to lower the power consumption of the ADC architecture. Furthermore, a novel flash ADC architecture is proposed to reduce power consumption and area. The main objective of this work is to design a low-power, two-step flash ADC with limited resources in comparison to the existing works. The proposed two-step flash ADC architecture is designed with a control switching technique. The MSB is decided by a single low-power DTDC in the first stage, and the remaining bits are generated by a flash ADC in the second stage. Compared to conventional and other existing two-step flash ADCs, the proposed two-step ADC design requires less power and fewer comparators. In order to reduce power consumption, a low-power double-tail dynamic comparator (DTDC) is introduced to all comparators in the proposed architecture. Moreover, in the present architecture, a mux-based encoder is employed, which is suitable for low-power applications and requires less hardware.



The structure of the paper is as follows: The design and implementation of the low-power DTDC and the proposed two-step flash ADC are explained in Section 2. The simulation results and discussions are described in Section 3 and the conclusion is provided in Section 4.




2. Proposed ADC Architecture


The proposed design mainly reduces the circuit complexity and power consumption. There are two steps in this ADC architecture:



The most significant bit (MSB) of a two-step flash ADC is provided by only one proposed DTDC in the first stage, and the remaining bits are generated in the second stage, as shown in Figure 1. The present design needed only (  2  N − 1    + 1) comparators, whereas the N-bit flash ADC requires (  2 N   − 1) comparators. Generally, to design a 5-bit conventional flash ADC architecture requires 31 comparators, whereas the proposed architecture needs only 17 comparators (  2  5 − 1    + 1). Hence, the number of comparators is reduced to almost half, resulting in reduced area and power consumption.



The proposed 5-bit two-step flash ADC design consists of a control switching circuit, low-power DTDC, delay circuit, and a mux-based encoder, as shown in Figure 2. The functions of the proposed architecture are as follows: The low-power DTDC is used in the both stages, and the output of the first stage of DTDC is produced by comparing the analog input voltage (  V  i n   ) to the mid-point voltage (  V k  ). When   V  i n    >   V k  , MSB output goes to high, and when   V  i n    <   V k  , MSB output goes to low. The output of the first-stage DTDC is given to the control switching circuit as a control input, where the voltages are equally divided into half with respect to the maximum and minimum voltages of the control circuit.



Auto-switched reference voltages +  V  r e f    and −  V  r e f    are produced by a control circuit in relation to the control input and mid-point voltage (  V k  ). The output control circuit switches to logic low if the control input exceeds the mid-point voltage (  V k  ); otherwise, it goes to logic high. For every DTDC, the resistive divider network offers a different input reference voltage. The voltage level at each node is distributed uniformly between +  V  r e f    and −  V  r e f    since all of the resistor values are equal. Every node of the resistive divider network has its voltage simultaneously compared by these parallel low-power DTDC comparators with analog input voltage (  V  i n   ) and different reference voltages (   V  R 1   t o    V  R 15   ). The thermometer codes are generated by the low-power DTDCs of the second stage, with respect to the various differential input voltages. Using a mux-based encoder, the thermometer code can be converted to binary code. A mux-based encoder may have low static power dissipation since there is no leakage current channel. Reverse bias current and sub-threshold current both contribute to leakage current, which is the current that passes through a transistor after it has been switched off. As a result, the power consumption of the suggested architecture is significantly reduced.



2.1. Double-Tail Dynamic Comparator (DTDC)


The low-power DTDC is utilized in the proposed flash ADC architecture to enhance performance in low-power applications. The schematic diagram of a DTDC is shown in Figure 3. In the present design, two switching PMOS transistors, MR4 and MR5, are introduced to the latch stage.



The high-current path and large overdrive voltage of transistors MR4 and MR5 are designed to achieve quick switching speed. When clock (clk) is low, transistors   M  t a i l 1   /  M  t a i l 2    are turned off, and transistors M3 and M4 are turned on. This causes transistors MC1 and MC2 to be cut off. Moreover, preamplifier nodes   F n   and   F p   are drawn to   V  D D   ; while MR4 and MR5 are off, transistors MR1 and MR2’s latch stage is activated, causing the output nodes   OUT p  /  OUT n   to be discharged to ground. When clk is high during the regeneration phase, transistors   M  t a i l 1   /  M  t a i l 2    are turned on, while transistors M3/M4 are turned off. The output nodes of the preamplifier   F n   and   F p   start to discharge from the   V  D D   .



