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PAPER

A Low-Power Mixed-Architecture ADC with Time-Interleaved
Correlated Double Sampling Technique and Power-Efficient
Back-End Stages

Jin-Fu LIN†a), Nonmember and Soon-Jyh CHANG†, Member

SUMMARY In this paper, two techniques for implementing a low-
power pipelined analog-to-digital converter (ADC) are proposed. First, the
time-interleaved correlated double sampling (CDS) technique is proposed
to compensate the finite gain error of operational amplifiers in switched-
capacitor circuits without a half-rate front-end sample-and-hold amplifier
(SHA). Therefore, low-gain amplifiers and the SHA-less architecture can
be used to effectively reduce power consumption of a pipelined ADC. Sec-
ond, the back-end pipelined stages of a pipelined ADC are implemented
using a low-power time-interleaved successive approximation (SA) ADC
rather than operational amplifiers to further reduce the power consumption
of the proposed pipelined ADC. A 9-bit, 100-MS/s hybrid pipelined-SA
ADC is implemented in the TSMC 0.13 μm triple-well 1P8M CMOS pro-
cess. The ADC achieves a spurious free dynamic range (SFDR) of 62.15 dB
and a signal-to-noise distortion ratio (SNDR) of 50.85-dB for 2-MHz in-
put frequency at a 100-MS/s sampling rate. The power consumption is
21.2 mW from a 1.2 V supply. The core area of the ADC is 1.6 mm2.
key words: analog-to-digital converter (ADC), data converter, correlated
double sampling (CDS), time-interleaved, successive approximation (SA)
ADC

1. Introduction

High-resolution low-power ADCs are extensively employed
in display and imaging systems. For example, in high-
definition TV (HDTV) applications, 8–10 bits and 75–
100 MS/s high-speed data converters are usually required
as high-performance video digitizers [1], [2]. The pipelined
ADC is a popular selection among various ADC architec-
tures for video applications due to its high-speed, high-
accuracy, and low-power capabilities. With advances in
CMOS technology, the supply voltage and the intrinsic
impedance of transistors have been reduced for maintaining
circuit reliability and enhancing device speed. This trend
imposes stringent challenges on CMOS operational ampli-
fier (opamp) designs. For example, long-channel devices
are usually needed to meet the high-gain requirement. How-
ever, such a design loses the high-speed capability of short-
channel devices provided by the advanced CMOS process.
Moreover, reduced supply voltage limits the linear output
range of an opamp and confines the available opamp struc-
tures. Hence, instead of employing high-gain opamps, it
is preferred to exploit low-power and low-gain amplifiers
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in low-power pipelined ADCs. Errors caused by the finite
opamp gain are then compensated with novel techniques.
Many digital calibration techniques have been proposed to
alleviate the finite gain error when low-gain amplifiers are
used in switched-capacitor (SC) circuits [3], [4]. However,
these techniques are complicated and may suffer from noise
coupling. A more innovative technique, that is, the zero-
crossing based design, uses digital circuits to replace high-
gain opamps [5]. Correlated level shifting (CLS) [6] was
proposed to deal with the problems of existing CDS tech-
niques, but it cannot reduce the dc offset and flicker noise of
applied circuits.

The time-shifted correlated double sampling technique
(TS-CDS) is an effective, simple analog technique for com-
pensating the finite opamp gain error without sacrificing
power consumption or operating speed of SC circuits [7].
However, the TS-CDS technique requires a power-hungry
half-rate front-end sample-and-hold amplifier (SHA). This
paper proposes a time-interleaved CDS (TI-CDS) technique
to eliminate the half-rate SHA while still preserving the
function of the finite opamp gain error compensation in the
CDS technique. The low-power potential of the CDS tech-
nique can thus be further strengthened. In addition, the
back-end pipelined stages of the proposed ADC are imple-
mented using a time-interleaved successive approximation
(SA) ADC rather than a conventional opamp-based archi-
tecture. This architectural arrangement further reduces the
power consumption of a pipelined ADC.

The rest of this paper is organized as follows. Sec-
tion 2 briefly describes the proposed architecture. Section 3
and Sect. 4 introduce the concept and related design issues
of the proposed TI-CDS technique, respectively. Section 5
presents the design considerations of the SHA-less architec-
ture. The architectural selection and detailed implementa-
tion of the power-efficient back-end SA ADC are explained
in Sect. 6 and Sect. 7, respectively. Finally, the experimen-
tal result is discussed in Sect. 8, and conclusion is made in
Sect. 9.

