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Abstract This work proposes an 8b 250MS/s 0.13lm

CMOS two-step pipeline ADC using variable references

for VGA-to-WUXGA scaler chip applications. The input

sample-and-hold amplifier employs MOS capacitor-based

gate-bootstrapping circuits to keep the on-resistance of

sampling switches constant and to sample wide-band wide-

range variable inputs with least distortion. The capacitors

of the proposed multiplying D/A converter are laid out in a

high matching one-dimensional symmetric shape rather

than the conventional common-centroid topology to save

chip area. The proposed on-chip current and voltage ref-

erence circuits generate variable bottom-side reference

voltages with a fixed top-side reference using a single

external voltage for processing wide-range variable analog

inputs. The two-step reference selection scheme reduces

considerably power and area in the last-stage 5b flash

ADC. The prototype ADC in a 0.13lm CMOS demon-

strates measured differential and integral non-linearities

within 0.35 and 0.54 LSB, respectively. The ADC shows a

maximum SNDR and SFDR of 44.4 and 56.1 dB at

250 MS/s, respectively. The ADC with an active die area

of 0.72 mm2 consumes 58.8–62.4 mW depending on input

modes at 250 MS/s and 1.2 V.

Keywords ADC � Pipeline � Low power � Scaler �
Variable voltage reference � Two-step reference selection

1 Introduction

As the development of video displays has been accelerated,

the market of liquid crystal displays (LCDs) has been also

growing continuously. The LCDs have been improved

rapidly from the early twisted nematic-LCD for an elec-

tronic calculator to the super twisted nematic-LCD. Now-

adays, the thin film transistor (TFT) LCD has expanded its

application areas more and more into TV, PC, and various

communication system markets. The typical image signal

processing of a TFT LCD panel is illustrated in Fig. 1.

Since an LCD panel has a fixed resolution and each

individual user tends to want a different resolution

depending on various applications, the required specifica-

tions between manufacturers and users may not be mat-

ched. This gap can be reduced by a scaler which converts

various resolutions required by users into a proper resolu-

tion for the LCD panel. A scaler chip covering most of the

resolutions from VGA (640 9 480, 4:3) to WUXGA

(1,920 9 1,200, 16:10) can maximize the convenience of

users. Although the scaler chip is mainly based on digital

circuits, the input from any graphic cards is composed of

wide-band analog RGB signals. As a result, an analog-to-

digital converter (ADC) with a resolution of 8b level and a

conversion rate exceeding 250MS/s needs to be employed

in the analog front-end (AFE) of the scaler chip. Further-

more, the front-end ADC should process properly wide-

band wide-range variable analog input signals from a

variety of graphic cards while low power and small chip

area are essential to system on-chip integration.

Of various ADC architectures, the pipeline topology has

been commonly employed as one of the best candidates to

achieve the target specification such as a resolution of 8b

and a conversion speed of 250 MHz with low power con-

sumption and chip area [1–6]. A lot of inventive circuits
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have improved some critical functional performances of

the ADCs and have been reported in many journals and

conferences. However, some prototype ADCs still need

considerable power and die area [4, 6], additional timing

blocks [5], or external current and voltage (I/V) reference

circuits [5–7].

This work proposes an 8b 250MS/s 0.13lm CMOS two-

step pipeline ADC to process various modes of analog

inputs with low power consumption and small area at a

single 1.2 V power supply. The sample-and-hold amplifier

(SHA) is properly handling wide-band wide-range variable

inputs with a gate-bootstrapping circuit (GBC) based on

MOS level-shifting capacitors. On-chip I/V reference cir-

cuits generate various reference voltages required in the

scaler chip without degrading the performance of other

circuit blocks. The multiplying D/A converter (MDAC)

capacitors are arranged in a signal-insensitive one-dimensional

(1-D) symmetric form to minimize area. In the last-stage

5b flash ADC, a two-step reference selection scheme fur-

ther decreases die area and power consumption. The

architecture of the proposed ADC is described in Sect. 2

while the proposed wide-range signal processing schemes

and detailed circuit design techniques are discussed in Sect.

3. The measured performance of the prototype ADC is

summarized in Sect. 4.

2 Proposed ADC architecture

The proposed 8b 250MS/s ADC employs a two-step

pipeline architecture deciding four and five bits in the first

and second stages, respectively, as shown in Fig. 2. The

ADC is composed of an input SHA, an MDAC, two flash

ADCs, on-chip I/V reference circuits, a clock generator,

and a digital correction logic block.

