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Abstract—Analog circuit accuracy is severely limited by finite
and nonlinear opamp gain. For switched-capacitor circuits, cor-
related level shifting (CLS) is an effective technique to improve
system accuracy with negligible additive noise. A modification
of this method, called sequential CLS, is introduced in this
brief, which provides dramatic increases in the effective accuracy
of a switched-capacitor structure. Measurements of prototype
sample-and-hold structures utilizing simple single-stage opamps
in an LP 90-nm CMOS technology show that at the same power
and area consumption, the proposed modification can improve
the settling accuracy of simple CLS from 5.8 to 8.8 bits with two
additional sequential steps.

Index Terms—Correlated level shifting (CLS), sample-and-hold
(S/H) circuits, sequential CLS (SCLS).

I. INTRODUCTION

F INITE and nonlinear swing-dependent opamp gain can
severely limit performance in high-precision analog cir-

cuits. These shortcomings become more apparent in newer
CMOS technologies, mainly due to reduced supply voltages
and reduced metal–oxide–semiconductor field-effect transistor
(MOSFET) intrinsic gain.

Fig. 1 shows the schematic of a conventional flip-around
switched-capacitor sample-and-hold (S/H). The input–output
characteristic of this block is

Vout = Vin −
(
1 +

Cip

CF

)
Vout

A
(1)

where Cip is the parasitic capacitance at the opamp input,
and A is the opamp low-frequency gain, which is, in practice,
dependent on the voltage swing.

Various approaches have been developed to address the error
term in (1) due to the finite opamp gain. The work in [1]
proposes techniques to subtract the gain error in each pipeline
stage of a pipeline analog-to-digital converter (ADC) either in
the analog or digital domain. In [2]–[4], correlated double sam-
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Fig. 1. Flip-around switched-capacitor S/H.

pling (CDS)-based methods are presented for pipelined ADCs.
While these methods can reduce this error term, they neglect
the error due to nonlinear dependence of gain on the output
swing. Correlated level shifting (CLS) techniques alleviate the
nonlinear gain issue by decreasing the opamp output swing
during the final amplification phase [5], [6].

In spite of the advantages of this CLS method, achieving
medium-to-high accuracies in nanometer CMOS technologies
remains difficult with simple and robust opamp topologies.
Some CLS modifications have been proposed in [7] and [8].
The split-CLS technique [7] uses two amplifiers, i.e., one with
large swing and bandwidth for the estimation phase and one
with large gain for the level shifting phase. However, the
improved accuracy is still limited to one level shifting phase. In
[8], a modified CLS method with two level shifting capacitors
in series is proposed. Although this technique increases the
effective gain of the switched-capacitor structure, similar to the
proposed method in this brief, expanding [8] to more than two
series capacitors is not practical due to the parasitics.

This brief presents a sequential CLS (SCLS) technique
that allows for the use of simple single-stage opamps and
significantly improves circuit accuracy relative to conven-
tional CLS methods at the same power and area consumption.
The conventional CLS technique is reviewed and analyzed
with a simplified, but accurate, low-speed feedback analy-
sis approach in Section II. Section III details the proposed
SCLS approach, which nests additional level shifting capacitor
operations for improved accuracy. Two different flip-around
switched-capacitor S/H circuits are designed using CLS and
3xCLS configurations, with experimental results from an LP
90-nm CMOS prototype presented in Section IV. Finally,
Section V concludes this brief.

II. CLS

A. Basic Structure

Fig. 2 shows a flip-around switched-capacitor S/H that in-
cludes CLS [5]. The S/H requires three phases of operation,
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Fig. 2. Flip-around switched-capacitor S/H with conventional CLS and its
step response during the three operating phases.

Fig. 3. Equivalent schematics of the closed-loop CLS-S/H during (a) estima-
tion phase (φ2) and (b) level shifting phase (φ3).

i.e., φ1 for sampling, φ2 for estimated output generation, and
φ3 for final level shifting. Note that φ1 and φ2 are identical to
the operation of a standard S/H (see Fig. 1), with the error in
the estimated output during φ2 mainly stemming from the finite
opamp gain, assuming low-speed operation. The estimated
output sampled onto CLS during φ2 is used to shift the output
level toward the ideal value during the final phase φ3 for level
shifting.

While this method requires an extra phase, the improved
accuracy allows for a reduced number of time constants to settle
for an absolute error, minimizing any speed penalty for a fixed
output swing. Moreover, as this technique allows for increased
output swing, it is possible to use smaller capacitors for the
same SNR, improving the circuit’s accuracy–speed tradeoff. As
discussed in [5], CLS offers advantages over another approach,
i.e., CDS, by reducing gain sensitivity to swing, adding negligi-
ble kT/C noise, and improving the SNR by increasing output
swing. The major CLS tradeoffs include no offset or flicker
noise cancellation and the ability to drive only capacitive loads.

