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A 1.8-V 67-mW 10-bit 100-MS/s Pipelined ADC
Using Time-Shifted CDS Technique

Jipeng Li, Member, IEEE, and Un-Ku Moon, Senior Member, IEEE

Abstract—A time-shifted correlated double sampling (CDS)
technique is proposed in the design of a 10-bit 100-MS/s pipelined
ADC. This technique significantly reduces the finite opamp gain
error without compromising the conversion speed, allowing the
active opamp blocks to be replaced by simple cascoded CMOS
inverters. Both high-speed and low-power operation is achieved
without compromising the accuracy requirement. An efficient
common-mode voltage control is introduced for pseudodifferential
architecture which can further reduce power consumption. Fabri-
cated in a 0.18-xm CMOS process, the prototype 10-bit pipelined
ADC occupies 2.5 mm? of active die area. With 1-MHz input
signal, it achieves 65-dB SFDR and 54-dB SNDR at 100 MS/s.
For 99-MHz input signal, the SFDR and SNDR are 63 and 51 dB,
respectively. The total power consumption is 67 mW at 1.8-V
supply, of which analog portion consumes 45 mW without any
opamp current scaling down the pipeline.

Index Terms—Analog-to-digital converter (ADC), correlated
double sampling (CDS), data converter, high speed, low power,
low voltage, pipeline.

1. INTRODUCTION

HE pipelined ADC architecture has been adopted into

many high-speed applications including high-perfor-
mance digital communication systems and high-quality video
systems [1], [2]. The rapid growth in these application areas
is driving the design of ADCs toward higher operating speed,
lower power consumption and smaller die size. The continuing
trend of submicron CMOS technology scaling, which is coupled
with lower power supply voltages, makes it possible to keep up
with the application development. However, this trend poses
challenges to conventional pipelined ADC designs which rely
on high-gain operational amplifiers to produce high-accuracy
data converters. At low power supply voltage, large open-loop
operational amplifier (opamp) gain is difficult to realize without
sacrificing bandwidth and/or power consumption. As a result,
the finite opamp gain is becoming a major hurdle in achieving
both high speed and high accuracy.

One way to bypass this issue is to maintain a high opamp gain
even at reduced power supply voltages. This is usually realized
by multistage opamp structure, gain boost technique, and long
channel devices biased at low current density. The price paid for
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this approach is complex design, large die area, high power con-
sumption, and/or low bandwidth. The power and speed advan-
tages of submicron CMOS technology are diminished or even
completely lost. To avoid this undesirable overhead and to fully
exploit the benefits of advanced submicron CMOS processes,
it becomes necessary to use a low-gain single-stage opamp in-
stead and to explore efficient circuit techniques which can tol-
erate the low opamp gain. Various digital self-calibration tech-
niques [3]-[5] can correct the errors due to finite opamp gain
as well as capacitor mismatches, but the normal conversion op-
eration has to be stopped during the error measurement (i.e.,
foreground calibration). To avoid this interruption, background
calibration may be used in pipelined ADCs [6]-[9]. However,
the implementation tends to become very complex. Moreover,
the power consumption and die area increases considerably.

Another solution to this low opamp gain problem is the use
of correlated double sampling (CDS) technique [10], [12]. CDS
techniques have been used successfully in integrator and am-
plifier designs. With CDS, the error resulting from the finite
opamp gain becomes inversely proportional to the square of the
opamp gain. This equivalently doubles the opamp gain in deci-
bels (dB). Furthermore, the opamp offset is removed, and 1/f
noise is also suppressed. However, the straightforward imple-
mentation of CDS in pipelined ADC design increases load on
the opamp and adds one extra clock phase (a detailed discussion
is found in Section II). To solve this problem, we present in this
paper a time-shifted CDS technique [14]. The proposed tech-
nique is highly effective for finite opamp gain compensation in
the context of low-voltage and high-speed pipelined ADCs. Due
to this effective gain compensation, the time-shifted CDS tech-
nique enabled a successful implementation of a low-power and
high-speed pipelined ADC that uses simple cascoded CMOS in-
verters in place of traditional opamps.

The rest of this paper is organized as follows: Section II
describes the time-shifted CDS technique; Section III describes
the circuit implementation of the prototype 10-bit pipelined
ADC; and Section IV presents the experimental results. Con-
cluding remarks are given in Section V.

II. TIME-SHIFTED CDS TECHNIQUE

One of the simplest implementations of pipelined ADCs in-
corporating digital correction/redundancy is based on the 1.5-
bit-per-stage architecture shown in Fig. 1. This architecture is
widely used to maximize conversion speed [13]. Fig. 2 shows
a typical multiplying digital-to-analog converter (MDAC) used
in this type of pipelined ADC architecture. The output of this
MDAC at the end of the amplification phase (¢2) is
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Fig. 2. Typical switched capacitor MDAC.
Fig. 3. MDAC with conventional CDS. (a) Sampling phase ¢;. (b) Pre-

where V; is the sampled input (¢1), Vg is {£V,ef, 0} which de-
pends on the result of the sub-ADC conversion of the sampled
input, and the error resulting from the finite opamp gain is

-1 Cs
e_A(l—i—Of)-Vo. 2)
This error (e) is inversely proportional to the opamp gain A,
directly deteriorating the overall linearity of the ADC.

