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A 12b 50 MS/s 0.18 mm CMOS ADC with a highly linear variable
gain amplifier (VGA) for medical ultrasound and CCD image sensor
applications is presented. The proposed four-step pipeline ADC opti-
mises power and chip area at target specifications while the front-end
VGA, based on a conventional approximated log function, employs
a merged capacitor switching scheme to improve the VGA gain linear-
ity. The proposed input VGA shows a linearity error less than 0.013 dB
in a gain range from 23 to 0 dB by a 0.2 dB step. The measured pro-
totype ADC with an active die area of 1.09 mm2 shows a maximum
SNDR and SFDR of 62.6 and 73.1 dB, respectively, and consumes
28.1 mW at 1.8 V and 50 MS/s.

Introduction: With the recent revolution in digital signal processing,
high-speed and high-resolution interface systems have been increasingly
demanded. Particularly, the analogue front-end (AFE) of high-definition
displays, such as charge coupled device (CCD) image sensors and
medical ultrasound, requires analogue-to-digital converters (ADCs)
with a resolution of 12b and a sampling rate of several tens of MS/s
with low power and small chip size. Moreover, variable gain amplifiers
(VGAs) are essential in the input to maximise the dynamic range of the
ADCs [1]. In this Letter, we present a 12b 50 MS/s pipeline ADC with a
highly linear input VGA for various AFE applications. The proposed
VGA with a sample-and-hold function is based on an approximated
log function while a merged capacitor switching (MCS) scheme [2]
minimises the gain linearity error owing to capacitor mismatch and
reduces power dissipation.

Proposed ADC architecture: The proposed 12b 50 MS/s four-stage
pipeline ADC for a CCD image sensor is shown in Fig. 1. The third-
stage VGA (VGA3) following two off-chip front-end variable gain
stages is integrated with a 12b back-end ADC. As a result, the proposed
ADC consists of an input VGA, three multiplying digital-to-analogue
converters (MDACs), four sub-ranging flash ADCs, digital correction
logic (DCL) and decimator, clock, and on-chip current and voltage refer-
ences. The proposed ADC does not need a separate sample-and-hold
amplifier (SHA) since the front-end VGA possesses the SHA function
based on switched capacitors. The VGA gain is controlled between
23 and 0 dB by a 0.2 dB step with 4 digital bits. The power-hungry
MDACs consist of a two-stage telescopic amplifier based on the
cascode compensation rather than the Miller compensation to minimise
power consumption with high DC gain.
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Fig. 1 Proposed AFE and 12b 50 MS/s ADC for CCD image sensor

Proposed VGA scheme: Of various VGA architectures, the switched-
capacitor-based VGA with a programmable capacitor array has been
commonly employed to obtain a robust and accurate signal gain with
an intrinsic sample-and-hold function [3]. In this Letter, two versions
of VGA are implemented in chip and the performance is compared.
The version 1 and version 2 VGAs are based on a capacitor-segment
combination [4] and the proposed approximated log function merged
with switched capacitors, respectively. The version 1 VGA is shown
in Fig. 2. During the sampling phase, the selected capacitors by four
gain control bits (GCBs) among the sampling capacitors, C0 to C15,
are connected to the input. During the amplifying phase, all the
sampling capacitors are connected to the signal ground and thereby
the required gain, linear in a dB scale, is decided by the ratio of the par-
allel combination of sampling capacitor segments over the feedback
capacitor, CF [4]. Since a feedback factor of about 0.5 during amplifica-
tion is maintained by keeping the total sampling capacitance constant,
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a gain-independent signal settling can be obtained. However, a mis-
match between capacitor segments for logarithmic gain control tends
to degrade the VGA gain accuracy.
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Fig. 2 Version 1 VGA based on capacitor-segment combination

On the other hand, a logarithmic scale variable gain can be achieved
by using the first-order approximation of an exponential function with a
unit capacitor array [3]. The proposed version 2 VGA based on the
approximated log function employs the MCS technique to reduce the
required number of devices and power dissipation and to improve the
gain linearity of VGA further, as shown in Fig. 3. The VGA based on
the approximated log function is shown in the upper part of Fig. 3.
During the sampling phase, a differential analogue input in phase and
out of phase is sampled on the bottom plates of CS and CX, respectively,
where CS and CX are the sampling capacitor and the combination of unit
capacitors corresponding to the GCBs, as defined in (1). At this time, the
other remaining capacitors are tied to the ground. During the next ampli-
fying phase, all the capacitors to sample the input signal are switched to
the output of the amplifier. As a result, the transfer function of the VGA
is derived in (2):