2. Architecture of the Proposed Pipelined ADC

The architecture of the proposed 9-bit pipelined ADC is il-
lustrated in Fig. 1. The front-end pipelined stages adopt
the 1.5-bit/stage architecture to achieve high-speed opera-
tion and simple circuit implementation. The prior tech-
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Fig. 1 Proposed architecture of a 9-bit pipelined ADC.

nique, TS-CDS, can compensate the finite opamp gain er-
ror in switched-capacitor circuits without suffering the dou-
ble loading problem [7]. However, when the first pipelined
stage adopts the TS-CDS technique, a half-rate SHA is re-
quired. The proposed TI-CDS technique can preserve the
merit of the opamp gain error compensation in the CDS
technique while removing the half-rate SHA. Therefore, to
eliminate the power-hungry SHA, the first pipelined stage
uses the proposed TI-CDS instead of the TS-CDS technique.
The latter stages still adopt the TS-CDS technique. This
architectural arrangement combines TI-CDS and TS-CDS
techniques to achieve the optimum speed and power perfor-
mance. As a result, the front-end opamp-based pipelined
stages can be implemented with low-gain and low-power
amplifiers.

The SHA-less architecture is adopted in the proposed
pipelined ADC. However, the first pipelined stage must be
well configured to solve the timing-mismatch problem that
exists in the SHA-less architecture [8]–[11]. The details
about this will be addressed in Sect. 5.

For further power saving, the design of the back-end
pipelined stages uses a low-power time-interleaved SA ADC
instead of conventional opamp-based pipelined stages. The
DAC network in an SA ADC usually grows exponentially
with resolution, which causes heavy loading for the preced-
ing pipelined stage in the proposed architecture. Therefore,
the resolution arrangement between the front-end opamp-
based pipelined stages and the back-end stages implemented
with a time-interleaved SA-ADC must be well determined
to ensure the minimum power consumption of the whole
ADC. This issue is discussed in Sect. 6.

3. Correlated Double Sampling Technique

3.1 Conventional Pipelined ADC Architecture

A typical pipelined ADC with a 1.5-bit/stage architecture is
shown in Fig. 2. With digital error correction (DEC), the off-
set requirement of comparators in sub-ADCs is greatly re-
duced. Therefore, in a pipelined ADC, the most critical cir-
cuit is the multiplying digital-to-analog converter (MDAC),
whose accuracy dominates the accuracy of an ADC.

A typical 1.5-bit/stage MDAC architecture is imple-
mented with an SC circuit, as shown in Fig. 3. During the

Fig. 2 Typical 1.5-bit/stage pipelined ADC architecture.

Fig. 3 Typical 1.5-bit/stage MDAC architecture.

sampling phase (φ1/φ1a), the input signal is sampled by Cs

and C f . During φ2, C f is connected to the opamp output and
Cs is connected to the DAC output VR. Based on the charge
conservation theorem, the output of the MDAC is:

Vout =

(
Cs + C f

C f

)
Vin −

(
Cs

C f

)
Vref + e (1)

where Vin is the sampled input signal; VR is {0,±Vref }, which
depends on conversion results of the sub-ADC; and the final
term is:

e =
−1
A

(
1 +

Cs

C f

)
Vout (2)

When capacitors Cs and C f are perfectly matched, this error
term (e) is only caused by the finite gain (A) of the ampli-
fier. In a conventional pipelined ADC, a high-gain opamp
is required to reduce this error. In practice, the first 1.5-
bit/stage pipelined stage in a 10-bit pipelined ADC normally
requires an opamp with over 70-dB dc gain. Such a high-
gain opamp is usually implemented using either cascoded
or gain-boosted structures which are power-hungry and have
small signal swing. Correlated double sampling (CDS) was
developed to deal with this problem.

3.2 Conventional CDS Technique [12]

The CDS technique is extensively employed to compen-
sate the finite opamp gain error and dc offset in SC cir-
cuits [12], [13]. Many variations of the CDS technique
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have been developed for specific applications [12]. Most of
them impose limited bandwidth requirement on input sig-
nal for compensating the finite opamp gain error. In [13], a
wideband CDS technique, here refer to as “the conventional
CDS technique” to distinguish it from time-shifted and time-
interleaved CDS techniques which will be illustrated in the
next two sub-sections, was proposed. The circuit diagram of
a 1.5-bit/stage MDAC with the conventional CDS technique
is shown in Fig. 4. One full operation requires three clock
phases. In the sampling phase, the preliminary set of capac-
itors (Cs,p,C f ,p) and the main set of capacitors (Cs,m,C f ,m)
sample the input signal simultaneously. Then, in the prelim-
inary amplifying phase, Cs,p and C f ,p are configured as an

Fig. 4 Circuit diagram of a 1.5-bit/stage MDAC with the conventional
CDS technique. (a) Sampling phase (φ1) (b) Preliminary amplifying phase
(φ2) (c) Main amplifying phase (φ3).

Fig. 5 Circuit diagram of a 1.5-bit/stage MDAC with the time-shifted CDS technique.

