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Abstract—A 12b 50 MS/s 0.18 m CMOS pipeline ADC
is described. The proposed capacitor and operational amplifier
(op-amp) sharing techniques merge the front-end sample-and-hold
amplifier (SHA) and the first multiplying digital-to-analog con-
verter (MDAC1) to achieve low power without an additional
reset timing and a memory effect. The second and third MDACs
share a single op-amp to reduce power consumption further. A
shared op-amp of the merged SHA and MDAC1 controls properly
the input trans-conductance for stability at each clock phase of
holding and amplifying. The prototype ADC in a 0.18 m CMOS
process demonstrates the measured differential and integral non-
linearities within 0.53 LSB and 2.09 LSB, respectively. The ADC
shows a maximum signal-to-noise-and-distortion ratio of 60.6 dB
and a maximum spurious-free dynamic range of 69.4 dB at 50
MS/s. The ADC with an active die area of 0.93 mm� consumes
21.6 mW at 50 MS/s and 1.8 V.

Index Terms—Analog-to-digital converter (ADC), capacitor
sharing, CMOS, low power, op-amp sharing, memory effect,
pipeline.

I. INTRODUCTION

W ITH the recent development of communication systems
and the increased multimedia information, high-quality

display systems have been widely expanded to a variety of
application areas such as education, entertainment, medical,
military, and aerospace industries. Moreover, the trend of
system-on-a-chip (SoC) based on advanced VLSI technolo-
gies has rapidly increased the demand for high performance
analog-to-digital converters (ADCs) essential to the system
interface. Particularly, the ADCs for the analog front-end of
high-definition displays such as ultrasound vision systems,
charge coupled devices, computed tomography scanners, and
portable communication terminals require a resolution of 12b
and a conversion rate of 50 MS/s level with low power and
small chip area, simultaneously. Of various ADC architectures,
the pipeline ADC has been commonly employed as one of the
best candidates to meet the required specifications mentioned
above [1]–[13]. Meanwhile, many circuit techniques such
as switched operational amplifier (op-amp), op-amp sharing,
sample-and-hold amplifier (SHA)-free front-end, and capacitor
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sharing have been invented to reduce the power consumption
of power-hungry interstage amplifiers [14]–[25].

The switched op-amp technique saves power consumption
by disconnecting a current path from a power supply during
the nonamplifying phase of amplifiers [14]–[16]. However,
this technique has no benefit in area saving since the required
number of op-amps remains the same. The on and off switching
of the dc bias current also causes a transient overshoot or a
phase margin variation which degrades signal settling behavior.
On the other hand, the op-amp sharing scheme shares a single
op-amp between two adjacent pipeline stages operating at com-
plementary clock phases to reduce power and area [17]–[19].
But, the extra signal-steering switches in analog signal paths
introduce a finite series on-resistance, which degrades signal
settling time. Moreover, the present sampled input can be
affected by a residual charge from the previously sampled input
in case the input summing nodes of op-amp are never reset.

Power dissipation and die area can be reduced further by re-
moving a front-end SHA employed for a wide input bandwidth
[20]–[23]. However, the input bandwidth of the SHA-less circuit
is somewhat limited due to the aperture error caused by a dif-
ferent input sampling time between the first-stage multiplying
digital-to-analog converter (MDAC1) and the first-stage flash
ADC (FLASH1). The limited input bandwidth can be relaxed
by careful design and layout skills considering a matched RC
delay between two different critical signal paths [21], [22]. In a
16 b-resolution high-speed SHA-less pipeline ADC, the non-
linear kickback glitch energy due to a voltage difference be-
tween a new analog input connected to the MDAC1 and the
previous reference voltage from the FLASH1 can degrade the
whole ADC linearity significantly. The problem can be partly
solved by an extra charge-clearing clock between the ampli-
fying and sampling clock phases [23]. On the other hand, the
capacitor sharing scheme shares the capacitors between two ad-
jacent pipeline stages, which reduces a capacitive load of the
residue op-amp of the previous stage and allows a high sam-
pling rate without extra power consumption [24], [25]. How-
ever, the memory effect due to a previous charge remaining in
the capacitors limits a maximum achievable resolution since
the shared capacitors during amplification are directly reused
for signal sampling without reset. An additional clock phase to
reset the shared capacitors and the input node of op-amp reduces
the memory effect, but the additional clock degrades the overall
ADC sampling speed [24].

