Chapter 2
ADC Architecture

2.1 Introduction

While lots of Nyquist-rate ADCs are proposed to resolve resolutions at different
speeds throughout the years, there are three types of architectures most widely used
and they are the pipelined ADC, the SAR ADC, and the flash ADC. Furthermore,
the three ones all have the potential to achieve the high performance and the high-
power efficiency, via the adjustment in the architecture level or with the aid of useful
techniques.

2.1.1 Traditional Architectures

The three architectures all date back to 1900s. To authors’ best knowledge, the first
flash ADC was built in 1963 at Columbia University [1], and it has the property of
the high speed. In 1971, the pipelined ADC was first proposed by Texas Instrument
in a patent [2], the all-MOS one appears later in [3], and since then becomes flourish.
Its advantage lies in the competitive tradeoff between the speed and the resolution.
As to the SAR ADC, while the earliest SAR topology can be found in a 1947 paper
by Bell Laboratories [4], the all-MOS SAR ADC was reported in the 1970s [5] and
lays dormant until the 2000s, benefiting from the all digital implementation.

2.1.1.1 Flash ADC

A m-bit flash ADC is depicted in Fig.2.1, consisting of 2" — 1 comparators, a
resistor ladder and a decoder. The resistor ladder is composed of 2 equal segments
and generates 2 — 1 reference voltages, which compare with the analog input at the
same time. Thanks to the parallelism, the architecture achieves a high-conversion
rate.

Here is an example. If the input is between V.4 and Vit 141y, the comparator Ny,
Ns,...,and N; output 1, and the remaining ones output 0. The (2 — 1)-bit thermometer
code is converted to the m-bit binary code via the decoder.
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2.1.1.2 Pipelined ADC

A pipelined ADC consists of cascade low-resolution stages, which are similar or
identical, the synchronous block, and the correction block, as shown in Fig.2.2.
Every stage accomplishes the operation in two phases, the sampling phase and the
amplification phase. When one stage amplifies the residue via the multiplying digital-
to-analog converter (MDAC), the following stage samples its input and converts that
to the digital code, which is described in Fig.2.3a. The digital code is sent to the
correction block through the synchronous block to obtain the finial output, and the
residue attaches to the following stage as its input.

Figure2.3a illustrates the implementation of cascade 1-bit stages. A single stage
consists of a sub-ADC and a MDAC. Here, 1-bit sub-ADC is implemented by one
comparator. The MDAC is composed of the capacitive digital-to-analog converter
(DAC) and the opamp, and the S/H block shown in Fig. 2.2 is merged in the capacitive
DAC (CDAC), where C; = C,. As shown in Fig.2.3a, the first stage amplifies the
difference between the input and the DAC’s output and V., is

2.1)
2Vin + Vref Vin <0

[2v,-n ~Vig Vi >0
Vies =
which is plotted in Fig.2.3b. Meanwhile, V., is sampled by the second stage as its
input.

The amplification provided by the MDAC enables the pipelined ADC to achieve
the high accuracy. The residue of the coarse conversion is so small that it is difficult to
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Fig. 2.3 Cascade stages: a the first stage operating in the amplification phase and the second one
operating in the sampling phase, and b the input/output characteristics
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Fig. 2.4 a A 4-bit pipelined ADC and b its operation versus time

convert it precisely. Tanks to the amplification, the original residue is enlarged and the
equivalent error from the following stages is compressed. Take a 4-bit pipelined ADC
as an example. The ADC consists of a sample-and-hold amplifier (SHA), followed by
three 1-bit stages and a 1-bit flash ADC, as shown in Fig. 2.4a. Besides, its operation
versus the time is depicted in Fig.2.4b, which can be described as follows.

1. The analog input is sampled and held by the SHA as V.

2. The first stage compares Vj,, with the comparator threshold, 0 Volts, outputs the
code, 1, and then amplifies the original residue by 2.

3. The similar operation is accomplished by the following stages and the digital
codes are 0, 1, 0, respectively.

Itis noted that the amplification is absent in the last stage, because its residue does not
contribute the information anymore. Due to five conversion periods spent to obtain
a 4-bit code, the delay is introduced between the input and its code. Fortunately, the
interval between two codes is still one period. In summary, in the pipelined ADC,
every stage scales the original residue up by 2"V (N; is the effective resolution of the
ith stage shown in Fig. 2.2) to the full scale, and then the enlarged residue is converted
to improve the accuracy.
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2.1.1.3 SAR ADC

The interest in the SAR ADC increases for it is as digital as it can get. It derives the
beauty from three properties: the ability to achieve high resolutions, the absence of
opamps, and the ability to consume no static power dissipation [6].

In the view of the sampling and quantification, a SAR ADC is conceptually shown
in Fig.2.5. It is composed of a DAC, a comparator, and some logic, which are in
a feedback loop. The CDAC is commonly adopted, because it can accomplish the
sampling besides the digital-to-analog conversion.

For a N-bit ADC with 1 bit per cycle in Fig.2.5, the conversion time is approx-
imately N(Tcomp + Tpac + Tiogic)» Where Tcomp, Tpac, and T are the response
time of the comparator, the DAC, and the SAR logic.

An example is taken to illustrate the operation in one period, as shown in Fig.2.6.
Once the input voltage is frozen to Vi, the feedback loop begins to search its
quantified value, which can be described as follows.

1. The analog input is sampled and held as V.

2. The feedback loop sets Vpac to Vrer/2 in the first cycle. Comparing Vpsc with
the input, the first bit, 1, is generated.

3. Based on the first bit, the feedback loop sets Vpac to 3Vrer/4 in the second cycle.
Comparing Vpsc with the input, the second bit, 0, is generated.

4. The similar operation is accomplished in the third and fourth conversion cycles.

After four conversion cycles, the digital output is 1010. Compared with the operation
of the pipelined ADC in Fig.2.4, in the SAR ADC, the amplification of the residue
is removed and the comparator’s threshold voltages change with more and more
resolutions resolved.
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Fig. 2.5 Basic SAR architecture



14 2 ADC Architecture

Voltage
Ds=1 D,=0 D=1 D=0
Vier — 1 | | | !
- i i | i
1 1 |
— | |
EV/ Y H
11V,e/16  |— samp \ g
fr—
5V,e/8 — \ |
— 1
Vl2 . i
I : ]
I H 1
I 1 !
Vels |- ' i
- s
— | | |
- | | |
1 | | 1 | !
0 — : Sampling : Cyclel : Cycle2 : Cycle3 : Cycle4 : Ti
| T ime
:4' """ One conversion period ~  —==—=== '>:

Fig. 2.6 SAR operation versus time

2.1.2 Limitations

There are limitations for the traditional architectures, the flash ADC, the pipelined
ADC and the SAR ADC, to realize the high performance and the high-power effi-
ciency.

For the flash architecture, while the parallelism helps the converter to achieve
a high speed, it makes the architecture suffer from the problem of area. To obtain
m-bit code, (2™ — 1) comparators are needed and hence the area is enlarged at an
exponential rate with the resolution. The flash architecture is commonly adopted by
the ADC with the resolution of no more than 6 bits.

For the pipelined architecture, the inaccuracy is resulted in by the capacitor mis-
match, the finite opamp gain, the opamp nonlinearity, the comparator offset, KT/C
noise, and the opamp noise. Besides, the conversion rate is limited by the sum of
the sampling time and the amplification time. The sampling time is a number of
constant time of the sampling network, and the amplification time is determined by
the bandwidth of the opmap.

