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ABSTRACT The Noise-Shaping (NS) SAR is an attractive new ADC architecture that emerged in the
last decade. It combines the advantages of the SAR and the DSM architectures. NS SAR shows excellent
potential for high efficiency and low cost, and is highly suited to process scaling. This paper gives an
overview of the history of NS-SAR, reviews the fundamentals challenges, and summarizes the latest
developments, including advanced loop filtering techniques, DAC mismatch mitigation, kT/C mitigation,
and bandwidth boosting. A comprehensive comparison of the state-of-the-art NS-SAR ADCs is provided,
and conclusions are derived.

INDEX TERMS ADC, DSM, oversampling, Noise-shaping, successive approximation, SAR.

I. INTRODUCTION

ANALOG to Digital Converters (ADCs) are essen-
tial in modern electronic systems. However, because

ADCs are often performance bottlenecks in the signal
chain, ADC requirements continue to increase, pushing
the boundaries of what we once thought was impossi-
ble. For example, current mobile devices require ADCs
with over 100MHz bandwidth (BW) and 70dB dynamic
range (DR) while consuming only a few milliwatts. In
addition, IoT sensor nodes must be very low-cost and
low-power, with ADCs providing over 100dB Signal-
to-Noise Ratio (SNR) without any complicated calibra-
tion. Conventional architectures, such as Flash, Successive
Approximation Register (SAR), Pipeline, and Delta-Sigma
Modulation (DSM), are challenged by these specifications
due to inherent tradeoffs. These challenges have encouraged
research in hybrid architectures that have led to performance
breakthroughs.

The Noise-Shaping SAR (NS-SAR) is one of the most
promising hybrid architectures to have emerged during
this decade. NS-SAR combines the SAR and the DSM
architectures and benefits from the advantages of both: NS
SAR is power efficient and low cost like SAR, and at the
same time, it provides a high SNR comparable to con-
ventional DSM ADCs. NS-SAR is also very amenable to
process scaling, which makes it very promising for long-term
development. Fig. 1 compares NS-SAR and conventional
architectures in terms of power and area [1]. The efficiency
and cost advantages of NS-SAR over DT-DSM are clear.
The rest of this paper is arranged into five sections.

Section II briefly reviews the history of NS-SAR and some
milestone innovations. Section III gives a system-level per-
spective of NS-SAR, discussing its fundamental framework
and advantages. Section IV goes through the main challenges
in NS-SAR and reviews the solutions. Section V reviews and
discusses the stage-of-the-art NS-SAR designs. And finally,
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FIGURE 1. Comparison between NS-SAR and conventional architectures.

Section VI presents conclusions and offers some predictions
for the future of NS-SAR.

II. A BRIEF HISTORY
Although both the SAR and the Delta-Sigma ADCs
architectures can be traced back to the 1950s [2], there were
no apparent attempts to combine these two architectures
before the twenty-first century. This may be because SAR
ADCs are conventionally considered as “slow” converters,
while Delta-Sigma ADCs need a fast quantizer (traditionally
a Flash ADC) to accomplish over-sampling. However, the
development of CMOS technology significantly improved
the speed of SAR ADCs, making the combination feasible.
In the early 2000s, [3] proposed using a SAR ADC in a
DSM to overcome the difficulty of implementing a multi-bit
quantizer with a low supply voltage. At this stage, the SAR
architecture was considered an alternative to Flash, which did
not make full use of the properties of the SAR ADC. Later
in 2010, a simulation work [4] presented the idea of a SAR-
DSM by exploiting the residue in a SAR ADC, which is
indeed a key concept in modern NS-SARs ([5]–[40]).
Eventually, in 2012, Fredenburg and Flynn proposed the

first modern NS-SAR and also coined the term “Noise-
Shaping SAR” for the first time [5]. This first practical
NS-SAR is a Cascaded Integrator Feed-Forward (CIFF)
structure and needs a slightly complicated loop filter.
Reference [5] considers the efficiency of the loop filter as
essential in NS-SAR, and thus uses a single-stage, low-gain
opamp to efficiently implement the loop filter.
Recognizing that the loop filter is the key to energy effi-

ciency, in 2015, [7] proposed a passive loop filter to further
improve the efficiency of NS-SAR. The idea was soon fol-
lowed and improved [9], [15]. From 2016, the number of
publications onNS-SARgrows steeply. Somemilestoneworks
include:

In 2016, [8] introduced the Passive Gain technique to
NS-SAR, providing a high-efficiency amplification solution
for later works, including [29]. Reference [10] introduced the
Mismatch-Error-Shaping method to NS-SAR, addressing the
SAR DAC mismatch challenge in NS-SAR. Reference [12]
implemented a 1st-order Error-Feedback (EF) NS-SAR sim-
ilar to the EF idea in [4]. Reference [41] embedded an
NS-SAR into a Discrete-Time DSM.
In 2017, Dynamic Amplifiers were introduced to NS-

SAR [13], [14]. Reference [13] also adopted the sub-ranging
and prediction techniques. Reference [15] introduce the vot-
ing technique to NS-SAR. The first FinFET NS-SAR [16]
was reported.
In 2018, [18] demonstrated a 2nd-order EF-NS-SAR with

complex zeros and introduced Charge-Sharing Summation,
which later became a common approach for EF-NS-SAR
design. Reference [42] merged NS-SAR and CT-DSM, form-
ing a now popular structure for CT-DSM. Reference [43]
explored embedding NS-SAR into a pipelined architecture
for bandwidth expansion, paving the way for other later
improvements.
In 2019, [22] realized feedback summation through

Capacitor-Stacking. This low-cost but high-precision sum-
ming scheme is the foundation of many later struc-
tures [27]–[29], [36], [37]. Reference [23] pioneered the
Time-Interleaved-NS-SAR with an EF-based architecture for
higher bandwidth. CIFF-based time-interleaving later fol-
lowed [30], [38]. Buffer Embedding was also transplanted to
NS-SAR at this time [24].
In 2020, [27] proposed a Cascaded-NS-SAR framework

for robust high-order noise-shaping, and was later improved
by [37]. Reference [28] introduced a Dynamic Closed-Loop
Amplifier, for nearly optimum loop-filter performance.
In 2021, [36] applied kT/C noise-cancellation to reduce

the sampling capacitance in NS-SAR. Reference [39] com-
bined N-path filter and NS-SAR. More novel NS-SAR
designs can be expected in the near future.

III. SYSTEM VIEW
A. BASIC FRAMEWORK
In a SAR ADC, a comparator and a feedback DAC
sample and quantize the input signal, as shown in
black in Fig. 2(a). Logic circuitry, usually a Successive
Approximation Register (SAR), uses the comparator output
to successively decide the bits of DOUT and converge the
DAC output (VDAC) and the sampled input signal (VIN).
Since the resolution of DOUT (i.e., VDAC) is limited, at
the end of the conversion, there remains a small difference
between VIN and VDAC, which is called the residue or quan-
tization error (VRES). Thus, the conversion residue in SAR
ADC presents naturally, and the essence of the NS-SAR
architecture is to exploit this residue.
NS-SAR essentially builds on the SAR ADC framework

(Fig. 2(a)). Thus, despite various implementations, from a
system view, an NS-SAR consists of three parts:
1) A SAR ADC that performs quantization and extracts

the residue. In most designs, this is a CDAC-based SAR
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implementation of NS-SAR and c) its operation timing.
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FIGURE 3. A generalized model of NS-SAR.

ADC, where the residue presents on the CDAC as a voltage
(VRES) at the end of conversion (Fig. 2(b)).

2) Loop filters (HEF and or HCIFF) that sample and
process the residue after the SAR conversion. These loop
filters should be highly efficient and scaling-friendly. HEF
and HCIFF are for different NS-SAR configurations and are
explained in the next section.
3) A signal summation mechanism that feeds the filtered

residue back to the SAR ADC. Similarly, these summers
should also be efficient and low-cost. In one approach,
charge-sharing implements the summer to the CDAC (i.e.,
after HEF) [18]. In another approach, a multi-input compara-
tor implements the summer [5]. Sometimes the filter in 2)
and the summer in 3) can also be implemented together for
simplicity (e.g., [6], [22]).