As mentioned earlier, one effective finite opamp gain com-
pensation method is the CDS technique, which mitigates the
error due to finite opamp gain, making it inversely proportional
to the square of the opamp gain. Fig. 3 illustrates one straight-
forward implementation of the conventional predictive CDS in
the context of a 1.5-bit MDAC. Three clock phases and two sets
of switches and capacitors are required in this scheme. The ca-
pacitors Cs_p and C'y_p are for the predictive MDAC operation,
and the capacitors C; and C'y are for the real MDAC opera-
tion. First, during the sampling phase ¢1, all the capacitors are
sampled to the input voltage V;. Next, during the predictive am-
plifying phase ¢, C, and C¢ hold the sampled input signal,
while C;_p and Cy_p produce the predictive output signal. In
the meantime, the nonzero error voltage due to finite opamp gain
at the negative input of opamp is stored in C;. Finally, during
the real amplifying phase ¢3, C; and C'y produce the real output
signal. Because C7 is connected between the negative input of

amplifying phase ¢-. (c) Amplifying phase ¢3.

opamp and the common node of C; and C¢ (node G), a much
more accurate virtual ground is created at node G. The output
error due to finite opamp gain is mostly cancelled. Naturally,
this cancellation will not be perfect, and the output error after
CDS is given by

=2 () [(+=57)
Vo - () -vn-112] @

where V,(n) is the current output in the main pipeline, and
V,(n—1/2) is the output of the previous clock phase (predictive
pipeline). Note that the error (¢) is inversely proportional to A2.
This equivalently doubles the opamp gain in decibels. In a prac-
tical design, this equivalent opamp gain boosting may be less
significant due to parasitics and other second-order effects, but
despite this practical limitation at least 30 dB improvement can
be achieved easily. This would be enough for most low-voltage
pipelined ADC designs where finite opamp gain is the limiting
factor.

Although the CDS scheme described above can nearly elim-
inate the MDAC’s residue error due to finite opamp gain, it
comes with a price. Two drawbacks can be observed from the
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above illustration. First, one extra clock phase is required in ad-
dition to the conventional nonoverlapping two-phase clocking
scheme in the switched capacitor (SC) circuit. This implies that
either the opamp settling time has to be reduced for the same
clock frequency, or the clock frequency has to be reduced to
maintain the same opamp settling time. Faster opamp settling
time requires larger power consumption. Therefore, either the
power consumption or the conversion rate is compromised in
this CDS scheme. Second, during the sampling phase ¢;, both
predictive sampling capacitors and real sampling capacitors are
connected to the driving stage output, resulting in double load
to the driving stage opamp, assuming all capacitors are the same
size. As a direct result of this increased load, the opamp band-
width gets reduced. If the same bandwidth is to be maintained,
more bias current is needed. Once again, either the power con-
sumption or the conversion rate has to be compromised for this
opamp gain compensation. These two drawbacks make the CDS
technique less suitable for the high-speed pipelined ADC design
where the power and speed requirements are stringent. There-
fore, it would be highly desirable to find a new method to in-
corporate the CDS operation into the pipelined ADC so that
the large conversion rate and/or power consumption overhead
would be avoided.

Such a solution indeed exists, and we refer to it as the
time-shifted CDS since this can be implemented by incorpo-
rating some timing adjustments to the conventional predictive
CDS scheme [14]. The important goals of the time-shifted
CDS are to eliminate the one extra clock phase and to realize
the pre-sampling and real sampling in different clock phases
to avoid added capacitive loading. The two drawbacks of the
conventional CDS are to be avoided. This timing change is
illustrated in Fig. 4. Fig. 4(a) shows the timing of two cascaded
stages in the pipelined ADC using the conventional CDS. Note
the necessary overlap between the amplifying phase of stage ¢
and the sampling/presampling phase of stage 7 4 1 for correct
signal processing. It is not difficult to find that the “preliminary”
residue voltage of stage ¢ is already available for sampling in
the pre-amplifying phase. Stage ¢ + 1 can make use of this time
slot to do the pre-sampling without any timing conflict. As a
result, the double capacitive loading to the output of stage 4 is
avoided by this separation of the pre-sampling and sampling
phases. This new timing scheme is shown in Fig. 4(b). Note that
the entire timing of stage i+ 1 is shifted one clock phase ahead,
and the sampling phase and the pre-amplifying phase share the
same time slot. Now it can be seen that the amplifying phase
and the pre-sampling phase can be merged into one clock phase
since they are totally independent of each other. The resulting
time-shifted CDS clock scheme is shown in Fig. 4(c). Only
two clock phases are required in this scheme. No extra load is
added to the opamp during any clock phase. The speed and/or
power consumption overhead in the conventional predictive
CDS technique is removed completely.