For the SAR architecture, while it is digital and efficient, it suffers from issues if
a high performance is required. First, the conversion speed is limited by the multiple
clock cycles in one period. For a N-bit ADC with 1 bit per cycle, the conversion time
is approximately N (Tcopmp + Tpac + Tigic) - For a given CMOS process, the response
time of each component is related to the power dissipation and its architecture, which
cannot be neglected. The higher the resolution is, the longer the conversion period
will be. Second, the resolution is limited by the property of the single stage. Since
SAR topology imposes all the bits on the only one DAC, the area of the DAC limits the
resolution of the SAR ADC. For example, in a differential 12 bit ADC, 8192 capacitor
units are required. Considering that the capacitor unit is limited by the matching, the
area occupied by the CDAC tends to be large and even can not be accepted. Third,



2.1 Introduction 15

the accuracy is limited by the noise of the comparator. A low-noise comparator is
desired, but its response time and power dissipation are usually unexpected.

2.2 Improved Pipelined ADC

Many efforts have been made to reduce the power dissipation of the pipelined ADC,
which provides a good compromise between the high resolution and the high speed.
The power-efficient SHA-less architecture, the multi-bit stage, and the redundancy
technique are to be talked about in the section. All of them help to save the power
dissipation and enhance the linearity of the ADC.

2.2.1 SHA-less Architecture

In a multistage ADC, the front-end SHA is the dominant noise, distortion and power
contributor [7]. Removing the dedicated SHA and its noise, power, distortion, and
area from the whole ADC budget is attractive and it has become the trend. In the SHA-
less ADC, the sampling operation is distributed inside both the MDAC and flash ADC
in the first stage. In other words, two sampling pathes track the input signal, instead
of the unique sampling path provided by the SHA. Because of that, the aperture error
is introduced and hence high-frequency input performance is challenged. The details
on the aperture error and its solutions are to be discussed.

2.2.1.1 Aperture Error

Since the high-frequency input signal instead of the held signal is directly provided
for the SHA-less architecture, the samples of the flash ADC and that of the MDAC
may be slightly different, which is the aperture error.

Because of the aperture error, the residue falls outside the designed range. Take
a 2-bit individual stage with 1-bit redundancy as an example. The ideal input/output
characteristics is indicated by the black line in Fig.2.7. The sampling instant of the
flash ADC may be delayed or advanced, and the difference between the sampling
instant of the flash ADC and that of the MDAC is labeled At. The difference between
the flash ADC’ sample and the MDAC’ is labeled AV . Four possible combinations of
the input’s slope and over-range voltage’s sign are identified. As is shown in Fig. 2.7,
in the first and second cases, the sampled input of the flash ADC is smaller than that
of the MDAC, the decision levels move right, and hence, the over-range voltage is
positive. In the third and fourth cases, the sampled input of the flash ADC is bigger
than that of the MDAC, the decision levels move left. And thereby, the over-range
voltage is negative.



16 2 ADC Architecture

CASE1: OR >0 T Flash ADC sample
Slope >0, Flash ADC: advanced T MDAC sample
Vin
VI'ES
! Vi
](_ Correction¥ Over range
At range 4 / W2/ OR>0
i i i
[ 1 1
[ 1 1
CASE 2: OR >0 . i ! n deal
Slope <0, Flash ADC: delayed — L T L Ve
v ) / ! ,/ V,, range
in [ ) [
1 1
1 1
L\ AV RV
Aﬂ ¢ Ve
00 01 10 11
CASE3:0R<O0
Slope <0, Flash ADC: advanced
Vin Vres
Vier
b AV, V.ul2
ATl | {
t 1 I
1ayinyi
] Vi *: ! ! ' Vs ldeal
CASE4:OR<0 o ! ' V,, range
Slope >0, Flash ADC: delayed L i i '
Vi, i i b
) ) 1
] 4 V| -varz )
Correction Over range
]»(-J range ? v OR<0
A
L 00 o1 10 1

Fig. 2.7 The input/output characteristics of a 2-bit stage with the aperture error

Additionally, it should be noted that the over-range residue falls into the correction
range. In other words, benefiting from the redundancy, the aperture error can be
tolerated.

The aperture error limits the frequency of the analog input. Assuming the input
voltage is a sinusoidal signal with the amplitude of A and the frequency of f;,, it can
be written as

Vin = AsinQQufint) 2.2)

The maximum sampling voltage error introduced by At happens at the maximum
slop of 2An f;,. Therefore,
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Vin,error = ZAT[ﬁnAr (23)

To realize the correct conversion, the residue voltage should not exceed the accept-
able input range of the following stage. For the (m+1)-bit individual stage with the
redundancy of 1 bit, the tolerable input error is & Vg5 /22, and thereby

Vs
2Anfin AT < 2 2.4)
Assuming that the amplitude A is Vgg/2, the input frequency is limited by
1
Jfin (2.5)

< 2
2m+2 At

Actually, At is introduced for two reasons, the different time constant of the
sampling network and different sampling instant.

In the sampling phase, both the input networks of MDAC and flash comparators
track the input signal, as shown in Fig. 2.8. To provide the same time constant relative
to the input, the sampling networks should satisfy [7]

RS] 1/Cv _ RA‘Z _ l/Cp

Rs1 B l/Cs’ B Ry - 1/Cp’

(2.6)

where R;i, R,1, Ry, and Ry are on-resistance of the sampling switches, C; and
Cy are the sampling capacitance, and C, and C,, are the parasitic capacitance of
the summing nodes. If the accurate matching cannot be realized, the aperture error
appears. Besides, the sampling may happens at different instant due to the time
skew between ¢1, and ¢l;,. Although the unique sampling clock is provided to the
networks, the parasitic resistance and capacitance in the two pathes results in slightly
different RC delay. That also leads to the aperture error.

1

t Vin N MDAC |

:c oo of J_ !

H W~ C I

! Rs1 Rez $ ?/ $1y I P i

! 1

1 L 1

\ Ve e T
EE e I Clock
N ) P generator

,” Vem _|HI' - \“

! |

! 1

i -5:}- \ Re % 5§ L2 T Co i

! 1

! oI In Aash !

N & ADC !

Fig. 2.8 Two input networks of MDAC and flash comparators in the sampling phase
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2.2.1.2 Solutions to Aperture Error
Matching Sampling

Since the aperture error is introduced by the mismatch between input networks, one
of the solutions is to provide accurate matching to eliminate At in Eq.2.3. To realize
that, the networks should be designed based on Eq.2.6 and the high quality layout
design is required.

However, one problem appears because that the sampling in the two networks is
completed at the same time and there is no time left for the flash ADC to operate the
normal conversion, providing the input of the MDAC in the following amplification
phase. To solve that, a basic idea is to introduce an additional phase, ¢, in Fig.2.9,
which can be adopted by the flash ADC to sample the reference voltage, redistribute
the charge and make the decisions. ¢co.p starts after ¢1, and ¢1, which control
both the MDAC and flash ADC to track and sample the input, and ends before
¢2, which controls the MDAC to amplify the residue voltage. As the cost paid for
eliminating the dedicated SHA, the additional phase slows down the conversion rate
of the traditional two-phase pipelined ADC, which cannot be accepted by the high-
speed ADC. Another approach is to add additional capacitors to sample the reference
voltage in the flash ADC, and hence reduce the charge distribution time, like in [8].
The cost is the complicated circuit and timing design.

