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SUMMARY

This paper proposes a 10 b 25MS/s 4.8mW 0.13�m CMOS analog-to-digital converter (ADC) for high-
performance portable wireless communication systems, such as digital video broadcasting, digital audio
broadcasting, and digital multimedia broadcasting (DMB) systems, simultaneously requiring a low-voltage,
low-power, and small chip area. A two-stage pipeline architecture optimizes the overall chip area and
power dissipation of the proposed ADC at the target resolution and sampling rate, while switched-bias
power-reduction techniques reduce the power consumption of the power-hungry analog amplifiers. Low-
noise reference currents and voltages are implemented on chip with optional off-chip voltage references
for low-power system-on-a-chip applications. An optional down-sampling clock signal selects a sampling
rate of 25 or 10MS/s depending on applications in order to further reduce the power dissipation. The
prototype ADC fabricated in a 0.13�m 1P8M CMOS technology demonstrates a measured peak differential
non-linearity and integral non-linearity within 0.42 LSB and 0.91 LSB and shows a maximum signal-to-
noise-and-distortion ratio and spurious-free dynamic range of 56 and 65 dB at all sampling frequencies
up to 25MHz, respectively. The ADC with an active die area of 0.8mm2 consumes 4.8 and 2.4mW at
25 and 10MS/s, respectively, with a 1.2V supply. Copyright q 2008 John Wiley & Sons, Ltd.
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1. INTRODUCTION

With the advent of ubiquitous wireless communication and mobile systems based on system-on-
a-chip (SoC) technologies, it is becoming an important circuit design issue for high-resolution,
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high-sampling speed, high-density, low-supply, and low-power analog-to-digital converters (ADCs)
to be integrated on the same chip together with the CMOS digital circuits. In such mobile appli-
cations based on portability and battery operation, low-power consumption has been one of the
most important specifications. Particularly, the ADCs used for high-quality wireless broadcasting
systems, such as digital video broadcasting (DVB), digital audio broadcasting (DAB), and digital
multimedia broadcasting (DMB) systems, require a resolution of 10 b, a sampling rate of 10–
30MS/s, and an input signal bandwidth of about 60MHz simultaneously with a low supply voltage,
low power, and small chip area.

The well-known pipeline ADC architectures have been widely employed to meet the required
performance specifications of a resolution exceeding 10 b and a sampling rate of several tens
of MS/s. Most of the previously reported 10 b ADCs with similar specifications are based on
single-bit-per-stage or multi-bit-per-stage pipeline architectures with more than four stages [1–3].
Increasing the number of pipeline stages allows high-speed operation to be achieved due to the
reduced amplifier gain and small load capacitance resulting from the decreased physical size of
the residue amplifiers and sampling capacitors at the expense of increased power consumption and
chip area due to the increase in the number of inter-stage amplifiers. On the other hand, assigning
more bits per stage can decrease the power consumption due to the relaxed accuracy and settling
requirement of the residue amplifiers. Reducing the number of pipeline stages and increasing the
gain in each stage allows the number of input-referred errors resulting from the back-end pipeline
stages of the ADCs to be decreased. The proposed ADC has only two pipeline stages so as to
minimize the power consumption by resolving more bits in each stage at the target resolution
and sampling rate. In addition, the proposed switched-bias power-reduction techniques reduce the
power dissipation of the analog amplifiers with only a slight modification of the existing modular
system architecture.

This paper is organized as follows. In Section 2, the proposed ADC architecture is presented. In
Section 3, the low-power design techniques of conventional pipeline ADCs are reviewed, while the
key design issues and measured performances of the proposed ADC are described and discussed
in Sections 4 and 5, respectively. Finally, Section 6 concludes this paper.

2. PROPOSED ADC ARCHITECTURE

The proposed 10 b 25MS/s CMOS ADC employs a two-stage pipeline architecture to minimize the
power consumption and chip area, as illustrated in Figure 1. The ADC consists of an input sample-
and-hold amplifier (SHA), a single 5 b multiplying D/A converter (MDAC), a 5 b flash ADC, a 6 b
flash ADC, digital correction logic (DCL), on-chip current and voltage (I/V ) references, and on-
chip timing circuits. The input SHA based on a conventional flip-around two-capacitor architecture
achieves a high signal-to-noise-and-distortion ratio (SNDR) of more than 50 dB even with an input
frequency of 60MHz at 25MS/s by optimizing the W/L sizes and ratios of the CMOS sampling
and holding switches using low-threshold voltage transistors as shown in Figure 2. The sampling
capacitance of the SHA is 0.8 pF taking into consideration the kT/C noise and 10 b accuracy with
1Vp–p input signals. The 5 b MDAC amplifies the residue voltage by a factor of 24 to correct the
nonlinear errors in the DCL based on a two-stage amplifier with a folded-cascode architecture and
a common-source topology with a tail current source, considering the required DC gain and power
dissipation at 10 b and 25MS/s. Sub-ranging flash ADCs used in this work employ a conventional
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Figure 1. Proposed 10 b 25MS/s 0.13�m CMOS ADC.

