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Abstract

:

This paper presents a pipelined noise-shaping SAR (PLNS-SAR) ADC for high SNDR, wide bandwidth, and low power consumption. The proposed design achieves a sharp second-order NTF of an error feedback structure, without a multi-input comparator and additional residue amplifier. Additionally, the SNDR is improved via zero optimization. Additionally, the speed is enhanced via prediction logic and alternately using the passive switched capacitor FIR filter. This consequently achieves the high-power efficiency of the ADC. The simulated SNDR is 79.97 dB; it achieves a 12.5-MHz BW at a 175-MHz sampling rate, with OSR of 7. The total power consumption of the ADC is 4.27 mW at a 1.1-V supply. The     FoM    S , SNDR      is 174.6 dB. The proposed structure achieves high resolution and wide bandwidth with good energy efficiency.
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1. Introduction


In hardware systems for Internet-of-Things (IoT) applications, it is preferred to use analog-to-digital converters (ADCs) with high resolution and energy efficiency in bands ranging from a few MHz to tens of MHz. Successive approximation register (SAR) ADCs are often used in systems where energy efficiency is critical because they have very low power consumption. However, a SAR ADC is limited when it comes to obtaining high resolution, due to the settling error of capacitive digital-to-analog converter (CDAC) and comparator noise. Limitations also arise in the conversion speed, due to the sequential conversion of binary search and settling speed of CDAC. For better accuracy, a noise-shaping SAR (NS-SAR) ADC, which combines a SAR ADC and delta-sigma ADC, is introduced for both high energy efficiency and accuracy [1,2]. However, speed and resolution limitations due to the SAR operation-based conversion and comparator noise persist. To address these issues, [3] proposed a pipelined noise-shaping SAR (PLNS-SAR) ADC that incorporates the pipelined ADC structure into the NS-SAR ADC. Slow SAR conversion can be pipelined in two stages to increase the overall operation speed. Moreover, the inter-stage amplifier can suppress the comparator noise, compared to the quantization noise, thus significantly reducing its impact. However, using an inter-stage amplifier, which is essential for pipelined architecture, increases the overall power consumption, consequently reducing the energy efficiency of ADC. As illustrated in [3], operational amplifiers cause significant energy losses, due to the static current. In the pipeline structure, the speed of the operational amplifier is very important because the speed of ADC is not only governed by the conversion time but also by the time during which the residual voltage is amplified by the amplifier. The use of operational amplifiers in pipelined NS-SAR ADCs is undesirable because operational amplifiers with wide bandwidth eventually require more power consumption. As an alternative, a pipelined NS-SAR ADC using a ring amplifier was proposed in [4]. Due to its inverter-based operation, the ring amplifier is a structure that can satisfy both low power consumption and high operating speed. As a result, [4] achieved less power consumption with the same third-order structure to [3] by replacing the amplifier. Although reducing the power consumption, [4] required multi-input comparators for residue voltage summation because the conventional cascaded integrator feed-forward (CIFF) structure was applied. The additional input pair of comparator causes additional noise and mismatches, thus deteriorating the performance of NS-SAR ADC. In practice, [4] was implemented as a structure with a third-order NTF. However, it had a somewhat lower SNDR.



Figure 1a shows a PLNS-SAR ADC based on the previous CIFF structure. Both the first and second stages used multi-input comparators because of the residue voltage summation. In addition, the gain of multi-input comparators was utilized to compensate for the attenuation occurring from charging sharing for integration. The comparator gain easily changes, due to the variation of the comparator input devices. The comparator gain variation of the second-stage significantly changes the NTF, thus reducing the performance of system. The structure in Figure 1a is based on a 1–2 MASH structure, where the second-order NTF from the second-stage was     ( 1 − 0.75  z  − 1   )  2   , thus making it impossible to obtain a sharper NTF notch in the CIFF structure using a passive integrator, ultimately limiting the achievable resolution.