To cope with the problem in Fig. 2.9, adopting the comparator to sample the input
is proposed in [9, 10]. The first stage and its timing are described in Fig.2.10. For
the flash ADC, sampling the reference voltage is accomplished in the amplification
phase, ¢2, which enables that the continuing subtraction between signal and threshold
is done during the tracking phase, ¢ 1. Both the MDAC and comparators sample the
input at the falling edge of ¢ 1,,. Thanks to the charge redistribution in ¢ 1, comparators
are able to make the decisions before the rising edge of ¢2,, leaving enough time
for the MDAC. To track the analog input, the comparator’s pre-amplifier and the
input path of the flash ADC must provide large bandwidth to rapidly respond to the
high-frequency input. To avoid exceeding the stage’s correction range, the matching
between the MDAC sampling network and the comparator is required, and hence the
bandwidth of the pre-amplifier should satisfy

Jin Jin

tan™! =2 (2.7)
fBWmax Armax
Fig. 2.9 Adjusted timing $1(MDAC&Falsh) JTkingl—l_
due to the aperture error
d)lp(MDAC &Flash) [ sampling
edge
¢comp(F|aSh) l_,l/‘ Quantization

C]JZ(MDAC) Amplifica-

tion
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where At,,, can be obtained according to Eq.2.4. The higher the input frequency
is, the higher the bandwidth will be. This technique is verified in a 12-bit 270 MSps
pipelined ADC and the measurement results are shown in Fig.2.11. It reveals the
dynamic performance for an input frequency sweep at 200 MSps and 270 MSps,
(THD contains 2nd-10th harmonic). At 200 MSps, the ADC achieves the THD of
78.2 dB and the SNR of 69.5 dB for a 30.1 MHz input, and achieves the THD of 62.5
dB and the SNR of 58.9 dB for a high-frequency 195.1 MHz input. At 270 MSps, the
ADC achieves the THD of 74.7 dB and the SNR of 64.4 dB for a 30.1 MHz input,
and achieves the THD of 66.1 dB and the SNR of 57.3 dB for a high-frequency
195.1 MHz input. The cost of this technique is that more power is consumed in
comparators. Besides, it should be noted that the total power dissipation increases
at an exponential rate with the increased number of comparators in a multi-bit flash
ADC, limiting the application of this technique in a multi-bit front end.

To save the power of the comparator without reducing the conversion rate, the
modification of the timing is proposed in [11]. ¢1, is introduced to enable the sam-
pling instant to be advanced, as is shown in Fig.2.12. The advantages are as follows.

1. The tracking time is compressed so that more time is left for comparators to make
decisions. The operation time of the flash ADC is composed of the delay between
the falling edge of ¢1, and ¢1 and the nonoverlapping time between ¢1 and ¢2.

2. From the point of view of the implementation, compared with the traditional
sampling instant, ¢1,, in Fig.2.10, the gate delay between the low-jitter clock
input and ¢ 1, is smaller, and thereby the jitter of ¢1, is lower. Therefore, the
proposed sampling instant is helpful to improve the sampling accuracy.

Besides, in Fig.2.12, both input networks of the MDAC and the flash ADC accom-
plish the sampling at the same instant to eliminate the aperture error. Benefiting
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Fig. 2.12 The a first stage and b timing proposed in [11]

from the proposed timing, low-power dynamic comparator can be adopted in the
flash ADC, saving the power dissipation effectively.

What’s more, the requirement of the opamp’s bandwidth is relaxed because of

the enough time provided for the amplification. Since the opamp consumes most of
power dissipation in a high-performance ADC, the power saved by it is considerable.
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Calibrating Sampling

Besides matching the sampling between the MDAC and flash ADC, the calibration
can be adopted by the SHA-less ADC to eliminate the aperture error. An over-range
calibration is proposed in [12] and its basic idea is discussed here. It is used in a
SHA-less ADC, comprising a 2.5-b MDAC, followed by a 8-b SAR ADC. With the
aperture error, the residue voltage of the MDAC exceeds the ideal range, entering
the correction range, and hence over range appears, as is shown in Fig.2.13. As is
discussed in Fig.2.7, four possible combinations of the input’s slope and over-range
voltage’s sign are identified, and the sampling instant of the flash ADC is delayed or
advanced, correspondingly. The calibration works by adjusting the sampling instant
of the flash ADC with respect to the MDAC’s, based on the input’s slope and the
over-range voltage’s sign. Benefit from the technique, multi-GHz input signal can be
converted by the ADC. The cost of this technique is the additional power dissipation
of the calibration block.

Sharing Sampling

Since the mismatch of two sampling pathes of the MDAC and flash ADC results in
the aperture error, merging them into a unique sampling path can eliminate the error.
An aperture error reduction technique of sharing the sampling networks is proposed
and verified in a subranging SAR ADC [13]. By reusing capacitors of the flash
ADC in the fine conversion phase, thermometer coarse capacitors belonging to the
traditional CDAC are removed. This technique does not only minimize aperture error
effectively but also reduces input capacitance. The details on the sharing sampling
are to be discussed.

To illustrate the sharing sampling, the operation of the traditional and the proposed
architecture are both depicted.
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Fig. 2.13 The transfer curve of the 2.5-b MDAC in [12]
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1.

A conventional 11-bit subranging SAR ADC without front-end T/H is depicted
in Fig.2.30a, comprising a 3.5-bit flash ADC for the coarse conversion, followed
by an 8-bit SAR ADC for the fine conversion. The ADC employs two paths,
capacitors C;(i = 1, ..., 14) in the CDAC and capacitors C;(i = 1, ..., 14) in
the flash ADC, to track the input in the sampling phase, ¢1 = 1, as shown in
Fig.2.30b. And the sampling happens at the falling edge of ¢ 1,. When ¢2 is high,
the flash ADC operates the coarse comparison and outputs the most significant bits
(MSBs), Q;, which control the capacitors C; during the following fine conversion
phase.

A SHA-less subranging SAR ADC with the sharing sampling is shown in
Fig.2.14. When ¢1 is high, only capacitors Cy track the input and sample it
at the falling edge of ¢1,. When ¢2 is high, the flash ADC operates the coarse
conversion and outputs Q;, just like the conventional one. Once the flash ADC
conversion finishes, ¢3 goes high and capacitors C; and the SAR capacitor array
are connected together. Q; control the bottom plates of capacitors Cy to attach to
V. or V,,,, operating as the flash capacitor array in Fig.2.30.
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Therefore, unlike the conventional SHA-less subranging SAR ADC, the new
architecture does not employ coarse capacitors C;. The unique sampling capacitors,
Cj, sample the input, hold the charge, and provide the charge for the flash ADC in the
coarse conversion phase and the CDAC in the fine conversion phase. Benefit from
the unique sampling path, this technique does not only minimize the aperture error
but also reduces the input capacitance.

