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Abstract— As any analog-to-digital converter (ADC) with a
front-end sample-and-hold (S/H) circuit, successive approxima-
tion register (SAR) ADC suffers from a fundamental signal-
to-noise ratio (SNR) challenge: its sampling kT/C noise. To satisfy
the SNR requirement, the input capacitor size has to be suffi-
ciently large, leading to a great burden for the design of the ADC
input driver and reference buffer. This article presents an SAR
ADC with a kT/C noise-cancellation technique. It enables the
substantial reduction of ADC input capacitor size but without
the large KT/C noise penalty. It greatly relaxes the requirement
for ADC input driver and reference buffer. Built in 40-nm CMOS,
a prototype 13-bit ADC has only 240-fF input capacitance and
occupies a small area of 0.005 mm?. Operating at 40 MS/s,
it achieves a 69-dB signal-to-noise-and-distortion ratio (SNDR)
across the Nyquist frequency band while consuming 591 uW of
power.

Index Terms— Amplifier noise, analog-to-digital converter
(ADC), comparator preamp, input driver, kT/C noise cancella-
tion, reference buffer, sampling noise, successive approximation
register (SAR).

I. INTRODUCTION

HE successive approximation register (SAR) is an attrac-

tive analog-to-digital converter (ADC) architecture in
recent years. As shown in Fig. 1, an SAR ADC consists of a
capacitor array, a comparator, and an SAR logic. The capacitor
array, which serves as the sample-and-hold (S/H) circuit and
also the digital-to-analog convertor (DAC), forms the input
capacitor of an SAR ADC. Due to its simple structure and
mostly digital implementation, the SAR ADC can achieve
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Fig. 1. SAR ADC with input driver and reference buffer.

superior energy efficiency and is highly compatible with tech-
nology scaling. However, as any ADC with a front-end S/H
circuit, SAR ADC suffers from a fundamental signal-to-noise
ratio (SNR) challenge: its sampling kT/C noise. To satisfy
the SNR requirement, the kT/C noise is typically suppressed
by increasing the input capacitor size [1]-[12]. For example,
the size of total differential input capacitors needs to be greater
than 2.6 pF to achieve a kT/C noise-limited SNR of 80 dB with
a 2.2-V peak-to-peak differential signal swing, and it has to be
quadrupled for every 1-bit resolution increase. The large input
capacitors make it very costly to design the ADC input driver
and reference buffer. Their power, area, and design complexity
are typically much higher than the SAR ADC itself.

To ease the ADC driver requirement, several researchers
propose to embed a buffer inside the SAR ADC
loop [13]-[15]. In this way, the S/H circuit is separated
from the feedback DAC and shielded from the input by
the buffer. The input capacitance of the ADC is only the
input capacitance of the buffer and, thus, is substantially
reduced, leading to a relaxed burden for the ADC input
driver. Moreover, since the buffer resides inside the SAR
loop, its nonlinear distortions during the sampling and
conversion phases cancel with each other. Therefore, a simple
source follower can be used as the buffer, reducing the design
complexity. However, the source follower buffer still needs to
drive large sampling capacitors limited by kT/C noise (e.g.,
7 pF in [14]). It consumes extra power and can degrade the
ADC power efficiency. In addition, these works [13]-[15]
suffer from issues with their DACs. The current-steering
DACs are used in [13] and [14] to feedback the conversion
results, but they consume large static power. The work in [15]
uses capacitive DACs to reduce power, but its large DAC size
(2.9 times larger than the sampling capacitors) poses a great
burden to the reference buffer.