Figure 2. SHA architecture and CMOS sampling switches.

interpolation technique to reduce the number of pre-amplifiers. The comparators in the 5 b flash
ADC consist of a pre-amplifier and a latch, while the comparators in the 6 b flash ADC employ
a two-stage pre-amplifier and a latch for the required sampling speed and accuracy [4]. The I/V
references are integrated on chip for the sake of achieving highly accurate and reliable signal
conversion. The down-clock (DNCK) and power-down (PDOWN) signals optimize and reduce the
power dissipation depending on master sampling clock rates of 25 or 10MHz. The non-overlapping
clock phases used for conversion are internally generated by a single input master clock. Nonlinear
errors, such as inter-stage offsets and clock feed-through, are digitally corrected in the DCL by
overlapping 1 b with 11 b raw codes to yield 10 b outputs.
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3. REVIEW OF LOW-POWER DESIGN TECHNIQUES

With the scaled-down device dimensions employed in advanced CMOS technologies, one of the
key design issues of recently developed CMOS ADCs is low-power consumption [5]. The power
consumption of digital-integrated circuits tends to decrease due to the reduction in the parasitic
capacitance and supply voltage corresponding to the scaled-down dimensions, while the power
consuming mechanism of analog-integrated circuits is very much complicated by the multiplication
of correlated factors. For example, a reduced power supply voltage needs a reduced signal swing,
thereby resulting in a low signal-to-noise ratio (SNR) in the analog circuits. An increased sampling
capacitance is needed in the analog amplifiers to maintain the required SNR, which increases their
power consumption. Several approaches have been proposed and investigated to reduce the power
dissipation of analog circuits and to improve their performance.

3.1. Capacitor scaling techniques

In pipeline ADCs, the kT/C noise contribution of the back-end stages is effectively attenuated
by the gain of the previous stage, and the accuracy and settling requirements of the current stage
are reduced more than those of the preceding stages. This means that the back-end stages can
tolerate higher noise and mismatch errors. These properties can be used to minimize the total
power dissipation of pipeline ADCs by scaling down the size of the sampling capacitors in the
later stages [6]. However, considering that noise power is inversely proportional to the size of
the sampling capacitor, the kT/C noise from the back-end stages may contribute greatly to the
total ADC noise power if the capacitor scaling is abrupt. As a result, the sampling capacitance
of the front-end ADC stages must be increased in order to compensate for the increased total
noise, which increases the overall power consumption of the ADCs. The optimum scaling factor
to reduce power consumption without increasing the kT/C noise significantly is the approximate
reciprocal of the corresponding inter-stage amplifier gain.

3.2. Op-amp sharing techniques

Sharing op-amps (operational amplifiers) minimizes the ADC power consumption by reducing the
number of op-amps employed. The power reduction afforded by sharing op-amps is based on the
fact that an op-amp is used only during a half clock cycle. There are two types of op-amp sharing,
namely ‘across two channels in a parallel pipeline ADC’ [7] and ‘between correlated adjacent
stages’ [8]. The sharing of op-amps between successive stages has some drawbacks. First, the
additional switches required to implement this technique introduce a series resistance, while the
use of larger switches to reduce the switch on-resistance may increase the parasitic capacitance and
offset voltage due to charge injection and clock feed-through errors, which can degrade the signal
settling behavior and increase the layout complexity. Secondly, op-amps cannot be reset since they
are always in the active mode. Thus, every sampled input is affected by the residual charge due
to the previous input signal. On the other hand, the sharing of op-amps across two channels in a
parallel pipeline ADC is associated with numerous mismatch error factors between the channels,
such as timing, offset, and gain mismatch, which may adversely affect the static and dynamic
performance due to the generation of undesired spurious harmonic tones. As a result, some extra
error calibration techniques are usually implemented to overcome these problems, which result in
additional power consumption and an increased die area.
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4. LOW-POWER ADC CIRCUIT IMPLEMENTATION

4.1. Low-power amplifiers based on switched-bias power-reduction techniques

Most of the power dissipation in the proposed ADC comes from the constant bias currents for
the op-amps [9]. The bias currents can be fully or partially turned off in order to reduce the
power dissipation during the half clock cycle of input sampling when the op-amps are not used.
While this technique may degrade the signal settling during the next amplifying cycle due to the
ill-defined phase margin and output overshoot, the switched-bias technique reduces the problem
[10]. This work proposes improved switched-bias power-reduction techniques with a lower number
of transistors in the bias circuits. The op-amps and related bias circuits of the SHA and the MDAC
based on the proposed switched-bias power reduction are shown in Figures 3 and 4, respectively.

