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Abstract—The capacitor mismatch in a 1.5-b/stage pipelined
ADC is background calibrated in the analog domain using a
pseudorandom (PN) dithering concept. The reference voltage
added/subtracted during the normal operation is used as a dither
to PN-modulate the mismatch error so that it can be embedded
into the residue and be recovered later by correlating with the
same PN sequence. Six MSB stages are simultaneously calibrated
using separate zero-forcing feedback loops. The signal-subtracted
analog PN correlation shortens the calibration time by one order.
A 4.2 3.8 mm2 prototype chip in 0.18- m CMOS exhibits 1
LSB INL at 14 b and 84 dB SFDR at 30 MS/s, and consumes 350
mW at 3 V.

Index Terms—Calibration, pipelined ADC, self trimming.

I. INTRODUCTION

EACH stage in the pipelined analog-to-digital converter
(ADC) performs three functions: sample and hold (S/H),

digital-to-analog conversion, and residue amplification. These
three functional blocks are combined into one capacitor-array
multiplying digital-to-analog converter (MDAC) [1]. If the
MDAC settles ideally, the ADC performance is limited by
the DAC inaccuracy and finite gain of the residue amplifier.
The errors result from capacitor mismatch, finite gain of the
operational amplifier, and the nonlinearity in its gain. Although
the dc gain of the operational amplifier can be designed to
be high, the capacitor mismatches depend on the process.
Scaled CMOS technologies now offer capacitors good enough
for 14-b performance with careful system configuration and
layout [2]. However, resolution-enhancing techniques such as
oversampling and self-calibration can achieve higher accuracy
than simple matching. A background analog self-calibration
technique is proposed to calibrate the capacitor mismatch in
the 1.5-b/stage pipelined ADC.

The use of dither is a powerful technique used in background
calibration of ADCs. It is used to embed the errors from the DAC
and finite residue amplifier gain into the signal by modulating
with a pseudorandom (PN) sequence, and to recover them later
by correlating with the same PN sequence in digital domain. The
dithering technique was first introduced to improve the DNL
[3]. Dithering a fixed calibration voltage can also be used for
background calibration [4]. The disadvantage of using dither is
that the signal range is reduced and the added dither needs to be
subtracted digitally. In this work, the reference voltage added
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or subtracted during the normal operation is used as a dither
to PN-modulate the capacitor mismatch. As a result, the signal
range is not reduced, and it is not necessary to subtract the added
dither in the digital domain. The self-trimming concept intro-
duced here is a background version of the analog self-calibration
[5], and is based on the same servo feedback principle as demon-
strated in previous background calibration research [6]–[8]. An
oversampling modulation technique is used to accurately
detect the error polarity.

Digital calibration based on the PN correlation principle re-
quires a very long signal accumulation (averaging) time to re-
cover the small PN-modulated mismatch error. The number of
samples accumulated is proportional to the ADC resolution. The
analog self-trimming technique in this work provides an alter-
native solution. The mismatch error is not digitized, but only
its polarity is detected for trimming. Therefore, the accuracy
requirement is far less stringent than in existing digital cali-
bration methods that digitize the mismatch error. This has two
advantages: 1) many stages can be calibrated simultaneously,
and 2) the signal can be subtracted before the PN correlation
to shorten the calibration time. However, the proposed analog
method is limited by the accuracy in the analog trimming and/or
the error polarity detection.

II. SELF-TRIMMING 1.5-B/STAGE PIPELINED ADC

A. Zero-Forcing Feedback Using as Dither

In the 2 residue amplifier using the two-capacitor MDAC,
the residue output is depending on the tri-level
coarse bit decision , which is , 0, and [9]. When ,
the dithering is possible without sacrificing the signal range.
When , the residue output covers the full range,
and the signal range is reduced for dithering. However, the ca-
pacitor mismatch can still be PN-modulated using the constant

added or subtracted during the normal operation as a dither.
Each one of these alone can calibrate the MDAC effectively.
This work focuses on the latter, i.e., the case. In the
two-capacitor MDAC, the capacitor mismatch error appears in
the residue output with the polarity inverted every time the two
capacitors are swapped [10]. Now if the ratio of the two capac-
itors is , where is a small mismatch term, the residue
output is modified as . Note that the
signal gain is different from the reference gain ,
and the error term polarity resulting from the capacitor mis-
match is inverted as when the
two MDAC capacitors are swapped.

