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Abstract: A 12-Bit 40-MS/s pipelined analog-to-digital converter (ADC) incorporates a front-end RC constant
matching technique and a set of front-end timing with different duty cycle that are beneficial for enhancing linearity
in SHA-less architecture without tedious verification in back-end layout simulation. Employing SHA-less, opamp-
sharing and low-power opamps for low dissipation and low cost, designed in 0.13-um CMOS technology, the
prototype digitizes a 10.2-MHz input with 78.2-dB of spurious free dynamic range, 60.5-dB of signal-to-noise-
and-distortion ratio, and —75.5-dB of total harmonic distortion (the first 5 harmonics included) while consuming

15.6-mW from a 1.2-V supply.
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1. Introduction

Low power consumption and low cost have become the
most significant requirements for high speed and high accu-
racy analog-to-digital converters (ADCs) for battery-powered
commercial portable applications. Given a certain power bud-
get, it is not easy to satisfy both speed and accuracy goals at the
same time because of the well-known trade-off between speed,
accuracy and power consumption in ADC design. High speed
means internal opamps with wide bandwidth, while high accu-
racy gives the minimum gain requirement of internal opamps.
Many calibrations have been proposed to reduce the nonlin-
earity effect from the low gain, low bandwidth and incomplete
settling of opamps!' 3!, However, calibrations require com-
plicated algorithms, additional calibration cycles and digital
circuits, which mean extra power consumption and area cost.
This work capitalizes on removing the active S/H (i.e., SHA-
less), sharing the opamp between the adjacent stagel* 5] and
low power two-stage amplifier to realize low power consump-
tion and low cost. A new front-end RC constant matching tech-
nique is proposed to minimize the aperture error and mismatch
of the two input signal paths in the normal SHA-less architec-
turel® 7. Through the front-end matching technique, the ADC
can digitize a 10.2-MHz input signal with 78.2-dB spurious
free dynamic range (SFDR) without extra comparators in the
SUBADCs!"], complicated background calibration[®! and de-
liberate, tedious front-end verification in back-end layout sim-
ulation®—11,

2. The proposed ADC architecture

The proposed ADC architecture has no S/H module, as
shown in Fig. 1. For simple design requirements, the 1.5-
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bit-per-stage architecture is utilized. There are a total of 10
pipelined stages followed by a 2-bit flash ADC. Each stage in-
cludes a multiplying digital-to-analog converter (MDAC) cell
and a SUBADC cell, and generates 2-bit digital numbers. Con-
sidering the fact that an opamp is used only half of a clock cy-
cle during every conversion step, the adjacent stages share one
opamp to save the power and cost!*>]. Each SUBADC consists
of 2 dynamic comparators and some digital circuits for gener-
ating control codes and digital numbers. All the digital outputs
are passed into the time align and digital correction logic for
the final 12-bit output codes. The clock distributor and on-chip
reference are also included in the ADC.

In the 1.5-bit-per-stage pipelined ADC, the residue volt-
age is amplified by a gain of 2 in each MDAC stage, and the
later stage can tolerate more noise and nonlinearity. As a result,
the sampling capacitors and opamps in the later stages can be
scaled down by a factor 0.7. To reduce the memory effect of
opamp sharing, higher opamp DC gain and larger GBW are
needed. However, the resulting additional power consumption
is much lower than the power saved by sharing. Table 1 shows
the sampling capacitance of each stage in this work. In order to
simply verify the effectiveness of the front-end RC matching
technique, stages 1 & 2 have the same opamp and sampling ca-
pacitance as those in stages 3 & 4 to simplify the design work.

Table 1. Capacitance of each stage.

Stage number Sampling capacitance (pF)

1&2 1&0.7
3&4 1&0.7
5&6 0.7 & 0.5
7&8 0.5&0.4
9&10 04&03
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Fig. 1. The proposed ADC architecture.
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Fig. 2. SHA-less and the first two stages with opamp sharing.

3. Circuit implementation

3.1. SHA-less front-end with opamp-sharing and the spe-
cial timing

The front-end of the ADC does not contain a S/H mod-
ule, which is called SHA-less architecturel®~ 111, The first two
stages are 1.5-bit architecture and share one opamp, as shown
in Fig. 2, which includes MDACs and 2-bit SUBADCs. The
input signal is sampled on cs1, ¢s2, and cc1, cc2 of SUBADCI
by bootstrapped switches with the same clock phase Q3P as the
dotted lines with arrows shown in Fig. 2. In phase Q4, the sam-
pling capacitance cs1, cs2 are floated and ccl, cc2 are charged
with a reference voltage, the comparators work. When Q4 turns
low, the outputs of the comparators are latched and 2 bit digital
data and control codes are generated. In Q2, the opamp is in-
terchanged into stage 1, and the control codes are selected for
MDACI to configure and amplify the residue voltage, which
is simultaneously sampled by stage 2. In phase QI, the 2 bit
digital data and control codes of stage 2 are generated, and the

opamp is interchanged into stage 2 to generate residue volt-
age for the next stage. The clock generation scheme is given in
Fig. 3(a). The input CK, which is with 2 f; ( f; is the frequency
of the ADC actual operation clock), is divided through a DFF
by 2 to generate non-overlap clocks Q1 and Q2 with a duty
cycle nearly 0.5. Q3, Q3P and Q4, with a duty cycle of 0.25,
are generated from the combination of CK0 and Q1. Q3P falls
lightly earlier than Q3 for bottom plate sampling. The special
timing diagrams of the front-end circuit operation are given in
detail in Fig. 3(b).