If   V  I N N    >   V  I N P   , the node   F n   falls faster than   F p   because transistor M1 has a higher current than transistor M2. When   F n   constantly decreases, transistor MC2 starts to turn on, bringing the   F p   node to return to   V  D D   . Meanwhile, transistor MC1 stays off, allowing   F n   to be completely discharged. The response of nodes   F p   and   F n   are connected to the positive feedback latch, which turns transistor MR5 on and MR4 off. As a result, the output nodes   OUT n   and   OUT p   are pushed up to   V  D D    and down to zero potential, respectively, with a very fast rate. Introducing the two PMOS transistors MR4 and MR5 into the controlled reset phase of the DTDC makes the internal nodes of the reset phase discharge gradually. This lowers excess current during the reset operation, leading to reduced power consumption of the DTDC, which impacts the overall power consumption of the proposed ADC architecture.




2.2. Control Circuit


The role of the control circuit is to provide an automatically switched reference voltage to the second stage of the two-step flash ADC. The schematic of the control circuit is shown in Figure 4. The control circuit is developed by selecting the appropriate transistor size to produce two CMOS inverters with equal threshold voltages and identical characteristics. If the NMOS and PMOS transistors are turned on simultaneously, the CMOS inverter may experience a short-circuit current. As a result, power losses from the short-circuit current account for only a small portion of dynamic power consumption. A high value of   R L   for load resistance can be employed to reduce the impacts of variation in the potential difference. Transconductance, switching threshold voltage, and transistor size are all significant electrical parameters to consider while designing a CMOS inverter.



The following Equation (1) represents the ratio of the NMOS and PMOS transconductance parameters:


   K ⋎  =    K n   K p    =     K n ′    (  W / L  )  n     K p ′    (  W / L  )  p      



(1)




where   K p   and   K n   are the transconductance parameters of the PMOS and NMOS transistors,   K p ′   and   K n ′   are the process transconductance parameters of the PMOS and NMOS transistors, W/L is the channel width and length of the MOS transistor,   K ⋎   represents the transconductance parameter ratio of the NMOS and PMOS transistors. The switching threshold voltage of the inverter (  V  t h   ) can be found using Equation (2)


   V  t h   =     V  T , n   +   1  K ⋎      V  D D   +  V  T , p      1 +   1  K ⋎        



(2)




where   V  T , n    represents the NMOS transistor’s threshold voltage and   V  T , p    represents the PMOS transistor’s threshold voltage.



The size of the MOS transistors will influence the CMOS inverter’s characteristics. Equation (3) gives an expression for the transistor size in PMOS and NMOS for an ideal CMOS inverter threshold voltage of   V  t h    =   V  D D   /2.


      W L    p  = 3     W L    n   



(3)







Equation (4) represents the control circuit’s auto-switching mechanism, which generates reference voltages based on the control input signal and the mid-point voltage (  V k  ).


   V k  =    (   V  m a x    )   +  (  V  m i n    )  2    



(4)




where   V  m i n    and   V  m a x    represent the minimum and maximum values of the analog input signal, respectively. The operation of control circuit is as follows: The saturation of transistor M1 allows node V1 to charge up to   V  m a x    while the control input is at logic low, and transistor M3 saturation permits node V2 to charge up to   V k  . Similarly, nodes V2 and V1 discharge to   V  m i n    and   V k  , respectively, when the control input is logic high due to transistor M2 and M4 saturation. When an adequate amount of current flows through the load resistor, the potential difference between nodes V1 and V2 changes significantly.