Because that the principle of the technique is based on the switched-capacitor
charge redistribution, any charge injection or leakage to Cj; is unacceptable. Actually,
in the coarse conversion phase, the charge leakage may happen in the 1* or the last
comparator. Take the 1*' comparator in the flash ADC to illustrate that. It should be
noted that V;; is close to V,,,, — V., /2. As is shown in Fig.2.15, when ¢2 becomes
high, the bottom plate of Cy; switches to the reference voltage V,1. And the voltage
at the capacitor’s top plate, Vy, can be derived as

Vi = Ve — Vip + Vi (28)

where V,,, is the common-mode voltage, Vj, is the input signal. Considering that Vj,
is the maximum, i.e., V., + Vyer /2, Vi can be rewritten as

Va ~ Ven — (Vem + Vref/z) + Vem — Vref/2 = Vem — Vref (29)

where Vs is the full scale of the single-ended input. Normally, in the SAR ADC,
Vem 18 Vpp /2, Vyer is VDD, and hence Vy is

Vy ~ —VDD/2 (2.10)

In that situation, the substrate-to-drain leakage appears in switch transistor M1 and
hence unexpected charge is added to Cy;. In the following fine conversion phase,
the residue voltage, V.., will deviate, decreasing the conversion accuracy of ADC.
To solve the leakage, transistor M3 is introduced. If Vy drops and becomes small
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Fig. 2.16 The transient response of Vy before and after introducing M3 (simulated by Specter)

enough (< —Vy,) to switch on M1, M3 will also switch on (Voo 3 = Ve + Vi)
to charge the node Vi by connecting it with V,,, in advance. V,.; has been charged
to V., in the sampling phase. The increased Vy prevents the leakage immediately.
Besides, the injected charge to Vy by M3 does not affect the comparison result. That
is because it is so small that the output does not switch. The simulated transient
response of Vy is shown in Fig.2.16. With the aid of M3, Vy rises immediately to
prevent the leakage. Similarly, the preventing leakage transistor is adopted by the last
comparator. Additionally, the charge leakage in the the 1*' or the last comparator can
be decreased by compressing V. or adopting the redundancy of 0.5 bit. The 11-bit
200 Msps subranging SAR ADC with the sharing sampling in Fig.2.14 is designed
in a 65 nm CMOS technology. For the comparison, the conventional subranging SAR
ADC in Fig.2.30 is also designed. Since the flash ADC and CDAC adopt the same
clock, the sampling edge’s mismatch is not considered in the simulation. Fig.2.17
contrasts the maximum residue voltage after the coarse conversion phase, which
shows the influence of aperture error directly. It is indicated that the aperture error
can be reduced effectively with the proposed technique. Furthermore, the benefit of
this technique will be more prominent in practice due to the layout parasitic.

2.2.2 Multi-bit Front End

Multi-bit front end can significantly reduce the power dissipation for the high-SNR
noise-limited ADC [14—16]. Itis to be discussed from the noise, the power dissipation,
and the linearity.
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2.2.2.1 Noise

By adopting the multi-bit front end, the noise of the ADC can be optimized because
the increased interstage gain of the first stage compresses the noise contribution of
the back-end stages. If the resolution increases 1 bit, the interstage gain, G, scales
up by a factor of 2 and the feedback factor, 8, scales down by a factor of 2.

The noise sampled by the first stage in the tracking phase (referred to the input of
the ADC) is

KT
BGCs

o1 X (2.11)

where Cs is the sampling capacitor. For extra bits, oy maintains the same.

The noise sampled by the second stage is composed of two parts, the noise due
to the sampling network in the second stage and the noise due to the amplifier in the
first stage. When referred to the input of the ADC, they can be written as [16]

1 |KT
02 sw2 X 5 C_L

L KT (2.13)
02,ampl X — [ ——— .
TG\ e

where Cy, is the total load, consisting of the sampling capacitor and the feedback
capacitor, Cp, in the first stage, the sampling capacitor, Cs, in the second stage, and
parasitic capacitors. For each additional bit in the first stage, o2 2 i reduced by
l/ﬁ, and 02 4mp1 1S also decreased by l/ﬁ.

Therefore, for the fixed sampling capacitance, higher SNR can be achieved. From
another point of view, for a given noise budget, the noise reduction enables the

(2.12)
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lower power and the smaller sampling capacitance. The smaller sampling capacitance
makes the ADC easy to drive, and the power saving will be talked about in detail.

2.2.2.2 Power Consumption

For a fixed noise budget, for each extra bit in the front end, C; can be reduced to a

quarter according to Eq.2.12, and Cy, can be reduced to a half according to Eq. 2.13.

Based on the tradeoffs, C;, can be reduced to a value which is between 1/2 and 1/4.
Considering that the close-loop bandwidth of the amplifier is

8m

BW =
’627TCL

(2.14)

in the best case, g,, can be reduced by half, maintaining the same bandwidth. And
hence the current of the amplifier can be decreased by almost a half. Since amplifier
consumes most of the power dissipation, the saved power is considerable.

2.2.2.3 Linearity

On one hand, multi-bit front end reduces the nonlinearity of the first stage. For a N-bit
ADC including a M-bit first stage, the DNL error caused by the capacitor mismatch
in the first stage can be derived as [17] (normalized to the LSB)

yszO.SM
DNL = X———— (2.15)
tot
and AC
y = TC: (2.16)

where AC; is the error of each capacitance, C is the nominal value of each capacitor,
and C,,, is the total capacitance. Therefore, the DNL error is compressed by /2 with
every extra bit in the first stage, and it is also reduced by +/2 with the doubled total
capacitance.

On the other hand, the increased interstage gain associated with a high-resolution
stage reduces the nonlinearity of the following stages(referred to the input
of the ADC).

While the multi-bit front end enables the ADC to optimize the noise, reduce the
power, and compress the nonlinearity, one problem is introduced. Since the tolerable
input error is & Vs /2"*+? for the (m+1)-bit individual stage with the redundancy of
1 bit, the tolerable comparator’s offset (referred to the input of the flash ADC) is
reduced. Therefore, multi-bit front end increases the comparator complexity.
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2.2.3 Redundancy Technique

Besides precision analog design techniques and calibration techniques, introducing
redundancy is another solution to mitigating the nonideal factors in the ADC. The
fundamental differences from the calibration is that the errors are neither measured
nor corrected, but simply tolerated and rejected by the redundancy [18]. From another
point of view, the idea behind the technique is that the accurate value can be expressed
in multiple and equivalent ways with the redundancy. The redundancy-aided conver-
sion dates back to 1964 [19]. And after that, many variations are proposed to cope
with the noise, as well as other nonidealities, such as the capacitor mismatch, finite
sampling bandwidth, comparator’s offset, DAC settling errors, and so on.

2.2.3.1 Redundant Decision Levels

Redundant decision levels is first proposed in [19], where four comparators instead
of three ones are adopted to convert 2 bits, absorbing large conversion errors. Since
then, the technique is widely adopted in the pipelined ADCs. In the redundancy-aided
ADC, the sum of the stage’s resolution is larger than the total resolution and then the
redundancy is corrected to tolerate the nonlinearity.

The individual stage with 1-bit redundancy is described in [3] to tolerate the
comparator’ offset by scaling down the interstage gain by 2, as shown in Fig.2.18.
The 2-bit digital outputs are 00, 01, 10, and 11. The input-referred offset as large as
£V,.r/4 in the comparator can be tolerated and the correction rang of the residue is
+V,.r/2. The redundancy is eliminated by a correction logic, whichis illustrated by an
ADC comprising five pipelined stages, as shown in Fig. 2.19. Since that the interstage
gain is reduced by half, the output of the next stage moves left to compensate for
that. The disadvantage of this algorithm is that an offset is introduced to the ADC.
For example, if the input is — V., the output is 001111 based on Figs.2.18 and 2.19
but the expected code is 000000. That offset can be avoided by the individual stage
with 0.5-bit redundancy proposed in [20].