Fig. 3 Proposed version 2 VGA with approximated log function based on
merged capacitor switching scheme

CX = (15 − GCB)Cunit (1)

(OUTT − OUTC) = CS − CX

CS + CX

( )
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The proposed version 2 VGA in this Letter implements the MCS tech-
nique as well as the approximated log function, as shown in the lower
circuit block of Fig. 3. The unit capacitors, C1 to C14, of the VGA
based on the conventional approximated log function are merged into
C2’ to C8’ of the proposed VGA while a series connection of C0’ and
C1’ is needed to make a half value of C0 for an equivalent gain step
of 0.2 dB. The bottom plate of C1’ is attached to the input of the ampli-
fier to minimise the parasitic effect of a metal-insulator-metal capacitor.
As a result, the number of unit capacitors is reduced by about 50%. For a
given minimum-size unit capacitor, the sampling capacitor, CS, is also
halved and thus the load capacitance of the previous amplifier is
reduced as much. This allows the operating speed of the amplifiers to
be increased without extra power. Furthermore, the number of related
interconnection metal lines, switches, and logic gates driving the capaci-
tors of the VGA is approximately reduced by a half, which leads to a
smaller chip area. On the other hand, the size of unit capacitor can be
doubled to achieve a better VGA gain linearity while operating speed
and power consumption remain the same. Although a feedback factor
of the version 2 VGA varies slightly between 0.85 and 1.0 correspond-
ing to a VGA gain, it is not so critical for the overall VGA performance.

Measured results: The proposed 12b 50 MS/s ADC is implemented in
two versions of VGA while the remaining circuits except the VGA and
the total capacitance in the two versions of VGA are identical for fair
comparison. The prototype ADC fabricated in a 0.18 mm CMOS
process occupies an active die area of 1.09 mm2 and dissipates
28.1 mW at 1.8 V and 50 MS/s. The measured variable gain and the
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corresponding linearity error of the version 1 and version 2 VGAs with a
3 dB dynamic range in a 0.2 dB step are plotted in Fig. 4, respectively.
The measured maximum gain error of the version 2 VGA is 0.013 dB,
which is compared to 0.025 dB of the version 1 VGA, while the
power dissipation and chip area of the version 2 VGA are reduced by
10%, from 6.5 to 5.9 mW, and by 15%, from 0.16 to 0.14 mm2, respect-
ively. The ADC shows the measured differential nonlinearity (DNL) and
integral nonlinearity (INL) within 0.41 and 0.63 LSB, respectively. The
signal-to-noise and distortion ratio (SNDR) and spurious-free dynamic
range (SFDR) in Fig. 5 are measured with different sampling frequen-
cies up to 60 MHz at a 4 MHz input. The measured performance of
the prototype ADC is summarised in Table 1.
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Fig. 4 Measured gain and linearity error of version 1 and version 2 VGAs
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Fig. 5 Measured SFDR and SNDR of proposed ADC against sampling
frequency

Table 1: Performance summary of prototype ADC

Resolution / conversion clock 12 bits / 50 MHz

Process / input range (diff.) 0.18 mm CMOS / 1.5 VPP � 2.1 VPP

SNDR / SFDR (at fIN ¼ 4 MHz) 62.6 dB / 73.1 dB

DNL / INL 20.36 � 0.41 LSB / 20.63 � 0.31 LSB

Active die area 1.09 mm2 (¼1.25 × 0.87 mm)

VGA version 1 [4] version 2 [proposed]

VGA gain error ≤0.025 dB ≤0.013 dB

Power consumption 28.6 mW at 1.8 V 28.1 mW at 1.8 V
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Conclusions: This Letter describes a 12b 50 MS/s 0.18 mm CMOS
ADC with a front-end VGA for various AFE applications. The proposed
VGA employing both the MCS technique and approximated log func-
tion reduces the required number of capacitors by about 50% and
improves the VGA gain linearity. The prototype ADC with an active
die area of 1.09 mm2 shows a maximum SNDR and SFDR of 62.6
and 73.1 dB, respectively, and a power consumption of 28.1 mW at
1.8 V and 50 MS/s.
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