2.3. Mux-Based Thermometer-to-Binary Encoder


There are various approaches for implementing an encoder circuit that converts thermometer code to binary data. Converting the thermometer code into binary code is an essential part of designing a high-speed flash ADC. The most typical method of converting thermometer code to binary code is the ROM-based encoder [22]. However, it is simple to use but consumes more power. A fat-tree encoder has a more complicated circuit architecture and is faster but requires more space. Mux-based encoders can be more affordable because of their simpler circuit design and lower component count. Hence, mux-based encoders are more appropriate for circuits that require low power consumption.



Figure 5 depicts the circuit diagram of a 16:4 mux-based encoder, which uses a 2:1 mux. A simple and efficient 2:1 mux architecture employs four sets of two NAND gates. The encoding technique of the mux-based encoder employs the binary search approach to convert thermometer code into binary code.





3. Simulation Results


The proposed 5-bit two-step flash ADC is carried out in 90 nm CMOS technology with a supply voltage of 1.2 V and a sampling frequency (  f s  ) of 250 MHz. Figure 6 depicts the transient analysis of low-power DTDC with differential inputs   V  I N P    = 1.2 V and   V  I N N    = 0.6 V. The result demonstrates that when   V  I N P    >   V  I N N   , the comparator’s output switches to logic high. Similarly, when   V  I N P    <   V  I N N   , the comparator output becomes logic low.



Figure 7 illustrates the transient response of the control circuit. The output response is obtained within the time range of 0 to 3  μ s. When the control input is logic high, the output voltage +  V  r e f    discharges from 1.2 V to 0.6 V, while −  V  r e f    discharges from 0.6 V to 0 V. Similarly, when the control input is logic low, the output node voltage +  V  r e f    is charged up to 1.2 V and the node voltage −  V  r e f    is charged up to 0.6 V.



Figure 8 depicts the DC analysis, which exhibits a voltage transfer characteristics (VTC) curve in which two reference voltages +  V  r e f    and −  V  r e f    switch around the mid-point voltage 0.6 V. When the control input exceeds the mid-point voltage (  V k  ), the maximum reference voltage (+  V  r e f   ) ranges from 1.2 to 0.6 V. The minimum reference voltage (−  V  r e f   ) ranges from 0.6 V to 0 V when the control input is less than the mid-point point voltage.



Figure 9 displays the performance of the proposed 5-bit two-step flash ADC architecture, analyzed by the transient response. The digital codes ranging from 0 to 31 are acquired at the output of a mux-based encoder in accordance with the generation of an input ramp signal. Thus, the MSB bit is generated by a single DTDC, while the remaining bits are derived from the second stage of a two-step flash ADC.



Figure 10 presents simulated FFT plots at a low frequency of 1.75 MHz, whereas Figure 11 displays a Nyquist input plot of simulated SNDR and SFDR at a sampling rate of 250 MS/s. The SNDR and SFDR at low input frequencies are 30.31 dB and 34.40 dB, respectively. The corresponding ENOB is 4.723 bits. As the input frequency approaches the Nyquist frequency, the SNDR and SFDR degrade to 28.31 dB and 33.6 dB, respectively.



Figure 12a,b show Monte-Carlo simulations of SNR and SINAD, respectively. The standard deviations of SNR and SINAD are 0.29 dB and 0.271 dB, respectively. Figure 13a,b depicts Monte-Carlo simulations of SFDR and SNDR, with standard deviations of 0.26 dB and 0.29 dB, respectively. Figure 14a,b indicate that the maximum DNL and INL are −0.60/+0.66 LSB and −0.69/+0.40 LSB, respectively.



Figure 15a,b depict Monte-Carlo simulations of DNL and INL, respectively. Figure 16a,b present the layout design of the control circuit and DTDC comparator, respectively. Figure 17 shows the layout design of the proposed two-step flash ADC. After verifying the design rule check (DRC) and layout versus schematic (LVS), a post-layout simulation is performed. The post-layout simulation yielded an overall power consumption of 439.178  μ W. The 5-bit two-step flash ADC architecture has a total area of 123 × 112 ( μ m ×  μ m).



Figure 18 depicts a Monte-Carlo simulation of overall power consumption. The figure of merit (FOM) is used to compare ADC performance and can be calculated using Equation (5).