B. SYSTEM MODEL
Fig. 3. shows a generalized signal model corresponding to
the NS-SAR framework in Fig. 2. Here, ES models the errors
and noise during sampling, such as kT/C noise. EQ represents

the quantization error but also includes comparator noise and
DAC settling error during SAR conversion. ED models DAC
errors from nonlinearity and mismatch.
HEF and HCIFF are the loop filters for different NS-SAR

configurations. Specifically, the feedback path, containing
loop filter HEF, forms the Error-Feedback (EF) structure [4].
In contrast, the other path with loop filter, HCIFF, forms
the Cascaded-Integrator Feed-Forward (CIFF) structure as
in [5]. EN1 and EN2 represent the input-referred noise of
these filters. The delay (z−1) models the minimal delay from
the loop filters (the S/H block before the loop filters in
Fig. 2(a) also models this delay).
To understand the CIFF path in this model, we notice that

the CIFF feedback signal (VRES HCIFF z−1) is summed by
the comparator and not summed to the CDAC (Fig. 2(b)).
Intuitively, this feedback signal is like an offset to the com-
parator, and offset is treated as quantization error (EQ) in the
SAR signal model. Thus, in the model, the CIFF feedback
should connect to the same summer as EQ.
The model in Fig. 3 leads to an all-pass Signal Transfer

Function (STF) that processes the input signal. The following
Noise Transfer Functions (NTFs) process the errors ES, EQ,
ED, and EN1,2:

STF(z) = DOUT (z)

VIN(z)
= 1 (1)

NTFS(z) = DOUT (z)

ES(z)
= 1 (2)

NTFD(z) = DOUT (z)

ED(z)
= 1 (3)

NTFQ(z) = DOUT (z)

EQ(z)
= 1 − HEF(z)z−1

1 + HCIFF(z)z−1
(4)

NTFN1(z) = DOUT (z)

EN1(z)
= HEF(z) (5)

NTFN2 = DOUT (z)

EN2(z)
= HCIFF(z)

1 + HCIFF(z)z−1

(
1 − HEF(z)z−1

)
(6)

According to (2) and (3), ED and ES are not suppressed
(i.e., “shaped”) in NS-SAR. At the same time, since we aim
to suppress the quantization error (EQ), the in-band NTFQ is
designed to be nearly zero, requiring HEF→1 or HCIFF→∞.
This choice makes NTFN1 approximately unity-gain in-band,
and therefore EN1 is not suppressed. NTFN2 is not suppressed
by the CIFF loop, but it can be shaped by the EF loop, which
is an advantage in some CIFF-EF mixed designs [36], [40].
We notice from Eq. (4) that HEF is on the numerator

of the NTF. This location for HEF implies that a simple
FIR filter can implement the zeros in NTF and suppress
EQ. In contrast, HCIFF is on the denominator of the NTF,
and it needs high gain (i.e., integrators or IIR filters) to
suppress EQ. However, a drawback is that EF-NS-SAR is
more sensitive to filter-gain variation, as in-band HEF must
be precisely 1. Despite its higher complexity, CIFF-NS-SAR
generally is more tolerant to gain variation as HCIFF only
needs to be sufficiently large. Fortunately, as we will discuss
in Section IV-A, Cascaded Noise-Shaping can mitigate the
sensitivity of EF-NS-SAR.
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FIGURE 4. Comparison between conventional CIFF-DSM and CIFF-NS-SAR.

C. COMPARISON TO CONVENTIONAL DSM
The signal model of NS-SAR is essentially similar to that
of a conventional DSM, but there are three key differences:
1) An NS-SAR (Fig. 4(b)) directly samples and quan-

tizes the input signal. The loop filter only processes a small
residue, and therefore no active, linear block processes large
signals. However, in a conventional DSM (Fig. 4(a)), a sum-
mer (shown in red) sees the input signal and subtracts
the feedback DAC output, to generate a shaped residue
(VRES = −EQNTF). The loop filter has to amplify this
residue to almost full-scale before sending it to the quan-
tizer. All of these operations involve large-signal processing,
and thus opamps are typically required for linearity. An
optional feedforward path can reduce the output swing of
the loop filter, but this feedforward adder (shown in blue)
still processes large signals. A passive feedforward adder can
provide better linearity, but is still less flexible compared to
the small-signal adders in NS-SAR.
2) An essential advantage of NS-SAR is that it precisely

extracts the residue, making the EF structure practical. This
advantage is because the DAC that generates the residue in
NS-SAR is also used in quantization. This feature eliminates
the possible mismatch between the quantizer and the feed-
back DAC in conventional EF-DSM (Fig. 5). Reusing the
CDAC as the feedback DAC also lowers the overall cost.
3) It is hard to make a high-resolution quantizer (i.e.,

Flash ADC) in a conventional DSM, and therefore, typ-
ically, the quantizer resolution is below 6-bits. However,
the SAR core in an NS-SAR can readily provide more
than 8-bits of resolution. A high-resolution quantizer fur-
ther relaxes the loop-filter requirements, including gain,
linearity, and swing. Therefore, the loop filter in NS-SAR
can be more efficient and compact. Moreover, the stability
requirement of the noise-shaping loop is greatly relaxed by
the high-resolution quantizer. Indeed, NS-SARs are usually
unconditionally stable even with a noise-shaping order as
high as 4th order [27]. Although using a SAR quantizer in a

FIGURE 5. Comparison between conventional EF-DSM and EF-NS-SAR.

conventional DSM can also achieve higher resolution, again,
it needs an extra feedback DAC and is less elegant.
Due to the reasons above, NS-SAR can be a good sub-

stitute for a conventional discrete-time DSM. Indeed, as we
can see from Fig. 1, the performance of NS-SAR already
matches that of most DT-DSMs, but with lower power and
area cost.

IV. CHALLENGES AND SOLUTIONS
Despite the advantages over DSM, NS-SAR also has various
challenges, which are the main focus of current research.
This section discusses the challenges in loop filtering, DAC
mismatch, bandwidth limitations, and kT/C noise. We also
discuss existing solutions.

A. LOOP FILTER
The loop filter is one of the critical blocks in NS-SAR. It
is the only analog-like block in NS-SAR, and usually, it
dominates the SNR and power efficiency. As mentioned, the
loop filter in NS-SAR can be much simpler than one in
DT-DSM, mainly because the loop filter only processes a
small residue. In recent NS-SARs, the loop filter is usually
opamp-free and sometimes entirely passive.
A loop filter generally provides three functions: 1) It pro-

vides filtering of the residue, which is essentially an LTI
system; 2) It provides loop gain, meaning that it can amplify
the residue at some specific frequencies. 3) It sums its output
back to the SAR. The first function is often implemented by
classic switched-capacitor (SC) circuits, either in FIR or IIR
forms. There are various strategies for the implementation
of the latter two functions, and these are critical for loop
filter performance.