The SHA employs a GBC for wide-band wide-range

input signals to be sampled with low distortion even in the

extreme signal variations. Level-shifting capacitors in the

GBC are implemented with a MOSFET instead of a con-

ventional MIM capacitor, reducing the GBC area by 70 %

compared with the MIM capacitor-based GBC. A merged-

capacitor switching technique [8] reduces the required unit

capacitors by 50 % in the proposed MDAC capacitor arrays.

A high matching 1-D symmetric layout minimizes the area

of the capacitor arrays approximately by 70 % compared

with the conventional two-dimensional (2-D) common-

centroid layout method. An interpolation technique is

applied to both of the two flash ADCs and a two-step ref-

erence selection scheme is used only in the back-end flash2

ADC, which reduce power consumption and chip area by

50 % or more. A reference voltage corresponding to a var-

iable input range is needed properly to process wide-band

Fig. 1 Typical image signal

processing of a TFT-LCD panel

Fig. 2 Proposed 8b 250MS/s

0.13lm CMOS ADC
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wide-range variable inputs from various external graphic

cards. The proposed on-chip I/V reference circuit generates

bottom-side variable reference voltages with a fixed top-side

reference from a single external voltage. The digital cor-

rection logic is implemented on chip, which corrects digi-

tally the nonlinear errors between stages by overlapping one

bit [9]. The decimator and clock are also implemented on

chip for various system applications. The internal clock

generator produces two non-overlapped clock phases, Q1

and Q2, from a single external master clock for switched-

capacitor circuit operation.

3 Circuit implementation

3.1 Gate-bootstrapped wide-band SHA for variable

inputs

The analog RGB signals from a variety of graphic cards to

the ADC are considerably different in amplitude and

common-mode voltage depending on the manufacturing

companies and products. Therefore, the SHA, as shown in

Fig. 3, is required in the front end of the ADC for wide-

range variable input signal processing.

The variable input range in this work is classified into

three modes, MAX, TYP, and MIN, as summarized in

Table 1, based on a single supply of 1.2 V and a common-

mode voltage of 0.6 V, VCM, which is the center of the

power supply. The wide-band SHA samples three types of

inputs with low distortion and holds the sampled inputs at

the output with a fixed common-mode voltage of 0.72 V

(= VCM ? 0.12 V). The subsequent MDAC and flash

ADC operate under a constant DC biasing condition

regardless of external input signal variations.

A GBC is employed in the sampling switches of the

SHA to sample input signals accurately with low distortion

by maintaining the on-resistance constant, as shown in

Fig. 4 [10–12]. Since the wide-range variable inputs are

commonly single-ended, the inputs have a swing range two

times higher than differential inputs.

If a large input voltage is repeatedly coming in the SHA,

some transistors in the input sampling and bootstrapping

switches can be damaged by a gate-to-source voltage

exceeding a specified breakdown voltage. Therefore, high-

threshold voltage (HTV) transistors are partially employed

in the input sampling and bootstrapping switches, as indi-

cated in the dashed regions of Fig. 4, to improve device

reliability. Moreover, the proposed GBC employs a MOS-

based capacitor, CGBC, reducing the chip area for the GBC

by 70 % compared with the conventional MIM capacitor-

based GBC.

3.2 Highly matched 1-D symmetric capacitor arrays

in MDAC

The MDAC amplifies a residue voltage, the difference

between the MDAC input and the reconstructed analog

signal from the flash ADC, and transfers the amplified

residue voltage to the next stage as observed in the con-

ventional pipeline ADC [13]. In this work, the proposed

capacitors in the MDAC consist of actually necessary unit

capacitors and dummy capacitors, as shown in Fig. 5. The

conventional 2-D common-centroid layout integrates

dummy capacitors around unit capacitors, minimizing

interline interference effects, device mismatches during

fabrication, and the variations of parasitic capacitance

Fig. 3 Proposed SHA for wide-

band variable inputs

Table 1 Three modes of common-mode voltage and input range

Input condition Common-mode voltage

of input signals

Peak-to-peak

input range

MAX VCM ? 0.30 V 1.0 VPP

TYP VCM ? 0.15 V 0.7 VPP

MIN VCM - 0.05 V 0.3 VPP
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Fig. 4 Proposed GBC for the

SHA

Fig. 5 Comparison of 2-D and

1-D capacitor arrays

Fig. 6 Proposed two-step

reference selection scheme of

the last-stage 5b flash ADC for

high power and area efficiency
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under physically different environment. However, this 2-D

layout needs a lot of dummy capacitors and complex

interconnection lines occupying a large chip area [14, 15].