MDAC topology. The finite gain error (–Vo,p/A) is stored
with CI . In the main amplifying phase, the desired error-
canceled residue output is obtained. Capacitor CI acts as an
“error-stored battery” and is connected between the nega-
tive input of the opamp and the VG node. With this mecha-
nism, the node VG approaches the ideal virtual ground. As-
suming Cs,p = Cs,m = Cs and C f ,p = C f ,m = C f , the error
term of MDAC with the conventional CDS technique is:

e ≈ −1
A2

(
1 +

Cs

C f

) [(
1 +

Cs + CI

C f

)
Vo,m −

(
CI

C f

)
Vo,p

]
(3)

where Vo,m is the main amplified output and Vo,p is the pre-
liminary amplified output. The error term is inversely pro-
portional to A2, which indicates that the conventional CDS
technique can equivalently double the opamp gain in deci-
bel. Nevertheless, in practice, the effectiveness of the con-
ventional CDS technique is degraded by additional para-
sitic capacitors and by the difference between Vo,m and Vo,p.
Moreover, there are two intrinsic problems in this technique:
1) it requires three clock phases, and 2) it causes double
loading for the preceding circuit. These disadvantages in-
hibit the use of the conventional CDS technique in high-
speed or low-power pipelined ADC designs.

3.3 Time-Shifted CDS Technique [7]

The time-shifted CDS technique (TS-CDS) was proposed
to resolve the aforementioned problems in the conventional
CDS technique by re-arranging the timing scheme [7]. The
circuit diagram of TS-CDS is shown in Fig. 5. Its complete
operation requires only two clock phases. In the first phase
(φ1), C f ,m and Cs,m sample the main pipelined input Vin,m
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Fig. 6 (a) Circuit diagram of the proposed time-interleaved CDS technique. (b) Its timing diagram.

which is the desired error-compensated residue output of the
preceding pipelined stage when the TS-CDS is used for ev-
ery pipelined stage. At the same time, Cs,p and C f ,p perform
MDAC amplification of the previous sampled input signal
to predict and store the finite gain error on CI . In the sec-
ond phase (φ2), CI is connected between the node VG and
the negative input of the opamp to compensate gain error in
the main path. At the same time, a new input signal of the
preliminary path, which is the residue output contained the
finite opamp gain error of the preceding pipelined stage, is
sampled by Cs,p and C f ,p. The main and preliminary sets of
capacitors are used to sample different input signals in dif-
ferent phases. As a result, only one set of capacitors loads
the preceding pipelined stage, which mitigates the double
loading problem existed in the conventional CDS technique.

However, the different input signals of two SC paths,

Vin,m and Vin,p, must be maintained at the same value to
ensure the error-cancellation effectiveness of the TS-CDS
technique. Consequently, a front-end SHA operated at a
half sampling rate is required for the first pipelined stage
with the TS-CDS technique. This SHA usually consumes
a large amount of power. Moreover, due to the finite gain
error, there is a certain voltage difference between Vin,m and
Vin,p. This difference is gradually accumulated in back-end
pipelined stages, which not only degrades the effectiveness
of TS-CDS but also induces an additional signal-dependent
offset in the back-end pipelined stages. When this additional
signal-dependent offset exceeds the tolerable range of the
digital error correction, the circuit performance will be de-
graded seriously. Therefore, in order to avoid this situation,
the number of pipelined stages with the TS-CDS technique
has to be limited.
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3.4 Proposed Time-Interleaved CDS Technique

To eliminate the half-rate SHA, the time-interleaved CDS
(TI-CDS) is proposed. The TI-CDS adopts the conven-
tional CDS technique as the core circuit and uses a time-
interleaved architecture, as shown in Fig. 6. The single-
ended diagram is used for clear explanation, and the fully
differential circuits are implemented in this work. This tech-
nique is based on a similar concept to that used in our previ-
ous work [14], in which the TI-CDS technique is employed
to implement the front-end SHA. The preliminary and main
SC paths sample the input signal at the same time, which
is the same as the conventional CDS technique. Therefore,
a power-hungry half-rate SHA, which is employed to keep
Vin,m and Vin,p in the TS-CDS technique the same value, is
no longer required. Therefore, the power consumption of
the proposed ADC can be reduced substantially. Moreover,
no additional signal-dependent offset is induced.

Two channels and four clock phases are needed to com-
plete the whole TI-CDS operation. Two channels share a
single opamp. In Fig. 6, four pairs of capacitors, (Cs1,p,
C f 1,p), (Cs1,m, C f 1,m), (Cs2,p, C f 2,p) and (Cs2,m, C f 2,m), are
required to implement the MDAC circuit with the proposed
TI-CDS technique. In φ1 phase, the SC network of chan-
nel 1 samples the input signal Vin[n] with Cs1,p,C f 1,p,Cs1,m,
and C f 1,m, and that of channel 2 performs the preliminary
amplification, which is used to store the finite opamp gain
error corresponding to the previous sampled input signal
Vin[n − 1]. In φ2 phase, data conversion of the sub-ADC
for the sampled input signal is fulfilled, and channel 2 com-
pletes the main amplification of the previous input sample.
In φ3 phase, preliminary amplification of the sampled input
signal is done in channel 1. At the same time, the sampling
of the next input sample Vin[n+1] is completed in channel 2.
Finally, in φ4 phase, the main amplification of the sampled
input signal is performed in channel 1, and a comparison of
the sub-ADC for the next input signal is completed. Four
clock phases, i.e. sample (S ), compare (Com), preliminary
amplify (PA), and main amplify (A) phases, are required for
two channels in the proposed TI-CDS technique. Digital
output of the sub-ADC and the corrected residue output cor-
responding to each sampled input are produced every two
clock phases. The drawback of the longer conversion time
in the conventional CDS technique can be overcome by us-
ing such a time-interleaved operation. Moreover, using four
clock phases instead of three phases leads to a timing ad-
vantage which makes early comparison possible [15]. One
phase is preserved for the conversion of sub-ADCs. There-
fore, the comparison speed of the sub-ADC is not critical.
On the contrary, a short non-overlapped clock interval is
usually arranged as the conversion time of sub-ADCs in a
conventional pipelined ADC, which shortens the available
conversion time of sub-ADCs. As a result, in the pipelined
stage with the proposed TI-CDS technique, the speed re-
quirement of sub-ADCs can be relaxed, and consequently
the power consumption of sub-ADCs can be reduced.