The input/output characteristics of a 1.5-bit stage is illustrated in Fig.2.20. Con-
sidering a 6-bit ADC consisting of 4 1.5-bit stages and a 2-bit stage, the input of — Vs
is converted into 000000, eliminating the offset. Although the long tail of V. exceed
£V,r/2, the corrected comparator’s offset is still £V,,r/4. Besides, the absence of
code 11 avoids the overflow of the corrected output. And removing the decision level
of 0is helpful to improve the linearity of the small swing input’s conversion. As to the
name of 1.5 bit, it is because 2" — 2 (n is the number of digital output bits and here n
is 2) comparators are needed in 1.5-bit stage and the resolution is log, (2" — 1) = 1.5
bit.

Based on the discussion above, for a (m+1)-bit or (m+0.5)-bit individual stage
with the unique error source of the comparator’s offset, the offset of & Vg /22 can
be tolerated by the of 1-bit or 0.5-bit redundancy. And Vg is the full scale of the
input.
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Fig. 2.18 Ideal residue
verses input with the
redundancy of 1 bit

Fig. 2.19 A 6-bit output
calculated by the correction
algorithm

Fig. 2.20 Ideal residue
verses input with the
redundancy of 0.5 bit

2.2.3.2 Redundant Decision Steps

2 ADC Architecture

Vres

<«

Correction
A range

Veer
Scaled

down
Viet/2

(== ———

N

AN

Veei/4

00

01 10

Vet Vin
- i
1
i
H V2 h
Correction Scaled :
A range down !
] 'Vrel :
00 01 10 11
1" stage oo
2" stage 'oHo)
3" stage 00
4™ stage 'oHe)
Backend stage + OHO)
Ds Dy D3 D, D; Do
Vres
Vier
[} [} Viet/2
1 1
i Wty
Var ! [ Ve,V
!
1

The technique of redundant decision steps is usually adopted in the SAR ADC to
absorb conversion errors via increasing conversion cycles. Therefore, a unique N-bit
code can be described by multiple (N+R)-bit codes and R is the number of extra bits.
Besides, the cost is the additional hardware of logics for redundant cycles.
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For an ideal ADC with the radix of 2, the conversion result can be described by
a binary expansion, which is

N
Vi=>"D2* (2.17)
k=1

where Dy is either O or 1 and V' — V is the quantization error. The bit, Dy, is obtained
by a binary search algorithm that uses the recursion of

Vi = Vi1 + 8§27k (2.18)
where
1 V>V
S, = = Yk (2.19)
-1 V<V
and
by = (S +1)/2 (2.20)

Besides, the modification of Eq.2.17 is

N
Vi=a Y Dip™* (2.21)
k=1

where 1 < 8 < 2 and ¢ = B — 1 is a scale factor to set the full scale to unity. It is
called beta-expansion [21].

From another point of view, Eq.2.18 is realized by the DAC settling and Eq.2.19
is realized via the comparator’s operation. Those operations introduce two types of
errors to the SAR ADC, the DAC settling error due to the finite speed of the DAC
and the comparison error due to the finite accuracy of the comparator. Both of them
can be tolerated by the redundancy.

Redundancy in Designs of Radix = 2

Incomplete settling can be tolerated by the redundancy and the associated calibra-
tion. Actually, the digital output of the ADC is obtained by comparing the analog
input voltage with the reference voltage. For the traditional conversion in Fig.2.21a,
the equivalent reference voltage is reduced by half in each conversion cycle. For
the conversion in Fig.2.21b, the settling error is compensated for by shifting the
equivalent reference voltage and using the extra bit to obtain the same code [22]. The
operation in each cycle is illustrated in Fig.2.21b in detail. The cost of this method
is additional compensative capacitors and a error correction logic circuit.

Redundancy in Designs of Radix < 2
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Fig. 2.21 Successive approximations using different methods

The output of a non-binary ADC is described by Eq.2.21 and an example of the
operationisillustrated in Fig. 2.2 1¢, where the equivalent reference voltage is reduced
by a factor of smaller than 2 after each DAC switching. Thanks to the redundancy,
the settling error with a certain range can be tolerated. However, more conversion
cycles and non-binary conversion lead to additional control logic and ROM to store
the bit weights [23].

2.3 Improved SAR ADC

A lot of improvements have been achieved after 2000s, because the SAR ADC is
digital and friendly to the CMOS technology. To raise the power efficiency, the set-
and-down architecture is adopted. In the view of speed improvement, the asynchro-
nous SAR conversion, the multi-bit/cycle SAR ADC, the conversion of redundancy
and the time-interleaved SAR ADC are proposed. To effectively increase the reso-
lution, the SAR ADC with a bridge capacitor is commonly used. The techniques are
described here.
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2.3.1 Power-Efficient Architecture

2.3.1.1 Set-and-Down Architecture

Switching the capacitive array consumes significant power. While the unit capac-
itance is limited by the KT/C noise, the switching sequence can be modified to
improve the power efficiency. The set-and-down architecture is proposed in [24]. It
saves time and power, compared with the classical SAR ADC in [25]. Examples of 3
bit switching operation are described in Figs.2.22 and 2.23. In the sampling phase in
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Fig. 2.23 Improved switching sequence of 3 bit SAR ADC in [24]

Fig.2.23, the input voltage is directly connected to the input node of the comparator
and the top plates of the capacitors. The bottom plates of the capacitors are set to
Vs at the same time. The comparator tracks the analog input and latched at the end
of the sampling phase. Next, the input of the DAC is changed by connecting only
one relevant capacitor to 0, resulting in the change of the input of the comparator.
Then, a new output of the comparator resets the input of the DAC and starts another
conversion cycle. For an n-bit SAR ADC with the conventional switching sequence
in Fig.2.22, the average switching energy can be derived as [25]
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Evatn i = 2" 742 = DV, (2.22)
i=1

For an n-bit SAR ADC using the set-and-down switching sequence, the average
switching energy can be derived as [24]

n—1

Evoratn vis = ) (2" 7HCV (2.23)

i=1

While a 10-bit SAR ADC using the conventional switching sequence consumes
1363.3C V% ., the one using the set-and-down switching sequence only consumes

Te
255.5C Vrf,f and saves 81.3% power dissipation. Besides, one cycle is saved by the
set-and-down switching method, which is competitive for the high-resolution and
high-speed SAR ADC.

However, the conversion accuracy suffers from the architecture in Fig.2.23. Sam-
pling switches directly attach to differential inputs of the comparator, and hence
the charge in the switches is injected to the comparator at the sampling instant. As a
result, inputs of the comparator are disturbed, which may lead to the incorrect outputs
and degrade the conversion accuracy. Therefore, the approach requires a comparator
with good common-mode rejection.