3.2. Front-end RC constant matching approach and boot-
strapped switch

Because of the removal of explicit S/H, MDAC1 and SUB-
ADCI see the same actual input signal, as the dotted lines with
arrows show in Fig. 2. As the MDACI sampling path is differ-
ent from the SUBADCI sampling path, when Q3P turns down,
compared with the voltage sampled by MDACI, the voltage
sampled by SUBADCI has a difference voltage V., as called

015002-2



J.Semicond. 2011, 32(1)

Fan Mingjun et al.

CK(2f) CLOCK Q1 Q2 (f
_ GENERATOR )
GENERATOR f)
(21) s
IS S S IR p
Q2 |
| 1
Qlp L
Q3 [
Q3P
Q] [ L
(@)
Input signal N N+1

CK  2f
# @ X e e
i

& D ETIED O
SC comparator
SUBADC!

MDAC ]

Sa: Sampling  Ap: Amplifying  Pr: Processing
Ho:Hold La: Latch Do: Data output
H: Highlevel L: Lowlevel

)

Fig. 3. Special timing diagrams of the front-end circuits.

the aperture error, which deteriorates the dynamic performance
of the ADC. V. is caused by two factors: the sampling clock
skew and the front-end RC constant mismatch of the two sam-
pling path. Given the same sampling clock with dedicated skew
performance, the aperture error V, mainly depends on the front-
end RC constant matching. If a sinusoid signal is applied, and
the RC constant mismatch of the sampling path is Az, the max-
imum aperture error would be Vier X 27 fiy At, where fi, is the
input frequency. The aperture error can be regarded as extra
offsets of the comparators in SUBADCI. For 1.5-bit SUB-
ADC, the error voltage range allowed for the digital redun-
dancy is less than 1/4 V. The first stage can generate correct
digital output words, if the time constant mismatch meets the
following requirement, which is calculated from

11

= Vet (M

Viet X 27 fin AT < 54

fin € = 2

When the input signal frequency goes higher, the equiva-
lent extra offset becomes larger. The allowed input signal fre-
quency is inversely proportional to Az, so the reduction in At
is beneficial for the high frequency performance improvement
of the ADC.

The new front-end RC constant matching technique is pro-
posed in the first stage, as shown in Fig. 2. The two signal
sampling paths are almost with the same architecture by taking
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The simplified model of the bootstrapped circuit

Fig. 4. Improved gate-voltage bootstrapped switch.

use of switched-capacitance (SC) comparators and a set of spe-
cial front-end timing in Fig. 3. The input sampling switches of
SUBADCI1 and MDACT are both bootstrapped with the same
clock phase Q3 and the sizes of these switches are chosen pro-
portionally. The “on” resistance of the bootstrapped switch Ry
is given by

1
Ry = . 3
7 unCox(W/L)(Vop — Vin) )
To keep the time constant RCs equal, there is
Rsy  GCss
= )
Rss  Csm

The sizes of input bootstrapped sampling switches can be
decided by combining Egs. (3) and (4),

(W/L)sm _ Csm
(W/L)ss  Css’

Ry and Cgyy represent the equivalent switch resistance and
capacitance, respectively, in each identical signal path of
MDACI. Rss and Csg are the equivalent switch resistance
and capacitance in each identical signal path of SUBADCI.
(W/L)sm and (W/ L)ss represent the sizes of the bootstrapped
switches of MDAC1 and SUBADCI, respectively. Added with
symmetrical architecture and a meticulous layout, the signal
transmission time constant mismatch At can be designed to
be very small, and even almost neglected.

The bootstrapped switch uses a common circuit topology
with small changes, as shown in Fig. 4. The operation process is
easily understood by the simplified model of the bootstrapped
switch. The added M14 and M15 are used for accelerating the
tracking speed of the input signal. M8, M9 and M15 are opti-
mized for fast tracking and small parasitical capacitance con-
sideration. @ BT is connected to the gates of the input tracking
switches in MDAC1 and SUBADCI. C; is 1.5 pF, which is
larger than the normal value to reduce the influence of Cp;.