In this paper, we presented a second-order PLNS-SAR ADC implemented in an error-feedback (EF) structure, instead of a CIFF structure. Figure 1b shows the proposed EF structure. This structure has an NTF of    (  1 − G /  K  CS 2   ·  z  − 1   + G /  K  CS 1   ·  z  − 2    )   , which can obtain an NTF with a sharper notch in the second stage. Moreover, it does not depend on a comparator gain because of the inter-stage gain, G, which compensates for the charge sharing attenuation,    K  CS 1 , 2    , occurring during signal processing. Additionally, since feedback errors are summated by charge sharing, we do not have to use a multi-input comparator. Thanks to this, the proposed structure uses single-input comparators in both the first and second stages. Additionally, the conventional EF structure often uses a separate amplifier that compensates for charge sharing attenuation, even though it is not implemented in a pipelined structure [5]. In the proposed structure, the feedback error is amplified by reusing the inter-stage amplifier for the amplification of the quantization error of the first stage of the pipelined ADC. This eliminates the need for a separate amplifier for error feedback, thus minimizing power consumption and achieving high resolution.



The proposed ADC architecture and its circuit implementation are further elaborated in Section 2 and Section 3. In Section 4, simulation results and layout are discussed. Finally, Section 5 deals with the conclusions of this paper.




2. Architecture


Figure 2 shows the block diagram of the proposed PLNS-SAR ADC. There are two stages, based on the SAR ADC, and an inter-stage amplifier between them. The quantization error of the second stage becomes an EF signal through the FIR filter, which is summated at the input terminal of each stage. A passive switched capacitor (SC)-based FIR filter is used for simplicity and low power consumption. It consists of a delay and attenuation, occurring during charge sharing, that transfers the quantization error from the second stage to other capacitors. The feedback error delivered to the first stage is delayed by two samples (   z  − 2    ), which can be simply implemented using the natural timing difference between the first and second stages in the pipeline structure. In the proposed pipelined structure, the quantization error from the second stage is transferred to the first stage, where the input after two sampling periods is sampled. On the other hand, the feedback error delivered to the second stage is delayed by one sample (   z  − 1    ). The desired delay occurs when the quantization error generated in the second stage is added to the input of the inter-stage amplifier, before starting the next conversion in the second stage. The feedback error of each stage is stored in the capacitor. For the first stage, the feedback error can be summated with the input signal sampled on the CDAC of the first stage (CDAC1) through charge sharing, before starting the SAR conversion, which causes another attenuation by    K  CS 3    , in addition to the original attenuation by    K  CS 1    . However, this does not significantly affect the resolution because it can be compensated by the subsequent inter-stage gain. For the second stage, additional attenuation occurs similarly if the feedback error that is already attenuated by    K  CS 2     is added directly to CDAC of the second stage (CDAC2), which makes it difficult to obtain the desired NTF because this loss is not compensated by the inter-stage gain. Therefore, the feedback error is fed to the amplifier’s input, together with CDAC1, when the inter-stage amplifier starts amplifying right after finishing the first-stage conversion, in order to prevent attenuation (details on timing are covered in Section 3.1). In this case, we can easily obtain the desired NTF because the feedback error is amplified by the inter-stage gain, similar to that in the first stage. Therefore, the feedback error can easily be handled without a multi-input comparator or additional amplifier. Moreover, the SAR quantizer in each stage can be simply implemented using a single-input comparator. Additionally, the attenuation by    K  CS 1 , 2    , due to charge sharing, is compensated by the inter-stage amplifier, which is another major advantage.



The final output (   D  out    ) and output of each stage in Figure 2 are obtained as follows. First, the digital output of the first stage (   D  out 1    ) is expressed as Equation (1).


   D  out 1   = Vin  (  1 −  1   K  CS 3      )  +  Q  MSB   +  N  CMP 1   +  (  1 / (  K  CS 1   ·  K  CS 3   ) ·  z  − 2    )   (   Q  LSB   +  N  CMP 2    )   



(1)







The residue voltage of the first stage (   V  r e s    ), generated by subtracting    D  out 1     from Vin being reflected through CDAC, is expressed as:


   V  r e s   = −  (   Q  MSB   +  N  CMP 1      )  +  (  1 / (  K  CS 1   ·  K  CS 3   ) ·  z  − 2    )   (   Q  LSB   +  N  CMP 2    )   



(2)







Then,    D  out 2     is amplified by G via amplifier after adding    V  r e s     and feedback error.


