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Described is a 14 bit 50 MS/s CMOS four-stage pipeline A/D conver-
ter (ADC)-based on a digital code-error calibration. The proposed
calibration technique measures the capacitor mismatch errors of the
front-end multiplying DAC (MDAC) with the back-end pipeline
stages while the measured code errors are stored in memory and
corrected in the digital domain during normal conversion. The cali-
bration needs the increased power dissipation and chip area of 1.4%
and 10.7%, respectively, compared to a 14 bit uncalibrated conven-
tional pipeline ADC. The prototype ADC fabricated in a 0.18um
CMOS process occupies an active die area of 4.2 mm2 and consumes
140 mW at 1.8 V and 50 MS/s. After calibration, the measured DNL
and INL of the ADC are improved from 0.69 to 0.39 LSB and from
33.60 to 2.76 LSB, respectively.

Introduction: Of various well-known architectures, pipeline A/D
converters (ADCs) have been widely used simultaneously to meet
high-speed and high-resolution requirements. In conventional high-
resolution pipeline ADCs, the accuracy has been fundamentally
limited by device mismatches and various inventive calibration tech-
niques have been developed to compensate for the unavoidable ADC
non-idealities owing to capacitor mismatches [1–4]. Especially with
the progressive development of fine-line CMOS technologies, digital
calibration schemes requiring less power and a smaller area have been
increasingly employed to improve the accuracy of high-speed high-
resolution pipeline ADCs.

Although some digital-domain calibration techniques properly correct
device mismatch errors, they tend to modify the original conventional
pipeline ADC architecture significantly and increase power dissipation
and chip area considerably. For example, a calibration technique
inserts a ‘slow-but-accurate’ ADC into the signal path in parallel with
the main ADC [1], while the other approach splits each sampling capaci-
tor of a multiplying D/A converter (MDAC) into smaller units and
reconstructs them to find a best matched capacitor array [2]. The tech-
nique in [3] adds the calibration signal of pseudorandom sequences to
the input of a calibrated stage with a dynamic element matching
encoder. As a result, the original systematic pipeline architecture
before calibration needs to be modified for implementation of the afore-
mentioned digital calibration techniques. In this Letter, we present a
14 bit 50 MS/s CMOS pipeline ADC to calibrate segment transition
errors in the digital domain. The proposed calibration for high accuracy
measures and corrects the code transition errors of the first stage MDAC
owing to capacitor mismatches, while some extra digital logic for
calibration hardly affects the regular circuit structure of uncalibrated
conventional pipeline ADCs.
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Fig. 1 Proposed 14 bit 50 MS/s 0.18 mm CMOS ADC with digital calibration

Proposed digitally-calibrated ADC: The 14 bit 50 MS/s pipeline ADC
proposed in this Letter is shown in Fig. 1. The digital-domain calibration
is applied only to the first stage of the four-stage pipeline ADC while the
capacitor mismatches of the first-stage MDAC are measured with the
remaining back-end pipeline stages and the measured mismatch errors
are stored in memory. The proposed calibration needs only digital
circuits composed of control logic, memory, and calibration logic, as
indicated with a bold dashed line in Fig. 1. The multiplexer (MUX) in
the calibrated first-stage selects normal conversion mode or calibration
mode. All functional circuit blocks for calibration are fully integrated
on chip with a conventional four-stage pipeline ADC, which decides
5 bits in the first three stages and 4 bits in the last stage. Of the total
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19 raw digital bits, 3 bits correct nonlinear offset and feed-through
errors between stages as observed in conventional pipeline ADCs
while two LSBs are discarded to reduce digital truncation errors
during digital manipulation. As a result, the final 14 bit output is
obtained. The digital logic circuits for calibration occupy approximately
10.7% of the overall active die area and consume only 1.4% of the total
power consumption as summarised in Table 1.

Table 1: Performance summary of prototype ADC

Before calibration After calibration

Resolution 14 bits

Conversion rate 50 MS/s

Process 0.18 mm CMOS (MIM cap.)