(6))

3.3. Opamp and switched-capacitance comparator

The choice of signal swing plays a critical role in power
estimation and circuit topology selection. The lower supply
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Fig. 5. Two-stage opamp with nested compensation.

voltage limits the internal signal swing of accurate analog inte-
grated circuits. As a result, a bigger capacitor size is demanded
for diminishing the K 7'/ C noise to maintain the dynamic per-
formance. Heavier capacitive loads are accordingly added to
the stages and higher power consumption is then required from
the opamps to keep the same speed. Therefore, given the speed
and precision requirement, the input signal swing affects the
power consumption of the ADC. A high swing is beneficial
for low power dissipation. However, a higher swing may drive
the devices in the output stage of the amplifier to the triode re-
gion, causing degradation in linearity. The signal swing also
affects choosing the proper opamp architecture. As a compro-
mise, 1 Vpp is chosen for this 1.2-V design. The input com-
mon mode voltage and the output common mode voltage are
both 0.5 V. The opamp in this design is a two-stage opamp
with gain-enhancement folded-cascode input stage and nested
miller compensation, as shown in Fig. 5. With distributing the
total compensation capacitance between the two loops in such a
way, the phase margin is better compared with normal cascode
miller compensation, without decreasing the overall unit-gain
bandwidth (UGB). This is obvious because the very small ca-
pacitor Ccl does just enough pole splitting such that the two
complex poles of the cascode loop are shifted high enough not
to degrade the overall settling response.

The switched-capacitor (SC) comparator in SUBADCI is
shown in Fig. 6. The sampling approach and working timing
of the comparator are similar to that of MDACI1. According to
the charge conversation at the bottom plate of Cy, and C}, the
reference voltage for the comparator can be obtained from the
ratio of Cy, to Cyp with the equation as described in Fig. 6.

4. Experimental results

The ADC is fabricated with an SMIC 0.13-um 1P8M
CMOS process. The die micrograph is shown in Fig. 7. Shown
in Fig. 8, the differential nonlinearity (DNL) is within —0.45
to 0.45 LSB and the integral nonlinearity (INL) is within —6 to
4 LSB. Figure 9 shows a measured 16384 point FFT of ADC
output, where the sampling frequency f is 40 MHz and the
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Fig. 7. Die micrograph.

input signal frequency fi, is 10.2 MHz. The measured SNDR
is 60.5 dB and the SFDR is 78.2 dB. The ADC performance
is summarized in Table 2. The SNR, SNDR, SFDR, THD (the
first five harmonics included) performance versus input signal
frequency at sampling frequency 40-MHz are given in Fig. 10.
It is shown that the SNDR is constrained by SNR, and DNL,
INL are little large, which is because the sampling capacitances
in the first stage are not chosen large enough. However, the
SFDR reaches 78.2-dB with input frequency 10.2-MHz and
stays above 68-dB when the input signal is higher than 80-
MHz, which shows the good performance of the front-end RC
matching topology. The comparison of the recently reported
SHA-less ADCs is given in Table 3, which shows that this work
has better power efficiency with good SFDR performance.

5. Conclusions

A 12-bit 40-MS/s pipelined ADC for low power applica-
tions is presented in this paper. A new and easy-to-realize front-
end RC constant matching approach and a set of special front-
end timing are proposed to enhance the linearity performance.
Opamp-sharing and removal of the explicit S/H stage are em-
ployed for lower power dissipation. The prototype is fabri-
cated in a SMIC 0.13-um 1P8M CMOS process. The measure-
ment results show SNR of 60.6-dB, SFDR of 78.2-dB, THD
of —75.5-dB, and SNDR of 60.5-dB at the input frequency of
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Table 2. Summary of experimental results.

Parameter Value

Process 0.13-pm 1P8M 1.2-V CMOS
Resolution 12 bit

Conversion rate 40 MS/s

Input range 1 Vpp

SFDR 782 dB @ fin = 10.2 MHz
SNDR 60.5dB @ fin = 10.2 MHz
SNR 60.6 dB @ fin = 10.2 MHz
THD ~75.5dB @ fin = 10.2 MHz
DNL/INL +0.45 LSB/=6 to 4 LSB

Power dissipation 15.6 mW

10.2-MHz, which demonstrates the good performance of the
front-end RC matching technique. The ADC consumes 15.6-
mW with a 1.2-V supply voltage.
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Fig. 10. 12-bit ADC performance versus input frequency @ fs = 40
MHz.

Table 3. Comparison of the recently reported 12-bit SHA-less ADCS.

Ref. Process (nm) Dissipation SFDR  SNDR

/Supply (V) (mW) (dB) (dB)
Ref. [7] 180/1.8 34 86 69.8
Ref. [9] 180/1.8 18.4 76.6 64
Ref. [10] 65/1.2,2.5 359 84 65.7
Ref. [11] 65/1.2 18 71.9 64.1
This work 130/1.2 15.6 78.2 60.5
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