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Abstract: A 13bit, pipelined analog-to-digital converter (ADC) designed to achieve high linearity is described. The high

linearity is realized by using the passive capacitor error-averaging technique to calibrate the capacitor mismatch error,a

gain-boosting opamp to minimize the finite gain error and gain nonlinearity,a bootstrapping switch to reduce the switch

on-resistor nonlinearity,and an anti-disturb design to reduce the noise from the digital supply. This ADC is implemented in

0.18,m CMOS technology and occupies a die area of 3. 2mm’, including pads. Measured performance includes — 0. 18/

0. 15LSB of differential nonlinearity, — 0. 35/0. 5LSB of integral nonlinearity,75. 7dB of signal-to-noise plus distortion ra-
tio (SNDR) and 90. 5 dBc of spurious-free dynamic range (SFDR) for 2. 4MHz input at 2. 5MS/s. At full speed conversion
(5MS/s) and for the same 2. 4MHz input, the measured SNDR and SFDR are 73. 7dB and 83.9 dBc, respectively. The
power dissipation including output pad drivers is 21mW at 2. 5MS/s and 34mW at 5MS/s,both at 2. 7V supply.
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1 Introduction

With the rapid development of digital VLSI tech-
nology, wide applications of digital signal processing
in wireless communications, asynchronous digital sub-
scriber loops (ADSL) ;and high-speed imaging require
high integral linearity, high-speed analog-to-digital
converters (ADCs) fabricated in a standard CMOS
technology. Pipelined ADCs present advantages over
flash or successive approximation ADCs because they
provide high potential resolution and a high conver-
sion rate. In real designs,the overall linearity of pipe-
lined ADC:s is limited by circuit non-idealities such as
capacitor mismatch, finite and voltage-related opamp
gain, signal dependent on-resistance of switches, and
crosstalk noise from digital circuits,etc. Some form of
2 or digital™ "', is usually needed
to achieve an integral linearity of more than 12bit.

In this paper, A CMOS pipelined ADC with
measured integral linearity more than 13bit is presen-
ted in three main parts. Circuit design approaches,
such as passive capacitor error-averaging (PCEA), a
gain-boosting opamp, a bootstrapping switch, and an

calibration,analog

anti-disturb design, are used to reduce the effect of
the circuit non-idealities described above to achieve
high linearity. The overall architecture of the proto-
type is given. The circuit design approaches for high
linearity are also described.
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2 ADC architecture

The proposed pipelined ADC architecture de-
signed to obtain more than 13bit level linearity is
shown in Fig. 1. The ADC consists of the first 6 PCEA
stages,the following 7bit backend ADCs,a clock gen-
erator,digital correction logic.an on-chip I/V refer-
ences,and supporting circuit blocks. The resolution of
the PCEA stages is designed to be 1. 5bit, which al-
lows a large correction range for comparator offsets.
This large error correction range is used to eliminate
the dedicated input
(SHA) , which means a reduction in the total power
consumption and thermal noise. The 7bit backend
ADC is a conventional 1.5bit/stage pipelined ADC,
which consists of five 1. 5bit pipelined stages and the
final 2bit flash ADC. Moreover, no calibration is ap-
plied to the backend ADC for the relaxed accuracy re-
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Fig. 1 Architecture diagram of the prototype ADC
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quirement of the later stages in the pipelined ADC. Vi
In addition to the uncorrectable noise, circuit
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non-idealities related errors also degrade the resolu-
tion of the ADC. The dominant sources of these errors
in a pipelined ADC are capacitor mismatch,finite and
voltage-related opamp gain, signal dependent on-
resistance of switches,and crosstalk noise from digital
circuits. They increase the static nonlinearity and the
dynamic disturbance,and eventually degrade the reso-
lution of the ADC. In this paper,in order to achieve
13bit linearity, we combined the PCEA stage, the
gain-boosting opamp, the bootstrapping switch, and
an anti-disturb design to reduce the effects of these
errors below the 13bit level.

3 Circuit design

As noted in section 2,design approaches such as a
PCEA stage, a gain-boosting opamp, a bootstrapping
switch,and an anti-disturb design have been used in
the prototype to achieve 13bit linearity. In this sec-
tion,a detailed description of each design approach is
presented.