The SHA with a single-stage op-amp in Figure 3 has a cut-off frequency ( f−3dB) and a phase
margin (�PM) at a unity-gain bandwidth (�unity) as approximated in (1) and (2), where gm,m1 is
the input trans-conductance of M1 and M2, gm,m6 is the trans-conductance of M6 and M7, and
CL and CP are the output capacitance and the parasitic capacitance at T1(T2), respectively [11].
With the controlled SHA bias voltages of BIAS1, BIAS2, and BIAS4, the op-amp bias currents

Figure 3. SHA amplifier with a switched-bias power-reduction technique.

Figure 4. MDAC amplifier with a switched-bias power-reduction technique.
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are partially turned off during the sampling mode with Q1 low, as shown in Figure 3. During the
next holding mode with Q1 high, the op-amp bias currents are completely resumed in the sequence
of BIAS4, followed by the application of BIAS1 and BIAS2 to turn on gm,m1 in advance and to
maintain gm,m6>gm,m1 during the holding mode with the help of the current delay cell composed
of MP3 and MN3. The value of gm,m1 needs to be turned on quickly when the mode changes from
sampling to holding, and the relation gm,m6>gm,m1 should be maintained until the op-amp enters
a steady state for reliable holding operation [10]

f−3dB∝ gm,m1

CL
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�PM
∼=90◦− tan−1

(
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On the other hand, the values of f−3dB and �PM of the MDAC based on the two-stage op-amp
in Figure 4 are summarized in (3) and (4), where gm1(gm14) is the input trans-conductance of the
first- (second-) stage amplifier, and CC(CL) is the compensation (load) capacitance at the output.
The MDAC circuits based on a two-stage amplifier, as shown in Figure 4, operate under the same
principle as the SHA. In an identical manner to the SHA, the value of gm1 should be turned on
quickly when the mode changes from sampling to amplifying, and the relation gm14>gm1 should
be maintained until the op-amp is in a steady state. It is noted that the first- and second-stage
amplifiers of the MDAC share a single bias circuit in order to reduce the power consumption and
the number of transistors of the bias circuit:

f−3dB∝ gm1
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The cut-off ratio of the proposed switched-bias power-reduction techniques affects the settling
behavior of the SHA and MDAC as shown in Figure 5(a) and (b). For stable operation, the settling
time of the SHA and MDAC should be within 20 ns (a half clock cycle at a maximum sampling rate
of 25MHz) at a maximum swing level of 500mV. The simulated output signals of the SHA and
MDAC are settling down with a pre-defined accuracy within 19.20 and 19.56 ns, until the cut-off
ratio of the bias current increases to 30 and 20%, respectively. As a result, the SHA, MDAC, and
flash ADCs using the proposed switched-bias power-reduction concept consume 10, 10, and 17%
less power, respectively, than those without the proposed power-reduction techniques.

4.2. On-chip CMOS current and voltage references with down-sampling control

A lot of commercially available ADC products still employ off-chip reference voltages, even though
on-chip I/V references are very much in demand for low-power SoC applications. The proposed
ADC employs on-chip low-power I/V references for low glitch noise at 25MS/s, as shown in
Figure 6. The current reference block (IREF) in Figure 6 can calibrate the current mismatch within
50% with 3 b IVCN digital bits, and the total power consumption of the prototype ADC is reduced
to 3�W with the power-off (POFF) control signal set to high for portable system applications
[12]. The external reference (EXTRF) signal decides to use either on-chip or off-chip reference
voltages. With the EXTRF set low, on-chip I/V references are used. On the other hand, with
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Figure 5. Simulated output waveforms of amplifiers depending on the cut-off ratio of the
bias currents: (a) SHA and (b) MDAC.

Figure 6. On-chip reference circuits with the down-sampling clock mode.

the EXTRF set high, the output reference voltages are in a high impedance state, which makes it
possible to use off-chip reference voltages.