B. CLS-S/H Steady-State Error Analysis

With the conventional CLS approach, the final settling error
depends on the transient behavior during the two consecutive
phases, i.e., φ2 and φ3, which perform the holding function.
Fig. 3(a) shows the equivalent circuit during φ2, which is
similar to the standard S/H circuit in the hold phase except that
the level shifting capacitor is now included at the opamp output
in addition to the main load capacitor. While this circuit can

be analyzed with a charge-redistribution method [5], a simpler
feedback analysis approach is applicable given sufficient set-
tling time.

Assuming the duration of φ2 is long enough for sufficient
opamp transient settling, the output voltage at the end of φ2 is

Vout = Vin

(
1− 1

1 + CFA/(CF + Cip)

)
. (2)

Hence, at the end of φ2, the normalized error due to the finite
opamp gain is

eS,φ2 =
1

1 + βφ2Aφ2
(3)

where βφ2 = CF /(Cip + CF ) is the feedback factor, and Aφ2

is the low-frequency open-loop opamp gain during φ2.
Fig. 3(b) shows the equivalent circuit during the level shifting

phase φ3 when CLS is placed between the opamp output and
Vout. Since the external output load is only capacitive, the
capacitive path between the opamp output and input can be
considered as the feedback network. Hence, this results in the
normalized settling error during φ3 to be

eS,φ3 =
1

1 + βφ3Aφ3
(4)

where the equivalent feedback factor during φ3 is

βφ3 =

(
CLS

CLS + Cload + βφ2Cip

)(
CF

CF + Cip

)
= γβφ2.

(5)

Note that the γ coefficient in (5) is basically the voltage gain
from the opamp output node to Vout, and βφ2 is the voltage
gain from Vout back to the opamp input. Since the error at the
end of φ2, i.e., eS,φ2, is the maximum desired swing during φ3,
the total normalized error at the end of φ3, i.e., eS,total, can
be derived by multiplying the normalized errors in each phase.
Thus

eS,total = eS,φ2eS,φ3 =

(
1

1 + βφ2Aφ2

)(
1

1 + βφ3Aφ3

)
.

(6)

Assuming that Aφ2 = Aφ3 = A, and βφ2,3 A � 1 in all hold
phases, (6) can be simplified to

eS,total ≈
1

βφ2βφ3A2
=

1

γβ2
φ2A

2
(7)

which shows a relative improvement in gain error proportional
to βφ3A compared with the simple S/H without CLS.

III. SCLS

With the conventional CLS approach, two-stage opamps
with 10-bit accuracy and rail-to-rail output swing have been
implemented in submicrometer technology [5]. However, while
the βφ2,3A term from (7) is generally greater than unity,
βφ2,3A � 1 is not always a good assumption, particularly if it
is desired to use single-stage opamps for design simplicity and
also considering the reduced opamp gain in nanometer CMOS
technologies. This motivated the proposed SCLS technique,



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

ZHIAN TABASY et al.: SCLS: A SWITCHED-CAPACITOR APPROACH FOR HIGH-ACCURACY SYSTEMS 3

Fig. 4. Flip-around switched-capacitor S/H with 3xCLS and its step response
during the five operating phases.

which shifts the output toward its ideal value during multiple
consecutive steps in order to further improve circuit accuracy.

A. Proposed Structure

Fig. 4 shows a flip-around switched-capacitor S/H that has
been modified to include the proposed SCLS method with three
level shifting steps. Here, three level shifting capacitors, i.e.,
CLS1−3, and two extra operating phases, i.e., φ4 and φ5, are
employed. The first three operation phases are the same as
the conventional CLS technique, with CLS1 acting as the level
shifting capacitor. During φ4, CLS1 is separated from the opamp
output node and discharged to zero voltage, and CLS2, which
holds the corrected voltage of the previous phase, is connected
between the opamp output and the S/H output in order to
generate a more accurate value. The same process is repeated
a third time using CLS3 during the φ5 phase.

Due to the single-stage opamps used in this SCLS implemen-
tation, the opamp unity-gain bandwidth (UGBW) will vary in
the different level shifting phases with SCLS, with the lowest
UGBW occurring at the first level shifting phase due to level
shifting capacitors being in parallel with the load, and the
highest UGBW occurring at the last level shifting phase due
to the opamp only seeing the main load capacitor. The total
amount of time allocated for φ3−5 can be made equal to the time
allocated for φ3 in the conventional CLS implementation. Phase
φ3 occupies half of this time, and φ4 and φ5 equally occupy one
quarter of this time, due to the higher UGBW during the final
two phases.