Since the root cause of this problem is the large input
capacitors, it is highly desirable to figure out ways to reduce
the capacitor size but without incurring a large kT/C noise
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Fig. 2.

penalty. Recently, a two-step ADC with only 120-fF input
capacitance is proposed [16]. It uses a continuous-time (CT)
SAR as the first stage that is free from kT/C noise, as there is
no sampling operation. Therefore, small input capacitors can
be used. However, it suffers from several limitations. First,
it cannot convert a dc signal since its input is ac coupled,
limiting its applications. Second, the input signal frequency is
limited to only 1 MHz to prevent large tracking errors from
the CT SAR. Finally, the CT SAR operation has to be very
fast. Each CT SAR cycle is only 500 ps. Even though the
input capacitor size is reduced, ensuring settling within such
a short time can still be a challenge for the ADC input driver
and reference buffer.

This article presents an SAR ADC with a KkT/C
noise-cancellation technique. It enables the substantial reduc-
tion of input capacitor size but without the large kT/C noise
penalty. Therefore, the requirements for both ADC input driver
and reference buffer are relaxed. Compared with the SAR
ADCs with loop-embedded buffers [13]-[15], the proposed
technique eliminates the need for large internal sampling
capacitors, reducing the power and area. Compared with the
CT SAR work [16], this technique supports dc input and
expands the signal bandwidth by 20 times. It also obviates
the need for fast settling for the input driver and refer-
ence buffer. A prototype 13-bit SAR ADC is implemented
in a 40-nm CMOS process to verify the proposed kT/C
noise-cancellation technique. It has the total differential input
capacitance of only 240 fF and occupies a small area of
only 0.005 mm?. Operating at 40-MS/s sampling rate and
1.1-V power supply, it achieves a 69-dB signal-to-noise-
and-distortion ratio (SNDR) across the Nyquist frequency
band while consuming 591 4W of power.

This article is an extension of [17]. It is organized as
follows. Section II presents the operation principle of the
SAR ADC with kT/C noise cancellation. Section III discusses

(a) Conventional SAR ADC with bottom-plate sampling and comparator preamp. (b) Proposed SAR ADC with kT/C noise cancellation.

several practical considerations in the ADC design. Section IV
presents the circuit implementation. The measurement results
are provided in Section V. Finally, Section VI concludes this
article.

II. PROPOSED SAR ADC WITH KT/C NOISE
CANCELLATION
A. Basic Principle
Fig. 2(a) shows a conventional SAR ADC with bottom-plate
sampling and a comparator preamp. This configuration is
usually employed in high-resolution designs, where the
bottom-plate sampling can improve sampling linearity and
the preamp helps suppress the comparison noise. During the
sampling phase, the input signal is tracked on the DAC, Ci,
through two switches controlled by ¢, and ¢,. When ¢, falls,
the charge on C; is trapped. Both the input signal, Vi,, and
the sampling noise, vns1, are frozen on C;. The sampling noise
directly adds to the input signal, leading to degraded SNR. The
power of the sampling noise is
z)3sl = k_T
C
where k is Boltzmann’s constant, and 7 is the absolute
temperature [18]. To reduce v, and, thus, improve SNR,
the classic method is to use a large Cj, but this increases
the burden for the ADC driver and reference buffer.
Examining the property of the sampling kT/C noise vy,
we can find that the time-varying noise voltage freezes to a
constant voltage once the sampling switch ¢, falls. It acts just
like an offset voltage at the preamp input during the entire
SAR conversion phase. This feature inspires us to treat it as
an offset and manages to remove it through a cancellation
technique that is based on the classic output series offset
cancellation [19], [20]. This cancellation technique also shares

1)
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similarities with the correlated double-sampling (CDS) tech-
nique used in image sensors for mitigating the reset noise [21]
as well as the noise-reducing enhancements in [22] and [23].
In [24], it is extended to implement a sampling circuit that
is able to sample a time-varying signal while canceling the
sampling noise.