While the MOS transistors used for amplifiers typically operate in the strong inversion region,
recently MOS transistors operating in the weak inversion region have been one of the important
research and development topics for ultra low-power systems [13, 14]. The VGS of transistors
operating in the weak inversion region is slightly less than VT, which leads to a low value of the
quiescent drain currents. The proposed ADC is designed to operate in both a nominal 25MS/s
mode and a low-power 10MS/s down-clock mode in order to optimize the power consumption,
as shown in Figure 6. The DNCK signal controls the bias currents of the SHA, MDAC, and flash
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Figure 7. Simulated on-chip top and bottom reference voltages.

ADCs depending on the sampling rate requirements. With the DNCK set low, the proposed ADC
operates in the nominal 25MS/s mode in the strong inversion region. On the other hand, with
the DNCK set high, the ADC operates in the low-power 10MS/s down-clock mode in the weak
inversion region.

The top and bottom reference voltages are connected to the ADCs’ core circuits by MOS
switches, which can make the voltages susceptible to switching noise and glitch, due to the repeated
charging and discharging operations of the MOS switches in the on and off states. Conventional
ADCs employ external 0.1�F bypass capacitors and/or internal RC-filters at the reference voltage
outputs to solve this problem [12, 15]. However, the proposed reference circuits reduce the noise
without any internal and external bypass capacitors [16]. Considering the required signal-settling
behavior of the top and bottom reference voltages, GND+0.25V and GND−0.25V, for a 1.0Vp–p
signal swing, the reference voltages need to settle down within 10 ns, which is 50% of a half clock
cycle at 25MHz. The simulation results show that top and bottom reference voltages settle down
within 8.80 and 7.00 ns, respectively, as shown in Figure 7.

5. PROTOTYPE ADC MEASUREMENTS

The proposed 10 b 25MS/s ADC was fabricated using a 0.13�m n-well 1P8M CMOS technology
with the minimum number of externally connected pins, such as inputs, outputs, and power supplies,
for use as a core IP block of integrated systems. The die photograph of the prototype ADC is shown
in Figure 8. Two types of on-chip decoupling capacitors based on PMOS and NMOS transistors
are integrated to reduce the amount of interference between the circuit blocks, EMI problems, and
power supply noise, as indicated in the continuous and dotted polygons of Figure 8. The prototype
ADC occupies an active die area of 0.8mm2 (=1.18mm×0.67mm). With the DNCK signal set
low, the proposed ADC operates at a nominal clock rate of 25MS/s and dissipates 4.8mW at 1.2V.
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Figure 8. Die photograph of the prototype 10 b 25MS/s 0.13�m CMOS ADC (1.18mm×0.67mm).

Figure 9. Measured DNL and INL of the prototype ADC.

On the other hand, with the DNCK signal set high, the ADC operates at a low-power 10MS/s
clock mode and dissipates 2.4mW at 1.2V. The measured peak differential non-linearity (DNL)
and integral non-linearity (INL) of the proposed ADC are 0.42 LSB and 0.91 LSB, respectively,
as illustrated in Figure 9.

The typical signal spectra of the prototype ADC measured with a 1MHz input sine wave in
the nominal 25MS/s mode and 10MHz down-clock mode are plotted in Figure 10(a) and (b),
respectively. The measured dynamic performances of the prototype ADC at 25 and 10MS/s are
summarized in Figures 11 and 12, respectively. The SNDR and spurious-free dynamic range
(SFDR) in Figure 11(a) are measured at different sampling rates up to 35MS/s with a 1MHz
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Figure 10. Signal spectrum measured with a 1MHz sinusoidal input in the (a) nominal 25MS/s clock
mode and (b) low-power 10MS/s down-clock mode.

Figure 11. Measured dynamic performance of the prototype ADC at nominal 25MS/s: SFDR
and SNDR versus (a) fs and (b) fin.
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Figure 12. Measured dynamic performance of the prototype ADC in the 10MS/s downclock mode: SFDR
and SNDR versus (a) fs and (b) fin.

input. As the sampling rates are increased to 25MS/s, the SNDR and SFDR are maintained at
more than 56 and 65 dB, respectively. The SNDR and SFDR in Figure 11(b) are measured with
increasing input frequencies at a sampling rate of 25MS/s. As the input frequency is increased
to 60MHz, the SNDR and SFDR are maintained at more than 50 and 62 dB, respectively. The
SNDR and SFDR in Figure 12(a) are measured at different sampling rates up to 20MS/s with
a 1MHz input. As the sampling rates are increased to 10MS/s, the SNDR and SFDR are
maintained at more than 56 and 65 dB, respectively. The SNDR and SFDR in Figure 12(b) are
measured with increasing input frequency at a sampling rate of 10MS/s. As the input frequency
is increased to 20MHz, the SNDR and SFDR are maintained at more than 51 and 62 dB,
respectively.