Fig. 5 shows the proposed 10-bit pipelined ADC architec-
ture employing the time-shifted CDS technique. Conceptually,
this architecture realizes two pipelined paths working in parallel
for the first few stages. One path represents the predictive path
which only operates for the first four stages, and the other path
represents the main signal path which operates for all nine stages
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Fig. 4. Timing change from conventional CDS to time-shifted CDS.

necessary for the 10-bit conversion. The first four stages of the
main signal path are very similar to their corresponding stages in
the predictive path, and they share the same set of active stages
(opamps/inverters and comparators), thus there is no duplication
of active stages. Both signal paths (main and predictive) process
the same input signal from the first sample-and-hold (S/H) stage,
but the main signal path is delayed a half clock cycle (one phase)
by an additional S/H (actual implementation shares the same
opamp/inverter) following the first S/H. The input signal is first
processed by the predictive pipeline and the finite opamp gain
error is stored on a capacitor. The stored error is used to correct
the corresponding stage in the main pipeline in the following
clock phase (half clock cycle delay). As both signal paths (pre-
dictive and main) share the same opamp/inverter, this operation
is easily achieved with added switches and capacitors.

The SC implementation of this MDAC operation merging
both the predictive pipeline and the main pipeline is shown in
Fig. 6. V; and V,, are the input/output of the main pipeline, and
Vi;_p and V,_p are the input/output of the corresponding pre-
dictive pipeline. The capacitors are chosen such that Cs_p =
C¢_p=C;=Cjy.Inthe proposed time-shifted CDS scheme, the
sampling and amplifying operation is actually performed twice.
The initial/first operation is done by Cs_p and C¢_p, and the
nonzero error voltage due to finite opamp gain at the negative
input of opamp is stored in C;. The following/second operation
is done by C and C, with C; connected between the negative
input of opamp and the common node of C; and C'¢ (node G).
An accurate virtual ground is created at node G. While the op-
eration of this time-shifted CDS technique may appear to be
similar to conventional CDS techniques [10], [11], it performs
without the additional capacitive load to the opamp and/or the
extra clock phase(s) to the ADC operation. Any possible speed
penalty due to CDS operation is completed avoided, which is
critical in achieving the low-power and high-speed ADC per-
formance.

Some design considerations of the proposed architecture are
described in the following. First, because the inputs of MDAC
are not the same for the predictive path and the main path (with
the exception of the very first MDAC), the effect of error cor-
rection will not be as good as the conventional CDS techniques.
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The output error at stage ¢ in the main pipeline is approximately
Cs+ Cr
Cy

given by
) (=
Cr

Vii(n) - (C—f) Valn-1/2| @

where V,;(n) is the current output in the main pipeline, and
Voi(n — 1/2) is the output of previous clock phase (predictive
pipeline). Note that the error is inversely proportional to A2.
However, this error will increase from stage to stage down the
pipeline. This is because the discrepancy between the outputs of
the predictive path and the main path will become larger from
stage to stage down the pipeline. Fortunately, the accuracy re-
quirement of the pipelined ADC is reduced as the residue signal
propagates down the pipeline, and this decreasing accuracy of
CDS operation down the pipeline is comfortably tolerated. The
second design issue is that the time-shifted CDS will effectively
add extra offset to sub-ADCs in the main pipeline. The reason is
that the MDAC:s in the main pipeline need to use the digital code
generated by the sub-ADCs in the predictive pipeline. This is
equivalent to putting a signal-dependent offset to the sub-ADCs
in the main pipeline. Fortunately, digital redundancy of the
pipelined ADC is able to correct for the offset, whether signal-
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Fig. 7. Pipelined ADC employing conventional CDS technique.

dependent or not, as long as the amount of the offset is within
the correctable range (£V,¢¢/4 for 1.5-bit-per-stage MDAC).

Some behavior simulations have been done to verify the
effectiveness of the proposed architecture. In simulation, the
opamp gain was chosen to be 40 dB, the capacitor mismatch
was assumed to be less than 0.1%, and the random offsets of
sub-ADCs were assumed to be less than £V,.¢/8. Fig. 7 shows
the results of the architecture using the conventional CDS
technique (recall the extra capacitive load and extra clock phase
overhead). Fig. 8 shows the results of the proposed architecture
using the time-shifted CDS technique in the first five stages.
It can be seen that their performances are very close in terms
of SNDR. The third-order harmonic in the time-shifted CDS
is found to be a bit higher than in the conventional CDS. This
is because the proposed time-shifted architecture does face a
small and increasing degradation of error correction down the
pipeline, as noted earlier. The larger third harmonic observed
is due to insufficient gain error correction for the later stages.
The reason this degradation does not significantly degrade the
overall performance is because the opamp gain requirement
is also reduced down the pipeline as MSBs are resolved. For
comparison, the simulation results of the regular pipelined
ADC without any gain error correction is shown in Fig. 9. Note
that the SNDR is only about 43 dB, which is 16 dB lower than
the SNDR of architectures with gain error correction.
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Fig. 8. Proposed pipelined ADC architecture applying time-shifted CDS.
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Fig. 9. Pipelined ADC without any gain error correction.

