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Abstract: This paper presents a 12-bit 100 MS/s CMOS pipelined analog-to-digital converter (ADC) with digital
background calibration. A large magnitude calibration signal is injected into the multiplying digital-to-analog con-
verter (MDAC) while the architecture of the MDAC remains unchanged. When sampled at 100 MS/s, it takes only
2.8 s to calibrate the 12-bit prototype ADC and achieves a peak spurious-free dynamic range of 85 dB and a peak
signal-to-noise plus distortion ratio of 66 dB with 2 MHz input. Integral nonlinearity is improved from 1.9 to 0.6
least significant bits after calibration. The chip is fabricated in a 0.18 um CMOS process, occupies an active area of

2.3 x 1.6 mm?2, and consumes 205 mW at 1.8 V.
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1. Introduction

Calibration techniques can be classified into two main
types depending on their functionality: foreground calibration
and background calibration. At the beginning of the 1990s,
most of the schemes were foreground. Most of these convert-
ers were just calibrated only once during power up!!! or at
the factory?!, but thermal drift and changing operating con-
ditions can make these compensation methods ineffective or
cause them to fail. Therefore, background schemes which can
perform calibration continuously while the analog-to-digital
(ADC) is in use are needed. Parallel structures can be used,
but these techniques need additional stages'®! or additional
ADCs™, thus greatly increasing complexity, area and power
of the whole ADC.

Another way is to directly inject a known signal into
the stages, which will be added to the input signal and con-
verted through stages in a similar way. In the digital domain,
the injection will be detected, extracted and measured using a
correlation-based or LMS-based method®!.

To make the calibration fast and accurate, the magnitude
of the calibration signal needs to be large enough. Otherwise,
with a large uncorrelated input signal present, it is difficult to
detect and measure a small injection. But with a large injec-
tion, the input signal magnitude needs to be reduced so that the
input signal plus injection may not exceed the full-scale range
of the multiplying digital-to analog converter (MDAC). This
leads to the reduction of the effective number of bits (ENOB).

Another problem is that in order to inject the calibration
signal the sampling capacitor in the MDAC is usually split into
several small capacitorsl®~71. But every capacitor has a differ-
ent error and needs to be calibrated. It will take a much longer
time to calibrate the mismatch errors caused by these capac-
itors, and the area and the power of the calibration logic will
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double at least.

In this paper, a digital background calibration scheme is
proposed to overcome these problems. No additional capac-
itors are needed; the architecture of the MDAC is kept un-
changed. The time for calibration can be very short and the
area and the power of the digital logic can be small and low.
Also, by injecting signals of different magnitudes, depend-
ing on the input signal level, whose equivalent magnitude is
large, the time for calibration is further shortened while the
dynamic range of the input signal does not need to be reduced.
To demonstrate the scheme, a 12-bit 100 MS/s pipelined ADC
with digital background calibration is implemented in 0.18 ym
mixed-signal CMOS technology.

2. Theory of digital calibration

Figure 1 shows the amplifying phase of an MDAC of a
conventional 1.5-bit stage in a pipelined ADC.

The amplified residue is affected by capacitor mismatch
and finite op-amp gain, and becomes

Vres = (1 +0)[(2 + @)Viy — (1 + @) DVREr]. (1)

In the equation, @y = Cs/Cr — 1, represents capacitor mis-
match and 6 = Af/(Af + 1), represents finite op-amp gain. A
is op-amp gain and f is feedback factor. D equals -1, 0, or 1,
depending on the magnitude of the input signal.

Then the residue is digitized by the later ADC stages.
Assuming the back-end ADC is also non-ideal with a gain of
1 + v, in the digital domain, Vrgs finally becomes

D(Vggs) = (1 + )1 + O[22 + )Vin — (1 + @)Dy Vrer], (2)

where D, is the digital output of the stage.
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Fig. 1. Amplifying phase of a conventional 1.5-bit MDAC.
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Fig. 2. Nonlinearity error in pipelined ADC.

Figure 2 shows how this mismatch affects the pipelined
ADC’s linearity. The non-ideal (1 + y)(1 + 6)(1 + @)VrEgF is
subtracted in the analog domain, but the ideal D(Vggr), which
is VRrer, is added in the digital domain. As a result, a mismatch
error occurs at the comparator threshold point, and is trans-
lated into the nonlinearity of the ADC.

The mismatch between (1 + y)(1 + 6)(1 + @)Vrer and
D(VRrgr) can be eliminated by either reducing the non-ideal
factors in the analog domain or adjusting D(Vgrgr) in the digital
domain. For digital implementation, (1 + y)(1 + §)(1 + @) Vrer
should be measured accurately with the back-end ADC to
make D(Vggr) match that value.