Theoretically, this technique can be repeated to increase the
S/H accuracy further. However, the generation of the extra op-
erating phases and the area consumed by the extra level shifting
capacitors place practical limitations. Other secondary issues,
such as charge injection and clock feedthrough of the extra
switches at the output, can also limit the maximum achievable
accuracy and number of level shifting steps.

Fig. 5. Equivalent schematics of the closed-loop 3xCLS-S/H during
(a) estimation phase (φ2) and (b) first (φ3), second (φ4), and third (φ5) level
shifting phases.

B. SCLS-S/H Steady-State Error and Noise Analysis

With the proposed SCLS approach with three CLS steps, the
final settling error depends on the transient behavior during the
four consecutive phases, i.e., φ2−5, which perform the holding
function. Fig. 5 shows the equivalent S/H circuit during φ2−5.
Here, the equivalent load capacitor during φ2, i.e., CL,φ2, is
equal to the total of the main Cload and the three level shifting
capacitors, and during each subsequent phase, a level shifting
capacitor is removed.

Again assuming that the opamp has sufficient settling time
during the phases, the simple feedback analysis approach in
Section II can be applied, and the final normalized output
voltage error for φ2 is given by (3). For φ3−5, the normalized
settling error at the end of φi is

eS,φi =
1

1 + βφiAφi
, i = 3, 4, 5 (8)

where the equivalent feedback factor during φi is

βφi =

(
CLSj

CLSj + CL,φi + βφ2Cip

)(
CF

CF + Cip

)
= γjβφ2

j = 1, 2, 3, i = 3, 4, 5 (9)

and CL,φ3=Cload+CLS2+CLS3, CL,φ4 = Cload + CLS3,
and CL,φ5=Cload. The final total settling error of the system is

eS,total = eS,φ2eS,φ3eS,φ4eS,φ5. (10)

Assuming that Aφ2=Aφ3=Aφ4=Aφ5=A, and βφ2,3,4,5A� 1
in all hold phases, (10) can be simplified to

eS,total ≈
1

βφ2βφ3βφ4βφ5A4
=

1

γ1γ2γ3β4
φ2A

4
. (11)

In comparison to the conventional CLS approach, the 3xCLS
technique provides a relative improvement in gain error propor-
tional to βφ4βφ5A

2.
While at low sampling frequencies the transient settling error

is negligible, this can impact performance at increased sample
frequencies. The Appendix provides settling error analysis that
includes finite opamp bandwidth and slew rate.

For a 3xCLS design, the single-ended additive noise is

v2no,3×CLS ≈
v2no,φ2 + α(kT/CLS1)

(βφ2Aφ3)2(βφ2Aφ4)2(βφ2Aφ5)2

+
v2no,φ2 + α(kT/CLS2)

(βφ2Aφ3)2(βφ2Aφ4)2
+

v2no,φ2 + α(kT/CLS3)

(βφ2Aφ5)2
(12)
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Fig. 6. Simplified schematic of the 3xCLS phase generator and its output
phases.

where α ≈ Ron,SW/(Ron,SW + 1/βφ2gmi). Note that the term
v2no,φ2 is the total output noise power by the end of φ2, and
the other terms are the added output noise power due to CLS1,
CLS2, and CLS3. Assuming βφ2Aφ3,4,5 � 1, (12) simplifies to

v2no,3×CLS ≈
v2no,φ2 + α(kT/CLS3)

(βφ2Aφ5)2
. (13)

Assuming Aφ3 = Aφ4 = Aφ5 = A and that CLS3 = CLS/3,
as in the presented 90-nm CMOS prototype, the extra noise
power in 3xCLS is 2αkT/[(βφ2A)

2CLS ] relative to conven-
tional CLS. Note that this extra noise is negligible compared
with the sampling noise on CF.

C. Phase Generator

A circuit for generating all phases required for 3xCLS is
shown in Fig. 6. In order to generate φ4 and φ5 with Ts/16
duration (see Fig. 4), a differential input clock with eight times
the sampling frequency (CK1/CK1B) serves as the input of the
phase generator. Using three cascaded DFF-based divide-by-
two stages and simple CMOS gates, the sampling clock and all
other switch controls in Figs. 2 and 4 are generated.

IV. EXPERIMENTAL RESULTS

A prototype chip containing S/H circuits utilizing the con-
ventional CLS and the proposed 3xCLS approach was fabri-
cated in an LP 90-nm CMOS process. In order to provide a
fair comparison, the sum of the three level shifting capacitors
in the 3xCLS design is set to 700 fF (233 fF each), which is
equal to the one 700-fF level shifting capacitor used in the CLS
structure. As shown in the die photograph in Fig. 7(a), the area
of the CLS and 3xCLS designs are both equal to 0.023 mm2.