4. Design Issues for the Proposed Time-Interleaved
CDS Technique

4.1 Design Issues for the Time-Interleaved Architecture

In time-interleaved architectures, three main channel-
mismatch sources normally exist [16]. The design consider-
ations for channel-mismatch problems in the proposed TI-
CDS technique are described as follows:

1. Timing Mismatch: This issue is mainly caused by clock
skew among sampling clocks of time-interleaved paths.
This problem can be mitigated when the sampling in-
stants of multiple channels are determined by a single
control clock of an additional “de-skew switch” [17].
However, the charge of the parasitic capacitance at the
floating node may distort the sampling charge of each
channel. To solve this problem, local “de-skew gates”
rather than the de-skew switch are proposed to produce
the sampling clocks of two time-interleaved channels
(φ1a and φ3a) in this work, as shown in Fig. 6(a). The
falling edges of φ1a and φ3a are determined by a single
clock, clk1a. Clock-skew between φ1 and φ3 due to a
physical routing mismatch can be absorbed using this
circuit implementation. Local de-skew gates must be
placed near the switches controlled by φ1a and φ3a to
ensure minimum timing skew.

2. Gain Mismatch: The gain mismatch is mainly con-
tributed by the capacitor mismatch and the mismatch of
the finite opamp gain error in the time-interleaved ar-
chitecture. In the proposed architecture, capacitor mis-
match is the only source of gain mismatch because two
CDS paths share a single opamp. In general, capaci-
tor mismatch can be well-controlled to achieve 10-bit
accuracy with careful layout technique.

3. Offset Mismatch: Two time-interleaved paths share an
opamp and the CDS technique has an inherent offset-
cancellation function. As a result, the offset of opamp
does not cause any channel mismatch in this architec-
ture.

4.2 Design Issues for the Double Loading Problem

The proposed TI-CDS technique has the same double load-
ing problem as the conventional CDS technique. However,
in the proposed architecture, the TI-CDS technique is only
applied to the MDAC design in the first pipelined stage,
and the TS-CDS technique is employed in other pipelined
stages. Only the preceding circuits of the pipelined ADC,
such as an anti-aliasing filter or a programmable gain ampli-
fier, suffer the double loading caused by the first stage with
the TI-CDS technique. No double loading problem exists in
the back-end pipelined stages with TS-CDS technique. The
TI-CDS technique seems to increase the loading of preced-
ing circuits. However, if a TS-CDS technique, instead of a
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Fig. 7 Relationship of the opamp dc gain and the effective number of
bits (ENOB) of proposed ADC.

TI-CDS, is used in first pipelined stage, the noise contribu-
tion of the required half-rate SHA should also be taken into
consideration. Larger sampling capacitors must be adopted
to compensate the additional noise imposed by the half-rate
SHA. As a result, based on the same total noise, the loadings
of the preceding circuits in our proposed architecture and the
architecture with the TS-CDS technique are comparable.

Assume that all pipelined stages use the same capac-
itor value, and that the total noise of first three stages and
SHA dominates that of whole ADC. The op-amp noise is
not considered here to simplify analysis. Based on a fixed
noise budget, the relationship between the required unit ca-
pacitor values of the 1.5-bit/stage MDAC in the time-shifted
CDS (CTS ) and those used in the proposed technique (Csplit)
can be derived as:

CTS =
21
13

Csplit (4)

A larger CTS is required in the time-shifted CDS tech-
nique when the same input capacitance is assumed for the
two pipelined ADCs. Moreover, when the op-amp noise is
considered, the CTS would be even larger due to the addi-
tional op-amp noise of the SHA. As a result, the proposed
technique is more power efficient than the time-shifted CDS
even though the double input capacitance of stage 1 still ex-
ists.

It should be noted that a similar but independently-
derived work has been published [18]. However, our pro-
posed technique has a comparison phase for the sub-ADC,
which achieves higher speed compared with the technique
in [18].