   D  out 2   = G ·  (   V  r e s   − 1 /  K  CS 2   ·  z  − 1    (   Q  LSB   +  N  CMP 2    )   )  +  (   Q  LSB   +  N  CMP 2    )   



(3)






   D  out   =  D  out 1   +  1 G  ·  D  out 2    



(4)







As a result, the Equation (4) can be obtained through the digital filter and digital final output is as follows:


   D  out   = Vin  (  1 −  1   K  CS 3      )  +  1 G   (  1 − G /  K  CS 2   ·  z  − 1   + G / (  K  CS 1   ·  K  CS 3   ) ·  z  − 2    )   (   Q  LSB   +  N  CMP 2    )   



(5)






   D  out   = Vin  (  1 −  1   K  CS 3      )  +  1 G   (  1 − a ·  z  − 1   +  z  − 2    )   (   Q  LSB   +  N  CMP 2    )   



(6)







The outputs of the two stages go through the digital cancellation filter, shown in Figure 2, to produce the final digital output signal,     D  out    . The proposed PLNS-SAR ADC structure maintains the advantages of the pipelined structure, along with the second-order noise-shaping. The second-stage output,    D  out 2    , is multiplied by the inter-stage gain reciprocal and added to the first-stage output, which ideally cancels the first-stage quantization (   Q  MSB    ) and comparator noise (   N  CMP 1    ), while leaving only the noise related to the second stage. After digital cancellation,    D  out     is expressed as Equation (5). The transfer function in Equation (6) can be obtained through additional coefficient adjustment. At this time, the NTF becomes    1 G   (  1 − a ·  z  − 1   +  z  − 2    )   . For this,   G / (  K  CS 1   ·  K  CS 3   ) ,   which is the coefficient of the second-order term of the NTF in Equation (5), should be in unity. That means that    K  CS 1   ·  K  CS 3     should be the inter-stage gain, G. We can easily implement this by adjusting the ratio of the capacitors used for charge sharing to store the second-stage quantization error and charge sharing capacitor ratio for error feedback at the first-stage input. When the coefficient of the second-order term is set to unity, the zeros of the NTF are    (  a ±   (  a 2  − 4 )    1 2     )  / 2  , where   a = G /  K  CS 2    . Thus, we can adjust G or    K  CS 2     to move the zero position and achieve the target NTF. The inter-stage gain cannot be accessibly changed; thus, it is easier to change the charge sharing capacitor ratio,    K  CS 2    . When a = 2, the zero is located at 1, and a general second-order high pass NTF of     ( 1 −  z  − 1   )  2    is obtained. Depending on the target oversampling ratio (OSR), the zero can be moved from   z =  e  ± j α   (  α  o p t   = π / ( O S R ·  3  )  ), and the in-band noise can be minimized [6]. As a result, the second-stage quantization noise (   Q  LSB    ) and comparator noise (   N  CMP 2    ) shown in the output become shaped by the second order. In addition, the noise is also attenuated by G, as shown in Equation (6), which helps to obtain high resolution.