Our proposed SAR ADC with kT/C noise cancellation is
illustrated in Fig. 2(b). Compared with Fig. 2(a), the only
additional circuits are a capacitor C, and a switch controlled
by ¢, placed between the comparator preamp and latch. For
simplicity of explanation, let us consider a special case when
Vin is a dc signal. In this case, after ¢; falls, the voltage
at the preamp input is fixed to be —uv,s;, exhibiting like an
offset. As ¢, falls later than ¢, the “offset” —u,; is amplified
through the preamp and stored across C, during the time
interval between the falling edges of ¢; and ¢,. Since C,
works in the output series offset-cancellation configuration,
the kT /C; noise vy is canceled at the right-hand side of Cj.
When ¢, falls, the k7' / C, noise, vy, is introduced. However,
because it is after the preamp, its input referred noise is
attenuated by the preamp gain A. In this way, the total
sampling noise of proposed SAR ADC is only the attenuated
kT /C, noise, as expressed follows:

2
— 1] kT
0'215 4“522 42C2' ( )

This result shows that kT /C; noise is canceled, and the kT /C,
noise is attenuated. As a result, both C; and C, can be sized
small but without incurring a large noise penalty.

B. Detailed Operation

The detailed operation of the proposed SAR ADC is shown
in Fig. 3. An entire SAR operation cycle is divided into three
phases: the C; sampling phase (from 7, to ¢;), the C, sampling
phase (from #; to t,), and the SAR conversion phase (from #,
to the end).

When ¢, is high, V4, is tracked on C;. The preamp offset v
is amplified and stored on C,. When ¢; falls, the C; sampling
phase finishes, and C; stores both the sampled input signal and
the kT /C; noise. The voltage across C; is frozen during the
remaining time of the operation cycle, and it can be expressed
as

VC1 = Vin(tl) + Ups1- (3)

When ¢, falls, ¢, is still high. Thus, the input signal
sampling continues on C, after the preamp. The C, sampling
finishes with the falling of ¢,. At this moment (z,), the voltage
at the preamp input is Vi, (f2) — Vin (1) —vns1 —os. This voltage
is amplified by A times and stored on C,. When ¢, falls,
the kT /C, noise vy is introduced on C,. Thus, the total
voltage frozen on C, after the falling of ¢, is

VCZ = A[Vin(t2) - Vin(tl) — Ups]l — Dos] + Ons2. (4)

After ¢, falls, the SAR conversion phase starts. The digital
codes are fed to the bottom plate of the DAC (i.e., the left-hand
side of C), and the SAR logic attempts to bring the right-hand
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side of C, to zero. Ignoring other circuit non-idealities,
the final digital output can be found to be

Doy = Vin(tZ) + UnSZ/A« (5)

It shows that the k7' / C noise vy is canceled and does not
exist in Dgy. Thus, theoretically speaking, C; can be made
arbitrarily small but without incurring k7 /C; noise penalty.
The kT /C, noise vy 1S suppressed, thus permitting the use
of a small C,. Note that the preamp offset Vq is also canceled.
It means that the proposed kT/C noise-cancellation technique
also lowers the ADC offset and the flicker noise. Vj,(¢;) does
not show up in Dyy. The final ADC output Doy corresponds
to the input signal sampled at f,, Viy(z;). This is because the
real signal sampling is performed on C, at time #,. The role
of C; sampling is only to keep a small signal swing at the
preamp input so that the preamp does not saturate during the
C, sampling phase.

III. PRACTICAL CONSIDERATIONS
A. Incomplete kT /C; Noise Cancellation

For ease of explanation, we have so far assumed that the
preamp fully settles during the C, sampling phase, thus leading
to the complete noise cancellation. However, in a practical
design, the preamp does not fully settle due to its finite
bandwidth, as shown in Fig. 4 where the signal components
are eliminated for simplification. The sampling k7'/C; noise,
Oys1» can be considered as a small step signal presented at the
preamp input. For a single-pole preamp with a settling time
constant of 7, its response with respect to vy, i.e., the noise
voltage stored on C,, can be expressed as

(6)

where At = 1, — t; is the duration of the C, sampling
phase. When referring vn1.c2 to the input, it cancels with
vns1- Eventually, the input referred noise residue due to the
incomplete cancellation can be obtained as