4.3 Low-Power and Low-Gain Amplifier

The behavioral model of the proposed architecture is de-
veloped with the Matlab Simulink. The relationship of the
opamp dc gain and the effective number of bits (ENOB) of
ADCs is shown in Fig. 7, in which only op-amp gain error
is assigned in this case. To achieve 9-bit ENOB, only 40 dB

Fig. 8 Relationship of the opamp dc gain and the effective number of
bits (ENOB) of proposed ADC.

Table 1 Simulated results of the low-gain amplifier.

Specification Performance
DC Gain 51 dB

Unity-Gain Bandwidth 2.6 GHz
Phase Margin (@ β = 1) 45◦

Total Power 4.5 mW
Supply Voltage 1.2 V

Output Swing (diff.) ±0.8 V
Loading 1 pF

Technology TSMC 0.13 μm CMOS Process

opamp dc gain is required. However, additional charge in-
jection of switches and parasitic capacitors in practical SC
circuits would degrade the effectiveness of the proposed TI-
CDS. These effects are not included in this model. More-
over, the opamp gain is varied with output signal. Linear
op-amp gains are assigned in this model. The nonlinear op-
amp gain would induce additional nonlinear error. Based
on these reasons, higher opamp gain is required. In this
chip, a 51 dB op-amp is used. The low-gain amplifier shown
in Fig. 8 is exploited to implement the front-end pipelined
stages. Conventional Miller compensation is adopted for
frequency compensation. The CDS technique allows short
channel devices to be adopted to achieve high-speed op-
eration. Table 1 shows the simulation results of this low-
gain amplifier with a TSMC 0.13 μm CMOS process. Total
power consumption of the opamp is 4.5 mW.

5. Design Considerations for SHA-less Architecture

A front-end SHA provides a held signal to MDAC and
the sub-ADC in the first pipelined stage to avoid problems
caused by the timing mismatch between these two circuits,
as shown in Fig. 2. The SHA-less architecture has an ad-
ditional signal-dependent offset in the first pipelined stage
when any timing mismatch exists. This offset is proportional
to the input frequency [9]. Fortunately, with the help of the
digital error correction technique, a pipelined ADC can tol-
erate large offset. In addition, by employing a wide-swing
opamp and adopting the 1.5-bit/stage architecture in the first
pipelined stage, the tolerable offset can be maximized.

The sampling networks of the MDAC and the sub-
ADC in the first pipelined stage should match each other
as perfectly as possible. For this purpose, a dynamic com-
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Fig. 9 (a) Dynamic SC comparator diagram. (b) Dynamic latch circuit
and timing diagram.

parator with an SC sampling network is adopted, as shown
in Fig. 9. The core of the comparator uses a dynamic latch
circuit for the low-power operation. Clk1 and clk2 are non-
overlapped clocks. When clk1/clk1a is high, the inputs,
Vin and Vip, and reference voltages of an ADC, Vrefp and
Vrefn, are sampled on capacitors Ci and Cr, respectively. The
falling edge of clk1a early falls before that of clk1. In order
to match the sampling scheme of the TI-CDS MDAC in the
first pipelined stage, a duplicated de-skew gate is used. The
falling edge of clk1a d, which determines the sampling in-
stant of the comparator, is aligned with that of φ1a and φ3a,
as shown in Fig. 6. The sampling networks for MDAC and
sub-ADC are designed to match each other. The rising edge
of the latch clock determines the comparison instant of the
comparator. The time interval Δt is preserved for the set-
tling time of the SC network. The threshold voltage of the
comparator is:

±Vth = ±Cr

Ci
·
(
Vrefp − Vrefn

)
(5)

where Vth is the designed threshold voltage of a compara-
tor, Ci is the input capacitor, and Cr is the reference capac-
itor. The ratio of Cr over Ci for the 1.5-bit/stage case is
1:4. Dummy capacitors are also employed to enhance the
matching between the sampling networks of MDAC and the
sub-ADC in the first pipelined stage.

6. Power-Efficient Back-End Pipelined Stage Design

6.1 Limitations for Power-Scaling of the Back-End
Pipelined Stages in the Conventional Architecture

Because the accuracy requirements of the back-end
pipelined stages are relaxed gradually in a pipelined ADC,
the power consumption of back-end pipelined stages can be
reduced by using lower accuracy circuits. However, sev-
eral practical design constrains limit the achievable power
reduction of back-end pipelined stages.

First, the inter-stage gain equivalently decreases
the referred-to-input noise contributions of the back-end
pipelined stages. The capacitances of the back-end
pipelined stages can be thus scaled down. However, such
a scaling cannot be unrestricted, and device mismatch
and fabrication limitation determine the minimum capacitor
value. Accordingly, the minimum loadings of the back-end
pipelined stages are usually determined by the minimum ca-
pacitor value, which limits the power scaling capability of
back-end pipelined stages. Moreover, in the practical layout
of the back-end pipelined stages, the routing parasitic capac-
itance would dominate the total output loading of op-amps.
This issue further limits the amount of the power scaling
for the back-end stages. Second, the power consumption
of sub-ADCs and bias generators in the back-end pipelined
stages cannot usually be reduced too much. As a result, the
power consumption of these circuits is constant value and
becomes the bottleneck of the power reduction of the back-
end pipelined stages. Due to above-mentioned discussions,
how to further reduce the power consumption of the back-
end pipelined stages is an important design issue in a low-
power pipelined ADC design. This issue is rarely addressed
in previous works.