A PN-modulated signal which has a magnitude of Viny is
injected into the stage and D(Vgrgs) becomes

D(Vggs) = (1 + )(1 +0)[2 + @)VIN — (1 + @)DVRgr

— (1 + @)PN x Vgl A3)

PN is a pseudo-random noise (PN) pulse sequence of 1 and
—1 with zero-mean. PN X Vin; now has a gain of (1 + y)(1 +
0)(1 + a). Correlating PN with D(Vgrgs) and accumulating in
the digital domain, terms with Viy and DVygr will become
noise since they are unrelated to PN. The only DC part is the
sum of (1 + y)(1 + 6)(1 + @)Viny. Thus, the digital value of
(1 + y)(1 + 8)(1 + ) is obtained.

3. A background calibration technique

Usually, injection is done by spliting the sampling ca-
pacitors into 2 or 4 or even more!®~®! small pieces. See Fig. 3
for an example[ﬁ]. Connect one of the capacitors with Vcap,
where Vcar has a gain of (1 +vy)(1 +6)(1 + ;). Since there are
four capacitors, four different errors should be measured and
compensated. Additionally, it will take four times longer to
calibrate the whole MDAC than if the capacitor were not split.
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Fig. 4. Residue plot of the calibration scheme.

Also, the area of calibration logic will be four times larger and
so will the digital power. Although some schemes® random-
ize the mismatch errors between capacitors to avoid increas-
ing calibration time, randomization can only improve SFDR
because in that case the distortion is translated into noise, but
SNDR is always limited by these errors.

The scheme proposed here does not split the sampling
capacitor. To make the injection possible, two additional com-
parators are used in the sub-ADC. Since the input capacitance
of a comparator is quite small compared to the sampling ca-
pacitor, two additional comparators add only a little load to the
front stage. Four comparators have thresholds at —3/8Vrgp,
—1/8VRgr, +1/8VREr, and +3 /8 VREgr.

Calibration signals are injected between —3/8VRgr to
_1/8VREF and +1/8VREF to +3/8VREF~ See Flg 4. When the
input signal is between +1/8Vrgr and +3/8Vggr, no signal is
injected if PN = 1, but a signal of —Vggr is injected if PN =
—1, which means connecting the capacitor in Fig. 1 or Fig.5
with Vey not Vegr in the MDAC amplifying phase. Also,
when the input signal is between —3/8Vrgr and —1/8 Vg,
Vrer and O are injected if PN = 1 and PN = -1, respec-
tively. As a result, the residue signal has a PN-modulated part
with a large fixed-magnitude of 0.5Vggp, as shown in Egs. (4)
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Fig. 6. A 1.5-bit/stage pipelined ADC with calibration.

and (5).

D(Vrgs) = (1 + )(1 +0)[2 + @)Vin — (1 + @) X 0.5VRgr

+(1 + @)PN x 0.5VRerl, “)
D(VRgs) = (1 + ’}/)(1 + 5)[(2 + ()’)V]N + (1 + (;y) X OSVREF
+(1 + @)PN X 0.5VRgg]. (®)]

Assuming a full-scale sine wave input signal, the pos-
sibility of occurrence of the signal between —3/8Vgrgr —
_1/8VREF and +1/8VREF - +3/8VREF is about 20%, thus it is
about the same speed of calibrating one error in this scheme
and in Ref. [6]. Since there are four errors in Ref. [6] and
only one in this scheme, the calibration speed is about four
times faster than that of Ref. [6] in calibrating an individ-
ual stage. Moreover, the injection has a large magnitude of
0.5VREgr, which also helps to make a fast convergence.

Figure 5 shows the architecture of a pipelined stage with
digital background calibration. The encoder has two extra in-
puts, PN and Enable. Enable is used to turn on/off the cali-
bration so we can test the ADC performance before and af-
ter calibration. Dg is the digital output of the stage and Flag
is sent to the calibration logic to ensure correlation and ac-
cumulation right. The pipelined ADC with the proposed cal-
ibration scheme is illustrated in Fig. 6. Stage 1 is calibrated
as an example. The PN generator is a linear feedback shift-
ing register (LFSR), which generates a perfect pseudo-random
noise sequence. After time alignment and digital error correc-
tion, D(Vggs) is sent to the calibration logic. With the control
of Flag, D(Vgrgs) is correlated with PN. After accumulation
and averaging, D(Vrgr) is obtained. Finally, adding D(VRrgs)
to Do1 X D(Vrgr) and removing the PN injection signal, we
get the calibrated digital output of the ADC. All the digital
logic is implemented with adders and shifters. No multiplier is
needed.