This work describes a 12b 50 MS/s pipeline ADC sharing
capacitors and op-amps as maximum as possible without addi-
tional clock phases and memory effect. The front-end SHA and
MDAC1 are merged to reduce power consumption by sharing
capacitors and a single op-amp, simultaneously, while the
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Fig. 1. Proposed 12b 50 MS/s 0.18 �m CMOS ADC.

second and third MDACs (MDAC2 and MDAC3) share a single
op-amp to reduce power consumption further. The proposed
capacitor sharing scheme based on two capacitor banks resets
an unused capacitor bank without a separate reset timing. The
shared op-amp with two NMOS input differential pairs resets
the inactive input pair to overcome a conventional memory
effect [26], [27], whereas the input trans-conductance, , of
the shared op-amp is properly adjusted at each clock phase for
stable operation.

This paper is organized as follows. The proposed ADC archi-
tecture is discussed in Section II while Section III specifically
describes the detailed circuit implementation. The measured re-
sults of the prototype ADC are summarized in Section IV. Fi-
nally, conclusion is given in Section V.

II. PROPOSED ADC ARCHITECTURE

The proposed 12b 50 MS/s ADC employs a 4-step pipeline
architecture as shown in Fig. 1. The ADC consists of an input
SHA, one 3 b and two 4 b MDACs, one 3 b and three 4 b flash
ADCs, a digital correction logic (DCL) block with decimator,
a clock generator, and on-chip current and voltage references.
The input SHA and MDAC1 are merged as the SHADAC by
sharing capacitors and a single op-amp, while the MDAC2 and
MDAC3 share a single op-amp to reduce power consumption.
The SHADAC employs a gate-bootstrapping technique in the
input sampling network to reduce a sampling distortion at input
frequencies exceeding the Nyquist rate [28].

III. CIRCUIT IMPLEMENTATION

A. Proposed Capacitor Sharing Technique

Recently many capacitor sharing techniques in ADCs have
been developed to minimize power consumption and chip area
[24], [25]. The configurations of the SHA and MDAC1 without
any capacitor sharing scheme at each clock phase are shown in
Fig. 2. In Fig. 2, the AS and AM are defined as the op-amps
for the SHA and MDAC1 while the , and rep-
resents a digital code from the FLASH ADC1 and the output
voltages of the MDAC1 and SHA, respectively. During the Q2
phase, the sampling capacitors of the MDAC1 become the load
of the SHA.

The circuits with two previously reported capacitor sharing
schemes remove the sampling capacitors of the following stage
as shown in Fig. 3, where the indicates the amplified
residue voltage of the MDAC2. As a result, capacitive loads are

Fig. 2. SHA and MDAC1 configurations without capacitor sharing scheme.

Fig. 3. SHA and MDAC1 based on two previously reported capacitor sharing
schemes: (a) with an extra reset phase [24]; (b) with two capacitor banks [25].

considerably reduced, which allows low-power consumption for
a target speed compared to the conventional switched-capacitor
topology. The capacitor sharing scheme in Fig. 3(a) requires
an extra clock, , to remove a memory effect due to the
previous charge remaining in the shared capacitors [24]. Thus,
this scheme reduces the overall ADC conversion speed. On the
other hand, the capacitor sharing scheme based on two capacitor
banks in Fig. 3(b) resets an unused capacitor bank to remove
a residual charge without an extra clock phase [25]. However,
the shared op-amp is always active for a full clock cycle and
the nonreset input node of op-amp can produce the undesired
memory effect as observed in the circled area of Fig. 3(b) [29].

The proposed capacitor sharing scheme in this work uses two
capacitor banks and a single op-amp with two separate NMOS
input differential pairs simultaneously to remove an extra clock
phase and a memory effect, as shown in Fig. 4. When one capac-
itor bank is used for holding or amplifying operation, the other
unused capacitor bank is reset to remove the previous residual
charge. The shared op-amp with two separate NMOS input pairs
resets the inactive input pair alternately to overcome a memory
effect [26], [27]. The memory effect related to the proposed ca-
pacitor sharing scheme is analyzed in detail in Appendix.