1) PASSIVE STRATEGIES

Passive signal processing (i.e., filtering and summing) is
popular in recent NS-SAR designs and requires only passive
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FIGURE 6. a) Realizing summation and gain with a multi-input comparator, b) and
its noise inefficiency.

components, such as switches and capacitors. It is simple,
linear, PVT robust, and scaling-friendly. Passive filters are
also inherently dynamic. Thus, they are usually more energy-
efficient than active ones that consume static power. The
biggest challenge in passive filtering is its insufficient gain.
Due to energy conservation, there is no power gain in a passive
filter, and thus high gain is either not achievable, or a high
gain simply has no driving ability. There are currently two
strategies to deploy passive filters in NS-SAR: 1) using an
implicit active amplifier and summer, or 2) using capacitor
stacking.
The first strategy mainly applies to multi-input com-

parators, as proposed in the first CIFF-NS-SAR [5].
Fig. 6(a) gives an illustration. In this class of NS-SAR, there
are multiple different-pair comparator inputs, each with dif-
ferent sizing. Summing the output currents of these input
pairs simultaneously realizes signal amplification and sum-
mation in the comparator input stage. This configuration can
only implement the CIFF structure.
A multi-input comparator is not entirely passive, and

the first stage of a dynamic comparator is essentially a
dynamic amplifier. However, this approach is simple and
fully dynamic, and therefore some recent NS-SAR designs
still use this method. Compared to “true active” methods,
however, a multi-input comparator is noise inefficient. This
inefficiency is in part because the extra input pairs generate
additional noise. Furthermore, the comparator is behind the
passive filter (HCIFF). Thus the kT/C noise of the passive
filter is not suppressed by the comparator gain, and any loss
in the passive filter increases the input-referred noise of the
loop filter, as shown in Fig. 6(b). This drawback is insignifi-
cant in low SNR designs, but it is hard to make a high SNR
NS-SAR that solely relies on a multi-input comparator.
Another promising strategy for passive loop filtering is

capacitor stacking. The basic idea originates from the voltage
doubler in power electronics, and [44] introduces this idea
to provide gain in a pipeline ADC. Fig. 7. shows the basic

FIGURE 7. Capacitor stacking realizing amplification or summation.

concept of capacitor stacking, where we simply charge two
capacitors and then connect them in series. From KVL, we
know that the voltage across the two capacitors is the sum
of voltages on each of the capacitors. Therefore, this passive
SC circuit can realize signal summation or amplification if
we charge both capacitors with the same signal voltage (i.e.,
VIN1 = VIN2).
Unlike the first passive gain strategy, capacitor stacking

is truly passive and can provide integer gain and/or signal
summation with high linearity. This method became popular
after being introduced to NS-SAR by [8] and [22] and also
enables the Cascaded-NS-SAR [27], [37]. An advantage is
that the input-referred noise (kT/Ctot) of a capacitor stack-
ing amplifier is only related to its total capacitance (Ctot)
regardless of the number of stackings. This is because the
kT/C noise induced during capacitor splitting is eventually
canceled out after stacking [29]. Furthermore, differential
capacitor stacking can provide an extra 2x gain and remove
common-mode [22]. A limitation of capacitor stacking is
its poor output driving ability, but this can be mitigated by
following with an active amplifier or buffer [37]. Another
problem is the high sensitivity to parasitic capacitances.
The parasitics (Cpar) in Fig. 7 are from both the capacitor
plates and the switches. These parasitic introduces gain errors
(k1 and k2) and distortions if Cpar is nonlinear, degrading
the overall accuracy. The sensitivity to parasitics quickly
increases as the number of stacked capacitors increases,
making a high stacking number (i.e., high gain) impracti-
cal. Thus, the highest capacitor stacking number reported for
NS-SAR is only 2, providing a passive gain of roughly 4 [29].

2) ACTIVE STRATEGIES

In contrast to passive strategies, active loop filtering is
more flexible and better developed. This is because active
amplifiers provide the gain in an active filter. This gain can
be high if there is sufficient power and area. Essentially,
active amplifiers introduce an extra degree of freedom in
the loop-filter design. Thus, an active NS-SAR can cover
a more extensive specification range. The main concern
for the active strategy is the extra power consumption.
Intuitively, active circuits burn power for biasing, but as we
will see later, active methods can still achieve surprisingly
high efficiency with proper design.
There are many methods for implementing active

loop filters in NS-SAR. Early designs used (simplified)
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TABLE 1. DT amplifier comparison.

opamp-based switched-capacitor filters [5], [10], [11],
which are robust but not the most efficient. Later work
introduced dynamic gm-C amplifiers [13] and open-loop
gm-R amplifiers [23] to NS-SAR. These new designs are
lower power and easier to scale than opamps. However,
these designs are highly sensitive to PVT and timing.
Indeed, opamps and dynamic open-loop amplifiers are two
extreme cases in the performance-robustness trade space.
Recent active NS-SARs achieve a better balance between
performance and robustness by exploring new DT amplifier
and loop filter designs, pushing the FoMs of active NS-SAR
to over 180dB under PVT [28], [36], [37] – this efficiency
is better than that of most passive NS-SARs.
To conclude, Table 1 gives a qualitative evaluation

of mainstream DT amplifiers. The Closed-loop Dynamic
Amplifier [28] is a promising choice as it has a large
closed-loop gain for high robustness. In addition to being
dynamic for high biasing efficiency, the closed-loop DA is
not sensitive to timing because of its natural settling behav-
ior. Furthermore, similar to the Ring Amplifier [45], its
bandwidth shrinks during settling, which improves noise effi-
ciency. Finally, although the achievable gain of a closed-loop
DA is a little lower than with an opamp, this can be easily
compensated by cascading more stages.

3) CASCADED NOISE-SHAPING

The amplifiers in an NS-SAR usually sacrifice gain accuracy
for efficiency and process-scaling concerns. This causes coef-
ficient variation in the loop filter and makes high-order filter
implementation challenging. As analyzed in [27], a conven-
tional NS-SAR (Fig. 3) is hard to be implemented with an
aggressive NTF above 2nd-order because the performance
degrades too much in the presence of circuit variations.
To solve this, [27] proposes the Cascaded NS-SAR, which

places NS-SAR in a nested structure. Fig. 8 illustrates this
idea and shows a practical implementation with capacitor
stacking. There are multiple decoupled feedback stages in

FIGURE 8. a) Generalized Cascaded NS-SAR and b) an implementation based on
cap-stacking.

a Cascaded NS-SAR. Each stage receives the shaped noise
from its previous stage, applies a new round of shaping
on the noise, and then passes it to the next stage. In this
way, a cascaded NTF is naturally formed. Cascaded NS-
SAR can independently place each zero-pole pair and has
much better tolerance to variations, especially for a high
order NTF. Besides, it relaxes the noise requirements of
the former stages as their noise is filtered by the latter
stages. This method enables the first 4th-order (2x 2nd-order)
NS-SAR [27], and later [37] demonstrate a 4x 1st-order
Cascaded NS-SAR with a robust 94dB SNR and a 182dB
FoMS. Reference [36] is also implemented in the same
framework with both CIFF and EF path enabled.

B. DAC MISMATCH
DAC mismatch is another significant error source in an NS-
SAR. It introduces a signal-dependent error at the DAC
output. This error is modeled as additive noise, ED in Fig. 4,
but it is essentially a nonlinear behavior and causes harmonic
distortion of the signal. Furthermore, it also increases the
in-band noise floor due to intermodulation of the out-of-band
noise. Conventional SAR ADCs have the same issue, and
some solutions already exist. However, the oversampling of
NS-SAR enables a family of Mismatch-Shaping techniques
that more elegantly solve this problem.

1) CONVENTIONAL SOLUTIONS

A brute-force way to reduce DAC mismatch is to increase
the DAC area. Roughly, every 4x increase in the area reduces
the normalized standard deviation of DAC elements by 2x.
This strategy goes against the low-cost goal of NS-SAR, and
it is rarely practical.
A more commonly used method is digital post-calibration,

which uses digital algorithms to cancel out the DAC
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FIGURE 9. Digital MS (a basic form without segmented).

mismatch at the digital output. This is feasible because
mismatch errors are deterministic. In most cases, it is theoret-
ically possible to recover the “original version” of the signal
by digital post-processing (redundancy is usually needed).
The key to calibration is an accurate estimation of the DAC
mismatch, and two types of strategies exist: foreground and
background. Foreground calibration is usually simpler in
implementation; thus, many reported NS-SAR designs apply
foreground calibration and can achieve as high as 105dB
SFDR [37]. The drawbacks are that foreground calibration
needs an extra calibration phase,1 and it cannot track varia-
tions during normal conversion. Background calibration can
track variations in real-time, but it is more complicated and
converges slower. In NS-SAR, background calibration is not
very attractive2 compared to the Mismatch-Shaping methods,
discussed below.