Assume that the capacitor mismatch can be trimmed progres-
sively in the analog domain using a capacitor trim network [5].
Once the component is trimmed out, the residue output does
not contain any error resulting from the capacitor mismatch. If
the two capacitors are swapped as shown in Fig. 1, depending
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Fig. 1. PN-modulation of the mismatch � when b = �1 using V as a
dither.

Fig. 2. 1.5-b/stage pipelined ADC with self-trimming 6 MSB stages.

on a PN sequence, which is with a zero mean, the error
component appears as . If
this error is correlated with the same PN sequence, the output is

. This PN-correlated output can be low-pass
filtered to measure the term for the digital calibration as
in the capacitor-shuffling DFCA method [11]. However, it is dif-
ficult to assume that the signal-dependent term is av-
eraged out to be zero. The polarity detection is far easier than
digitizing the term itself. The polarity of detected is ac-
curate and independent of the term because it is always
true that , no matter what the value is.

B. System Implementation Based on Error Polarity Detector

In the prototyped system, the first six MSB stages are simul-
taneously self-trimmed by separate ratio calibrators working in
the background as shown in Fig. 2. The function of the calibrator
is explained in Fig. 3. Since is subtracted depending on
the coarse decision bit, ( ), the PN sequence to swap ca-
pacitors is multiplied by to generate the correct PN-modulated
ratio error in the residue output. The polarity of determines
whether to add or subtract an incremental amount of capaci-
tance to set the correct ratio. Self-trimming continues until the
PN-modulated term disappears from the residue output.

Fig. 3. Servo-feedback concept for the capacitor ratio self-trimming.

Fig. 4. Accumulated correlated error versus de-correlated signal.

Fig. 5. Simulated average values of PN �V in 20 trials.

This zero-forcing feedback is limited by the analog polarity de-
tector accuracy and the incremental capacitor step size. The
lower bound of the minimum detectable ratio error is set by the
de-correlated signal average. This is true if the residue output
has a zero-mean uniform distribution, but in reality, the accumu-
lated PN-correlated residue depends heavily on the
signal condition and the PN sequence as shown in the random
simulation of Fig. 4.
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Fig. 6. Subtract signal at the input of the �� polarity detector.

The PN-correlated error term increases linearly as the sam-
ples are accumulated while the de-correlated signal term ran-
domly fluctuates. Fig. 5 shows 20 random simulation results of

. The PN sequence has a length of , and each
measurement accumulates the PN-correlated residue output
times. Two cases with capacitor mismatch of 12 b ( )
and 15 b ( ) are simulated. The accumulated sum is
plotted for all 20 simulations. As shown, all polarity decisions
are correct in the 12-b case, but three polarity decisions out of
20 are incorrect in the 15-b case. Also note that although all
polarity decisions are correct for the 12-b case, the accumu-
lated sums vary widely. Accumulating the output times is
not even sufficient to detect the polarity of the 15-b-level mis-
match error. In reality, the signal is not well defined, and it may
be needed to accumulate more samples than that predicted by
the ideal simulation. A correct polarity decision cannot be made
before the correlated error term exceeds the average fluctuating
output term as explained in Fig. 4. A rule of thumb is that as
more samples are accumulated, the polarity detection becomes
more accurate.

C. Signal-Subtracted Correlation to Shorten Calibration Time

To speed up the correlation process, the signal component
is subtracted before the PN-correlation as shown in Fig. 6.
The first-order modulator used for polarity detection has
an oversampling ratio of . Such a modulator with high
oversampling has been used for accurate polarity detection
[6]–[8]. The error polarity detector subtracts
from the residue output to PN-correlate only the residual
mismatch term. The signal subtraction can be done easily in
the input sampling network of the modulator as shown.
This analog signal subtraction is not perfect due to mismatches
between the sampling capacitors and , but the
residue after subtraction is far smaller. Even with of 1 2%,
the error polarity at 15-b level can be detected reliably after
accumulating only samples. The multiplication function
at the input of the integrator shown in Fig. 6 represents the
polarity swap in differential circuits. Fig. 7 shows the results
of polarity detection using the proposed PN-correlation with

Fig. 7. Simulations of the�� polarity detector with the signal subtracted.

the signal subtracted from the residue output simulated again
with random sinusoidal inputs. The capacitor mismatch is set
to a 15-b level with , and 1%. The offsets of
the MDAC, modulator, and comparator are set randomly
to be about 100 mV. The PN sequence used is a short one with
a length of . The simulation is repeated 500 times, and a
performance histogram is plotted. The correlation time for one
polarity detection is shortened by times, which is at least
one order shorter than possible without the signal subtracted.