Table I compares the proposed capacitor sharing scheme with
the previously reported capacitor sharing schemes based on
1.5 b MDACs and a single-ended op-amp topology. Although
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Fig. 4. SHA and MDAC1 with the proposed capacitor sharing technique.

TABLE I
COMPARISON OF TWO PREVIOUSLY REPORTED CAPACITOR SHARING SCHEMES

AND THE PROPOSED CAPACITOR SHARING SCHEME

the actual load capacitance should include the parasitic ca-
pacitance and the series capacitance of the sampling capacitor
and the gate capacitance of the preamp in the flash subranging
ADC, these capacitances are much smaller than the feedback
capacitor in the 1.5 b MDAC and therefore can be neglected for
quick comparison in Table I.

The proposed technique halves the required number of
op-amps and the load capacitance compared to the conven-
tional switched-capacitor based configuration without using any
capacitor sharing technique. Moreover, the proposed scheme
does not need an extra clock phase for resetting the shared
capacitors and the input nodes of op-amp. The input referred
kT/C noise of the proposed technique is the same except for
the CCS [25]. Although the input referred kT/C noise of the
CCS [25] is 60% of the others, input signals are sampled in
two capacitor banks, alternately, as shown in Fig. 3(b), which
can introduce a harmonic distortion observed in the double
sampling technique [30]. The only demerit of the proposed
capacitor sharing technique is extra capacitors for two capacitor
banks. However, the active die area for the extra capacitors is
0.009 mm , which occupies only 1% of the overall ADC size
in this work.

The proposed capacitor sharing technique based on two ca-
pacitor banks is somewhat similar to the double sampling tech-
nique [30] achieving a doubled sampling speed, while one of
the main performance-limiting factors in the double sampling
scheme is a timing mismatch between two different input signal
paths. In the double sampling technique, analog input signals
are independently sampled in two capacitor banks with separate
sampling switches at each clock phase and the sampling instants
are also different corresponding to each separate sampling clock
phase, which can introduce severe harmonic distortion.

Fig. 5. Merged SHA and MDAC1 to be represented as SHADAC.

Fig. 6. Timing diagram and operation of each circuit block in the SHADAC.

On the other hand, the proposed capacitor sharing technique
shares capacitors and op-amps between adjacent pipeline stages
to reduce power consumption and chip area rather than to in-
crease sampling speed. Furthermore, input signals are sampled
on a single sampling capacitor, , at the sampling phase and
transferred to two capacitor banks alternately. Therefore the
proposed capacitor sharing technique does not have a timing
mismatch problem as observed in the conventional double sam-
pling technique.

B. Proposed SHADAC Based on Two Capacitor Banks

The proposed SHADAC, which merges the SHA and
MDAC1, consists of two capacitor banks (C-bank X and
C-bank Y), a single two-stage op-amp with two separate
NMOS input differential pairs, and an input sampling net-
work as shown in Fig. 5, where all the circuits are drawn in a
single-ended version. A gate-bootstrapping circuit is employed
in input sampling switches to obtain high accuracy and low
distortion at input frequencies exceeding the Nyquist frequency
by keeping the gate-source voltage of the sampling switches
constant independently of the input signal level [28].

The clock signals for the proposed capacitor sharing scheme
and the operations of the SHA, MDAC1, and two capacitor
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Fig. 7. SHADAC configurations at each clock phase. (a) Phase�. (b) Phase�. (c) Phase�. (d) Phase�.

banks are detailed in Fig. 6. In this work, all of the timing clock
signals are internally generated from a single master clock with
simple digital logic gates.