Fig. 7. Gain-boosted folded cascade op-amp.

In system simulations, including all circuit non-idealities
such as capacitor mismatch, finite op-amp gain, and compara-
tor and op-amp offsets, the calibration achieves an SNDR of
86 dB and an SFDR of 105 dB by averaging 2% samples per
stage.

4. Circuit implementation

The proposed ADC has one S/H, 13 1.5-bit stages, and a
2-bit flash. The digital output is 17 bits with redundant bits to
reduce the digital truncation error. The digital encoding, dig-
ital correction, digital calibration, and also the PN sequence
generator are all integrated in the digital logic.

While all gain errors in the signal path can be simulta-
neously calibrated with the proposed calibration method, to
avoid introducing large nonlinear inter-stage errors!® !, the
circuit implementation should ensure that all components are
linear enough to achieve high SFDR. Single-stage folded cas-
cade op-amp is used in SHA and other pipelined stages to
obtain excellent bandwidth and output swing for low voltage
application. As shown in Fig. 7, two gain-boosting feedback
amplifiers are used to increase the output impedance of the
folded cascade amplifier. The simulation results show that the
op-amp has a DC gain of 95 dB and unity gain bandwidth of
about 860 MHz with a 2 pF capacitance load.

Bootstrapped switches!!! are used in the S/H stage. In
high-speed circuits, as switches gets larger, the amount of
charge injection increases. The bootstrapped switch provides
a lower and more linear on-resistance, and contributes to a
smaller and more linear signal-dependent charge injection,
which can be also calibrated along with the gain error.

5. Experimental results

The prototype chip is fabricated in a 0.18 ym CMOS
process. The die photograph shown in Fig. 8 occupies an ac-
tive area of 2.3 x 1.6 mm?. The digital calibration algorithm
is fully implemented on the prototype chip. The digital logic
occupies 0.4 x 0.4 mm?. Highly-linear differential sinusoidal
input is obtained by using an Agilent E4438C signal gener-
ator followed by a band-pass filter and two single-ended-to-
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Fig. 8. Die photograph.
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Fig. 9. Measured INL at 12-bit level before and after calibration.

differential transformers.

To demonstrate the calibration algorithm, the capacitors
in the first stage are slightly mismatched in layout by about
0.1%. In this way, the performance of the prototype ADC be-
fore calibration will degrade because of this mismatch.

Figure 9 shows the measured INL at a 12-bit level be-
fore and after calibration measured at 100 MS/s. The INL error
jumps significantly at the comparator threshold points before
calibration. The largest INL jump is from the first stage. After
calibration, the INL errors are greatly reduced and improved
from 1.9 LSB to 0.6 LSB.

Figure 10 shows the FFT spectrum of a 36 MHz input
sampled at 100 MHz. The SFDR and SNR before calibration
are 66 and 41 dB, respectively. After calibration, the SFDR
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Fig. 10. Measured FFT spectra with 36 MHz input @ 100 MS/s be-

fore and after calibration.
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Fig. 11. Measured performances versus input frequency.

and SNR are increased to 82 dB and 64 dB, respectively.

Figure 11 shows the ADC performance with varying in-
put frequencies up to 45 MHz. The SFDR and SNDR stay con-
stant at about 80 and 64 dB, respectively.

The measured performance is summarized in Table 1,
which also lists performances of other converters with cali-
bration schemes.

From Table 1, this work clearly has the smallest dig-
ital area and fastest calibration speed, and achieves a good
INL and DNL. After calibration, the SFDR and SNDR of this
12-bit work approach the performances of some 15-bit works.
Digital power is only 9 mW, much lower than that of most con-
verters, even though the sampling rate is the second highest.
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Table 1. Performance comparison with other ADCs.
ADC Sampling rate  Calibration INL DNL SFDR SNDR Area (Total/ Power (Total/
(MS/s) time (s) (LSB) (LSB) (dB) (dB) Digital) (mm?) Digital) (mW)
Ref. [5] 80 NM* +0.5/-0.5 +0.3/-0.3 56.9 43.8 10.3/NM* 268/NM*
Ref. [6] 40 537 +3.4/-4 +0.34/-0.25 93 73 14/1.6 350/20
Ref. [7] 40 15 +1.2/-1.3 +0.25/-0.1 90 72 20/8 400/51
Ref. [8] 128 NM* +0.4/-0.4 +0.05/-0.05 85 61 40/NM* 5700/NM*
This work 100 2.8 +0.4/-0.6 +0.1/-0.08 85 66 3.7/0.16 205/9
“not mentioned.
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