2) DIGITAL MISMATCH-SHAPING

Mismatch-Shaping (MS) is an attractive mismatch solution
for oversampled ADCs such as NS-SAR. Similar to noise-
shaping, MS only suppresses the in-band mismatch error,
but it does not require any prior knowledge or estimation of
the mismatch. There are two types of MS techniques: digital
MS and analog MS.
Digital Mismatch-Shaping is also known as Dynamic

Element Matching (DEM). It is based on element-wise
DAC operation (Fig. 9). An Element Selection Logic (ESL)
block chooses the elements, so that the mismatch error is
less dependent on the DAC code, and the in-band error
reduces. Some simple but popular ESL techniques, such
as random selection and code-dependent rotation (i.e., Data
Weighted Averaging, DWA [46]), shuffle and 1st-order shape
the mismatch error respectively. Furthermore, advanced ESL
techniques [47] can achieve higher-order shaping but at the
cost of more complicated logic. Indeed, logic complexity
and the related long delay are the main drawbacks of digital
MS; therefore, digital MS higher than 2nd-order is rare in
practice.
Another drawback of digital MS is the element-wise

operation requirement. The scale of the DAC control
logic grows exponentially as the DAC resolution increases.
This complexity makes it impractical for high-resolution
quantizers, such as NS-SAR ADCs. To solve this, most

1. In commercial products this is usually done in the post-fabrication
testing. An e-fuse ROM stores the calibration code (trim code). This kind
of foreground calibration is also called “trimming”.

2. We are not aware of any reported use of background calibration in an
NS-SAR.

FIGURE 10. Analog MS (1st-order example).

NS-SAR designs apply digital MS to only a few MSBs,
so that the scale of ESL is acceptable. But then the errors
from LSBs are not suppressed. Binary-operated DEM [14]
reduces ESL complexity but offers limited error suppression.
Segmented DEM [48] is another technique to reduce ESL
complexity, but suffers from some limitations in signal swing
and has not yet been applied to NS-SAR. Reference [11]
achieves 112dB SFDR with digital MS, which is the highest
among NS-SAR. But it is limited in bandwidth (2kHz) due
to its complicated ESL.

3) ANALOG MISMATCH-SHAPING

Analog Mismatch-Shaping is also known as Mismatch Error
Shaping (MES) [10]. The basic idea is to capture the
mismatch error in analog form and feed it back for noise-
shaping. Fig. 10 shows the framework of analog MS, where
the key is to preset the CDAC’s LSBs in NS-SAR before
sampling, such that the mismatch error from previous con-
versions is captured during sampling. Note that the MSB
is not fed back as it is assumed to be an accurate refer-
ence. The preset LSBs from the previous conversion are
later subtracted from the current DOUT.

Unlike digital MS, analog MS is relatively simple in
implementation and does not need element-wise operations.
Moreover, it can still achieve similar performance (105dB
SFDR in [10]). The main challenge in analog MES is that
the presetting of the CDAC not only feeds back the mismatch
error but also feeds back the previous input signal. Thereby,
the feedback signal occupies a large portion of the input
signal range and reduces the maximum input range. To mit-
igate this problem, [10] proposed applying analog MES on
only some LSBs and still using DWA for the MSBs, greatly
reducing the input range loss. Reference [29] introduced a
predictor to compensate the input signal and recover the input
range to full scale. Reference [29] also implements 2nd-order
MES. Higher-order MES is also possible with reasonable
hardware costs [49].

C. BANDWIDTH LIMITATION AND INTERLEAVING
An inherent disadvantage of oversampled ADCs, includ-
ing NS-SAR, is their limited bandwidth. The fastest
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FIGURE 11. Time-interleaving NS-ADCs. a) The challenges, b) conventional TI-DSM,
c) EF-based TI-NS-SAR, and d) CIFF-based TI-NS-SAR.

single-channel NS-SAR [22] is implemented in a 14nm
FinFET process and has a 40MHz bandwidth with 67dB
SNR. However, this bandwidth and DR are insufficient for
many applications. The limitation is caused by oversampling
and the multi-cycle nature of SAR conversion.
Time-Interleaving (TI) is a simple but effective tech-

nique to boost the sampling rate. The basic idea of
time-interleaving is to operate multiple ADC channels in
turn and overlap their conversions, as shown in Fig. 11(a).
Directly applying time-interleaving to NS ADCs does not
work because the feedback delays become N-times longer,
and thus the NTF form is not preserved (applied with z
to zN transformation). On the other hand, feeding signals
between adjacent channels is not causal (physically impos-
sible) because the residue is generated after the start of the
next channel (Fig. 11(a)). Therefore there are two require-
ments for interleaving of NS-ADC: 1) inter-channel feedback
to avoid the z to zN transformation,3 and 2) a mechanism
to receive the inter-channel feedback.
Some early examples of interleaving with conventional

DSMs [50] pass the residue between channels, but the residue

3. In some special cases we can accept a z to zN transformed NTF, and
then inter-channel feedback is not necessary. An example is a bandpass
DSM, where interleaving two lowpass DSM implements a bandpass DSM
by natural z to z2 transformation.

FIGURE 12. kT/C reduction techniques, a) through feedback and b) by active
cancelation.

arrives before the quantizer converts (Fig. 11(b)). In other
words, the quantizers still have to run at full rate. Besides, each
loop filter in these TI-DSMs requires inter-channel feedback
(also called “noise cross-coupling”), and thus the wiring is
quite complicated. For this reason,many of theseDSMdesigns
are only 2x interleaved and suffer considerable efficiency
and area penalties. In contrast, NS-SAR is a better candidate
for time interleaving because the SAR process is naturally
multi-phase, and with sufficient redundancy, it can accept
feedback signals during the conversion process. In this way,
a TI-NS-SAR does not need to run its SAR core faster, and
the efficiency advantage is preserved.
TI-NS-SARs can be built with both EF structure [23]

and the CIFF structure [30], [38]. An EF-based TI-NS-SAR
directly feeds the residue from one channel to the others,
and each channel samples and sums the feed-in signal with
an analog adder (Fig. 11(c)). Since only one channel in an
EF TI-NS-SAR is generating a residue at any moment, a
single shared wire (i.e., the analog bus in [23]) is enough to
carry all the inter-channel feedbacks. A significant advan-
tage is that an EF-based TI NS-SAR is very flexible in
terms of NTF. It is easy to adjust the coefficients simply
by changing the weights of the adders. However, the imple-
mentation of the analog adder is challenging, and this limits
the power efficiency of this kind of TI-NS-SAR. In contrast,
CIFF-based TI-NS-SAR shares a global integrator between
channels (Fig. 11(d)). Thus the loop filter in CIFF-TI-NS-
SAR is actually not interleaved, but usually, it is passive
and can run at the full rate [30], [38]. Interleaving the SAR
core in a CIFF-based TI-NS-SAR is still beneficial in overall
speed and efficiency.
So far, the fastest lowpass TI-NS-SAR (in a CIFF

structure) demonstrates 80MHz bandwidth with 66dB
SNDR [38]. Bandpass TI-NS-SAR can deliver even more
bandwidth (e.g., 100MHz in [51]) but may have limited
application.
Lastly, it is worth mentioning that TI-NS-ADCs with an

OSR larger than the number of channels benefit from reduced
sensitivity to channel mismatch. This resiliency is because
most errors from channel mismatch are at high frequency
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and are out-of-band.4 This is an advantage compared to time-
interleaved Nyquist-rate ADCs, where channel mismatch
calibration is a big challenge.