2.3.1.2 Vcm-Based Architecture

Vcem-based switching approach is proposed in [26] to reduce the power further
and avoid large common-mode jumps. Compared with the set-and-down switch-
ing, before bit decisions are obtained, bottoms of capacitors are connected to V.,
instead of Vs or 0. However, the on-resistance in the switch connected to V., like
SWsin Fig. 2.24a, increases, because that V, of the switch transistors is reduced (V,,
is normally half of V). As aresult, the increased RC constant slows down the DAC
settling. To respond to that, the split capacitor Vcm-based architecture is proposed.
A capacitor from the DAC capacitor array is described in Fig.2.24 to illustrate the
modification. In the Vem-based architecture, the capacitor bottom may be connected
to 0, Vier, or Vi, via switch SWy, SW,, or SW3 in Fig. 2.24a. In the split Vcm-based
architecture, the capacitor, SW;, and SW, split, and SW; is removed in Fig.2.24b.
And the operation of shorting 2C and V,,, is replaced by shorting C; and O and
shorting C; and V¢, as shown in Fig. 2.24c. Compared with [26], the modification
not only increases the DAC settling, but also simplifies the SAR logic. But, for the
minimum capacitor (which is normally the capacitor unit) in the capacitor array, the
approach can not be adopted.
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2.3.2 High-Speed Architecture

2.3.2.1 Asynchronous Clocking Architecture

An asynchronous SAR ADC is proposed in [27] to exceed the power and speed
limitations of a synchronous SAR ADC. For a synchronous N-bit SAR ADC with the
conversion rate of F, an internal clock running at least (N + 1)Fy is required, which
is described in Fig.2.25a. To implement a high-resolution and high-speed ADC, the
clock generator and clock distribution network would consume more power than the
ADC core itself, which is a significate overhead. Besides, every clock has to tolerate
the worst conversion time and consider the margin for the clock jitter, which slows
down the speed of the ADC. For an asynchronous SAR ADC, the high-speed internal
clock is removed, shown in Fig.2.25b. The comparison is triggered from the MSB
to LSB like dominos. Once the current comparison is finished, a signal is generated
to trigger the next comparison. The asynchronous clocking is commonly adopted by
high-performance SAR ADC.
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2.3.2.2 Multi-Bit-Cycle Architecture

To combine the high speed of a flash ADC and the low-power dissipation of a SAR
ADC, converting more than one bit per cycle is proposed, like 2 bits per cycle in [6,
28, 29] and 3 bits per cycle in [30]. A simple 2-bit-cycle SAR ADC is illustrated in
Fig.2.26. In each cycle, 2 bits are provided to speed up the conversion rate. However,
3 comparators, 3 DACs and additional logics are required. The considerable growth
in area, complexity and input capacitance (for capacitive DAC) lead to large hardware
overhead, especially for the case of more than 2 bits per cycle. Besides, the random
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offsets of the comparators limit the linearity of the conversion. To solve these issues,
interpolation is adopted in [30] to decrease the number of comparators and DAC
capacitors, and the offset calibration is used in [28-30] to improve the accuracy of
the ADC.

2.3.2.3 Others

Interleaving channels of SAR ADC is a direct way to proportionally increase the
speed. The generic issues of the time-interleaved architecture (to be discussed in
Sects.2.5 and 6.2.4) apply here as well, including increased area and input capac-
itance and interchannel mismatches. Besides, the channels couple with one other
through the shared reference voltage, limiting the accuracy of the ADC [6].

2.3.3 Low-Area Architecture

To respond to the problem that the number of the unit capacitors exponentially
increases with the raising resolutions, the capacitor array with a bridge capacitor is
commonly adopted [6, 31]. A (M + L + 1)-bit SAR ADC with a bridge capacitor,
Cp, is described in Fig.2.27a. There are M binary weighted capacitors and a Cy; in
the MSB segment, and L binary weighted capacitors and a C; in the LSB segment.
The contribution of the capacitors in LSB segment to the DAC output is scaled down
due to Cp,. Therefore, the unit capacitor in the LSB segment is scaled up, decreasing
the capacitor mismatch and improving the linearity of the ADC. In order to calculate
the capacitance, Cy, the response to bottom plates of its adjacent capacitors, 2¢-'C,
and kC,, is illustrated in Fig. 2.27b. Cy; and Cy; are the total capacitance of the MSB
segment and the LSB segment, respectively. They are given by

Cur = " — DkC, + Ca (2.24)
C=02"—1Ci+Cp (2.25)

At the DAC output, the step response of the two capacitors should satisfy

AV, =2AV,, (2.26)
where LCAC c
AV, = KCu(Ch +Cu) 4y, (2.27)
X
2L-1¢,C,
AV, =2t Ay (2.28)
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And,
X = Cys(Cp + C1p) + CCry (2.29)

Therefore, the bridge capacitor can be derived as

C, k Cu  k (2"-DC+Cap
C, 2L—kC, 2L—k C,

(2.30)

And,
C
) (2.31)

u

In Egs.2.30 and 2.31, C,/C, is the positive integer and C,,/C, is the nonnegative
integer. For a given segmented capacitive DAC, M, L and k are fixed and C,, only
depends on Cy,. Cp is usually calculated according to the minimum Cg,. Several
examples of segmented DACs and the bridge capacitors are described in Table 2.1.
As to C,, it satisfies
Cqy = kC, (2.32)

Because C;; samples the input, capacitors in the LSB segment do not sample the
input voltage, as shown in Fig.2.27c. Input capacitance is reduced and there is no
gain error caused. Capacitor C;; and its parasitics have no contribution to the gain
error, which only depends on the ratio of total sampling capacitors to total DAC
capacitors.

The bridge capacitor architecture suffers from the parasitic capacitors, including
the grounded ones at A and B and the coupling one between A and B, which cause
errors at the DAC output. To analyze the errors, the step response to the adjacent
capacitors of Cy, 28~1C, and kC,,, is described in Fig.2.27d. AV,3 and AV,, can be

derived as
kCy(Cp + Cp3 + Cp + Cp2) AV

AVy = 7 (2.33)
2L=1(Cy + C5C,
AV, = o+ CnCu) 4 (2.34)
Y

where
Table 2.1 Design of bridge capacitors
DACs Given parameters Cp (minimum Cg; adopted)
DACI M=4L=4 k=1 Cp,=Cy (Ci2=0)
DAC2 M=2L=6, k=2* Cp, =21C, (Cqr=0)
DAC2 M=4L=6, k=22 C,=5C, (Cpp=12C,)
DAC2 M=4L=8 k=2* C,=17C, (Csp=0)
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Y = (Cur + Cp1)(Cp + Cp3 + Cpy + Cpo) + (Cp + C3)(Cry + Cpo) (2.35)

Ideally, the binary bit weights require
AVy3 =2AVy (2.36)

The nonideal bit weights caused by the bridge capacitor’s parasitics can be described

as
AV —24Ve Cn  Cp

~ 2.37
2AV,4 Cu G @37

Therefore, the bit weights suffer from Cy; and C;3, resulting in the nonlinearity of
the ADC. C,; only leads to the gain error at the DAC output.

2.3.4 Summing up

Techniques discussed above and their cost are as follows.

To save the power dissipation, different switching approaches are proposed. While
set-and-down architecture with top-plate sampling saves the power and time, it
requires a comparator with good common-mode rejection, since large common-mode
jumps occur during charge redistribution. Vcm-based architecture saves the power
further and reduces common-mode jumps, but it suffers from the slow DAC settling.
To respond to that, split capacitor Vcm-based switching is proposed. However, for
the minimum capacitor (which is normally the capacitor unit) in the capacitor array,
the approach can not be adopted.