II. CIRcUIT DESIGN
A. CMOS Inverter as Opamp

The opamp is one of the most critical building blocks in
pipelined ADCs. The opamp dc gain and bandwidth determine
the achievable accuracy and conversion rate. For a 10-bit
pipelined ADC, the open-loop opamp gain needs to be well
over 60 dB. It is not uncommon to see 80-dB gain in practical
design examples. Designing such a high-gain opamp at low
supply voltage is quite challenging because traditional stacking
of cascode transistors is not feasible. Use of compensated
multistage opamps will lead to considerably increased power
consumption and reduced speed. In this prototype IC imple-
mentation, we used simple cascoded (both the NMOS input and
PMOS current source) CMOS inverters, as shown in Fig. 10.
Replacing opamps with these inverters allowed large signal
swing, large bandwidth, and low power consumption. The
simulation results of the designed inverter in 0.18-ym CMOS
technology is summarized in Table I. More than 2-GHz gain
bandwidth and 1-V,; single-ended signal swing from 1.8-V
power supply are achieved with only 1-mA current dissipation,
and the open-loop dc gain is 43 dB. This level of dc gain is
insufficient for 10-bit accuracy, but we are able to tolerate
the low dc gain due to the enhancements achieved from the
time-shifted CDS technique described in the above.
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TABLE 1
SIMULATION RESULTS OF CMOS INVERTER
Technology 0.18um CMOS
Supply Voltage | 1.8V
DC gain 43dB
Bandwidth 2.4GHz (0.5pF load)
Signal Swing 1Vpp
Input Cap. 0.2pF
Bias Current ImA

B. Pseudodifferential MDAC

The use of inverters in place of opamps implies inherently
single-ended design. We have adopted pseudodifferential con-
figuration throughout the pipelined ADC design to suppress
even-order harmonics and supply/substrate noise. In other
words, two single-ended MDACS in parallel are used to build
the pseudodifferential MDAC. While the pseudodifferential
pipelined ADC can achieve lower power consumption than
its fully differential counterpart, as demonstrated by Miyazaki
[15], it still requires some sort of equivalent common-mode
feedback (CMFB) operation. Without the equivalent CMFB
function, any common-mode error in the pipeline would be
amplified in just the same way that the differential input
signal is amplified (residue amplification). This can cause
single-ended opamps (inverters) to saturate down the pipeline.
To mitigate this issue, a hybrid structure which includes both
fully differential stages and pseudodifferential stages was em-
ployed in [15]. The price paid is increased power consumption
and design complexity due to the use of the fully differential
MDAC. In order to fully exploit the low-power advantage
of pseudodifferential architecture without implementing a
traditional CMFB with power consumption overhead, a new
pseudodifferential MDAC that uses a differential float sampling
scheme is proposed. This is shown in Fig. 11 (time-shifted CDS
not shown for simplicity). The differential gain of this MDAC
is still two, but the common-mode gain is just one, because one
pair of input capacitors (Cy and C3) is differentially sampled
without a specific common-mode reference (thus floating).
This equivalent CMFB operation is achieved with no speed
penalty. The complete pseudodifferential MDAC incorporating
time-shifted CDS is shown in Fig. 12.
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Fig. 12. Pseudodifferential MDAC with time-shifted CDS.

For comparison, another pseudodifferential MDAC that does
not suffer from common-mode error amplification is shown in
Fig. 13 [16]. Note there is one, doubled in size, dedicated sam-
pling capacitor Cj, one dedicated feedback capacitor C'¢, and
one reference injection capacitor C). that had to be added. During
the amplifying phase, the bottom plates of the sampling capac-
itors are connected together to transfer only differential charge
to the feedback capacitor. Therefore, this noncapacitor-flip-over
pseudodifferential MDAC can decouple the input and output
common-mode voltage. However, the opamp feedback factor
drops from 1/2 to 1/4 in this structure, resulting in large loop
bandwidth reduction. Moreover, the k7'/C noise and opamp
noise is also doubled. All these drawbacks make it unsuitable
for our high-speed and low-power prototype ADC design.