The configurations of the SHADAC corresponding to each
clock phase are illustrated in Fig. 7, sequentially, from Phase

to Phase . During the clock phase , an input signal, ,
is sampled on the sampling capacitor, , and the C-bank X is
used for the residue amplification of the MDAC1 with an analog
voltage, , corresponding to a digital code from the FLASH
ADC1, while the unused C-bank Y is reset. During the clock
phase , the sampled input signal in the sampling capacitor is
transferred to the C-bank Y for the holding of the SHA and the
sampling operation of the MDAC1, simultaneously, while the
C-bank X used for amplification in the previous phase is reset
for the next operation. During the clock phase , the next input
signal is sampled in the sampling capacitor while the C-bank Y
is used for the residue amplification of the MDAC1 and the un-
used C-bank X stays at the reset mode. During the clock phase

, the C-bank Y used for amplification is reset and the sam-
pled input signal is transferred to the C-bank X for the holding
and sampling operations of the SHA and MDAC1, respectively.
These operations are synchronized to the two nonoverlapped
clock phases, Q1 and Q2, and therefore the proposed capacitor
sharing technique does not need an extra clock phase to reset
the shared capacitors.

The proposed capacitor sharing technique based on two
capacitor banks can suffer from device mismatch similar to
channel mismatch commonly observed in the conventional
time-interleaved multichannel ADCs [31], [32]. The device
mismatch between two capacitor banks can be minimized with

Fig. 8. Two capacitor banks of the interdigitated layout style to minimize de-
vice mismatch.

the interdigitated layout alternately placing the unit capacitors
of two banks with dummy capacitors at both ends, as shown in
Fig. 8. The merged capacitor switching (MCS) scheme is also
employed for a better capacitor matching accuracy [33]. The
MCS technique halves the required number of unit capacitors
by merging two unit capacitors to one while the unit capacitor
size can be doubled, which improves the capacitor matching.
In addition, all the unit capacitors are enclosed with the stacked
metal lines to make the neighboring condition of each unit
capacitor identical for high matching [34].

C. Trans-Conductance Controlled Op-Amp Sharing Technique

The shared op-amp employed in the SHADAC is detailed
in Fig. 9 with a corresponding timing diagram. The first-stage
op-amp, AMP1, is based on a telescopic topology with three
NMOS input differential pairs and three separate current paths
while the second op-amp, AMP2, consists of a common-source
topology with a stacked PMOS transistor to achieve a high dc
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Fig. 9. � -controlled op-amp in the SHADAC: (a) during the holding mode
of the SHA, (b) during the amplifying mode of the MDAC1, and (c) timing
diagram.

gain and a 1.5 output swing range at 1.8 V. Since the shared
op-amp of the SHADAC is used continuously during both of
the SHA and MDAC1 operations, the different loop gain and
loading conditions of the shared op-amp need be considered at
each clock phase. During Q1 when the op-amp is in the holding
mode of the SHA, a feedback factor becomes 1/2 and a load ca-
pacitance is reduced since the feedback capacitor is used for the
sampling capacitor of the MDAC1. On the other hand, during
Q2, the MDAC1 drives the sampling capacitor of the MDAC2
as a load capacitance and amplifies a residue voltage with a feed-
back factor of 1/4. As a result, the shared op-amp needs to be op-
timized for proper bandwidth and stability at each clock phase.

The proposed op-amp of the SHADAC employs an extra
current path to adjust the trans-conductance of AMP1, ,
considering the required bandwidth, feedback factor, and phase
margin. During the holding mode of the SHA, the extra current
path reduces the bias current flowing into the input stage to 60%
of I, as shown in Fig. 9(a), and thereby the is decreased
to improve a phase margin for the SHA stability. On the other

Fig. 10. Bandwidth and phase margin of the shared op-amp in the SHADAC :
(a) without � -control and (b) with � -control technique.

hand, during the amplifying mode of the MDAC1, the extra
current path is inactive and all the bias current of I flows into
the input stage to increase the and bandwidth for a proper
MDAC1 operation as illustrated in Fig. 9(b).