—A
Uns1,c2 = —A -0y - (l —e I/T)

2 2
Dnsl,res = Ups1

. e*ZA[/‘[ — kT/C1 . e*ZA[/‘[. (7)

To minimize the noise residue without increasing the input
capacitor C|, we face a tradeoff between Ar and 7. On one
hand, the increase in At is limited by the signal swing of
preamp [24], [25]. This is because the voltage change at the
preamp input, Viy(fz) — Vin(11), is amplified during the C,
sampling phase, as shown in Fig. 3. Thus, A needs to be
made small to prevent the preamp from saturation and ensure
sufficient linearity. On the other hand, reducing 7 is at the
expense of increased preamp power. In this design, Az/7 is
set to be 2 to achieve a reasonable tradeoff. According to (7),
the residue noise is only 0.018 kT /C;, which implies that
more than 50 times k7'/C| noise reduction is achieved.

B. Noise During C, Sampling Phase

During the C, sampling phase, the thermal noise is intro-
duced across C,. In Section II, the noise is simplified to be
kT/C,. For a complete analysis, we need to consider all the
sources that contribute noise to C,, including the switch at the
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left-hand side of Cy, the switch at the right-hand side of Cj,
and the preamp.

Fig. 5 provides the circuit model of noise during the
C, sampling phase. In this figure, Ron represents the ON-
resistance of switch, G,, is the transconductance of preamp,
and Ry = A/G,, is the output resistance of preamp. The
single-end input referred noise power spectrum density (PSD)
of a CMOS-input preamp used in this design is known to be

2
nin,amp _ 4kTV

Af G

where y is the device-dependent fitting parameter, and its
theoretical value is 2/3 for long-channel devices [26].

For a power-efficient design, the circuit bandwidth is typ-
ically limited by the preamp rather than the switches. This
necessitates the following relationship:

[

)

Rox € 1/Gp K Rout- ©)

A is undesired since it may cause saturation of the preamp.
The other way is to increase C,, but this increases the
preamp settling time constant, leading to degraded k7 /C;
noise-cancellation effect.

In this design, we make careful considerations in dealing
with the noise in this phase. First, the nominal value of
the preamp gain is set to be A = 6 to provide effective
noise suppression while keeping the preamp output swing
within a reasonable range. It varies from 4 ~7 across 1~ 1.2-
V supply, —40 °C~85 °C temperature range, and various
process corners. Second, we add an additional load capacitor
C| at the preamp output to reduce the noise bandwidth. The
reason that we do not directly increase C, is that Cy can also
reduce the preamp noise during the SAR conversion phase,
as will be discussed in detail later. With Cp, the input referred
preamp noise during the C, sampling phase can be rewritten
as

kT
A(C, +Cr)’

2
Dhs2 amp

(11
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Besides, in the practical design, the noise from the switch
at the right-hand side of C, divides between C, and Cy.
Therefore, the input referred switch noise across C, becomes

kTCyr

2 ~
Vpsokr/c2 = A2y (Cr 1 L) (12)

C. Noise During SAR Conversion Phase

During the SAR conversion phase, there are also three noise
sources: the DAC switch noise, the latch noise, and the preamp
noise. The DAC switch noise is negligible compared with the
preamp noise, as it has the same bandwidth as the preamp
noise but a much smaller PSD. The noise from the latch is
suppressed by the preamp gain and, thus, is also negligible.
The dominant noise source in the SAR conversion phase is
the noise from the preamp.

As shown in Fig. 6, the preamp noise is determined by
two bandwidth limits. One is the bandwidth of the latch,
BW,, and the other is the bandwidth of the preamp itself,
BWmp. As reducing BWy,, will lower the speed of the latch,
we make BW,y,;, to be the bandwidth limit by setting a large
load capacitor Cy. BWj, is made much larger so that every
comparison result can be resolved in half of a bit cycle under
PVT variations. An issue of using BWyy, instead of BWiy
as the bandwidth limit is that the settling error during the
SAR conversion phase is increased. This issue is addressed
by adding redundant bits [27].