C. Double-Sampling S/H Stage

A front-end S/H circuit is critical in the design of a high-per-
formance pipelined ADC. It usually takes up a large die area and
consumes much power. The S/H also puts limits on linearity and
noise. The proposed architecture shown in Fig. 5 indicates that
two front-end S/H blocks are required to apply the time-shifted
CDS technique. Implementing an extra S/H will not only add
power consumption and die area but will also add noise to the
input signal. However, we can realize the equivalent function of
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Fig. 14. Timing-skew insensitive double-sampling S/H circuit.

these two S/H circuits by using just one double-sampling S/H.
Thus, there will not be any added power consumption, die area,
or noise. Fig. 14 shows the double-sampling S/H circuit that
is implemented (single-ended illustrated for simplicity) in this
prototype IC. There are two sets of sampling switches and ca-
pacitors for this time-interleaved operation, and they operate at
half the speed of the overall ADC. This S/H circuit will pro-
vide a sampled output (hold operation) for two sampling phases
of the first-stage pipeline employing the time-shifted CDS. This
double-sampling S/H circuit is insensitive to timing skew due to
the use of a series master sampling switch [17]. The capacitor
mismatches are alleviated due to inherent voltage-mode opera-
tion (i.e., sampled input voltage is “flipped” to the output). The
opamp offset and gain mismatches (memory) are manageable at
the 10-bit level. In this S/H, a CMOS inverter is also employed
in place of a conventional opamp to reduce power consumption.
Note that we did not use CDS in this S/H circuit. The finite/low
gain of the inverter used in the S/H circuit only causes linear
gain error, which can be tolerated in most applications, without
degrading the linearity of ADC. The linearity of the low-gain
inverter was found sufficient for 10-bit accuracy at the specified
signal swing.
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One major concern of the front-end sampling circuit is the
nonlinearity caused by the input sampling switches. Boot-
strapped sampling switches are commonly used in practical
design to achieve superior linearity for very high-frequency
input signal [18]. The price paid is the added complexity.
Long-term reliability is also an issue for bootstrapped switches,
particularly in deep-submicron CMOS processes. In this proto-
type design, CMOS transmission gate switches are employed.
Simulation results have indicated that 10-bit linearity can be
achieved even for a 100-MHz input signal after optimizing the
sizes of the input sampling switch transistors.

Another major concern is the k7'/C' noise requirement. The
sampling capacitor used in the S/H stage is 0.8 pF. The sam-
pling capacitor in the first-stage MDAC is also 0.8 pF. In the
remaining stages, the sampling capacitors are all 0.4 pF. We did
not further scale the capacitors to simplify IC implementation.
These values are comparable to (or even larger than) several re-
cently published 10-bit ADC designs. Thus, the low power dis-
sipation is achieved mainly by the use of proposed low-power
techniques, rather than by aggressive capacitor scaling.

D. Comparator

The commonly used capacitively coupled comparator shown
in Fig. 15 is adopted in the sub-ADC design. The input capac-
itors used is 0.1 pF. No offset cancellation scheme is employed
because large comparator offsets can be tolerated in 1.5-b/stage
pipelined ADCs. The time-shifted CDS technique does makes
this tolerance smaller. However, it was verified in the modeled
simulation environment that there was no obvious performance
degradation even with up to £V,.t/8 comparator offsets.

One critical part of this comparator module is the latched
comparator, which is shown in Fig. 16. It includes three stages:
input amplifier (M1 and M2), NMOS and PMOS regeneration
latches (M5-MS), and output S-R latch (M13-M20). The input
amplifier is a simple NMOS differential pair with 300-pA bias
current, which not only amplifies the input signal but also sup-
presses the kickback noise from the regeneration latches. The
NMOS switches (M3 and M4) will turn off the input differential
pair during regeneration time to save power consumption. It also
helps reduce kickback noise from the regeneration latches. The
combination of PMOS and NMOS regeneration latches speeds
up the regeneration compared to the PMOS-only latches. The
regeneration latches are reset to a voltage close to power supply
by M11 and M12 during the sampling/resetting phase. One ad-
ditional reset switch, M 10, across the differential latching node
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reduces the offset due to the mismatch of M11 and M12. The
NMOS switch M9 disables the NMOS regeneration latch during
the resetting phase to avoid large dc current to ground. The
output S-R latch holds the comparison result during the whole
clock period for the convenience of following encoding logic.
With about 0.3 mW at 1.8 V, this latched comparator achieves
less than 250-ps regeneration time for a 2-mV differential input
signal, which is short enough for a 100-MHz clock with 400-ps
nonoverlap time.

E. Distributed Clock Generator

The distributed internal clock generator scheme shown in
Fig. 17 is used in this design to reduce the load on the clock
drivers due to parasitic capacitances of interconnect wires.
It also helps to reduce delay skew due to interconnect wires.
Note that two internal clock references are generated from the
single input reference clock. One clock runs at a half rate for
use in the local clock generator which generates clocks for the
double-sampling S/H stage. The other one is at the full rate
for use in all other local clock generators. The delay matching
of these clock signals is critical. Much care is taken to ensure
proper functionality as well as performance. Extensive design
and layout optimization (such as inserting dummy load and
matching lengths of clock lines) has been incorporated to min-
imize the delay skew. The simulated maximum clock skew in
the final design is less than 30 ps across all process variations.
Typical clock rising/falling time is 50 ps, and typical clock
nonoverlap time is 400 ps.