The asynchronous clocking and multi-bit-cycle architecture are commonly
adopted by high-speed single-channel SAR ADC. However, for the case of more than
2 bits per cycle, the considerable growth in area, complexity and input capacitance
(for capacitive DAC) lead to large hardware overhead. Besides, the random offsets of
the comparators limit the linearity of the conversion. For the time-interleaved SAR
ADC, the cost of the increased speed includes increased area and input capacitance,
interchannel mismatches, and so on.

To respond to the problem that the number of the unit capacitors exponentially
increases with the raising resolutions, the capacitor array with a bridge capacitor is
commonly adopted. Parasitic capacitors of the bridge capacitor degrade the linearity.

2.4 Hybrid ADC

As shown in Fig.2.28, the hybrid ADC combines the high speed of the flash ADC,
the low power of the SAR ADC, and the effective compromise of high speed and high
resolution in the pipelined ADC, improving the performance and saving the power
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dissipation. In this section, we discuss the subranging SAR ADC and the pipelined
SAR ADC.

2.4.1 Subranging SAR ADC

The subranging SAR has the potential to realize the fast and power-efficient con-
version. A common subranging architecture is depicted in Fig.2.29. It consists of
a coarse ADC, a DAC, a fine ADC and a correction block, operating the sampling,
the coarse, and the fine conversion in one period. For the subranging SAR ADC, the
coarse conversion is accomplished by the flash ADC and the fine conversion is done
by the SAR ADC. The first N; MSBs are output in parallel, speeding up the conver-
sion. The comparators’ accuracy of the flash ADC is relaxed due to the redundancy.
Furthermore, the power-hungry opamp is removed in the architecture, reducing the
power dissipation.

Here is an 11-bit subranging SAR as an example, as shown in Fig. 2.30. It includes
a 3.5-bit flash ADC for the coarse conversion, followed by an 8-bit SAR ADC for
the fine conversion. When @1 is high, the capacitor array and the flash ADC track the
input and sample it at the falling edge of ¢ 1,. When ¢2 is high, the flash ADC operates
the coarse comparison and outputs the MSBs, Q;, which control the capacitors C;
during the following fine conversion phase. From a point of view of the capacitive
DAC, the 3.5-bit MSB settlings are overlapped, and hence there is only one critical
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Fig. 2.29 a The concept of a subranging ADC and b the timing

DAC settling. The 8-bit LSB settlings are based on the SAR principle. As a two-stage
architecture, its input/output characteristics of the coarse stage is similar to that of
a individual stage in a pipelined ADC and the slope is 1 due to the absence of the
residue amplifier, as is show in Fig.2.30c.

2.4.2 Pipelined SAR ADC

The pipelined SAR ADC adopts the SAR architecture as the sub-ADC in the pipelined
stages, avoiding requirements of high-accuracy comparators and the extra front-end
sample-and-hold. It combines the high resolution of the pipelined architecture and
the low-power dissipation of the SAR ADC.

The topology of a pipelined SAR ADC is shown in Fig.2.31. The ADC is com-
posed of two stages, the SAR-assisted first-stage and the second-stage SAR. In the
first stage, both the sampling networks of the sub-ADC and the MDAC are merged in
the capacitive DAC. Besides, the DAC, the comparator and the SAR logic generate
N;-bit code and the residue voltage to be amplified. The interstage gain of 21! is
provided by the closed-loop opamp. The second stage is implemented by a N,-bit
SAR ADC.

2.5 Time-Interleaved ADC

The time-interleaved ADC speeds up the conversion rate using n parallel identical
ADCs, which operate in time multiplexing way. As is shown in Fig.2.32, although
every ADC converts data at the low rate of F;/n (here n is 4 as an example), the time-
interleaved ADC achieves the high speed of F;. Besides, time-interleaved architecture
can be adopted by any ADCs, such as the pipelined ADC, the SAR ADC, the flash
ADC, and so on.
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Fig. 2.30 a An 11-bit subranging SAR ADC, b the timing, and ¢ the input/output characteristics
of the coarse stage

2.6 Summing up

In this chapter, different ADC architectures are discussed. First, three traditional
ADC:s are presented. Although lots of Nyquist-rate ADCs are proposed to resolve
resolutions at different speeds throughout the years, there are three types of archi-
tectures most widely used and they are the pipelined ADC, the SAR ADC, and the
flash ADC. Second, the improvement of them are analyzed, because they all have
the potential to achieve the high performance and the high-power efficiency, via the
adjustment in the architecture level or with the aid of useful techniques. Then, we
talk about the hybrid ADC, which combines the high speed of the flash ADC, the
low power of the SAR ADC, and the effective compromise of high speed and high
resolution in the pipelined ADC. In addition, the time-interleaved technique is dis-
cussed. It effectively assists the low-power single-channel ADC in improving the
conversion rate.



References 43

Vin
Vin- VrEf ED/ N .
Vref DAC : 2
N; cycles I/
SAR "/s\. 4
logic \\_/,
D
Nbit e
Vin Vres Sta | 2
—— Stagel SARgADC

% N;-bit % N,-bit

Fig. 2.31 The pipelined SAR ADC

ADC, Fs/4
Analog Digital ADC, Fs/4

Demultiplexer Multiplexer

Fig. 2.32 The a time-interleaved ADC and b timing

References

1.

2.

S.K. Dhawan, K. Kondo, New developments in flash adc’s. IEEE Trans. Nucl. Sci. 31, 821-825
(1984). Feb

W.M. Goodall, Technique for high speed analog-to-digital conversion, U.S. patent 3,599,204,
10 Aug 1971

S.H. Lewis, P.R. Gray, A pipelined 5-msample/s 9-bit analog-to-digital converter. IEEE J. Solid
State Circuits 22, 954-961 (1987). Dec

W. Goodall, Telephony by pulse code modulation. Bell Syst. Tech. J. 26, 395-409 (1947). July
J. McCreary, P. Gray, All-mos charge redistribution analog-to-digital conversion techniques. 1.
IEEE J. Solid State Circuits 10, 371-379 (1975). Dec

B. Razavi, A tale of two adcs: pipelined versus sar. IEEE Solid-State Circuits Mag. 7, 38-46
(2015)

I. Mehr, L. Singer, A 55-mw, 10-bit, 40-msample/s nyquist-rate cmos adc. IEEE J. Solid-State
Circuits 35, 318-325 (2000). March



44

10.

11.

12.

13.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

2 ADC Architecture

. S. Devarajan, L. Singer, D. Kelly, S. Decker, A. Kamath, P. Wilkins, A 16b 125ms/s 385mw
78.7db snr cmos pipeline adc, in 2009 IEEE International Solid-State Circuits Conference-
Digest of Technical Papers (Feb 2009), pp. 86-87,87a

. X. Wang, C. Yang, X. Zhao, C. Wu, F. Li, Z. Wang, B. Wu, A 12-bit, 270ms/s pipelined adc

with sha-eliminating front end, in 2012 IEEFE International Symposium on Circuits and Systems

(May 2012), pp. 798-801

A.M.A. Ali, H. Dinc, P. Bhoraskar, C. Dillon, S. Puckett, B. Gray, C. Speir, J. Lanford, D. Jar-

man, J. Brunsilius, P. Derounian, B. Jeffries, U. Mehta, M. McShea, H.Y. Lee, 29.3 a 14b 1gs/s

rf sampling pipelined adc with background calibration, in 2014 IEEFE International Solid-State