With this configuration, the preamp noise during the SAR
conversion phase is obtained as

kTy

1)2 —_—.
acy,

nc,amp ~

13)

D. Noise Summary and Comparison

To evaluate the effect of the proposed kT/C
noise-cancellation technique, Fig. 7 summarizes and
compares the noise performance between two 13-bit SAR
ADCs with and without kT/C noise cancellation. The preamp
input capacitance C, is also included to get accurate noise
estimations. With C; = 120 fF, C, = 50 fF, C; = 100 f{F,
C, =20 fF, and A = 6, the power of different noise sources
can be obtained based on the abovementioned analysis.
The input switch noise during C, sampling, DAC noise,
and latch noise are small, and they are classified as others
in Fig. 7.

It shows that the k7'/C; noise accounts for 77% of the
total noise in the conventional SAR without kT/C noise
cancellation, while this percentage is reduced to be only
4% in the proposed SAR with kT/C noise cancellation. The
preamp noise becomes the dominant noise source in the
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proposed SAR, which accounts for 59% of the total noise.
Moreover, the proposed SAR has a larger amount of preamp
noise than the conventional SAR since additional preamp
noise is introduced during the C, sampling phase. Overall,
2.6 times total noise reduction is achieved by the proposed
kT/C noise-cancellation technique.

It is worth noting that, except for the additional preamp
noise during the C, sampling phase, another cost of the kT/C
noise cancellation is that the preamp in the proposed SAR
consumes more power than that in the conventional SAR. This
is because the preamp needs to settle rapidly during the C,
sampling phase. To get a general idea, Fig. 8 provides a timing
diagram to illustrate the additional preamp power qualitatively.
In this design, all the controlling signals, including ¢, ¢, and
¢, are generated from a master clock ¢,,. The time duration of
the C, sampling phase (At) is set by using half of the master
clock cycle, keeping the signal swing at the preamp input
within a reasonably small range during this phase. Every bit
decision takes an entire master clock cycle (the time duration
is 2At), in which half of a master clock is used for the latch
regeneration (#,() and the other half is occupied by logic delay
(ts), DAC settling (fpac), and preamp settling (famp). AS ty
and fpac are much smaller than f.y,p, we can approximately
consider f,mp ~ At. For the conventional SAR, the preamp
settling requirement is determined by the settling during the
conversion phase. The preamp load capacitor in this phase is
Cr = 100 fF, while, for the proposed SAR, the preamp settling
requirement is determined by the settling in the C, sampling
phase, and the preamp load capacitor is C; + C, = 150 fF.
Assuming the same settling in the two cases (e.g., At = 27
to achieve 86% voltage settling), the preamp in the proposed
SAR needs to consume 50% more power than that in the
conventional SAR.

It is meaningful to compare the overhead of this work with
that of SAR ADCs without kT/C noise cancellation. In order
to achieve the same input-referred noise as the proposed work,
the conventional SAR in Fig. 7 has to increase its input
capacitance C; to at least 800 fF, which is 6.7 times larger
than that of the proposed work. As has been revealed in many
studies [28]—[31], the power of ADC input driver and reference
buffer is typically much larger than that of the ADC core.
Because of the power of driver and buffer scales with the ADC
input capacitance, the additional preamp power in the proposed
work is worthwhile when considering the significantly reduced
cost on the input driver and reference buffer enabled by using
small input capacitors.

E. Other Non-Idealities of Preamp

In this section, we discuss other non-idealities of the
preamp, including the preamp input capacitance, the preamp
delay, and the gain nonlinearity.