The proposed op-amp topology is analyzed as follows. The
two-stage op-amp with a conventional Miller compensation has
an open-loop gain, , defined as (1), where ,
and are the trans-conductance and output resistance of the
first and second op-amp, respectively. The dominant and non-
dominant poles, and , are approximated like (2) and
(3), respectively, where and are the load capacitance at
the output and the compensation capacitance. When the op-amp
has a feedback factor, , the corresponding loop bandwidth,
dB, and phase margin, PM, are approximated in (4) and (5), re-
spectively

(1)

(2)

(3)
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(4)

(5)

The bandwidth and phase margin of the shared two-stage
op-amp in the SHADAC are illustrated in Fig. 10. When the
op-amp is optimized for the MDAC1 without the control as
shown in Fig. 10(a), the phase margin at the holding mode of the
SHA is not sufficient due to the large feedback factor like (5).
This can degrade the overall ADC performance. With the
control of Fig. 10(b), the bandwidth and phase margin of the
MDAC1 are not changed, while those of the SHA are improved
due to the reduced . The reduced increases the phase
margin but decreases the open-loop gain and loop bandwidth as
summarized in (1), (4), and (5). Although the open-loop gain
and loop bandwidth of op-amp are somewhat decreased due to
the reduced , the op-amp of this work satisfies the target
specification at the holding mode of the SHA. The smaller feed-
back factor of the SHA than that of the MDAC1 extends a loop
bandwidth and the proposed capacitor sharing scheme reduces
the load capacitance of the SHA considerably. The loop band-
width and phase margin are traded off by controlling .

The target specifications of the op-amp at the holding mode of
the SHA are an open-loop gain of 72 dB and a loop-bandwidth
of 141 MHz while those of the op-amp at the amplifying mode
of the MDAC1 are an open-loop gain of 72 dB and a loop-band-
width of 118 MHz, respectively. In this work, the simulated
SHA shows an open-loop gain of 82 dB and a loop bandwidth
of 281 MHz with a phase margin of 67 , while the simulated
MDAC1 shows an open-loop gain of 86 dB and a loop band-
width of 212 MHz with a phase margin of 70 , respectively,
considering the design margin and settling behavior during tran-
sient simulations. On the other hand, the unit capacitance of two
capacitor banks, and , in the SHADAC is 500 fF con-
sidering the thermal noise and matching accuracy. The simu-
lated thermal noise with the reduced at the holding mode of
the SHA is 61 uVrms. Considering only the kT/C and op-amp
thermal noise, the maximum achievable SNR is about 76 dB,
thereby the reduced satisfies the target specification.

The shared op-amp in the MDAC2 and MDAC3 is shown in
Fig. 11 with a timing diagram. Since the MDAC2 and MDAC3
have the same feedback factor and similar characteristic, an
extra current path to optimize is not necessary. In this work,
the of AMP1 is properly controlled by changing the W/L
size of input transistors based on the different loading and para-
sitic conditions at each amplifying mode. The unit capacitances
of the MDAC2 and MDAC3 are 125 fF and 60 fF considering
the thermal noise requirement, respectively.

Two switches steering the input bias currents of AMP1 are
turned on and off alternately with slightly overlapped clock
phases, and , and Q1B and Q2B, as
shown in Figs. 9 and 11, respectively. With the overlapped
clock phases, the input bias currents of AMP1 flow continu-
ously through a tail current mirror, whose gate is connected to a
dynamic common-mode feedback voltage, CMFB1. The input
signals of the next stage are sampled in the clock phases, Q1P
and Q2P, just before Q1 and Q2 turn off, while the switching of
Q1B and Q2B occurs in the nonoverlapped period of Q1 and

Fig. 11. (a) Shared op-amp in MDAC2 and MDAC3 and (b) timing diagram.

Fig. 12. Bias circuit for the telescopic op-amp insensitive to input common-
mode voltage variations.

Q2 in the switched-capacitor circuits. As a result, the switching
of Q1B and Q2B does not affect the signal settling behavior in
the amplifying phases, Q1 and Q2, while the glitch energy of
the shared op-amp is reduced and the op-amp shows a relatively
fast settling behavior compared with the nonoverlapped clock
phases [27].

D. Bias Circuit for the Telescopic Op-Amp Insensitive to Input
Common-Mode Voltage Variations

The shared op-amp of Figs. 9 and 11 employs a telescopic
amplifier topology in the first stage. A bias circuit for the tele-
scopic amplifier is proposed to minimize the effect of input
common-mode voltage variations, as shown in Fig. 12.