The proposed capacitor layout scheme for the MDAC is

based on a 1-D symmetric configuration for small chip area

and requires only two dummy capacitors on both sides,

which is enough for a matching accuracy of 8b level. The

proposed 1-D symmetric layout reduces the area of capac-

itors by 72 % compared with the 2-D common-centroid

topology.

3.3 Back-end 5b flash ADC with two-step reference

selection

The flash ADC is one of the major functional circuit blocks

to convert analog signals into digital codes based on a fast

conversion rate and a simple architectural characteristic for

various types of the ADCs such as pipeline and algorith-

mic. Particularly, although the flash ADC in each stage of

the pipeline ADC is needed for proper signal conversion,

the number of comparators in the flash ADC is increased

exponentially with a required resolution [16]. The flash

ADC using switched-capacitor techniques needs a finite

time to compare the difference of input and reference

voltages and to generate the corresponding thermometer

code. Concurrently, a residue voltage should be amplified

within a specified clock cycle for correct conversion. In

this work, the proposed 5b flash ADC employs a two-step

reference selection scheme in the last pipeline stage, which

decides first the most significant bit (MSB) and then the

four least significant bits (LSBs) depending on the MSB

code, as shown in Fig. 6. The proposed 5b flash ADC

reduces the number of comparators by half compared with

the conventional 5b flash ADC.

The conventional sub-ranging flash ADC based on a

two-step reference selection needs a clock timing shorter

than a nominal conversion rate, resulting in more power

dissipation for a required resolution at a given sampling

rate [17]. Since the proposed 5b flash ADC is employed in

the last pipeline stage, the two-step reference selection

Fig. 7 Proposed on-chip

variable bottom-side reference

voltage generation

Fig. 8 Two cases of variable

references: a variable top with

fixed bottom and b variable

bottom with fixed top
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scheme is implemented without an extra clock phase only

by changing the sampling timings of input and reference.

The detailed timing diagram is summarized in Fig. 6. In the

first Q1 phase, the COMPS samples a mid reference volt-

age, REFMID, to decide the MSB, OUTM. In the Q2 clock

phase, the COMPS compares the REFMID with an analog

input and generates the digital code, OUTM, while the

COMPs for four LSBs sample the same analog input. In the

next Q1 phase, the OUTM selects reference voltages from

the resistor string while each COMP compares each

selected reference voltage with the sampled analog input to

generate the remaining four LSBs. The switches to decide

reference voltages generated from the resistor ladder

operate selectively with simple digital logic based on the

OUTM and clock phases. A two-stage pre-amplifier for the

flash ADC has a high enough DC gain for 5 bits with a

well-known open-loop offset cancellation configuration.

An interpolation applied to digital latches reduces further

the number of comparators with the corresponding chip

area and power dissipation in the flash ADC.

3.4 On-chip variable reference voltage generation

Since analog inputs from various kinds of graphic cards to

the ADC have wide-band, wide-range, and variable fea-

tures, the variable-range reference voltages matched to the

input range are indispensable. The input signals have three

different types of common-mode voltage and maximum

input swing range depending on three operation modes,

MAX, TYP, and MIN, as shown in Table 1. The proposed

on-chip I/V reference circuits in Fig. 7 is designed to have

the top side of the reference fixed to 0.85 V with the bot-

tom side of reference voltages changed to 0.35, 0.50, and

0.70 V, respectively, depending on the modes of MAX,

TYP, and MIN, with a single external control voltage,

VREF, at a 1.2 V supply.

There are two ways to vary the required reference

voltages. First, as shown in the Case 1 of Fig. 8(a), the

bottom reference is fixed to 0.35 V while the top references

are designed to have 0.85, 0.70, and 0.50 V with the modes

of MAX, TYP, and MIN, respectively, at a single 1.2 V

supply. The Case 2 of Fig. 8(b) is the method employed in

this work. The top side is fixed to 0.85 V while the bottom

side is designed to have 0.35, 0.50, and 0.70 V with the

modes of MAX, TYP, and MIN, respectively, at the same

single 1.2 V supply voltage.

Those variable reference voltages are generated by a

single external voltage, VREF, in both of two cases as

illustrated in Fig. 7. However, in the Case 1, when the top-

side reference voltage changes from 0.85 to 0.5 V

depending on three modes of MAX, TYP, and MIN, the

common-mode voltage of the reference voltages is moving

Table 2 Common-mode voltages in each circuit block to guarantee a

sufficient saturation margin of transistors

Circuit block Case 1 Case 2

MDAC VCM ? 20 % VCMa ? 10 % (constant)

FLASH1 ADC VCM

FLASH2 ADC VCM ? 20 %

a VCM = (VDD - VSS)/2

Fig. 9 Chip photo of the

prototype ADC

(0.80 9 0.90 mm2)
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down. As a result, since the common-mode voltages of the

NMOS input differential amplifier in the MDAC and the

pre-amplifiers in the flash ADCs also decrease during

the amplification phase, a sufficient saturation margin of

transistors in the tail current source cannot be guaranteed in

all of three different operation modes. This problem of the

Case 1 can be solved by employing a different common-

mode voltage in each circuit block for high enough margin

of transistors corresponding to three operation modes, as

shown in Table 2. However, the actual circuit implemen-

tation can be also complicated as much.