Circuits Conference Digest of Technical Papers (ISSCC) (Feb 2014), pp. 482483

L. Xu, C. Zhao, F. Li, C. Zhang, Z. Wang, A improved frontend for high-speed sha-less

pipelined adc, in 2014 IEEE International Conference on Electron Devices and Solid-State

Circuits (EDSSC) (June 2014), pp. 1-2

M. Brandolini, Y. Shin, K. Raviprakash, T. Wang, R. Wu, H.M. Geddada, Y.J. Ko, Y. Ding,

C.S. Huang, W.T. Shin, M.H. Hsieh, W.T. Chou, T. Li, A. Shrivastava, Y.C. Chen, J.J. Hung,

G. Cusmai, J. Wu, M.M. Zhang, G. Unruh, A. Venes, H.S. Huang, C.Y. Chen, 26.6 a 5gs/s

150mw 10b sha-less pipelined/sar hybrid adc in 28nm cmos, in 2015 IEEE International Solid-

State Circuits Conference-(ISSCC) Digest of Technical Papers (Feb 2015), pp. 1-3

Y. Ju, F. Li, X. He, C. Zhang, Z. Wang, Aperture error reduction technique for subrange sar

adc, in 2016 14th IEEE International New Circuits and Systems Conference (NEWCAS) (June

2016), pp. 14

. D. Kelly, W. Yang, I. Mehr, M. Sayuk, L. Singer, A 3 v 340 mw 14 b 75 msps cmos adc with
85 db sfdr at nyquist, in 2001 IEEE International Solid-State Circuits Conference. Digest of
Technical Papers. ISSCC (Cat. No.01CH37177) (Feb 2001), pp. 134-135

. L.A. Singer, T.L. Brooks, A 14-bit 10-mhz calibration-free cmos pipelined a/d converter, in
1996 Symposium on VLSI Circuits. Digest of Technical Papers (June 1996), pp. 94-95

. S. Devarajan, L. Singer, D. Kelly, S. Decker, A. Kamath, P. Wilkins, A 16-bit, 125 ms/s, 385

mw, 78.7 db snr cmos pipeline adc. IEEE J. Solid-State Circuits 44, 3305-3313 (2009). Dec

W. Yang, D. Kelly, L. Mehr, M.T. Sayuk, L. Singer, A 3-v 340-mw 14-b 75-msample/s cmos

adc with 85-db sfdr at nyquist input. IEEE J. Solid-State Circuits 36, 1931-1936 (2001). Dec

B. Murmann, On the use of redundancy in successive approximation a/d converters, in Inter-

national Conference on Sampling Theory and Applications (Samp TA) (Jul 2013)

T.C. Verster, A method to increase the accuracy of fast-serial-parallel analog-to-digital con-

verters. [EEE Trans. Electron. Comput. EC-13, 471-473 (1964) Aug

S.H. Lewis, H.S. Fetterman, G.F. Gross, R. Ramachandran, T.R. Viswanathan, A 10-b 20-

msample/s analog-to-digital converter. IEEE J. Solid State Circuits 27, 351-358 (1992). Mar

I. Daubechies, R. DeVore, C.S. Gunturk, V.A. Vaishampayan, Beta expansions: a new approach

to digitally corrected a/d conversion, in IEEE International Symposium on Circuits and Systems,

2002. ISCAS 2002, vol. 2 (2002), pp. 11-784-11-787

C.-C. Liu, S.-J. Chang, G.-Y. Huang, Y.-Z. Lin, C.-M. Huang, C.-H. Huang, L. Bu, C.-C.

Tsai, A 10b 100ms/s 1.13mw sar adc with binary-scaled error compensation, in 2010 IEEE

International on Solid-State Circuits Conference Digest of Technical Papers (ISSCC) (Feb

2010) pp. 386-387

F. Kuttner, A 1.2v 10b 20m sample/s non-binary successive approximation adc in 0.13 um

cmos, in 2002 IEEE International on Solid-State Circuits Conference, 2002. Digest of Technical

Papers. ISSCC, vol. 2 (Feb 2002), pp. 136-137

C.-C. Liu, Y.-T. Huang, G.-Y. Huang, S.-J. Chang, C.-M. Huang, C.-H. Huang, A 6-bit 220-

ms/s time-interleaving sar adc in 0.18-um digital cmos process, in International Symposium

on VLSI Design, Automation and Test, 2009. VLSI-DAT’09 (April 2009), pp. 215-218

Y.-K. Chang, C.-S. Wang, C.-K. Wang, A 8-bit 500-ks/s low power sar adc for bio-medical

applications, in IEEE Asian on Solid-State Circuits Conference, 2007. ASSCC’07 (Nov 2007),

pp. 228-231

Y. Zhu, C.H. Chan, U.F. Chio, S.W. Sin, U. Seng-Pan, R.P. Martins, F. Maloberti, A 10-bit

100-ms/s reference-free sar adc in 90 nm cmos. IEEE J. Solid State Circuits 45, 1111-1121

(2010). June



References 45

217.

28.

29.

30.

31.

S.-W. Chen, R. Brodersen, A 6-bit 600-ms/s 5.3-mw asynchronous adc in 0.13-pm cmos. IEEE
J. Solid State Circuits 41, 2669-2680 (2006). Dec

H. Wei, C.-H. Chan, U.-F. Chio, S.-W. Sin, U. Seng-Pan, R. Martins, F. Maloberti, An 8-b
400-ms/s 2-b-per-cycle sar adc with resistive dac. IEEE J. Solid State Circuits 47, 2763-2772
(2012) Nov

Z. Cao, S. Yan, Y. Li, A 32 mw 1.25 gs/s 6b 2b/step sar adc in 0.13 pm cmos. IEEE J. Solid
State Circuits 44, 862—-873 (2009). March

C.-H. Chan, Y. Zhu, S.-W. Sin, U. Seng-Pan, R. Martins, A 5.5mw 6b 5gs/s 4x-Interleaved
3b/cycle sar ade in 65nm cmos, in 2015 IEEE International on Solid- State Circuits Conference-
(ISSCC) (Feb 2015), pp. 1-3

Y. Chen, X. Zhu, H. Tamura, M. Kibune, Y. Tomita, T. Hamada, M. Yoshioka, K. Ishikawa,
T. Takayama, J. Ogawa, S. Tsukamoto, T. Kuroda, Split capacitor dac mismatch calibration
in successive approximation adc, in Custom Integrated Circuits Conference, 2009. CICC’09.
IEEE (Sept 2009), pp. 279-282



2 Springer
http://www.springer.com/978-3-319-62011-4

High-Resolution and High-Speed Integrated CMOS AD
Converters for Low-Power Applications

Li, W.; Li, F.y Wang, £

2018, XMV, 171 p. 141 illus., 56 illus. in color., Hardcowver
ISBEMN: 978-3-319-62011-4



	2 ADC Architecture
	2.1 Introduction
	2.1.1 Traditional Architectures
	2.1.2 Limitations

	2.2 Improved Pipelined ADC
	2.2.1 SHA-less Architecture
	2.2.2 Multi-bit Front End
	2.2.3 Redundancy Technique

	2.3 Improved SAR ADC
	2.3.1 Power-Efficient Architecture 
	2.3.2 High-Speed Architecture 
	2.3.3 Low-Area Architecture 
	2.3.4 Summing up

	2.4 Hybrid ADC
	2.4.1 Subranging SAR ADC
	2.4.2 Pipelined SAR ADC

	2.5 Time-Interleaved ADC
	2.6 Summing up
	References