IV. EXPERIMENTAL RESULTS

The prototype ADC was fabricated in a 0.18-um CMOS
process. The die photograph is shown in Fig. 18. The active
die area is 1.2 mm x 2.1 mm. The total power consumption is
67 mW at 1.8-V supply and 100-MHz sampling frequency. The
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Fig. 20. Measured signal spectrum at 100 MS/s.

analog portion consumes 45 mW. The measured DNL and INL
are 0.8 LSB and 1.6 LSB, as shown in Fig. 19. With 1-MHz
input and 100 MS/s, the measured SFDR, SNR, and SNDR
are 65, 55, and 54 dB, respectively. Fig. 20 shows a typical
measured frequency spectrum at 1-MHz input and 100 MS/s
(the digital output of the ADC is decimated/downsampled by
4 on chip for testing purposes). Fig. 21 shows the dynamic
performance versus the magnitude of 1IMHz input at 100 MS/s.
Fig. 22 shows the dynamic performance versus input frequency
at 100 MS/s. The measured SFDR, SNR, and SNDR at 99-MHz
input frequency are 63, 52, and 51 dB, respectively. Fig. 23
shows the dynamic performance versus conversion/clock rate
with 1-MHz input signal. Performance degrades past 100 MS/s,
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but continues to operate up to 200 MS/s. The measurement
results are summarized in Table II.

V. CONCLUSION

A time-shifted CDS technique which compensates the finite
amplifier gain of an inverter-based pipelined ADC is described.
The proposed technique enables low-power and high-speed op-
eration by allowing significantly reduced amplifier gain. Pro-
totype IC measurements demonstrate 67-mW 10-bit 100-MS/s
performance. While it is a common practice to scale opamp bias
currents and capacitor sizes down the pipeline to reduce power
consumption in practical pipelined ADC design [19], [20], no
scaling was applied for prototyping convenience. All opamps
dissipate the same amount of current throughout the pipelined
ADC. It is expected that 20%—-30% further reduction of analog
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TABLE II
PERFORMANCE SUMMARY

Resolution 10-bit
Sampling Rate 100MSPS
Technology 0.18um CMOS
Supply Voltage 1.8V
Power Consumption | 67mW (45mW analog)
DNL/INL 0.8LSB/1.6LSB
SNR/SNDR/SFDR | 55dB / 54dB / 65dB
Die Area 1.2mmx2.1mm

power consumption can be achieved with proper opamp scaling.
The achieved results indicate that a design incorporating an ef-
fective CDS techniques (e.g., time-shifted CDS) in combina-
tion with simplistic active stages (e.g., inverter) can achieve sig-
nificant speed improvement, while maintaining, or even low-
ering, the overall power consumption. This time-shifted CDS
technique can be also be used in a fully differential implemen-
tation of a pipelined ADC. The fully differential implementa-
tion may end up being simpler than the pseudodifferential ADC,
since a CMFB circuit would be used, completely avoiding the
common-mode voltage drift issue. However, a fully differential
circuit is likely to have higher power consumption due to the
added CMFB circuit. The fully differential opamp signal swing
will also have to be reduced with the use of a tail current source,
although it would provide better noise rejection. In short, the
fully differential implementation would provide a better SNR
with an increased power consumption.

ACKNOWLEDGMENT

The authors thank Y.-I. Park at Texas Instruments and
B.-M. Min at National Semiconductor for their helpful tech-
nical advice, and National Semiconductor for providing
fabrication of the prototype IC. The authors also would like to
thank the anonymous reviewers for their comments which have
been incorporated into the final version of this manuscript.

REFERENCES

[11 S. Yoo et al., “A 10 b 150 MS/s 123 mW CMOS pipelined ADC,” in
IEEE ISSCC Dig. Tech. Papers, Feb. 2003, pp. 326-327.

[2] B.Min et al., “A 69 mW 10 b 80 MS/s pipelined ADC,” in IEEE ISSCC
Dig. Tech. Papers, Feb. 2003, pp. 324-325.

[3] S.LeeandB. Song, “Digital-domain calibration of multi-step analog-to-
digital converter,” IEEE J. Solid-State Circuits, vol. 27, pp. 1679-1688,
Dec. 1992.

[4] A. Karanicolas and H. Lee, “A 15-b 1-Msample/s digitally self-cal-
ibrated pipeline ADC,” IEEE J. Solid-State Circuits, vol. 28, pp.
1207-1215, Dec. 1993.

[5]1 H. Lee, “A 12-b 600 ks/s digitally self-calibrated pipelined algorithmic
ADC,” IEEE J. Solid-State Circuits, vol. 29, pp. 509-515, Apr. 1994.

[6] E.Siragusa and I. Galton, “Gain error correction technique for pipelined
analog-to-digital converters,” Electron. Lett., vol. 36, pp. 617-618, Mar.
2000.