6.2 Resolution Selection of a Time-Interleaved SA ADC

An SA ADC adopts a binary search algorithm to complete
analog-to-digital conversion. Each algorithmic cycle pro-
cesses single-bit/multi-bit conversion [18]. As a result, mul-
tiple algorithmic cycles are required to complete one data
conversion. An SA ADC only requires one active compo-
nent, i.e., a comparator. Other circuits are passive capacitor
arrays and digital control circuits. Data conversion can be
sped up with the short-channel devices provided in the ad-
vanced CMOS process. As a result, SA ADCs can signifi-
cantly benefit from advances in the digital CMOS process.
In recent high power-efficient ADC designs, SA ADCs have
become the best candidate for low/medium resolution and
low-power applications [19]–[22]. This research trend has
motivated the use of an SA ADC to replace conventional
opamp-based designs applied for the back-end pipelined
stages.

The DAC in a conventional SA ADC is usually imple-
mented with a passive capacitor array due to its low-power
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potential. The total capacitance of DAC exponentially in-
creases with resolution. This not only limits the conver-
sion speed of an SA ADC but also heavily loads the pre-
ceding pipelined stage when it is employed to implement
the back-end pipelined stages. In other words, without care-
fully choosing the resolution of the back-end SA ADC, the
total power of the proposed ADC may be even larger than
that of an implementation using conventional opamp-based
pipelined stages. Therefore, the resolution of a back-end
SA ADC must be decided carefully for the minimum total
power consumption of the proposed pipelined ADC.

In general, the power consumption of opamps is pro-
portional to their output loading capacitances and makes
up the major part of the total power consumption of a
pipelined ADC. Other circuits, such as the clock generator,
sub-ADCs, and digital circuits, have almost constant power
consumption when the resolution is determined. As a re-
sult, in this work, the optimum resolution of the back-end
SA ADC is decided by comparing the total output loading
capacitance of each pipelined stage in various topologies.

The total output loading capacitance of a pipelined
ADC combined with the back-end SA ADC is calculated ac-
cording to the simplified circuit model shown in Fig. 10(a).
The front-end circuit indicates an anti-aliasing filter or a
programmable gain amplifier (PGA) when an ADC is inte-
grated in a practical system. The input capacitor of the ADC
loads the front-end circuit. This loading capacitor should be
considered for fair comparison.

The 1.5-bit/stage architecture is adopted to implement
the front-end pipelined stage for high-speed operation and
simple design. The loading capacitance of each pipelined
stage includes the feedback loading capacitance and the
sampling capacitance of the next pipelined stage. In ad-
dition, the loading capacitance of the preceding pipelined
stage of the back-end SA ADC is the feedback loading ca-
pacitance and the total capacitor value of the binary DAC
adopted by a conventional SA ADC. As a result, the total
loading of a pipelined ADC combined with the back-end
SA ADC is given as:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ctotal =
(
C f ,1 +Cs,1 +Csubadc

)
+

∑Npipe−1
k=1

(
Cs,k//C f ,k

)
+

∑Npipe−1
k=1

(
C f ,(k+1) + Cs,(k+1) +Csubadc

)
+

(
Cs,Npipe//C f ,Npipe + 2Nsa−1 · Cu,sa

)
Cs,i = C f ,i = Max

(C1,pipe

Gk−1 ,Cmin

)
, k = 1 . . .Npipe

Nadc = Npipe + Nsa

(6)

where Ctotal represents the total output loading of the pro-
posed ADC, as shown in Fig. 10(a). The three terms are
the loadings of the front-end circuit, pipelined stages ex-
cept for the preceding stage of the SA ADC, and the pre-
ceding pipelined stage of the SA ADC, respectively. Nadc,
Npipe, and Nsa are the effective resolutions of whole ADC,
opamp-based pipelined stages, and the back-end SA ADC,
respectively. The input capacitor value (Csubadc) of the sub-
ADC is set as the same value in every pipelined stage. For

Fig. 10 Circuit model for (a) the proposed 1.5-bit/stage pipelined ADC
with the backend SA ADC; (b) a 9-bit conventional pipelined ADC with a
1.5-bit/stage architecture and a 2-bit last stage; (c) a 9-bit pure SA ADC.

Table 2 Parameters used in the total loading calculations.