The transient responses of the S/Hs, implemented with a
single-stage telescopic cascode opamp shown in Fig. 7(b), to a
500-mV step input with 200-ns width are shown in Fig. 8. Both
S/Hs have settled to 452 mV by the end of φ2, which implies
a 3.4-bit settling accuracy at this signal level for a simple
non-level shifting flip-around S/H using the same opamp. The
conventional CLS design has settled to 491 mV at the end of φ3,
for a 5.8-bit settling accuracy. While the proposed SCLS design
does not reach this level during φ3−4 due to the smaller indi-
vidual level shifting capacitors, the output settles to 498.9 mV
at the end of φ5, yielding an 8.8-bit settling accuracy. Note that
in this implementation, the achievable accuracy was limited

Fig. 7. (a) Die photograph of the CLS and 3xCLS flip-around S/Hs.
(b) Opamp topology used in the S/Hs under study.

Fig. 8. Measured responses of flip-around S/Hs to a 2.5-MHz pulse with
500-mV amplitude (1 Vpp) using CLS and 3xCLS.

TABLE I
PERFORMANCE COMPARISON

to less than 9 bits by a relatively large load capacitance, i.e.,
Cload = 1.8 pF, induced by the off-chip measurement setup.
With a small total level shifting capacitance, i.e., CLS,tot =
0.7 pF, relative to the load capacitance, the feedback factors
during the level shifting phases are reduced for both CLS and
3xCLS structures, as suggested by (5) and (9). However, the
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Fig. 9. Measured output voltage error versus input pulse amplitude for the
three different S/H structures under study.

proposed technique can achieve improved accuracy in more
controlled loading environments.

Table I compares the proposed SCLS S/H with both the CLS
S/H and the implied simple design without level shifting capac-
itors. The measured steady-state errors decrease with smaller
output swings due to increased opamp gain. For a small input
swing, the maximum opamp gain is equal to its 26-dB small-
signal value. According to (3), (6), and (10), the final settling
errors of the conventional, CLS, and 3xCLS S/Hs are 5%, 0.8%,
and 0.19%, respectively, which are in good agreement with the
measurement results.

Fig. 9 shows the three S/H structures’ steady-state errors
with a low-frequency pulse input. The 3xCLS method achieves
superior linear dynamic range, allowing for a 1% gain error
for amplitudes less than or equal to 600 mV, relative to the
conventional CLS, which requires amplitudes less than or equal
to 200 mV, and the simple S/H that cannot achieve this.

V. CONCLUSION

This brief has presented an SCLS technique that addresses
a limiting factor in many analog circuits, finite and nonlinear
swing-dependent opamp gain. While a conventional single level
shifting capacitor CLS approach can yield accuracy improve-
ments proportional to the opamp gain, this may be insuffi-
cient for systems that use simple single-stage opamps and for
designs in reduced-gain nanometer CMOS technologies. The
proposed SCLS method adds additional level shifting capacitor
operations for improved accuracy, with each sequential oper-
ation reducing the gain error by a factor proportional to the
opamp gain.

APPENDIX

SCLS OUTPUT SETTLING ERROR INCLUDING FINITE

OPAMP BANDWIDTH AND SLEW RATE

Here, a single-stage opamp with one dominant pole is as-
sumed. During φ2, the output swing may be large enough to

make the opamp output slew. The total settling error is

eS,φ2 = exp(−βφ2UGBWφ2tφ2)

× [exp(βφ2UGBWφ2tLS,φ2)− βφ2UGBWφ2tLS,φ2]

+
1

1 + βφ2Aφ2
(14)

where UGBWφ2 = gmi/CL,φ2 is the unity gain bandwidth

tLS,φ2 =
(VS,pp/Veffi − 1/βφ2)

UGBWφ2
(15)

Veffi is the opamp input transistors’ overdrive voltage, and VS,pp

is the input voltage swing.
Assuming that the duration of φ2 allows the opamp to enter

into small-signal settling, it is a reasonable assumption that the
opamp does not slew during the level shifting phases. Hence,
the total settling error during φ3 to φ5 is

eS,φi = exp(−βφiUGBWφitφi) +
1

1 + βφiAφi
, i = 3, 4, 5

(16)

where tφi is the duration of φi, and βφi is the feedback factor
as derived in (9). As mentioned previously in Section III-A,
the UGBW will vary in the different level shifting phases, as
opposed to conventional CLS, which has the maximum UGBW
during the single level shifting phase. The total opamp settling
error is calculated by multiplying normalized error terms in all
hold phases.
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