[7] J.Ming and S. Lewis, “An 8-bit 80-Msample/s pipelined analog-to-dig-
ital converter with background calibration,” IEEE J. Solid-Sate Circuits,
vol. 36, pp. 1489-1497, Oct. 2001.

[8] B.Murmann and B. Boser, “A 12-b 75 MS/s pipelined ADC using open-
loop residue amplifier,” in IEEE ISSCC Dig. Tech. Papers, Feb. 2003, pp.
330-331.

[9] J.Liand U. Moon, “Background calibration techniques for multi-stage

pipelined ADC’s with digital redundancy,” IEEE Trans. Circuits Syst. 11,

vol. 50, pp. 531-538, Sept. 2003.

K. Nagaraj, “Switched-capacitor circuits with reduced sensitivity to am-

plifier gain,” IEEE Trans. Circuits Syst., vol. CAS-34, pp. 571-574, May

1987.

[10]

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 39, NO. 9, SEPTEMBER 2004

[11] A. Ali and K. Nagaraj, “Correction of operational amplifier gain error in
pipelined A/D converters,” in Proc. IEEE Int. Symp. Circuits and Sys-
tems, vol. I, May 2001, pp. 568-571.

[12] C. Enz and G. Temes, “Circuit techniques for reducing the effects of

opamp imperfections: Autozeroing, correlated double sampling and

chopper stabilization,” Proc. IEEE, pp. 1584-1614, Nov. 1996.

S. Lewis et al., “A 10-b 20 MSamples/s analog to digital converter,”

IEEE J. Solid-State Circuits, vol. 27, pp. 351-358, Mar. 1992.

[14] J.Liand U. Moon, “High-speed pipelined ADC using time-shifted CDS
technique,” in Proc. IEEE Int. Symp. Circuits Syst., vol. I, May 2002, pp.
909-912.

[15] D. Miyazaki, S. Kawahito, and M. Furuta, “A 10-b 30-MS/s low-power
pipelined A/D converter using a pseudodifferential architecture,” IEEE
J. Solid-State Circuits, vol. 38, pp. 369-373, Feb. 2003.

[16] E.Blecker et al., “Digital background calibration of an algorithm analog
to digital converter using a simplified queue,” IEEE J. Solid-State Cir-
cuits, vol. 38, pp. 1059-1062, June 2003.

[17] M. Waltari and K. Halonen, “Timing skew insensitive switching for
double sampled circuits,” in Proc. IEEE Int. Symp. Circuits and Sys-
tems, vol. 11, June 1999, pp. 61-64.

[18] W. Yang, D. Kelly, I. Mehr, M. Sayuk, and L. Signer, “A 3-V 340 mW
14-b 75 Msample/s CMOS ADC with 85-dB SFDR at Nyquist input,”
IEEE J. Solid-State Circuits, vol. 36, pp. 1931-1936, Dec. 2001.

[19] D. W. Cline and P. R. Gray, “A power optimized 13-b, 5-MS/s pipelined
analog-to-digital converter in 1.2 um CMOS,” IEEE J. Solid-State Cir-
cuits, vol. 31, pp. 294-303, Mar. 1996.

[20] D. Nairn, “A 10-b 3V 100 MS/s pipelined ADC,” in Proc. IEEE Custom
Integrated Circuits Conf., May 2000, pp. 257-260.

[13]

Jipeng Li (S’01-M’04) received the B.S.E.E. and
M.S.E.E. degrees from Fudan University, Shanghai,
China, and the Ph.D. degree in electrical and com-
puter engineering from Oregon State University,
Corvallis, in 1995, 1998, and 2003, respectively.
From July 1998 to July 1999, he was with ZTE
Corporation, Shanghai, designing RF transceivers
for GSM base station systems. From September
1999 to October 2003, he was working toward
the Ph.D. degree at Oregon State University. His
doctoral research focused on accuracy enhancement
techniques in low-power and high-speed pipelined ADC design. During the
summer of 2001, he was with Analog Devices Inc., Beaverton, OR, designing
a BJT mixer for 3-6-GHz wireless communication applications. From October
2003 to July 2004, he was with Engim Inc., Acton, MA, designing high-speed
data converters for multichannel wireless LAN systems. Currently, he is a
Senior Design Engineer with the East Coast Lab (ECL) design center of
National Semiconductor Inc., Salem, NH. His current research interests are in
the design of high-performance analog and mixed-signal ICs for broadband
digital communication systems and high-quality video systems.

Un-Ku Moon (S°92-M’94-SM’99) received the
B.S. degree from the University of Washington,
Seattle, the M.Eng. degree from Cornell University,
Ithaca, NY, and the Ph.D. degree from the University
of Illinois, Urbana-Champaign, all in electrical
engineering, in 1987, 1989, and 1994, respectively.