Input range 1.0 Vp-p

SNDR (at fin ¼ 5 MHz) 57.1 dB 65.6 dB

SFDR (at fin ¼ 5 MHz) 69.1 dB 80.3 dB

DNL 20.49 LSB/þ 0.69 LSB 20.39 LSB/þ 0.38 LSB

INL 233.60 LSB/þ 0.60 LSB 22.76 LSB/þ 2.01 LSB

Proposed ADC Only calibration circuits

Power consumption 140 mW at 1.8 V 2 mW at 1.8 V

Active die area 4.2 mm2 0.45 mm2

Proposed calibration principle: The front-end 5 bit MDAC configur-
ations are illustrated in Fig. 2, where each unit capacitor, Ci, has a
fractional error factor, 1i. A single-ended signal version is discussed
for simplicity although a fully differential version is used in the actual
design. During the Q1 phase, an analogue input is sampled on the
bottom plates of the unit capacitors. During the next Q2 phase, a
residue voltage is amplified by connecting the feedback capacitor to
the output of the op-amp while VREF or ground is applied to each unit
capacitor depending on the digital input code. The required open-loop
gain, A, of the op-amp is at least 84 dB for a 14 bit ADC. If the op-
amp gain is sufficiently higher than 84 dB, the transfer function of the
first stage 5 bit MDAC can be derived as follows:
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where Di is the ith digital code, 1 or 0, of the 32 thermometer codes from
the first stage sub-ADC corresponding to an analogue input. If there is
no capacitor mismatch, the residue voltage is represented only by
the first term in (1). The second and third terms in (1) are added to
the residue voltage owing to finite capacitor mismatches. Although the
second term changes the transfer function gain of the MDAC, the
slope of the changed gain is constant in the input range and does not
affect the ADC linearity at all [4]. The third term varies depending on
the digital input code and degrades the ADC linearity considerably.
The proposed digital calibration corrects the nonlinearity error in the
third term of (1).
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Fig. 2 Front-end 5 bit MDAC configuration with unit-capacitor array

The transfer function of the front-end 5 bit MDAC is shown in Fig. 3
where the vertical and horizontal axes are normalised to VREF. The ideal
residue voltage is represented in the dashed line and a residue output,
Vres[i], for a digital code, i, should change by exactly 1/2VREF as a
digital input code changes by 1 from (i 2 1) to (i). On the other hand,
the actual transfer curve including capacitor mismatches is plotted as
the solid line and the nonlinearity is demonstrated at each transition
point. The deviation, Vseg[i], from an ideal value, 1/2VREF, is defined
as a segment error for a code, i. The analogue segment error, Vseg[i],
can be easily measured by the two-step procedure of feed-through and
transition errors as detailed in [4]. As shown in Fig. 3, the digital
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segment error, Dseg[i], corresponding to Vseg[i], is digitised by the
remaining back-end stages. The final target digital code error, Dcode[i],
required for a specific digital code, i, is obtained by sequentially
accumulating all the segment errors from the zero code to the
ith digital code [4]. During the normal conversion mode, when the ith
code from the first-stage flash ADC is applied to the front-end
MDAC, the corresponding code error, Dcode[i], is recalled from
memory and subtracted from the uncalibrated raw digital output. Thus,
the solid transfer curve with capacitor mismatches of Fig. 3 moves
back to the dashed ideal line and high linearity is achieved.
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Fig. 3 Principle of proposed calibration technique

In the previously published code-error calibration [4], the front-end
MDAC is based on a binary-weighted capacitor array and only half of
the codes for the front-end MDAC are measured owing to code
symmetry. However, the binary-weighted capacitor-based MDAC
calibration suffers from twice the truncation errors occurring in the mid-
point transition. In this Letter, a unit-capacitor array architecture is
adopted in all the pipeline stages, both to reduce the truncation-error
doubling effect and to obtain higher capacitor matching accuracy for
the uncalibrated back-end stages. Although the unit capacitor array
architecture requires a little bit more memory and control logic, it is
not so critical for the overall ADC performance.
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Fig. 4 Measured INL of prototype ADC before and after calibration
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Experimental results: The proposed 14 bit 50 MS/s ADC is
implemented in a 0.18 mm CMOS technology. The ADC occupies an
active die area of 4.2 mm2 and dissipates 140 mW at 1.8 V and
50 MS/s. The total sampling capacitance of the front-end MDAC is
8 pF and an intentional capacitor mismatch of 2% is forced in two
unit capacitors in the MDAC to provide a 9 bit level matching accuracy
before calibration. The measured maximum integral nonlinearity (INL)
is enhanced from 33.60 to 2.76 LSB at 14 bit after calibration, as illus-
trated in Fig. 4. The improvements in signal-to-noise-and-distortion ratio
(SNDR) and spurious-free dynamic range (SFDR) with different
sampling frequencies up to 50 at a 5 MHz input are plotted in Fig. 5.
After calibration, both SNDR and SFDR are improved from 57.1 to
65.6 dB and from 69.1 to 80.3 dB at 50 MS/s, respectively. The
measured performance of the prototype ADC is summarised in Table 1.

Conclusions: This Letter describes a 14 bit 50 MS/s 4.2 mm2 140 mW
0.18 mm CMOS ADC-based on a digital code-error calibration. The
proposed calibration for high accuracy corrects the front-end MDAC
nonlinear errors owing to capacitor mismatches in the digital domain
and uses the power dissipation and chip area increased by 1.4% and
10.7%, respectively, with a slight modification of a 14 bit uncalibrated
conventional pipeline ADC. After calibration, the measured DNL and
INL of the prototype ADC are improved from 0.69 to 0.39 LSB and
from 33.60 to 2.76 LSB, respectively.
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