Parameter Value
Nadc 9 bits

Csubadc 50 fF
Cupipe 400 fF
Cmin 100 fF
Csa 20 fF
G 2

the power optimized design, the MDAC capacitors in each
pipelined stage (Cs,k and C f ,k) are scaling down gradually
by a scaling factor, G, which is 2 for the 1.5-bit/stage ar-
chitecture [22]. However, the capacitor value must be lim-
ited for device matching and manufacturing considerations.
In this work, we set 100 fF as the minimum capacitor value
(Cmin) for the front-end pipelined stages and 20 fF as the unit
capacitor value for the back-end SA ADC (Cu,sa). The ca-
pacitor of the first pipelined stage (C1,pipe) was determined
based on KT/C noise consideration. The total loading of a
9-bit proposed ADC versus the resolution of the back-end
SA ADC is shown in Fig. 11, where C1,pipe is set as 0.4 pF.
Parameters used in the total loading calculations are listed
in Table 2.
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In Fig. 11, the dashed parabolic-like curve represents
the total loading of the proposed architecture. The leftmost
point means that the architecture is constructed by 7-bit
front-end pipelined stages and 2-bit back-end SA ADC, and
the rightmost point means that the architecture consists of 1-
bit front-end pipelined stages and 8-bit back-end SA ADC.
From this curve, a 5-bit or 6-bit SA ADC may be the proper
choice for minimum total loading based on the parameters

Fig. 11 Total loading of a 9-bit proposed ADC versus the resolution of
the back-end SA ADC.

Fig. 12 Circuit diagram of the 5-bit 4-channel time-interleaved SA ADC used for the back-end stage
in our proposed architecture and its arranged timing diagram.

listed in Table 2. The horizontal dashed line means the total
loading of a 9-bit pure pipelined ADC shown in Fig. 10(b).
When the resolution of back-end SA ADC is less than 8 bits,
the proposed architecture still has low-power advantages
over a 9-bit conventional pipelined ADC. Moreover, the to-
tal loading of a 9-bit pure SA ADC, denoted with solid line
in Fig. 11, is much larger than those of the other two archi-
tectures. This means that a high-resolution pure SA ADC
heavily loads the front-end circuit, and consequently con-
sumes larger power in the front-end circuits despite the core
of the 9-bit pure SA ADC being power-efficient. As a re-
sult, when the power consumption of the preceding circuits
of ADCs is considered, the low-power advantage of pure
medium/high-resolution SA ADCs would be lost unless the
heavy input loading problem can be solved.

Moreover, a flash ADC is also a candidate to imple-
ment the back-end pipelined stages. The main advantage of
a flash ADC is its high-speed operation potential. However,
a conventional flash ADC usually requires many compara-
tors and consumes lots of power. As a result, for ADCs
operated around 100 MS/s, the power efficiency of a flash
ADC is much lower than that of a SA ADC.

7. Circuit Implementations and Design Considerations
for Back-End SA ADC

The timing of the front-end pipelined stages and that of the
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back-end SA ADC must be synchronized. The clock fre-
quency of the back-end SA ADC must be much higher than
that of the front-end pipelined stages to achieve the same
throughput rate. As a result, how to synchronize two dif-
ferent frequencies of clocks becomes one critical problem.
The time-interleaved architecture and proper timing are em-
ployed to overcome this problem. The single-ended version
of circuit diagram is shown in Fig. 12. The fully differen-
tial circuits are adopted in this work. A 5-bit 4-channel
time-interleaved SA ADC is used to implement the back-
end stage for power saving. Each channel is allocated 8
clock cycles, including one sampling phase, two idle phases,
and five conversion phases. Every phase is synchronized
with the system clock. The total data throughput rate of the
time-interleaved SA ADC is the same as that of an imple-
mentation with conventional opamp-based pipelined stages
which completes a valid digital output per clock cycle. Each
SA ADC comprises one comparator, one binary capacitive
analog-to-digital (DAC) circuit, and digital control logic cir-
cuit. The preceding pipelined stage of the time-interleaved
SA ADC is loaded by the time-interleaved SA ADC only
during sampling phases of each channel (S1, S2, S3, and
S4). As a result, only one channel at its self sampling phase
would load its preceding pipelined stage. Moreover, no
high-speed clock is required, which reduces the power con-
sumption of clock buffers in the time-interleaved SA ADC.

As illustrated in Sect. 4.1, there are channel mismatch
problems in the time-interleaved architecture, including
gain, offset, and timing mismatching. Since the preceding
pipelined stage of the time-interleaved SA ADC has an in-
herent sample-and hold, the problem of timing mismatch
can be resolved without any overhead. The main source
of gain mismatch is the DAC gain mismatch among chan-

Fig. 13 (a) Comparator diagram with output offset storage (OOS)
technique. (b) Preamplifier circuit. (c) Dynamic latch.

nels, which is usually determined by capacitor mismatch.
The gain mismatch can be easily controlled at 5–6 bit ac-
curacy with careful layout technique. An offset mismatch
among multiple channels of the time-interleaved SA ADC
is mainly caused by the mismatch of the comparator offset.
To reduce the offset mismatch of the time-interleaved SA
ADC, a low-offset comparator with the output offset storage
(OOS) technique is shown in Fig. 13 [24]. This comparator
consists of two cascaded preamplifiers and a dynamic latch.
The offset of the preamplifier can be canceled with the OOS
technique, and the equivalent input offset contribution of the
latch is divided by the gain of two preamplifiers. The total
input referred offset of the comparator can thus be controlled
at a very low level. The bandwidth and power consumption
of the preamplifier are not stringent because of its large al-
lowable settling time which is about half of the system clock
period.