D. DRIVING THE INPUT AND KT/C NOISE
Another common challenge in high-resolution SAR ADCs is
the sampler. Typically, the input signal samples onto a CDAC
(whose total capacitance is C), and inevitably, thermal noise
with a total power of kT/C is also sampled. Thus a large
CDAC capacitance is regarded as necessary to make a high-
resolution sampler. However, such a large capacitance places
a considerable burden on the signal source. A well-known
solution is to insert an input buffer to relax the load on the
input source. Some advanced designs [52] embed this buffer
in the SAR loop for higher linearity. However, a drawback
is that these buffers often consume more power than the
ADC core.
In an NS-SAR, oversampling reduces kT/C noise power

by the OSR, so that the sampling capacitor can be OSR-times
smaller. But since the sampling frequency increases, the input
buffer has to charge the capacitor faster, and thus the buffer’s
burden is not fully relaxed. For example, [24] introduced an
embedded buffer in an NS-SAR with a FoMs of 163dB.
In [24], the buffer leads to a 4dB FoM penalty.
Reference [53] proposes two techniques to reduce the

kT/C noise in the sampling phase. The first technique uses
a feedback circuit to decouple the noise source impedance
and the noise bandwidth (Fig. 12(a)). In the optimal case
(RL

2 = RF/GM), this method can reduce kT/C noise roughly
by RF/RL/2. Reference [54] implements this technique in
a Nyquist SAR ADC for a 3.5x kT/C noise reduction.
The second technique uses an extra amplifier and a sam-
pler to capture the kT/C noise and then cancel it out in
a later phase (Fig. 12(b)). Although the second sampler
(Caux) introduces extra kT/C noise, this noise is suppressed
by the amplifier gain and theoretically can become negligi-
ble. In an ideal case, this technique can completely remove
kT/C noise, but it introduces extra amplifier noise and thus
requires careful tradeoffs. Furthermore, this method places a
bandwidth limitation on the input signal. If VIN is changing
too quickly, then the noise-capturing amplifier will over-
load. Reference [36] applies this technique to an NS-SAR
for an 87dB DR with only a 0.8pF sampling capacitance.
In a sense, both techniques trade sampling capacitance for
amplifier cost, which seems not much different from using a
buffer. However, the amplifiers in these techniques need only
to process small signals and thus can be simpler. The sig-
nal BW limitation of these methods also makes them more
suitable for NS-SAR.

V. COMPARISON OF PUBLISHED DESIGNS
We compare NS-SAR ADCs from some academic publica-
tions (till June, 2021) to gain insight. Table 2 summarizes

4. Out-of-band blockers may be down-mixed into the signal band. In
this case a pre-filter can be used to suppress the blockers. Note that this
filter is simpler than the anti-aliasing filter in a Nyquist rate ADC, as the
modulation by channel mismatch is relatively weak.

the main specifications and design strategies (only those with
silicon results are included). Fig. 13 provides scatter plots
of some critical specifications for better understanding. We
draw several conclusions.
1) The overall performance of NS-SAR is slowly improv-

ing. Roughly, FoMs increases by 6.4dB, and BW
increases by 8.4x per decade.

2) The performance of NS-SAR strongly benefits from
process, especially for FoMs, BW, and area. The
designs in the advanced processes (14nm and
22nm) are the smallest in area. So far, designs
in 28∼65nm planar CMOS processes have the
highest FoMs.

3) Although CIFF designs outnumber the EF ones (i.e.,
26 out of 36), there is no clear performance difference
between CIFF- and EF-NS-SARs. However, robust-
ness may be a potential difference and deserves further
examination.

4) Capacitor-stacking is beneficial in many respects. The
designs with the highest FoMs, the highest BW, and
the smallest area all use cap-stacking.

5) Dynamic amplifiers are helpful for high efficiency,
but so far they are not used high BW (>10MHz)
NSSAR ADCs.

6) By itself, a multi-input comparator (e.g. [7], [9], [15])
is inefficient, and these ADCs cannot achieve high
SNDR and FoM.

7) An opamp is still beneficial for superior SNDR,
although these ADCs are at low speed.

8) SNDR is limited to ∼70dB with natural DAC
matching.

9) Foreground calibration is the mainstream solution for
DAC mismatch. However, publications usually do
not consider the power and area cost of foreground
calibration.

10) Both analog and digital MS can enable high SNDR
and FoM.

In conclusion, we make the following recommendations
for NS-SAR ADC design: 1) Use the most advanced
process node available; 2) Consider advanced loop filtering
techniques, such as capacitor-stacking and closed-loop
dynamic-amplifiers; 3) Consider mismatch-shaping and
cascading for high resolution; and 4) Consider passive
filtering and interleaving for high bandwidth.

VI. FUTURE TRENDS
A. HIGHER SPEED
Even with interleaving, the highest BW for an NS-SAR
reported is only 80MHz (100MHz in bandpass case [51]).
The main speed limitation is the multi-cycle SAR conversion
and the loop filtering. There are two promising approaches to
improve BW: 1) improve conversion speed by adopting some
existing SAR ADC techniques, such as multi-bit-per-cycle
conversion [55], loop-unrolling [56], and ping-pong com-
parator operation. 2) Speed up the loop filter with advanced
filtering techniques, such as CT loop filtering.
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TABLE 2. Comparison table3.

FIGURE 13. Comparison scatter plots. a) and b) plot FoM and BW over years. c) plots FoM over process. d) compares different structures. e) and f) compare different loop
filter strategies. g) and h) compare different DAC mismatch solutions (DEM includes DWA).

B. HIGHER RESOLUTION
The only deficiency of NS-SAR compared to DT-
DSM is the maximum SNDR. So far, few published

NS-SARs have demonstrated >100dB SNDR, but this
SNDR is relatively common for DSMs. Audio NS-SAR
with ∼120dB DR might be the next goal. More advanced
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mismatch-shaping or low-cost background calibration is
essential.

C. REFERENCE VOLTAGE
A well-known challenge in SAR ADCs, and especially in
high-speed SAR ADCs, is to provide a stable reference volt-
age. In NS-SAR, this topic is rarely discussed, and most work
simply relies on massive reference decoupling capacitors.
Reference [16] introduces a charge neutralization technique
to stabilize the reference, but this technique is limited to
medium SNR. kT/C cancellation reduces CDAC size and
eases the reference problem, but this method limits the signal
bandwidth. A possible approach is to apply reference ripple
cancellation [57] in an NS-SAR. Another possibility is to
co-design a reference buffer optimized for NS-SAR. Note
that this buffer might be more straightforward than the one
in SAR, as an NS-SAR emphasize an accurate residue at
the end of conversion, and it has a higher tolerance to the
reference error during conversion.

D. FURTHER HYBRIDIZATION
Another possible trend is further architecture hybridizing.
An NS-pipeline-SAR [43] and CT-DSM with NS-SAR [42]
are two good examples. As the main advantages of NS-
SAR are high efficiency and low cost, it is reasonable to
improve it by hybridizing with available high-speed or high-
SNR architectures. Possible choices are the Incremental and
Zoom architectures, as both offer high resolution but are
not very scalable. Another possibility is to further optimize
NS-SAR with CT-ADCs. So far, the NS-SAR only serves
as a quantizer in CT-DSM, and there are good opportunities
for a deeper hybridization.

REFERENCES
[1] B. Murmann. “ADC Performance Survey 1997–2021.”

Accessed: May 2021. [Online]. Available: http://web.stanford.edu/ ∼
murmann/adcsurvey.html

[2] W. Kester, The Data Conversion Handbook. Burlington, MA, USA:
Elsevier, 2005.

[3] L. Samid, M. Ortmanns, Y. Manoli, and F. Gerfers, “A new kind
of low-power multibit third order continuous-time lowpass ��

modulator,” in Proc. IEEE Int. Symp. Circuits Syst., 2002, pp. 293–296.
[4] K.S. Kim, J. Kim, and S. H. Cho, “Nth-order multi-bit �� ADC

using SAR quantiser,” Electron. Lett., vol. 46, no. 19, pp. 1315–1316,
2010.

[5] J. A. Fredenburg and M. P. Flynn, “A 90-MS/s 11-MHz-bandwidth
62-dB SNDR noise-shaping SAR ADC,” IEEE J. Solid-State Circuits,
vol. 47, no. 12, pp. 2898–2904, Dec. 2012.

[6] H. Park and M. Ghovanloo, “A 13-bit noise shaping SAR–ADC
with dual-polarity digital calibration,” Analog Integr. Circuits Signal
Process., vol. 75, no. 3, pp. 459–465, 2013.

[7] Z. Chen, M. Miyahara, and A. Matsuzawa, “A 9.35-ENOB,
14.8 fJ/conv.-step fully-passive noise-shaping SAR ADC,” in Proc.
Symp. VLSI Circuits (VLSI Circuits), 2015, pp. C64–C65.

[8] Z. Chen, M. Miyahara, and A. Matsuzawa, “A 2nd order fully-passive
noise-shaping SAR ADC with embedded passive gain,” in Proc. IEEE
Asian Solid-State Circuits Conf. (A-SSCC), 2016, pp. 309–312.