From February 1988 to August 1989, he was
a Member of Technical Staff at AT&T Bell Lab-
oratories, Reading, PA, and during his stay at the
University of Illinois, Urbana-Champaign, he taught
a microelectronics course from August 1992 to
December 1993. From February 1994 to January 1998, he was a Member of
Technical Staff at Lucent Technologies Bell Laboratories, Allentown, PA. Since
January 1998, he has been with Oregon State University, Corvallis. His interest
has been in the area of analog and mixed analog-digital integrated circuits.
His past work includes highly linear and tunable continuous-time filters,
telecommunication circuits including timing recovery and analog-to-digital
converters, and switched-capacitor circuits.

Prof. Moon was the recipient of the National Science Foundation CAREER
Award in 2002, and the Engelbrecht Young Faculty Award from Oregon State
University College of Engineering in 2002. He has been an Associate Editor of
the IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS II: ANALOG AND DIGITAL
SIGNAL PROCESSING since January 2003. He also serves as a member of the
IEEE Custom Integrated Circuits Conference Technical Program Committee
and Analog Signal Processing Program Comittee of the IEEE International
Symposium on Circuits and Systems.



	toc
	A 1.8-V 67-mW 10-bit 100-MS/s Pipelined ADC Using Time-Shifted C
	Jipeng Li, Member, IEEE, and Un-Ku Moon, Senior Member, IEEE
	I. I NTRODUCTION
	II. T IME -S HIFTED CDS T ECHNIQUE

	Fig. 1. Typical 10-bit (1.5-bit-per-stage) pipelined ADC.
	Fig. 2. Typical switched capacitor MDAC.
	Fig. 3. MDAC with conventional CDS. (a) Sampling phase $\phi_1$ 
	Fig. 4. Timing change from conventional CDS to time-shifted CDS.
	Fig. 5. Proposed 10-bit pipelined ADC architecture.
	Fig. 6. Feasible MDAC structure with time-shifted CDS.
	Fig. 7. Pipelined ADC employing conventional CDS technique.
	Fig. 8. Proposed pipelined ADC architecture applying time-shifte
	Fig. 9. Pipelined ADC without any gain error correction.
	III. C IRCUIT D ESIGN
	A. CMOS Inverter as Opamp


	Fig. 10. Simple cascoded CMOS inverter.
	TABLE I S IMULATION R ESULTS OF CMOS I NVERTER
	B. Pseudodifferential MDAC

	Fig. 11. Pseudodifferential MDAC with common-mode control scheme
	Fig. 12. Pseudodifferential MDAC with time-shifted CDS.
	C. Double-Sampling S/H Stage

	Fig. 13. Noncapacitor-flip-over pseudodifferential MDAC.
	Fig. 14. Timing-skew insensitive double-sampling S/H circuit.
	Fig. 15. SC comparator.
	D. Comparator

	Fig. 16. Latched comparator.
	Fig. 17. Distributed clock generator.
	E. Distributed Clock Generator
	IV. E XPERIMENTAL R ESULTS

	Fig. 18. Die photograph of the prototype ADC.
	Fig. 19. DNL and INL plot.
	Fig. 20. Measured signal spectrum at 100 MS/s.
	Fig. 21. Measured dynamic performance versus input signal level.
	Fig. 22. Measured dynamic performance versus input signal freque
	Fig. 23. Measured dynamic performance versus conversion rate.
	V. C ONCLUSION

	TABLE II P ERFORMANCE S UMMARY
	S. Yoo et al., A 10 b 150 MS/s 123 mW CMOS pipelined ADC, in IEE
	B. Min et al., A 69 mW 10 b 80 MS/s pipelined ADC, in IEEE ISSCC
	S. Lee and B. Song, Digital-domain calibration of multi-step ana
	A. Karanicolas and H. Lee, A 15-b 1-Msample/s digitally self-cal
	H. Lee, A 12-b 600 ks/s digitally self-calibrated pipelined algo
	E. Siragusa and I. Galton, Gain error correction technique for p
	J. Ming and S. Lewis, An 8-bit 80-Msample/s pipelined analog-to-
	B. Murmann and B. Boser, A 12-b 75 MS/s pipelined ADC using open
	J. Li and U. Moon, Background calibration techniques for multi-s
	K. Nagaraj, Switched-capacitor circuits with reduced sensitivity
	A. Ali and K. Nagaraj, Correction of operational amplifier gain 
	C. Enz and G. Temes, Circuit techniques for reducing the effects
	S. Lewis et al., A 10-b 20 MSamples/s analog to digital converte
	J. Li and U. Moon, High-speed pipelined ADC using time-shifted C
	D. Miyazaki, S. Kawahito, and M. Furuta, A 10-b 30-MS/s low-powe
	E. Blecker et al., Digital background calibration of an algorith
	M. Waltari and K. Halonen, Timing skew insensitive switching for
	W. Yang, D. Kelly, I. Mehr, M. Sayuk, and L. Signer, A 3-V 340 m
	D. W. Cline and P. R. Gray, A power optimized 13-b, 5-MS/s pipel
	D. Nairn, A 10-b 3 V 100 MS/s pipelined ADC, in Proc. IEEE Custo