  F O M =   P   2  E N O B    f s      



(5)




where P is the power dissipation, ENOB is the effective number of bits, and   f s   is the sampling frequency. The proposed ADC achieves an FOM of 54.89 fJ/conversion step and employs comparator redundancy as an affordable approach for developing low-power two-step flash ADCs.



3.1. Corner Anaysis


Corner models can reflect several aspects of NMOS and PMOS variable behavior, such as the fast slow (FS) or slow fast (SF) regions that are needed.



Experiments were carried out at the SS, TT, SF, FS, and FF process corners to evaluate the efficiency of the NMOS and PMOS. Simulations were performed at temperatures ranging from −40 °C to 120 °C for different supply voltages (1.1 V to 1.3 V).



Figure 19a,b depict the SNDR and SFDR with process corner variations. The FF corner has the best performance throughout the temperatures, with peaks at 30–40 °C for both the SNDR and SFDR. The FS corner exhibits the worst performance across all temperatures and varies more with temperature. At high temperatures, most of the corners show slight degradation in performance, whereas optimal performance occurs around room temperature (20–40 °C). TT and SF corners behave quite consistently across the temperature range. Corners FF, SS, and FS show more change with temperature.



Figure 20a displays power versus temperature, and Figure 20b shows power versus supply voltage. Different process corners reveal distinct power consumption characteristics. The fast-fast (FF) corner demonstrates the highest power consumption. The typical-typical (TT) corner shows moderate power consumption. The slow-slow (SS) corner exhibits significantly lower power consumption. Power consumption demonstrates a strong correlation with supply voltage. As supply voltage increases, power consumption increases across all process corners. The impact of voltage changes is consistent across different process corners, but the absolute power values fluctuate. The two-step ADC consumes approximately 163  μ W at 0.8 V supply voltage (  V  D D   ) and 289  μ W at 0.9 V. The simulation results demonstrated that power dissipation is proportional to the supply voltage.




3.2. Summary and Comparision


Table 1 summarizes the performance of the proposed 5-bit two-step flash ADC architecture. The 16 double-tail dynamic comparators require 99.5 percent of the total power. Other circuit blocks share the remaining power, including the resistive divider network (934.05 nW, 0.22%), the mux-based encoder (702.57 nW, 0.16%), the control circuit (79.143 nW, 0.02%), and the delay circuit (423.66 nW, 0.10%). The total power usage is 439.178  μ W with   V  D D    = 1.2 V.



Table 2 compares the results of the present approach to those of previous studies. The comparison focused mainly on power usage and design area. The proposed design reduces power consumption by 48.79% compared to [22]. In comparison to previous work, the proposed two-step flash ADC consumes significantly less power overall.





4. Conclusions


A low-power, 5-bit, two-step flash ADC with control switching technique was presented. The proposed design was implemented in 90 nm CMOS technology, and it occupies an area of 123 × 112 ( μ m ×  μ m). The peak differential and integral non-linearities (DNL and INL) were measured to be +0.60/−0.69 LSB and +0.66/−0.40 LSB, respectively. The measured signal-to-noise and distortion ratio (SNDR) for a 1.75 MHz input is 30.31 dB, and the spurious-free dynamic range (SFDR) is 34.40 dB. The total estimated power consumption of the proposed design was 439.178  μ W for a supply voltage of 1.2 V. The proposed design was able to reduce power consumption by 48.79% when compared to the existing work. The main contribution of this design is improvement in power and area, which can also be employed for low-power IoT applications. The resolution and linearity of the present work will be improved in the future to enhance the overall accuracy of the proposed design.
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Figure 1. Block diagram of proposed N-bit two-step flash ADC. 
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Figure 2. Schematic diagram of proposed 5-bit flash ADC. 
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Figure 3. Schematic diagram of double tail dynamic comparator. 
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Figure 4. Circuit diagram of control circuit. 
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Figure 5. Circuit diagram of mux-based encoder. 
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Figure 6. Transient simulation of low-power DTDC. 
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Figure 7. Transient simulation of control circuit. 
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Figure 8. DC simulation of control circuit. 
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Figure 9. Post-layout simulation of 5-bit proposed two-step flash ADC. 