[9] W. Guo and N. Sun, “A 12b-ENOB 61μW noise-shaping SAR ADC
with a passive integrator,” in Proc. 42nd Eur. Solid-State Circuits
Conf., 2016, pp. 405–408.

[10] Y. Shu, L.-T. Kuo, and T.-Y. Lo, “An oversampling SAR ADC with
DAC mismatch error shaping achieving 105 dB SFDR and 101 dB
SNDR Over 1 kHz BW in 55 nm CMOS,” IEEE J. Solid-State Circuits,
vol. 51, no. 12, pp. 2928–2940, Dec. 2016.

[11] K. Obata, K. Matsukawa, T. Miki, Y. Tsukamoto, and K. Sushihara,
“A 97.99 dB SNDR, 2 kHz BW, 37.1 μW noise-shaping SAR ADC
with dynamic element matching and modulation dither effect,” in Proc.
IEEE Symp. VLSI Circuits (VLSI-Circuits), 2016, pp. 1–2.

[12] S. Saisundar, N. Yoshio, and K.-H. Chang, “A rail-to-rail noise-shaping
non-binary SAR ADC,” in Proc. Int. Symp. Integr. Circuits (ISIC),
2016, pp. 1–4.

[13] C. Liu and M. Huang, “A 0.46mW 5MHz-BW 79.7dB-SNDR
noise-shaping SAR ADC with dynamic-amplifier-based FIR-IIR fil-
ter,” in Proc. IEEE Int. Solid-State Circuits Conf. (ISSCC), 2017,
pp. 466–467.

[14] M. Miyahara and A. Matsuzawa, “An 84 dB dynamic range
62.5–625 kHz bandwidth clock-scalable noise-shaping SAR ADC
with open-loop integrator using dynamic amplifier,” in Proc. IEEE
Custom Integr. Circuits Conf. (CICC), 2017, pp. 1–4.

[15] W. Guo, H. Zhuang, and N. Sun, “A 13b-ENOB 173dB-FoM 2nd-
order NS SAR ADC with passive integrators,” in Proc. Symp. VLSI
Circuits, 2017, pp. C236–C237.

[16] Y. Lin, C. Tsai, S. Tsou, R. Chu, and C. Lu, “A 2.4-mW 25-MHz
BW 300-MS/s passive noise shaping SAR ADC with noise quantizer
technique in 14-nm CMOS,” in Proc. Symp. VLSI Circuits, 2017,
pp. C234–C235.

[17] H. Garvik, C. Wulff, and T. Ytterdal, “An 11.0 bit ENOB, 9.8 fJ/conv.-
step noise-shaping SAR ADC calibrated by least squares estima-
tion,” in Proc. IEEE Custom Integr. Circuits Conf. (CICC), 2017,
pp. 1–4.

[18] S. Li, B. Qiao, M. Gandara, D. Z. Pan, and N. Sun, “A 13-ENOB
second-order noise-shaping SAR ADC realizing optimized NTF zeros
using the error-feedback structure,” IEEE J. Solid-State Circuits,
vol. 53, no. 12, pp. 3484–3496, Dec. 2018.

[19] Z. Dai, H. Hu, F. Ye, and J. Ren, “A 11-bit ENOB noise-shaping
SAR ADC with non-binary DAC array,” in Proc. 14th IEEE Int. Conf.
Solid-State Integr. Circuit Technol. (ICSICT), 2018, pp. 1–3.

[20] Y. Hwang, Y. Song, J. Park, and D. Jeong, “A 0.6-to-1V 10k-to-
100kHz BW 11.7b-ENOB noise-shaping SAR ADC for IoT sensor
applications in 28-nm CMOS,” in Proc. IEEE Asian Solid-State
Circuits Conf. (A-SSCC), 2018, pp. 247–248.

[21] L. Shi, Y. Zhang, Y. Wang, M. Kareppagoudr, M. Sadollahi, and
G. C. Temes, “A 13b-ENOB noise shaping SAR ADC with a two-
capacitor DAC,” in Proc. IEEE 61st Int. Midwest Symp. Circuits
Syst. (MWSCAS), 2018, pp. 153–156.

[22] Y. Lin, C. Lin, S. Tsou, C. Tsai, and C. Lu, “A 40MHz-BW 320MS/s
passive noise-shaping SAR ADC with passive signal-residue summa-
tion in 14nm FinFET,” in Proc. IEEE Int. Solid- State Circuits Conf.,
2019, pp. 330–332.

[23] L. Jie, B. Zheng, and M. P. Flynn, “A calibration-free time-interleaved
fourth-order noise-shaping SAR ADC,” IEEE J. Solid-State Circuits,
vol. 54, no. 12, pp. 3386–3395, Dec. 2019.

[24] T. Kim and Y. Chae, “A 2MHz BW buffer-embedded noise-shaping
SAR ADC achieving 73.8dB SNDR and 87.3dB SFDR,” in Proc.
IEEE Custom Integr. Circuits Conf. (CICC), 2019, pp. 1–4.

[25] H. Garvik, C. Wulff, and T. Ytterdal, “A 68 dB SNDR com-
piled noise-shaping SAR ADC with on-chip CDAC calibration,”
in Proc. IEEE Asian Solid-State Circuits Conf. (A-SSCC), 2019,
pp. 193–194.

[26] J. S. Yoon, J. Hong, and J. Kim, “A digitally-calibrated 70.98dB-
SNDR 625kHz-bandwidth temperature-tolerant 2nd-order noise-
shaping SAR ADC in 65nm CMOS,” in Proc. IEEE Asian Solid-State
Circuits Conf. (A-SSCC), 2019, pp. 195–196.

[27] L. Jie, B. Zheng, H.-W. Chen, and M. P. Flynn, “A cascaded
noise-shaping SAR architecture for robust order extension,” IEEE J.
Solid-State Circuits, vol. 55, no. 12, pp. 3236–3247, Dec. 2020.

[28] X. Tang et al., “A 13.5-ENOB, 107-μW noise-shaping SAR ADC
with PVT-robust closed-loop dynamic amplifier,” IEEE J. Solid-State
Circuits, vol. 55, no. 12, pp. 3248–3259, Dec. 2020.

[29] J. Liu, X. Wang, Z. Gao, M. Zhan, X. Tang, and N. Sun, “A 40kHz-BW
90dB-SNDR noise-shaping SAR with 4× passive gain and 2nd-order
mismatch error shaping,” in Proc. IEEE Int. Solid- State Circuits Conf.
(ISSCC), 2020, pp. 158–160.

VOLUME 1, 2021 159



JIE et al.: OVERVIEW OF NOISE-SHAPING SAR ADC: FROM FUNDAMENTALS TO FRONTIER

[30] H. Zhuang, J. Liu, and N. Sun, “A fully-dynamic time-interleaved
noise-shaping SAR ADC based on CIFF architecture,” in Proc. IEEE
Custom Integr. Circuits Conf. (CICC), 2020, pp. 1–4.

[31] Z. Jiao et al., “A configurable noise-shaping band-pass SAR ADC
with two-stage clock-controlled amplifier,” IEEE Trans. Circuits Syst.
I, Reg. Papers, vol. 67, no. 11, pp. 3728–3739, Nov. 2020.

[32] Y. Zhang, S. Liu, B. Tian, Y. Zhu, C.-H. Chan, and Z. Zhu,
“A 2nd-order noise-shaping SAR ADC with lossless dynamic ampli-
fier assisted integrator,” IEEE Trans. Circuits Syst. II, Exp. Briefs,
vol. 67, no. 10, pp. 1819–1823, Oct. 2020.

[33] L. Shi, E. Thaigarajan, R. Singh, E. Hancioglu, U.-K. Moon, and
G. Temes, “Noise-shaping SAR ADC using a two-capacitor digitally
calibrated DAC with 85.1 dB DR and 91 dB SFDR,” in Proc. IEEE
63rd Int. Midwest Symp. Circuits Syst. (MWSCAS), 2020, pp. 353–356.