Figure 3 is the block diagram reflecting the practical circuit implementation of the proposed ADC structure. As mentioned earlier, the charge sharing capacitor ratio and G determine the NTF. Additionally, G is involved in the allocation of bits between the pipelined stages. The noise requirement for the second-stage significantly increases with the decrease in G. Additionally, relatively small    K  CS 3     is required, resulting in large input signal attenuation and, consequently, reducing the dynamic range of the ADC. To balance the first and second stages and minimize the dynamic range loss, we set G to 32. The first stage converts six bits, excluding redundancy, and the second stage converts four bits. To generate the feedback error to the first stage from the second-stage quantization error, charge sharing that causes attenuation (   K  CS 1      = 2) is essential. The feedback error with this attenuation by two becomes attenuated again when it is summated with Vin through charge sharing. At this time, the charge sharing ratio is set to 16(=   K  CS 3    ), so that the loop gain for the feedback error, including the inter-stage gain, is in unity. The input signal also becomes 15/16 times, due to this charge sharing, thus slightly decreasing the dynamic range of the ADC. There is a loss of −1.6 dB in the dynamic range, but this is not significant, considering the improved SNDR of the ADC. For the second stage, the attenuation,    K  CS 2    , needs be 16 to achieve a = 2. This implies that the transmitted feedback error via charge sharing is very small, which deteriorates the noise performance. Therefore,    K  CS 2     is set to a much smaller value of 4/3. Additionally, to maintain the loop gain of the feedback error to the second-stage the same, the feedback capacitor ratio for the inter-stage amplifier is changed for amplification of the feedback error by 8/3. This does not change the gain of 32 for the first-stage quantization error, since the amplifier has multi-path inputs. Figure 4a shows the simulated output power spectral density of the final output, when the zero is located at z = 1. The second-order noise-shaping is applied to 10-bit conversion, without zero optimization, showing an ideal SNDR of 81.95 dB when the OSR is 7. We applied zero optimization to obtain a higher SNDR than the frequently used second-order NTF of     ( 1 −  z  − 1   )  2   . We set a to 1.94. To this end, the value at which the feedback error is amplified changed from 8/3 to 2.867. Figure 4b shows the simulated output power spectral density after zero optimization. It is observed that the SNDR increases by about 4.2dB, without any additional power consumption. Consequently, the proposed ADC can achieve an ENOB of up to 14 bits.




3. Circuit Implementation


3.1. Pipelined Noise-Shaping SAR ADC


Figure 5 shows circuit implementation of the proposed ADC. First, an input signal is sampled at the first stage (   Φ  SH 1    ), and then a 6-bit conversion is performed (   Φ  CONV 1    ). Despite having a conversion result of six bits, the actual conversion consists of five cycles. With the results of the previous conversion, the three most significant nits (MSBs) are predicted and reflected in the CDAC1. To correct for the prediction error, 2-bit redundant conversion is performed. After that, the remaining 3-bit conversion is performed. Further details on performing the prediction are mentioned in Section 3.2. The array of CDAC1 is configured according to this conversion method, and a tri-state switching method [7] is used to maintain a constant input common-mode voltage of the inter-stage amplifier, thus achieving constant performance. When the conversion is finished in the first stage, the quantization error remaining on CDAC1 and feedback error on    C  RES 2     are added at the input of the inter-stage amplifier and amplified (   Φ  AMP    ). The amplified voltage is then sampled on CDAC2 in the second stage (   Φ  SH 2    ). Once the conversion starts in the second stage after the sampling, the voltage on    C  RES 2     is no longer necessary, so it becomes reset. After the conversion in the second stage is finished, the remaining quantization error on CDAC2 is charge-shared with both    C  RES 1     and    C  RES 2     to generate the feedback error. The charge sharing is first performed with    C  RES 2    , which is ready after being reset (   Φ  CS 2    ). Then, before the second charge sharing with    C  RES     starts,    C  RES     needs to be reset; however, since    C  RES     is in use during the conversion of the first stage, it should be reset after the conversion of the first stage. Therefore,    Φ  RST 1     must come right after    Φ  CONV 1    . Once the reset is completed,    Φ  CS 1     follows (Figure 6). In other words, the amplification phase (   Φ  AMP     or    Φ  SH 2    ) cannot start immediately after    Φ  CONV 1    , thus leading to delay. Similarly to the second-stage, a delay takes place after    Φ  CS 2    . Due to this inefficient operation timing, the overall speed decreases. To address this issue, this work optimizes the operation timing by alternately using two sets of    C  RES     and speeds up the overall ADC speed. Figure 7 shows the final timing diagram used by the proposed structure. Because there are two sets of    C  RES    , while one of them is used for the first stage, the other can be reset. Thus, the delay disappears and the overall operating speed increases. After    Φ  CONV 1    ,    Φ  AMP     can start without any delay. At this time of amplification, the logic for dynamic weight averaging (DWA) and prediction logic, using the previous conversion results, operate without causing any timing overhead.