Figure 9. Post-layout simulation of 5-bit proposed two-step flash ADC.



[image: Jlpea 14 00053 g009]







[image: Jlpea 14 00053 g010] 





Figure 10. Spectral plot of low input frequency 1.75 MHz at 250 MS/s after post-layout simulation. 
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Figure 11. Spectral plot of Nyquist frequency 121.09 MHz at 250 MS/s after post-layout simulation. 
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Figure 12. Monte-Carlo simulation of (a) SNR and (b) SINAD for low input 1.75 MHz at 250 MS/s after post-layout simulation for 200 runs. 
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Figure 13. Monte-Carlo simulation of (a) SFDR and (b) SNDR for input 1.75 MHz at 250 MS/s after post-layout simulation. 
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Figure 14. Post-layout simulations: (a) DNL and (b) INL. 
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Figure 15. Monte-Carlo simulation: (a) DNL and (b) INL after post-layout simulation for 200 runs. 
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Figure 16. Post-layout of (a) control circuit and (b) double-tail dynamic comparator. 
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Figure 17. Layout of proposed 5-bit two-step flash ADC. 
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Figure 18. Monte-Carlo simulation of total power consumption with 200 runs. 
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Figure 19. (a) SNDR and (b) SFDR of proposed ADC versus temperatures (T = −40 °C to 120 °C) with process corner variations (TT, SF, FS, SS, FF) after post-layout simulation. 
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Figure 20. Average power of proposed ADC versus (a) temperatures (T = −40 °C to 120 °C) and (b) supply voltage (VDD = 1 V to 1.3 V) with process corner variations (TT, SF, FS, SS, FF) after post-layout simulation. 
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Table 1. Summary of proposed ADC.






Table 1. Summary of proposed ADC.





	Specification (Unit)
	Simulation Results





	Technology (nm)
	90



	Supply voltage (V)
	1.2



	Resolution (bit)
	5



	Maximum sampling rate (S/s)
	250 M



	Analog input range (V)
	0–0.8



	ENOB (bits)
	4.723



	SNDR (dB)
	30.31



	SFDR (dB)
	34.40



	DNL (LSB)
	+0.60/−0.69



	INL (LSB)
	+0.66/−0.40



	Power consumption ( μ W)
	439.178



	FOM fJ/conv
	54.89



	Area ( μ m ×  μ m)
	123 × 112










 





Table 2. Comparison to flash ADC with reported works.






Table 2. Comparison to flash ADC with reported works.





	Parameters
	[19] a
	[8] b
	[14] b
	[20] b
	[16] b
	[15] b
	[22] b
	Proposed Work a





	Technology (  n m  )
	180
	180
	28
	90
	90
	130
	180
	90



	Architecture (ADC)
	Hybrid flash
	Flash
	SAR
	Folding-flash
	SAR
	SAR
	TD-flash
	Two-step flash



	Supply Voltage (V)
	1.8
	1.8
	1.2
	1
	1
	1.2
	1.8
	1.2



	Resolution (bit)
	5
	5
	6
	5
	6
	6
	5
	5



	Sampling Frequency (MHz)
	250
	500
	300
	1750
	700
	80
	80
	250



	Power Consumption (W)
	7.11 m
	6.01 m
	2.65 m
	2.2 m
	1 m
	0.69 m
	900  μ 
	439.178  μ 



	ENOB (bit)
	4.7
	4.62
	5.25
	4.76
	5.36
	5.85
	4.65
	4.723



	DNL (LSB)
	0.34
	0.33/−0.54
	0.5–1
	0.3
	0.33
	0.35
	0.22
	0.60/−0.69



	INL (LSB)
	0.52
	0.27/−0.33
	0.5–1
	0.3
	0.27
	0.25
	0.52
	0.66/−0.40



	FOM (pJ/con)
	1.09
	0.488
	0.22
	0.15
	0.0346
	0.15
	0.351
	0.054







a Simulated values, b Measurement values.
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