[34] Y. G. Oh and H. Il Chae, “A first-order noise-shaping SAR ADC,” J.
Integr. Circuits Syst., vol. 6, no. 3, pp. 1–8, 2020.

[35] J. Hu, D. Li, M. Liu, and Z. Zhu, “A 10-kS/s 625-Hz-bandwidth 65-dB
SNDR second-order noise-shaping SAR ADC for biomedical sensor
applications,” IEEE Sensors J., vol. 20, no. 23, pp. 13881–13891,
Dec. 2020.

[36] T.-H. Wang, R. Wu, V. Gupta, and S. Li, “27.3 A 13.8-ENOB 0.4pF-
CIN 3rd-order noise-shaping SAR in a single-amplifier EF-CIFF
structure with fully dynamic hardware-reusing kT/C noise cancela-
tion,” in Proc. IEEE Int. Solid- State Circuits Conf. (ISSCC), 2021,
pp. 374–376.

[37] J. Liu, D. Li, Y. Zhong, X. Tang, and N. Sun, “A 250kHz-BW
93dB-SNDR 4th-order noise-shaping SAR using capacitor stacking
and dynamic buffering,” in Proc. IEEE Int. Solid- State Circuits
Conf. (ISSCC), 2021, pp. 369–371.

[38] C.-Y. Lin, Y.-Z. Lin, C.-H. Tsai, and C.-H. Lu, “An 80MHz-BW
640MS/s time-interleaved passive noise-shaping SAR ADC in 22nm
FDSOI process,” in Proc. IEEE Int. Solid- State Circuits Conf.
(ISSCC), 2021, pp. 378–380.

[39] L. Shen, Z. Gao, X. Yang, W. Shi, and N. Sun, “A 79dB-SNDR
167dB-FoM bandpass �� ADC combining N-path filter with noise-
shaping SAR,” in Proc. IEEE Int. Solid- State Circuits Conf. (ISSCC),
2021, pp. 382–384.

[40] Q. Zhang, J. Li, Z. Zhang, K. Wu, N. Ning, and Q. Yu, “A 13b-
ENOB third-order noise-shaping SAR ADC using a hybrid error-
control structure,” in Proc. IEEE Custom Integr. Circuits Conf. (CICC),
2021, pp. 1–2.

[41] Z. Chen, M. Miyahara, and A. Matsuzawa, “A stability-improved
single-opamp third-order �� modulator by using a fully-passive
noise-shaping SAR ADC and passive adder,” in Proc. 42nd Eur.
Solid-State Circuits Conf., 2016, pp. 249–252.

[42] J. Liu, S. Li, W. Guo, G. Wen, and N. Sun, “A 0.029mm2 17-fJ/conv.-
step CT �� ADC with 2nd-order noise-shaping SAR quantizer,” in
Proc. IEEE Symp. VLSI Circuits, 2018, pp. 201–202.

[43] Y. Song, Y. Zhu, C. Chan, L. Geng, and R. P. Martins, “A 77dB
SNDR 12.5MHz bandwidth 0–1 MASH �� ADC based on the
pipelined-SAR structure,” in Proc. IEEE Symp. VLSI Circuits, 2018,
pp. 203–204.

[44] I. Ahmed, J. Mulder, and D. A. Johns, “A low-power capacitive charge
pump based pipelined ADC,” IEEE J. Solid-State Circuits, vol. 45,
no. 5, pp. 1016–1027, May 2010.

[45] B. Hershberg, S. Weaver, K. Sobue, S. Takeuchi, K. Hamashita, and
U. Moon, “Ring amplifiers for switched capacitor circuits,” IEEE J.
Solid-State Circuits, vol. 47, no. 12, pp. 2928–2942, Dec. 2012.

[46] R. T. Baird and T. S. Fiez, “Linearity enhancement of multibit
�� A/D and D/A converters using data weighted averaging,” IEEE
Trans. Circuits Syst. II, Analog Digit. Signal Process., vol. 42, no. 12,
pp. 753–762, Dec. 1995.

[47] N. Sun, “High-order mismatch-shaping in multibit DACs,” IEEE
Trans. Circuits Syst. II, Exp. Briefs, vol. 58, no. 6, pp. 346–350,
Jun. 2011.

[48] K. L. Chan, N. Rakuljic, and I. Galton, “Segmented dynamic ele-
ment matching for high-resolution digital-to-analog conversion,” IEEE
Trans. Circuits Syst. I, Reg. Papers, vol. 55, no. 11, pp. 3383–3392,
Dec. 2008.

[49] J. Liu, C. Hsu, X. Tang, S. Li, G. Wen, and N. Sun, “Error-feedback
mismatch error shaping for high-resolution data converters,” IEEE
Trans. Circuits Syst. I, Reg. Papers, vol. 66, no. 4, pp. 1342–1354,
Apr. 2019.

[50] K. Lee et al., “A noise-coupled time-interleaved delta-sigma ADC
with 4.2 MHz bandwidth, −98 dB THD, and 79 dB SNDR,” IEEE
J. Solid-State Circuits, vol. 43, no. 12, pp. 2601–2612, Dec. 2008.

[51] L. Jie, H.-W. Chen, B. Zheng, and M. P. Flynn, “A 100MHz-BW 68dB-
SNDR tuning-free hybrid-loop DSM with an interleaved bandpass
noise-shaping SAR quantizer,” in Proc. IEEE Int. Solid- State Circuits
Conf. (ISSCC), 2021, pp. 167–169.

[52] M. J. Kramer, E. Janssen, K. Doris, and B. Murmann, “A 14 b 35 MS/s
SAR ADC achieving 75 dB SNDR and 99 dB SFDR with loop
embedded input buffer in 40 nm CMOS,” IEEE J. Solid-State Circuits,
vol. 50, no. 12, pp. 2891–2900, Dec. 2015.

[53] R. Kapusta, H. Zhu, and C. Lyden, “Sampling circuits that break the
kT/C thermal noise limit,” IEEE J. Solid-State Circuits, vol. 49, no. 8,
pp. 1694–1701, Aug. 2014.

[54] Z. Li et al., “A SAR ADC with reduced kT/C noise by decou-
pling noise PSD and BW,” in Proc. IEEE Symp. VLSI Circuits, 2020,
pp. 1–2.

[55] J. Nam, M. Hassanpourghadi, A. Zhang, and M. S. Chen, “A 12-bit
1.6, 3.2, and 6.4 GS/s 4-b/cycle time-interleaved SAR ADC with
dual reference shifting and interpolation,” IEEE J. Solid-State Circuits,
vol. 53, no. 6, pp. 1765–1779, Jun. 2018.

[56] T. Jiang, W. Liu, F. Y. Zhong, C. Zhong, K. Hu, and
P. Y. Chiang, “A single-channel, 1.25-GS/s, 6-bit, 6.08-mW asyn-
chronous successive-approximation ADC with improved feedback
delay in 40-nm CMOS,” IEEE J. Solid-State Circuits, vol. 47, no. 10,
pp. 2444–2453, Oct. 2012.

[57] X. Tang et al., “A 10-bit 100-MS/s SAR ADC with always-on refer-
ence ripple cancellation,” in Proc. IEEE Symp. VLSI Circuits, 2020,
pp. 1–2.

LU JIE (Member, IEEE) received the B.Eng.
degree in electrical and electronic engineering
from Zhejiang University, Hangzhou, Zhejiang,
China, in 2017, and the M.S. and Ph.D. degrees
in electrical and computer engineering from the
University of Michigan at Ann Arbor, Ann
Arbor, USA, in 2021. Since 2021, he has been
with Tsinghua University, Beijing, China, as an
Assistant Professor. His research interest includes
hybrid-architecture ADCs, high-speed circuits, and
mixed-signal computation.

XIYUAN TANG (Member, IEEE) received the
B.Sc. degree (Hons.) from the School of
Microelectronics, Shanghai Jiao Tong University,
Shanghai, China, in 2012, and the M.S. and
Ph.D. degrees in electrical engineering from The
University of Texas at Austin, Austin, TX, USA,
in 2014 and 2019, respectively.