The preamp input capacitance has two consequences. First,
it attenuates the signal at preamp input, leading to increased
total ADC input-referred noise. In this design, with 20-fF
preamp input capacitance and 120-fF ADC input capacitance,
the SNR loss is 1.3 dB. Second, the nonlinear capacitance
at preamp input can cause nonlinear distortions. However,
with 20-MHz input bandwidth, 1.1-V input amplitude, and
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At = 0.6 ns in this design, the maximum signal swing at
the preamp input is only 80 mV. Such a small signal swing
introduces negligible nonlinear distortions.

Our previous analysis in Fig. 3 assumes that the input
variation during the C, sampling phase is instantly amplified
by the preamp and stored in C, as A[Vin(r) — Vin(t1)].
In reality, the preamp experiences a delay when it transfers the
high-frequency input variation from its input to output. There-
fore, only a part of the amplified input variation is stored in
C,. The operation of the proposed SAR ADC with the preamp
delay is illustrated in Fig. 9(a), where the noise components
are not shown for simplification as we only discuss the issues
with the input signal here. The preamp output during the C;
sampling phase is analyzed in the Appendix. It shows that
the preamp delay 7, is approximately equal to the preamp
settling time constant 7 across the Nyquist band. As with that
in any input driver and buffer, #; does not introduce distortion.
With 74, the voltage at the preamp output at the end of the C;
sampling phase (i.e., voltage frozen on C,) becomes

Vea(t) = AlVin(t2 — ta) — Vin(1)]. (14)
Without considering other circuit non-idealities, the voltage at
preamp output goes back to V() at the end of the SAR
conversion. Since the voltage at preamp input settles to dc
during the conversion phase, it is fully amplified and can be
derived to be Vi (t; — t4) — Vin(¢1) when the SAR conversion

the digital output, as long as the preamp gain at the end of
the C, sampling phase matches that of the SAR conversion
phase. However, the complete nonlinearity cancellation is only
valid with infinite preamp bandwidth. Note that the signal at
preamp input during the C, sampling phase is high-frequency
(dc~20 MHz), but it settles to dc at the end of SAR
conversion phase. The frequency difference between the two
phases would cause the gain mismatch for a preamp with finite
bandwidth. As shown in Fig. 9(b), if the gains of the two
phases do not match, the final digital output becomes

/

Vin(t
vy ()

where A’ is the gain at the end of SAR conversion. In this
case, a part of the nonlinearities in A and A’ would leak to
the digital output. Nevertheless, we can expect a good match
between A and A’ in general. The reasons are twofold. First,
the preamp bandwidth (525 MHz) is much larger than the input
signal bandwidth (20 MHz), leading to nearly constant preamp
gain across the signal band. Second, the preamp operation
conditions are similar at the ends of the two phases. The
preamp output voltages are the same, and its input voltages are
small and close. Therefore, the bulk of preamp nonlinearities
can be suppressed. In a practical design, when high linearity
is required, we can increase the preamp bandwidth to further
minimize the gain variation across the signal band or reduce
the time duration of the C, sampling phase to lower the signal
swings at preamp input and output. Both approaches help
improve the gain matching and linearity. However, they come
with the cost too: the former directly increases the preamp
power, and the latter can degrade the kT/C noise-cancellation
effect.

A
Doy = Evin(tZ - td) - (16)
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» End of C, sampling i ty
C, \¢1 |
Vin(ty) = 1 —1A 4
+ -

Vin(ty)

V() = Vin(t2) - Vin(t) - Vo (t2)

* End of SAR Conversion
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(b)
Fig. 9. Operation of the proposed SAR ADC with (a) preamp delay and (b) preamp gain mismatch.
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IV. CIRCUIT IMPLEMENTATION

Fig. 10 shows the circuit implementation of the proposed
SAR ADC. It adopts a differential structure to reject the
common-mode (CM) circuit errors, including the charge injec-
tion from switches and the kick-back noise from the latch. The
overall circuit is compact, and the hardware overhead is low.
A slight difference from the single-end architecture in Fig. 2(b)
is that the ¢; switch connects the preamp input not to an
ac ground, but to the preamp output. This way, a large

Authorized licensed use limited to: Tsinghua University. Downloaded on J
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portion of the preamp offset is canceled directly at the preamp
input, which helps lower the preamp output signal swing. The
synchronous SAR logic is used. The master clock frequency
is 800 MHz, and the ADC sampling rate is 40 MS/s. The C,
sampling phase is about 0.6 ns, which is set by using half of
the master clock cycle.