The total capacitance of CDAC1 in the first stage is 1.6 pF, considering the thermal noise of kT/C. The feedback capacitor of the amplifier,    C F   , is set to 50 fF for the gain of 32. The total capacitance of CDAC2 in the second stage is 300 fF. The remaining voltage, Vqn2, after conversion on CDAC2 is first charge shared with    C  RES 2    . Here, the voltage becomes Vqn2   ∗ CDAC 2 /  (  CDAC 2 +  C  RES 2    )   . This voltage is then fed back to the input terminal of the inter-stage amplifier and amplified by    C  RES 2   /  C F   . Therefore, the loop gain for Vqn2 in the second-stage becomes    C  RES 2   /  C F  ∗ CDAC 2 /  (  CDAC 2 +  C  RES 2    )   , and the size of    C  RES 2     is determined to be 143.35 fF for the desired value (=1.94). For    C  RES    , the charge sharing occurs with the gain of   CDAC 2 /  (  CDAC 2 +  C  RES 2    )  ∗   CDAC 2 /  (  CDAC 2 +  C  RES    )   . Then, it is fed back to CDAC1 with the gain of    C  RES   /  (  CDAC 1 +  C  RES    )    during    Φ  CONV 1    . Accordingly, the size of    C  RES     is determined to be 107 fF. Note that the minus sign of the gain for    C  RES     to CDAC1 shown in Figure 5 can be simply implemented using the differential circuit characteristic.




3.2. Prediction and DWA


In CDAC1, the mismatch between unit capacitors is one of the main factors limiting the high SNDR of ADCs. That is because it generates data-dependent non-linearity. There is also unit capacitor mismatch in CDAC2. However, since its effect is attenuated by the inter-stage gain in the pipeline structure, we can ignore it. Therefore, a high SNDR cannot be achieved, even when using the proposed ADC structure, unless we calibrate the mismatch between the unit capacitors in CDAC1 (even though the first stage has a small number of bits). DWA is a popular method used to suppress in-band tones by shaping the mismatch between unit capacitors in noise-shaping-based, high-resolution ADCs. A plain DWA method is used for CDAC1 in this work, and the error due to the unit capacitor mismatch is shaped in the first-order high pass type [8]. Since the signal band exists in the low-frequency region, it is possible to attenuate the harmonic within the band. However, applying the DWA to all six bits of the first stage leads to complicated logic and slow operating speed. DWA, for only three MSBs introduced in [9], was applied to this work because the unit capacitor mismatch is adequately shaped to have a minor effect on realizing the target SNDR with only that method. Accordingly, a capacitor array consisting of three MSBs [16C 8C 4C] in the CDAC1 of the first stage, as shown in Figure 8 (right), is split into seven identical units, with sizes of 4C. According to the DWA logic results, seven capacitor units in the CDAC1 are selectively switched to enable unit capacitor mismatch shaping. However, for the DWA logic to function, three MSBs obtained from the current input signal are essential. To obtain this pre-decision result, a method for converting the required number of MSBs using a separate coarse ADC before performing the main SAR conversion is often used; the method is shown in [10]. However, using a separate coarse ADC leads to an offset problem or increase in total input capacitance [11]. Therefore, in the proposed structure, the pre-decision results required for the DWA operation are obtained without separately using the coarse ADC, namely via the prediction algorithm. The prediction algorithm does not suffer from problems in the analog domain because it handles signals in a fully digital way [12], thus allowing it to predict current data using previous data, which is shown in Figure 8 (left). Additionally, since the 3-bit MSB conversion time is not separately required, we can increase the operation speed of the first stage. Therefore, the prediction and DWA logic do not affect the speed of the ADC. That is because the data required for the next conversion are calculated in advance during the amplification phase (   Φ  AMP    ).