One LSB of the 7-b trim capacitor is updated after polarity
detection. Since the trimming accuracy is limited by the accu-
racy of the polarity detection, the modulator offset should
be measured first and subtracted before the polarity detection.
The prototype 1.5-b/stage pipelined ADC core is a standard one
except for this add-on capacitor ratio calibration circuitry. The
proposed self-trimming loop needs just a digital accumulator,
and is free from the added digital complexity and digital trun-
cation errors. The 7-b trim capacitor shown in Fig. 8 covers a
10-b-level mismatch range for an effective 15-b resolution. Ini-
tial trimming needs at the most cycles because it starts from
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Fig. 8. 7-b trim capacitor network.

Fig. 9. Operational amplifier for S/H and residue amp.

the center value. Though a binary search can reduce the initial
trimming time, a thermometer search algorithm is used for sim-
plicity. Capacitor values of 1 pF, 400 fF, and 50 fF are used for
the S/H, MDAC, and modulator, respectively, and the trim
capacitor covers about a 500-aF range with an 8-aF step. The
operational amplifier shown in Fig. 9 is gain-boosted, and has a
capacitive common-mode feedback. It is designed for a 50-MS/s
conversion rate with a loop gain higher than 90 dB and a loop
bandwidth wider than 200 MHz powered with a 3-V supply. All
devices except for the ones inside the dashed circles are 3-V de-
vices.

III. EXPERIMENTAL RESULTS

The prototype 1.5-b/stage self-trimming pipelined ADC is
fabricated in 0.18- m CMOS. The chip shown in Fig. 10 occu-
pies 4.2 3.8 mm including pads, and consumes 350 mW at
3 V and 50 MS/s. The total area overhead for calibration is about
2.3 mm and one modulator for calibration consumes about
14% of the power consumed by the MDAC. The power over-
head for the six modulators is less than the power consumed
by one MDAC. Due to the small capacitance values used in the Fig. 10. Die photo.
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Fig. 11. INL at 14 b: (a) Without and (b) with self-trimming.

Fig. 12. 21.4 MHz downsampled at 10 MHz.

prototype, the ideal noise limits the maximum achievable
SNR to below 72 dB. Fig. 11 shows the INL at 14 b level before
and after self-trimming. Simply swapping capacitors achieves
higher SFDR and low INL, but raises noise [11]. The SNDR is
improved by 4 dB when measured with self-trimming enabled.
The SFDR is 84 dB with the 21.4-MHz input sampled at 10
MHz as shown in Fig. 12, and 83 dB with the 9.25-MHz input
sampled at 34 MHz as shown in Fig. 13. With the 1-MHz input,
SNDR, THD, and SFDR stay constant at 65, 80, and 84 dB,
respectively. With the 10-MHz input, SNDR, THD, and SFDR
are 61, 78, and 84 dB, respectively, up to 30 MS/s as shown in
Fig. 14. In simulations, the error accumulation over cycles
using an ideal sinusoidal input makes one correct polarity detec-
tion as shown in Fig. 7, and the initial trimming time is estimated
to be about a minute. During testing, it took a few minutes. The
nonsinusoidal nonuniformly distributed residue output needs a
longer time to be de-correlated. Measured results summarized
in Table I are obtained while all six stages are simultaneously
calibrated.

Fig. 13. 9.25 MHz sampled at 34 MHz.

Fig. 14. SNDR, THD, and SFDR versus f when f = 10 MHz.

TABLE I
SUMMARY OF MEASURED PERFORMANCE

IV. CONCLUSION

In the 1.5-b/stage pipelined ADC using the two-capacitor
MDAC, it is demonstrated that the capacitor mismatch can be
PN-modulated, PN-correlated, and trimmed in the background.
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The reference voltage added or subtracted during the normal
operation is used as a dither to PN-modulate the capacitor mis-
match. Only the polarity of the capacitor error is sensed using
an oversampling first-order modulator. Six self-trimming
servo loops in six MSB stages operate simultaneously, and
the error measurement time was shortened using a signal-sub-
tracted analog PN-correlation technique.
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