He is currently an Assistant Professor with
Peking University, Beijing, China. He was a
Design Engineer with Silicon Laboratories, Austin,
from 2014 to 2017, where he was involved in the

RF receiver design. From 2019 to 2021, he was a Postdoctoral Researcher
with the University of Texas at Austin. His research interests include digi-
tally assisted data converters, low-power mixed-signal circuits, and analog
data processing.

Dr. Tang was a recipient of the IEEE Solid-State Circuits Society Rising
Stars in 2020, the Best Paper Award at Silicon Labs Tech Symposium
in 2016, the National Scholarship in 2011, and the Shanghai Scholarship
in 2010.

160 VOLUME 1, 2021



JIAXIN LIU (Member, IEEE) received the B.S.
degree from Shandong University, Jinan, China,
in 2010, and the M.S. and Ph.D. degrees from the
University of Electronic Science and Technology
of China, Chengdu, China, in 2013 and 2018,
respectively.

From 2015 to 2017, he was a visiting Ph.D.
student with the Department of Electrical and
Computer Engineering, The University of Texas at
Austin, Austin, TX, USA. From 2019 to 2021,
he was a Postdoctoral Research Fellow with the

Department of Electrical Engineering, Tsinghua University, Beijing, China.
He is currently a Professor with the Institute of Integrated Circuits and
Systems, University of Electronic Science and Technology of China. His
research interest is on analog and mixed-signal integrated circuits, with a
special focus on the design of analog-to-digital converters.

Prof. Liu received the China National Scholarship in 2012, the First
Prize of the VeriSilicon Circuits Design Competition, and the China CSC
Scholarship in 2015.

LINXIAO SHEN (Member, IEEE) received the
B.S. degree (First Rank) from Fudan University,
Shanghai, China, in 2014, and the Ph.D. degree
from the University of Texas at Austin, TX, USA,
in 2019.

He is currently an Assistant Professor with
Peking University, Beijing, China. His current
research involves the design of energy-efficient
sensor readout circuits and high-performance
analog/mixed-signal circuits and systems.

Dr. Shen was the recipient of the IEEE Solid-
State Circuits Society Predoctoral Achievement Award in 2019, the
Graduate Continuing Fellowship from UT Austin in 2019, the Samsung
Fellowship in 2011, and the National scholarship in 2012. He serves
as a Reviewer for the IEEE JOURNAL OF SOLID-STATE CIRCUITS,
IEEE TRANSACTIONS ON CIRCUITS AND SYSTEM—PART I: REGULAR

PAPERS, IEEE TRANSACTIONS ON CIRCUITS AND SYSTEM—PART II:
EXPRESS BRIEFS, and IEEE TRANSACTIONS ON VERY LARGE-SCALE

INTEGRATION SYSTEMS.

SHAOLAN LI (Member, IEEE) received the B.Eng.
degree (Hons.) from the Hong Kong University
of Science and Technology (HKUST), Hong
Kong, in 2012, and the Ph.D. degree from the
University of Texas at Austin, Austin, TX, USA,
in 2018.

He is currently an Assistant Professor with the
School of Electrical and Computer Engineering,
Georgia Institute of Technology, Atlanta, GA,
USA. He held intern positions with Broadcom
Ltd., Sunnyvale, CA, USA, and Freescale

Semiconductor (currently, NXP), Tempe, AZ, USA, from 2013 to 2014. He
was a Postdoctoral Researcher with the University of Texas at Austin from
2018 to 2019. His current research interests include analog mixed-signal and
RF integrated circuits, artificial intelligence hardware, and on-chip medical
imaging systems.

Dr. Li received the Academic Achievement Medal from HKUST
in 2012. He also won the HKUST Undergraduate Scholarship from
2010 to 2012, and the UT Austin Cockrell School of Engineering
Fellowship in 2017. He received the IEEE SSCS Pre-Doctoral Achievement
Award from 2017 to 2018. He serves on the Technical Program
Committee of the IEEE Custom Integrated Circuits Conference, the
ACM/IEEE Design Automation Conference. He is an Associate Editor
of the IET Electronics Letter. He serves as a Reviewer for numerous
IEEE journals, including the IEEE JOURNAL OF SOLID-STATE CIRCUITS,
IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—PART I: REGULAR

PAPERS, IEEE TRANSACTIONS ON CIRCUITS AND SYSTEM—PART II:
EXPRESS BRIEFS, and IEEE SENSORS JOURNAL.

NAN SUN (Senior Member, IEEE) received
the B.S. degree (Hons.) from the Department
of Electronic Engineering, Tsinghua University,
Beijing, China, in 2006, and the Ph.D. degree
from the School of Engineering and Applied
Sciences, Harvard University, Cambridge, MA,
USA, in 2010.

He is currently a Professor with the Department
of Electronic Engineering, Tsinghua University.
He was an Assistant Professor and then tenured
Associate Professor with the Department of

Electrical and Computer Engineering, The University of Texas at Austin.
As a advisor or co-advisor, he has graduated 24 Ph.D. students, who hold
key positions in academia and industry. He has published over 170 journal
and conference papers, including 31 JSSC and over 40 ISSCC/VLSI/CICC
papers. He has also written seven book chapters and held seven U.S. patents.
His current research interests include analog, mixed-signal, and RF inte-
grated circuit design, analog circuit design automation, sensor interfaces,
miniature spin resonance systems, and solid-state platforms to analyze bio-
logical systems for biotechnology and medicine.

Prof. Sun received the NSF Career Award in 2013, and the inaugural
IEEE Solid-State Circuits Society New Frontier Award in 2020. He was the
holder of the AMD Endowed Development Chair, Texas Instruments Jack
Kilby Endowed Fellowship, Temple Foundation Endowed Fellowship, and
Silicon Labs Endowed Fellowship. He has also served in the technical pro-
gram committees of IEEE Custom Integrated Circuits Conference and IEEE
Asian Solid-State Circuit Conference. He was the Co-Chair for the IEEE
Solid-State-Circuits Society and Circuits-and-Systems Society Joint Chapter
in the Central Texas Section from 2011 and 2018, and won the Chapter of
the Year Award in 2014. He has served as an Associate Editor for IEEE
TRANSACTIONS ON CIRCUITS AND SYSTEMS—PART I: REGULAR PAPERS

and Journal of Semiconductor, and the Guest Editor for IEEE JOURNAL OF

SOLID-STATE CIRCUITS. He serves as IEEE Circuits-and-Systems Society
Distinguished Lecturer from 2019 to 2021, and IEEE Solid-State-Circuits
Society Distinguished Lecturer from 2021 to 2022.

MICHAEL P. FLYNN (Fellow, IEEE) received the
Ph.D. degree from Carnegie Mellon University in
1995.

From 1995 to 1997, he was a Member of
Technical Staff with Texas Instruments, Dallas,
TX, USA. During the four-year period from
1997 to 2001, he was with Parthus Technologies,
Cork, Ireland. In 2001, he joined the University of
Michigan, where he is currently a Professor. His
technical interests are in RF circuits, data conver-
sion, serial transceivers, and biomedical systems.

Prof. Flynn received the 2016 University of Michigan Faculty
Achievement Award, the 2011 Education Excellence Award, and the
2010 College of Engineering Ted Kennedy Family Team Excellence
Award from the College from Engineering at the University of Michigan.
He received the 2005–2006 Outstanding Achievement Award from the
Department of Electrical Engineering and Computer Science at the
University of Michigan. He received the NSF Early Career Award in 2004.
He served as an Associate Editor of the IEEE JOURNAL OF SOLID-STATE
CIRCUITS and the IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—
PART I: REGULAR PAPERS. He is the Chair of the Data Conversion
Committee of the International Solid-State Circuits Conference. He was
the Editor-in-Chief of the IEEE JOURNAL OF SOLID-STATE CIRCUITS from
2013 to 2016. He is a former Distinguished Lecturer of the IEEE Solid-State
Circuits Society. He formerly served on the Technical Program Committees
of ESSCIRC, A-SSCC, and the Symposium on VLSI Circuits. He is a
2008 Guggenheim Fellow.

VOLUME 1, 2021 161



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