Defining the input and output common-mode voltage of the
amplifier as , the node voltages at T1, T2, and VB3 are

- - - , and , respectively,
while the saturation condition of transistors MN1 and MN2 is

. On the other hand, the
voltage of T3 from the gate voltage of a transistor M3b, ,
is - - and the drain voltage of a diode-connected
transistor M2 becomes . By controlling a current

properly, the proposed bias circuit enables all transistors of
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Fig. 13. Latched comparator.

Fig. 14. Die photograph of the prototype ADC.

the op-amp to operate in a saturation region regardless of input
common-mode voltage variations.

E. Comparator

The comparator in the FLASH ADCs is shown in Fig. 13,
which consists of an input stage, a preamp, and a latch. The sam-
pling capacitor, , of 30 fF samples a reference voltage during
the Q2 phase. During the next Q1 phase, the sampled reference
voltage is compared to the input signal and the difference is am-
plified. Just before the low transition of Q1 phase, the latch turns
on and performs a regeneration operation. The preamp prevents
the latch offset and kickback effect from the latch to the input.

IV. ADC IMPLEMETATION AND MEASUREMENTS

The proposed 12b 50 MS/s prototype ADC is implemented
in a 0.18 m CMOS technology as shown in Fig. 14. The ADC
occupies an active die area of 0.93 mm including on-chip
MOS decoupling capacitances of about 200 pF and dissipates
21.6 mW with on-chip voltage references consuming 4 mW at
50 MS/s and 1.8 V.

In the proposed capacitor sharing technique, the sampled
analog inputs are transferred to two capacitor banks, C-bank X
and C-bank Y, and converted to the corresponding digital codes,
alternately at each clock phase. If one clock phase is used for
C-bank X, the other clock phase is always used only for C-bank
Y. Therefore, the offset and capacitor mismatch between two
capacitor banks can be easily analyzed and investigated by
measuring the static and dynamic performance based on all of

Fig. 15. Measured DNL and INL.

Fig. 16. Measured FFT spectrum (fs = 50 MHz, fin = 4 MHz).

the sequentially captured digital outputs from two capacitor
banks.

The measured maximum differential nonlinearity (DNL) and
integral nonlinearity (INL) of the prototype ADC using two ca-
pacitor banks are 0.53 LSB and 2.09 LSB, which are similar to
the results using only C-bank X. On the other hand, the DNL
and INL using only C-bank Y are 0.54 LSB and 2.34 LSB, as
shown in Fig. 15. This means that there is little device mismatch
between capacitors of the C-bank X and C-bank Y at a 12b level,
although a maximum achievable accuracy of the unit capacitor
with this 0.18 m CMOS process is one of the major INL per-
formance-limiting factors.

The typical FFT spectrum of the ADC measured with a 1.5
input sinusoidal signal of 4 MHz at 50 MS/s is plotted in

Fig. 16. The ADC shows a similar FFT spectrum regardless of
which capacitor bank is employed.

The measured dynamic performance of the prototype ADC
with a 1.5 input sinusoidal signal is summarized in Fig. 17.
The signal-to-noise-and-distortion ratio (SNDR) and spurious-
free dynamic range (SFDR) in Fig. 17(a) are measured with
different sampling frequencies up to 60 MHz at a 4 MHz input.
The SNDR and SFDR are maintained over 60.6 dB and 69.4
dB up to 50 MS/s, respectively. The SNDR and the SFDR in
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Fig. 17. Measured SFDR and SNDR of the prototype ADC versus: (a) fs and
(b) fin.

Fig. 18. FoM comparison of recently reported 12b CMOS ADCs operating
above 30 MS/s.

Fig. 17(b) are measured with input frequencies increased up to
90 MHz at a sampling rate of 50 MS/s. The SNDR and SFDR
are measured to be 58.0 dB and 67.4 dB, respectively, at the
Nyquist rate input. With the input frequency up to 60 MHz, the
SNDR and SFDR are maintained above 56.2 dB and 66.5 dB,
respectively, while the SNDR and SFDR at input frequencies
exceeding 90 MHz are degraded rapidly.