Since the single-end input capacitor C; is only 120 fF,
it adopts a bridge capacitor array topology to keep a reasonable
unit capacitor size of 0.85 fF. Three redundant capacitors are

anuary 09,2021 at 14:28:58 UTC from IEEE Xplore. Restrictions apply.
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Fig. 12. Measured ADC output spectra with (a) 1.01-MHz input and

(b) 19.1-MHz input.

added to tolerate the intermediate conversion errors. A fore-
ground calibration is applied to address the capacitor mismatch
issue [32].

The comparator preamp is a single-stage common-source
amplifier. It adopts a CMOS input stage to double the current
efficiency. A resistor divider is used to sense the output CM
voltage and bias the tail NMOS transistor; this realizes the CM
feedback (CMFB) circuit. Based on post-layout simulations,
the preamp achieves the dc gain of 6 and the —3-dB bandwidth
of 525 MHz while consuming 280-u4W power from a 1.1-V
supply. The comparator latch used in this design is a classic
StrongARM latch [33].
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Fig. 13.  Measured SNDR/SFDR versus (a) input frequency and (b) input
amplitude.

V. MEASUREMENT RESULTS

This prototype SAR ADC is fabricated in a 40-nm CMOS
process. The die photograph is shown in Fig. 11. Due to
the significantly reduced capacitor size, the active area of the
proposed SAR ADC is only 0.005 mm?. At the sampling rate
of 40 MS/s, the total power consumption is 591 ¢W with a
1.1-V power supply. The power breakdown is 28 uW for the
DAC, 280 uW for the comparator preamp, 75 uW for the
comparator latch and other analog circuits, and 208 W for
the digital circuits.

Fig. 12(a) and (b) shows the measured spectra with the
full swing input signals of 2.2-V peak-to-peak differential
voltage. With input at 1.01 MHz, the measured SNDR and
spurious-free dynamic range (SFDR) are 70.8 and 86.5 dB,
respectively. With input at 19.1 MHz, the measured SNDR
and SFDR are 69 and 79.2 dB, respectively.

Fig. 13(a) and (b) provides the measured performance
versus input frequency and input amplitude. It shows that the
SNDR and SFDR are above 69 and 79.2 dB across the entire
Nyquist band, respectively. The measured dynamic range (DR)
with 1.01-MHz input frequency is 72 dB; this translates to the
input-referred noise voltage of 194 uVips.

The performance of this work is summarized and compared
with prior works in Table I. Compared with the prior kT/C
noise reduction work [16], this work supports dc input and
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON WITH STATE-OF-THE-ART ADCS