The measured performance of the proposed ADC is summarized in Table I and compared with
that of the previously published 10 b ADCs with a similar sampling rate in Table II where the
figure of merit (FOM) is defined as

FOM= Pdiss
2ENOB×Fs

(5)

where Pdiss is the power dissipation, ENOB is the effective number of bits, and Fs is the sampling
frequency. Although some of the ADCs compared in Table II show superior or similar FOM to
the prototype ADC [3, 21], the ADCs may not be suitable for low-voltage applications due to
the necessity of a high-power supply, 3.3 or 2.7V, respectively. The FOM of the proposed ADC
operating at a single low-power supply of 1.2V is measured to be 0.37 pJ/conversion, which is
the best value of the ADCs implemented so far in a 0.13�m CMOS process.
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Table I. Performance summary of the prototype ADC.

Nominal mode Down-clock mode

Resolution 10 bits
Max. conversion 25MSample/s 10MSample/s
Process 0.13�m CMOS (with MIM capacitors)
Supply voltage 1.2V
Input range 1.0Vp–p
SNDR 56 dB (at fin=1MHz)
SFDR 65 dB (at fin=1MHz)
DNL −0.42LSB/+0.41LSB
INL −0.89LSB/+0.91LSB
Active die area 0.8mm2 (=0.67mm×1.18mm)
ADC core power 4.8mW 2.4mW
SHA 0.6mW 0.2mW
MDAC 1.2mW 0.4mW
Flash 1.8mW 0.8mW
I/V references 0.8mW 0.8mW
Clock+DCL 0.4mW 0.2mW

Table II. Comparison with previously reported 10 b ADCs.

ENOB Fs Pdiss FOM CMOS

PROPOSED 9.0 b @Fin=1.0MHz 25MS/s 4.8mW 0.37 pJ/conv. 0.13�m
Wang et al. [1] 8.4 b @Fin=4.9MHz 12MS/s 3.3mW 0.79 pJ/conv. 90 nm
Chang and Moon [3] 7.7 b @Fin=1.0MHz 25MS/s 21.0mW 4.09 pJ/conv. 0.35�m
Jeon et al. [17] 9.4 b @Fin=2.0MHz 30MS/s 4.7mW 0.23 pJ/conv. 90 nm
Miyazaki et al. [18] 9.0 b @Fin=2.0MHz 30MS/s 16.0mW 1.03 pJ/conv. 0.30�m
Jian et al. [19] 9.2 b @Fin=1.0MHz 30MS/s 21.6mW 1.24 pJ/conv. 0.18�m
Jian et al. [20] 9.3 b @Fin=1.0MHz 30MS/s 60.0mW 3.26 pJ/conv. 0.25�m
Choi et al. [21] 9.4 b @Fin=5.0MHz 50MS/s 15.0mW 0.44 pJ/conv. 0.13�m
Ryu et al. [22] 9.2 b @Fin=1.0MHz 50MS/s 18.0mW 0.61 pJ/conv. 0.18�m
Vaz et al. [7] 9.3 b @Fin=1.0MHz 50MS/s 29.0mW 0.92 pJ/conv. 0.18�m

6. CONCLUSION

This paper describes a 10 b 25MS/s 4.8mW 0.13�mCMOS two-stage pipeline ADC for ubiquitous
wireless communication and mobile systems such as DVB, DAB, and DMB systems. The proposed
switched-bias power-reduction techniques partially turn off the bias currents for the SHA and
MDAC amplifiers during the half clock cycle used for input sampling and resume the bias currents
sequentially during the next half clock cycle used for residue amplification. The total power
dissipation of the ADC is reduced by approximately 10% with only a slight modification of the
modular system architecture. The low-noise I/V references are integrated on chip for low glitch
noise. The DNCK signal selects a sampling rate of 25 or 10MS/s depending on the application in
order to further reduce the power dissipation. The prototype ADC fabricated in a 0.13�m 1P8M
CMOS technology demonstrates measured peak DNL and INL values within 0.42 LSB and 0.91
LSB and shows a maximum SNDR and SFDR 56 and 65 dB at all sampling rates up to 25MS/s,
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respectively. The ADC with an active die area of 0.8mm2 consumes 4.8mW at 25MS/s and
2.4mW at 10MS/s with a 1.2V power supply.
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