The figure of merits (FoM), defined as (6), of the prototype
ADC is 0.49 pJ/conv-step including the power consumption of
on-chip voltage references. The recently reported CMOS ADCs
with a resolution of 12b and a sampling clock rate exceeding 30
MS/s are compared with the proposed ADC in Fig. 18 and the
overall ADC performance is summarized in Table II

(6)

TABLE II
PERFORMANCE SUMMARY OF THE PROTOTYPE ADC

V. CONCLUSION

This work proposes a 12b 50 MS/s pipeline ADC based on
capacitor and op-amp sharing techniques for high-definition
display applications. The front-end SHA and MDAC1 are
merged into the SHADAC by sharing capacitors and a single
op-amp without extra reset clock and memory effect, while the
MDAC2 and MDAC3 share a single op-amp to reduce power
consumption and chip area furthermore. The shared op-amp of
the SHADAC controls the input properly with an additional
current path for robust operation at each clock phase. The
interdigitated layout scheme placing each unit capacitor in two
capacitor banks alternately with a dummy capacitor at both
ends minimizes device mismatch while all unit capacitors are
surrounded by all the available interconnection metal lines for
highly matched capacitor environment. The prototype ADC
implemented in a 0.18 m CMOS demonstrates a measured
DNL and INL within 0.53 LSB and 2.09 LSB, respectively. The
ADC with an active die area of 0.93 mm shows a maximum
SNDR and SFDR of 60.6 dB and 69.4 dB, respectively, and a
power dissipation of 21.6 mW at 1.8 V and 50 MS/s.

APPENDIX

Memory effects occur due to the parasitic capacitance of the
virtual ground node when op-amps are shared between adjacent
stages in a pipeline ADC [29]. When the input summing node
is always used without reset, the stored charge on the parasitic
capacitance of the virtual ground node can change the output
signal. However, in the proposed SHADAC, there is no memory
effect during the holding operation of the SHA because the input
summing node is reset at the sampling mode of the SHA.

On the other hand, the error voltage caused by a memory ef-
fect affects the output voltage during the amplifying operation of
the MDAC1, since the input summing node during the holding
mode of the SHA is directly used during the amplifying opera-
tion of the MDAC1 without reset. In this Appendix, the output
error voltage due to a memory effect during the amplifying oper-
ation of the MDAC1 in the proposed SHADAC is analyzed and
compared with the inherent error voltage of the conventional 3 b
MDAC1 with the same level of parasitic capacitance and finite
open loop gain.

The sampling and amplifying operations of the conventional
3 b MDAC1 are illustrated in Fig. 19, while the charge of an
N-th input signal at the Q1 phase is expressed in (7)

(7)
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Fig. 19. Conventional 3 b MDAC1 configurations at each clock phase.

It is assumed that the reference voltage applied to the capaci-
tors at the Q2 amplifying mode of the MDAC1 is zero and there
is no capacitor mismatch, since only the errors due to a memory
effect are considered for simplicity of calculation. Then, the
charge equation during Q2 is derived as (8)

(8)

Since the total charge should be conserved, (7) and (8) are
summarized as (9)

(9)

As a result, the error factor of the conventional 3 b MDAC1
is at the Q2 amplifying phase.

On the other hand, the operations based on the proposed
SHADAC are illustrated in Fig. 20, where the N-th input signal
sampled in the MDAC1 are stored in the feedback capacitors
during the holding operation of the SHA. The charge of the
N-th input signal during Q1 is expressed in (10)

(10)

Assuming the reference voltage applied to the capacitors is
zero for simplicity of calculation as mentioned above, the charge
equation at the Q2 amplifying phase can be expressed as (11)

(11)

Fig. 20. Proposed SHADAC configurations at each clock phase.

Using the charge conservation law, (10) and (11) are calcu-
lated as (12)

(12)

As a result, the error factor of the SHADAC is
at the amplifying phase.

As illustrated in the analysis result of (9) and (12), the error
factor due to a memory effect during the amplifying operation
of the MDAC1 in the proposed SHADAC is smaller by approx-
imately 20% than the error factor of the conventional MDAC1
based on the same parasitic capacitance and finite open loop
gain.
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