This ISSCC | ISSCC JSSC JSSC JSSC JSSC JSSC ISSCC | ISSCC
work | 19°[16] | 15°[14] | 20°[6] | 20°[7] | 17°[8] | 17°[9] | 15°[10] | 15°[11] | 13°[12]
Technology 40 nm | 40 nm 40 nm 40 nm 40 nm 40 nm 65 nm 90 nm 65n m 65 nm
Architecture SAR |CTSAR| SAR SAR SAR SAR SAR SAR ];i; SAR
Resolution (bits) 13 13 14 14 10 15 12 13 13 14
ADC Input Cap. (pF) 0.24 0.12 0.4 8.2 2.1 16 18 4 4 8.2
Internal Sampling Cap. (pF) 0.3 0.3 7 - - - - - 0.67 -
kT/C Noise Suppressed? v N X X X X X X X X
Applicable for DC/HF Signal? \/ X v \/ S S Y y \ V
Area (mm?) 0.005 0.01 0.236 0.08 0.023 0.32 0.105 0.097 0.054 0.55
Sampling Rate (MS/s) 40 2 35 4 120 0.02 0.04 50 50 80
SFDRyy (dB) 79.2 79.4 90 98 71.7 95.1 88.2 85 84.6 80.3
SNDRyy (dB) 69 71.7 74.4 75.4 54.9 74.1 64.2 71 70.9 71.3
Power (uW) 591 25 42500 157 1120 1.17 0.375 4200 1000 31100
FoMs (dB) 174.3 177.8 160.6 176.5 162 173.4 171.5 168.7 174.9 164.7
FoMw (fJ/conv-step) 6.4 3.9 283 9.6 20.5 14.1 7.1 29 6.9 129
expands the signal bandwidth by 20 times. It also obviates the APPENDIX

need for fast settling for the ADC input driver and reference
buffer. Compared with the SAR ADC with loop-embedded
buffer [14], this work reduces the internal sampling capacitor
size by 23 times because its kT/C noise is greatly suppressed.
Compared with other state-of-the-art ADC works without
kT/C noise reduction [6]-[12], it significantly reduces the input
capacitor size. Hence, it can greatly relax the requirement
on the ADC input driver and reference buffer, leading to
significant power savings on the system level. In addition, due
to the substantial reduction in the capacitor size, this chip has
the smallest reported area among all published state-of-the-art
Nyquist ADCs with >11-bit ENOB [34].

VI. CONCLUSION

This work proposes an SAR ADC with a kT/C
noise-cancellation technique. It has a compact structure and
requires little additional circuits over a conventional SAR
ADC. It reduces the front-end sampling kT/C noise by more
than 50 times and, thereby, permits the use of small input
capacitance of only 240 fF for a 13-bit ADC. Due to the sub-
stantially reduced input capacitor size, the design requirement
for ADC input driver and reference buffer is eased, leading to
significant power and area savings at the system level.

In this prototype SAR ADC, the further signal bandwidth
and noise suppression improvements are limited by the preamp
bandwidth. Nevertheless, this technique is applicable to other
ADC architectures for expanding the performance. It can be
easily adopted in a pipeline or time-interleaved structure to
boost the operation speed. It can also be used to achieve high
resolution in oversampling ADCs where the preamp bandwidth
requirement is relaxed.

ANALYSIS ON PREAMP OUTPUT DURING C, SAMPLING

For the single-stage preamp, its transfer function can be
expressed as

A(s) =

. 17
1+s7 17
As shown in Fig. 9(a), the signal at the preamp input during
the C, sampling phase (from #; to #;) can be expressed as

fort =1

s = ' 1
o [vm(r)—vm(n), forn <rsn 0

The initial state at preamp output, i.e., the voltage stored on
Cy at 11, is Vea(t) = 0.

With these conditions, the complete response of the preamp
output at the end of the C, sampling phase can be obtained
as

Vea(ta) = [AoVin(ta — ta) — AVin(11)]

+HAVin(t1) — AgVin(ts — t2)]e” @7/ (19)

where Ay = A/(1+ Qrfr)*)'/?, f is the input signal
frequency, and t; is the preamp delay and can be expressed
as

arctan(27 f 1)
2n f ’

Examining (19), it can be found that all the components of
Vo (ty) are linear. Since the preamp bandwidth (~525 MHz)
is much larger than the input signal bandwidth (<20 MHz),
ie., 2z ft ~ 0, we can get t; & v and Ayp &~ A. Besides,
the second term in (19) is within 5 mV with (t, — 1)/t =2
in this design. It is much smaller than the first term that has a

(20)
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swing of about 500 mV and, thus, can be neglected to simplify
the expression of V¢ (#). In this way, Vo (ty) is rewritten as
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