   D  out    ( z )  ≈  D  out _ P    ( z )  = 2 ∗  D  out    (   z  − 1    )  −  D  out    (   z  − 2    )   



(7)







The prediction algorithm of the proposed structure is the second-order prediction, and the prediction method is expressed in Equation (3). The calculated value is transferred to the DWA logic, and the seven capacitors in the array are switched according to the result. The    D  out _ P    (z) calculated from the previous two samples can have a significantly large error, compared to    D  out    (z), which is obtained from the accurate conversion. Even if the error is assumed to be small, the performance degradation can be huge, considering the proposed ADC target’s high-resolution. However, since the proposed ADC oversamples, the frequency region of the input signal is relatively low, compared to the sampling frequency. Thus, the error would be limited, even if we apply the prediction algorithm. Furthermore, we can eliminate the bounded error via the 2-bit redundant conversion before the SAR conversion starts and after applying the output value of DWA logic. As shown in CDAC1 in Figure 5, the redundancy of 4C size is applied twice, compensating for a total of 128 LSB size prediction errors.




3.3. Ring Amplifier


Existing NS-SAR ADCs, without using the pipelined structure, use a high gain multi-input comparator to compensate for the integration loss and obtain the desired NTF [13]. The high gain multi-input comparator has a large design overhead, due to the large kickback noise and power consumption. In this work, only single-input comparators are used, so the NTF is insensitive to a parasitic. For the use of single-input comparators, the inter-stage amplifier is utilized for error feedback. The amplifier used in the proposed structure is the ring amplifier shown in Figure 9 [4]. The three inverters are cascaded to obtain a high gain, and the last inverter operates in a slew mode at the beginning of amplification. After settling, it operates in the sub-threshold region, thus optimizing power consumption. Since the amplifier is not always in operation, the ring amplifier does not consume power in the non-amplification phase, thus increasing the overall power efficiency. It operates as a switched-capacitor amplifier with a constant gain, as shown in Figure 9, where the capacitive feedback is configured around the ring amplifier. The operation of the amplifier is as follows: the feedback capacitor    C F    is only used for the amplification phase (   Φ  AMP    ), so it is reset during the non-amplification phase (   Φ  AMPB    ). At the input of the amplifier, two capacitors are connected via a switch; one is CDAC1 containing a quantization error of the first stage, and the other is    C  RES 2     with a feedback error. During the amplification phase, the charge in the two capacitors moves to    C F    and each voltage is simultaneously added and amplified to appear as an output voltage. At this time, CDAC2 is connected to the ring amplifier as a load, and the amplified voltage is sampled on CDAC2. The inter-stage gain by the switched-capacitor amplifier is   CDAC 1 /  C F    and error feedback gain is    C  RES 2   /  C F   , which are set to 32 and 2.867, respectively, as mentioned above. Both values affect the first-order term coefficient of the NTF. When the gain has any variation or error, the NTF zero moves, and the achievable resolution decreases. Therefore, the calibration circuit is added to change the capacitance of    C  RES 2     to counter the large variation, thus allowing for the formulation of the desired zero. Although CDAC1 cannot counter the gain change, due to its difficult calibration, the error can be compensated for by calibrating the digital cancellation filter coefficient.



Figure 10 demonstrates the SNDR distribution, according to the variation in the gain of amplifier. Figure 10a shows the obtained SNDR distribution when the amplifier’s gain (=32) changes by 5%. For 5% gain variation, the SNDR changes from 70 to 90 dB. Figure 10b exhibits the result after calibrating the coefficient of the digital cancellation filter. Even if the inter-stage gain changes by 5%, the calibration of the filter coefficient can maintain the SNDR between 83 and 91 dB. The coefficient of the digital cancellation filter can be adjusted off the chip, together with the gain of amplifier. Therefore, the proposed structure is robust to the gain variation of the amplifier, which makes a high-performance amplifier unnecessary.