3.1 PCEA stage

In a pipelined ADC,capacitor mismatch results in
an interstage amplifier gain error for the 1.5bit/stage
architecture. Gain error in the interstage amplifier
causes the output to be either larger or smaller than
the conversion range of the following stage depending
on whether the gain is larger or smaller,respectively,
than the ideal gain. For the overall A/D conversion
characteristic, this results in missing decision levels in
the case of positive gain error and missing codes in
the case of negative gain error. In a fully optimized
pipelined ADC, random capacitor mismatch is the
most important error source of nonlinearity. In the
absence of a post-fabrication component trimming or
calibration,the conversion accuracy is usually limited
to 10~12bits.

Many design approaches, which can be analog
circuit techniques''**’ or digital calibration tech-
niques”*',can be used to reduce capacitor mismatch
error. In this paper,the PCEAM! technique is used in
the design of the first 6 stages in the pipelined core.
For a 1.5bit PCEA stage, double transfer phases are
used to generate two residue voltages with comple-
mentary errors by interchanging the roles of two sam-
pling capacitors,and double sampling phases are used
to sample the complementary residues from the last
stage on each half of the sampling capacitors. By sha-
ring the sampled charge across the sampling capaci-
tors,the first order interstage gain error due to capac-

Fig. 2 Schematic diagram of the adopted opamp

itor mismatch is removed. Therefore,the requirement
of capacitor match is relaxed in the first 6 PCEA sta-
ges,and the capacitor size is scaled down to that of
the KT/C limit to save power consumption and chip
size. Although the power consumption and chip size
can be further optimized using scaling down tech-
niques though the PCEA stages, capacitors and
opamps of equal size are used in the first 6 PCEA sta-

ges for layout simplicity.
3.2 Gain-boosting opamp

The opamp is a key building block in analog cir-
cuit design. In a pipelined ADC, the opamp’s finite
gain and voltage-related gain result in interstage am-
plifier gain error and nonlinearity, which eventually
degrade the overall linearity of the pipelined ADC.
This is true not only for conventional pipelined
ADCs,but also for pipelined ADC with PCEA stages.

An opamp with large DC gain and high swing can
reduce the effect of its finite gain and nonlinearity.
The schematic shown in Fig. 2 meets this require-
ment,which is a high gain folded cascode opamp with
gain-boosting applied to its cascode transistors to en-
hance gain further. Besides high DC gain, the design
has the advantages of wider input common-mode
range and output swing range. The design achieves a
DC gain of more than 100dB and an output swing
range larger than 2Vp-p for a 2. 7V supply. This spec-
ification can be maintained over a large range of the
bias current by fixing the bias voltage V,, and V, to
2.4 and 0.3V, which is useful for the tradeoff be-
tween power consumption and conversion speed while
retaining high accuracy.

3.3 Bootstrapping switch

For the input sampling network of a pipelined
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Fig. 3 Power layout of the prototype ADC

stage, the signal-dependent charge injection and on-
resistance variations of switches result in static non-
linearity at low input frequencies and even more dis-
tortion at high input frequencies. It is not enough to
keep the nonlinearity below the 13bit level with the
conventional CMOS switches and bottom-plate sam-
pling.

In this paper,the first 2 stages are the most criti-
cal parts in the pipelined core and their input switches
are bootstrapped to achieve more than 13bit linearity.
For the following stages in the pipelined core, only
CMOS switches are used to save power and area.

3.4 Anti-disturb design

For the design of the pipelined ADC, which is a
typical mixed-signal system,the disturbance from the
digital signal to the sensitive analog signal always is a
concern. Thus, the power supply layout must be done
carefully to ensure good dynamic performance of the
ADC.

As shown in Fig. 3, three design approaches are
used to alleviate the problem of the disturbance from
digital supply. One design approach is to use isolated
power supplies for the analog part, the digital part,
and the I/O driving buffers. Another way of minimi-
zing disturbance is to keep the common substrate as
clean as possible, which is realized by connecting the
bulk of analog nMOS transistors to the analog ground
and connecting the bulk of digital nMOS transistors to
a clean ground instead of the noisy digital ground. Fi-
nally,large on-chip MOS capacitors are used to decou-
ple high frequency noise between the three pairs of
power and ground. These decoupling capacitors occu-
py the otherwise vacant area on the die.

4 Measured results

The prototype ADC was implemented in 0. 18:m
n-well single-poly six-metal CMOS mixed-signal tech-
nology. The prototype,shown in Fig. 4,occupies a die
area of 1. 6mm X 2mm,including its pads.