In practice, only three time-interleaved SA ADCs are
enough to operate 5-bit data conversion. Additional channel
is preserved for future calibration of channel mismatches
[25]. However, in this work, this technique is not applied
yet. Channel mismatches of the time-interleaved SA ADC
are conquered with analog techniques mentioned above.

8. Experimental Results

The prototype ADC has been fabricated in a TSMC 0.13μm
triple well 1P8M CMOS process. The die photograph is
shown in Fig. 14. The core die area occupies about 1.6 mm2

(1.6 mm × 1 mm). The power consumption is 21.2 mW from
a 1.2 V power supply at a 100 MS/s sampling rate.

The dynamic specifications, including SNDR, SFDR,
THD, were analyzed by fast Fourier transform (FFT) with
the MATLAB CAD tool. The specifications of the static
linearity, including integral nonlinearity (INL) and differen-
tial nonlinearity (DNL), were measured based on the code
density testing method [26]. The measured DNL and INL
are shown in Fig. 15. The absolute peak DNL and INL

Fig. 14 Circuit diagram of the 5-bit 4-channel time-interleaved SA ADC
used for the back-end stage in our proposed architecture and its arranged
timing diagram.
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Fig. 15 Measured DNL and INL.

Fig. 16 The measured spectrum at a 100 MS/s sampling rate and a
2 MHz input signal.

are within ±0.61 LSB and ±1.19 LSB, respectively. Appar-
ent DNL peaks appear periodically every 32 digital codes,
which are suspected to come from the exceedingly accu-
mulated signal-dependent offset in the TS-CDS technique
mentioned in Sect. 3.4. Too large comparator offset of
the sub-ADC in the front-end pipelined stages maybe re-
duces the tolerable offset margin allocated for accumulated
signal-dependent offsets caused by the TS-CDS pipelined
stages. The dynamic performance at a 2 MHz input fre-
quency is shown in Fig. 16. The SNDR, SFDR, and THD are
50.85 dB, 62.15 dB, and 60.65 dB, respectively. The ENOB
is about 8.15 bits. Figure 17(a) shows the dynamic perfor-
mance versus sampling rate at a 1 MHz input frequency, and
Fig. 17(b) shows the dynamic performance versus input fre-
quency at a 100 MS/s sampling rate. The SNDR is 48.48 dB
at a 49 MHz input frequency. The dynamic performance ver-
sus input signal level is shown in Fig. 18. The peak SFDR is
about 61.22 dB. The measured results of the proposed ADC
are summarized in Table 3. A comparison with other re-

Fig. 17 Measured THD, SFDR, and SNDR versus (a) sampling rate
(@Fin = 1 MHz) (b) input frequency (@Fs = 100 MS/s).

Fig. 18 SFDR and SNDR versus input signal level.
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Table 3 Performance summary.

Resolution 9 bits
Sampling Rate 100 MS/s
Power Supply 1.2 V
Input Range (diff.) ± 0.8 V
SNDR @ fin = 2 MHz 50.85 dB
SFDR @ fin = 2 MHz 62.15 dB
DNL −0.58 LSB−0.61 LSB
INL −1.19 LSB−0.85 LSB
Power Consumption (Ex-
clude the reference buffer )

21.2 mW

Core area 1.6 mm2

Table 4 Comparison with reported pipelined ADCs implemented in a
0.13 μm CMOS process.

VDD Resolution Fs Power FOM Ref.
(V) (Bits) (MHz) (mW) (pJ/step)

1.2 / 3.3 10 205 92.5 0.81 B. Hernes [3]
1.2 10 220 135 1.47 B. Hernes [27]
1.2 10 100 45.6 1.20 Y. J. Kim [28]
1.5 10 80 33 0.80 O. Stroeble [29]
1.2 9 100 21.2 0.75 This work

ported pipelined ADCs implemented with a 0.13 μm CMOS
process is listed in Table 4. The figure of merit (FOM) of
ADC, given by Eq. (7), is used to evaluate the ADC perfor-
mance.

FOM =
Power

2ENOB · FS
(7)

The proposed architecture has a better FOM than those of
other state-of-the-art works.

9. Conclusion

The TI-CDS technique is proposed to eliminate the required
half-rate front-end SHA in the TS-CDS technique to en-
hance the low-power potential of the CDS technique. For
further power reduction, the back-end pipelined stages are
implemented with a low-resolution power-efficient time-
interleaved SA ADC. Due to these architectural innovations,
no high-gain opamp is required in this work. Therefore, the
pipelined ADC with our proposed architecture is more com-
patible with the advanced digital CMOS process. Compared
with a pure SA ADC, our proposed pipelined ADC has more
low-power potential for 10-bit or higher resolution applica-
tions in the advanced CMOS process.
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