4. Results


The proposed PLNS-SAR ADC is designed using a 28 nm CMOS process. Figure 11 shows the layout of the ADC core. The total core area is 167 × 320 um, and it is occupied by the SAR ADCs for the two stages, ring amplifier, and error feedback capacitors. For    C  RES 1 , 2    , the same unit capacitor used for the CDAC was used to suppress any mismatch.



Figure 12a shows the output power spectral density from the simulation, with transient noise reaching up to 20 GHz. Figure 12b shows the result from post-layout simulation after parasitic extraction. The simulation is performed in a typical process corner at a room temperature of 27 °C. The input signal has a 1.7-MHz frequency and magnitude of −0.9 dBFS. The digital outputs from the first and second stages are processed by a digital cancellation filter off the chip by using MATLAB. The filtered data achieves a 12.5-MHz BW and 79.97-dB SNDR, at a 175-MHz sampling frequency, with OSR of 7. Figure 13 shows the total power consumption and power breakdown for each block for the 175-MHz sampling frequency. The total power consumption of the proposed ADC is 4.27 mW at a 1.1-V supply voltage. The most power-hungry block is the ring amplifier, and it consumes 1.75 mW. The energy efficiency is improved, compared to [3], using an OTA for the inter-stage amplifier, while the speed is increased. The digital blocks consume a total of 1.58 mW, but the prediction and DWA logic account for only 0.15 mW, without deteriorating the Schreier figure-of-merit (FoMs) of the proposed ADC. The SNDR, BW, and power consumption from the simulation results demonstrate that the proposed structure provides a good FoMs of 174.6 dB. In other process corner simulations, the maximum sampling rate differs (slow: 160 MHz, typical: 175 MHz, and fast: 189 MHz), but the maximum SNDR barely changes.



Table 1 compares the proposed ADC with previous works. Since many external factors might be excluded in the post-layout simulation results from this work, there might be a significant difference for actual measurements. However, it is still meaningful to compare the proposed EF PLNS-SAR ADC with the PLNS-SAR ADC, based on the existing CIFF structure, under the same simulation environment. The proposed structure is advantageous for achieving a higher SNDR than the prior ones; it can have a higher sampling rate and wider bandwidth.




5. Conclusions


In this paper, we propose a PLNS-SAR ADC capable of achieving a high sampling rate and resolution. The EF-based second-order NS ADC is implemented on the structure of a pipelined SAR ADC, while maintaining its advantages. The power efficiency is enhanced by reusing the inter-stage amplifier, which is essential in the two-stage pipelined SAR ADC, for processing the feedback error voltage. Due to the digital cancellation filter and capacitor calibration, it is possible to obtain a constant resolution in the existence of the amplifier’s gain variation. The prediction and DWA logic enhance the speed and resolution of the ADC. The prediction could reduce the number of conversion cycles by three. Additionally, the speed of the ADC can be optimized by alternating the error feedback capacitor. The SNDR is further improved by zero optimization. Accordingly, the proposed PLNS-SAR ADC achieves high energy efficiency and improves the resolution and bandwidth.
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Figure 1. (a) Conventional CIFF structure. (b) Proposed EF Structure for PLNS-SAR ADC. 
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Figure 2. Detailed block diagram of proposed ADC architecture. 
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Figure 3. Block diagram for practical circuit implementation. 
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Figure 4. Power spectral density (a), with zero located at 1 (b) with zero optimization. 
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Figure 5. Circuit implementation of proposed PLNS-SAR ADC. 
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Figure 6. Inefficient ADC operation, due to delays. 
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Figure 7. Final timing diagram of proposed structure without any delay. 
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Figure 8. (left) Second-order prediction algorithm; (right) CDAC configuration for 3-bit DWA application. 
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Figure 9. Structure of ring amplifier and multi-input inter-stage amplifier based on ring amplifier. 
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Figure 10. SNDR distribution by amplifier gain variation (a) before and (b) after digital filter calibration. 
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Figure 11. Proposed ADC core layout. 
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Figure 12. Simulated output power spectral density: (a) noise included; (b) RC-extraction included. 
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Figure 13. Power breakdown of proposed ADC. 
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Table 1. Comparison table.
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