Fig. 4 Die photograph of the prototype ADC

The differential nonlinearity (DNL) and the in-
tegral nonlinearity (INL) were measured using a
code-density test with a 2. 4MHz full-scale sinusoidal
input. At 2. 5MS/s, four million samples were collect-
ed. The measured linearity profiles are shown in
Fig. 5. The measured DNL and INL are — 0.18/0.15
LSB and —0.35/0. 5LSB for the output codes from 22
to 8170, respectively.

The dynamic linearity of the ADC was character-
ized by analyzing a fast Fourier transform (FFT) of
the 16k output codes with a single-tone input. First,
the measurement was done at a sampling rate of
2.5MS/s,and Figure 6 shows the measured FFT spec-
trum with a — 0. 153dBFS 2. 4MHz input. The corre-
sponding peak SNDR is 75. 7dB, equivalent to 12. 28
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Fig.5 Measured linearity (f, =2.5MS/s, fi, = 2. 4MHz)
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0 Table 1 Measured performances at 2. 4AMHz input
o Technology 0.18m CMOS
g .50 Resolution/ bit 13
% Reference voltage/V 1 and 2
""“_100 Sampling rate/(MS/s) 2.5 5
DNL/LSB -0.18/0.15
0 0.1 0.2 fIf 0.3 04 0.5 INL/LSB —-0.35/0.50
o Peak SNDR/dB 75.7 73.7
Fig. 6 Measured FFT spectrum (f, =2.5MS/s. fi, = 2. 4AMHz) Peak SFDR/dBc 90.5 83.9
Power/mW 21 34

effective number of bits (ENOB) . In this case,the to-
tal harmonic distortion (THD) and the spurious-free
dynamic range (SFDR) are — 87.5dB and 90. 5dBc.
respectively (the THD figure corresponds to the pow-
er sum of the first 9 harmonics) . Second, the measure-
ment was done at a higher sampling rate of 5MS/s,
and Fig. 7 shows the measured FFT spectrum with a
—1.09dBFS 2.4MHz input. The corresponding
SNDR, THD, and SFDR are 73.7dB, — 82.4, and
83. 9dBc, respectively. With the larger input signal
level,the third harmonic becomes even higher due to
incomplete settling, which degrades the measured dy-
namic performance. This means that the bandwidth of
opamps is not adequate to support the sampling rate
of 5MS/s at full-scale input. The peak SNDR and
SFDR can be improved further by increasing the bias
current of the opamps (unfortunately,the largest bias
current is fixed inside the chip in this design).

All measurements were performed with a 2. 7V
supply at room temperature (27°C ). Table 1 summari-
zes the measurement results of the prototype ADC. As
a reference, Table 2 shows a comparison of this work
and several previously reported high-resolution ADCs
with 13bit or 14bit resolution. With emphasis on con-
version accuracy and the figure of merit (FOM) de-
fined as Power/ (259" ), the comparison shows that
the prototype ADC achieves a comparable conversion
accuracy and FOM to the ADC reported in Ref.[1],
which has the outstanding linearity and the lowest
FOM in the reported 12bit or higher resolution ADCs
dating from 1988 to 2004 . Considering that no scaling
down through the capacitor error-averaging stages
and no opamp-sharing between the adjacent stages
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Fig.7 Measured FFT spectrum (f; =5MS/s., fi, = 2. AMHz)

Table 2 Comparison with some previous works

Resolution | Conversion rate| SNDR Power FOM

/bit /MHz /dB /mW
Ref.[1] 14 12 75.5 98 1.7
Ref.[5] 13 10 68 360 17.5
Ref.[6] 13 40 67 268 3.7
. 13 2.5 75.7 21 1.7

This work

13 5 73.7 34 1.7

have been used for layout simplicity, a better FOM
can be expected if scaling down and opamp-sharing
are used to lower power.

5 Conclusion

This paper describes a high linearity, 13bit pipe-
lined ADC in 0. 18um CMOS technology,and its per-
formance is summarized in Table 1. The key feature
of this converter is that a capacitor error-averaging
stage,a gain-boosting opamp, a bootstrapping clock,
and an anti-disturb design are combined to improve
the overall linearity. The measured results show that
the ADC has achieved an integral linearity of more
than 13bit and an outstanding FOM compared with
the previously reported designs.
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