On the other hand, in the Case 2 of Fig. 8(b), the

common-mode voltage of the reference voltages is going

up when the bottom-side reference voltage changes from

0.35 to 0.70 V. Therefore, a high enough saturation margin

of transistors in the tail current source can be obtained,

even if a single common-mode voltage higher than VCM

only by 10 % is employed for all of the analog circuit

blocks. Constant and stable common-mode voltages

insensitive to on- and off-chip signals and power supplies

usually need on-chip RC filters occupying considerable

chip area. The proposed on-chip I/V reference circuit

employs the Case 2 scheme to minimize chip area and

metal routing complexity.

4 Prototype ADC measurements

The proposed 8b 250MS/s pipeline ADC is implemented in

a 0.13lm 1P7M CMOS process, occupying an active area

of 0.72 mm2 as shown in Fig. 9. The chip photo of the

prototype ADC is not clearly visible due to the topmost

metal during fabrication. Thus, the enlarged layout is added

for indicating each block of the ADC clearly.

On-chip decoupling MOS capacitors of 240 pF in the

idle space surrounded by dashed lines reduce signal inter-

ferences between functional circuit blocks, EMI, power

supply noise, and high-speed transient glitches. The pro-

totype ADC dissipates 62.4, 61.2, and 58.8 mW depending

on the variable input modes of MAX, TYP, and MIN,

respectively, as shown in Table 1, at 250 MS/s and a 1.2 V

Fig. 10 Measured DNL and INL of the ADC (in TYP mode)

Fig. 11 Measured FFT spectrum of the proposed ADC (TYP)

Fig. 12 Measured SFDR and SNDR of the ADC based on fs: with

a MAX, b TYP, and c MIN modes of Table 1
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supply voltage. The measured maximum differential non-

linearity (DNL) and integral non-linearity (INL) are within

0.31 and 0.26 LSB in the MAX mode, 0.26 and 0.31 LSB

in the TYP mode, and 0.35 and 0.54 LSB in the MIN mode,

respectively. The measured DNL and INL of the prototype

ADC in the input condition of the TYP mode are shown in

Fig. 10.

The prototype ADC in the TYP mode is measured with a

3 MHz input sine wave at 250 MS/s and a 1.2 V supply as

illustrated in the 1024-point FFT spectrum of Fig. 11.

Digital output data are captured at one eighth rate of a full

conversion speed of 250 MS/s by the on-chip decimator to

reduce digital coupling noise from the test board due to

high speed operation.

The measured dynamic performance of the prototype

ADC is summarized in Figs. 12 and 13. The signal-to-noise-

and-distortion ratio (SNDR) and spurious-free dynamic

range (SFDR) of the proposed ADC are measured with dif-

ferent sampling frequencies from 20 to 250 MS/s at a 3 MHz

differential input, as shown in Fig. 12. While a sampling

frequency increases up to 250 MS/s, the SNDR and SFDR

are maintained above 42.9 and 56.1 dB in the MAX mode,

44.4 and 56.1 dB in the TYP mode, and 41.0 and 55.2 dB in

the MIN mode, depending on three different input conditions

in Table 1. Regardless of the common-mode voltage and

peak-to-peak range of inputs of Table 1, the measured ADC

shows a very similar dynamic performance.

The measured SNDR and SFDR with increasing input

frequencies at a sampling rate of 250 MS/s are shown in

Fig. 13. As input frequencies increase up to 100 MHz, the

SNDR and SFDR are maintained over 41.3 and 46.1 dB in

the MAX mode, 43.7 and 52.7 dB in the TYP mode, and

40.6 and 53.8 dB in the MIN mode. Little difference in the

measured SNDR and SFDR is observed with three modes

of variable input conditions.

In each of three different input modes of Fig. 13, the

SNDR demonstrates only a difference within maximum

1.6 dB with changing input frequencies from 3 to 100 MHz

Fig. 13 Measured SFDR and SNDR of the ADC based on fin: with

a MAX, b TYP, and c MIN modes of Table 1

Table 3 Performance summary of the prototype 8b ADC

Resolution 8 bits

Sampling rate 250 MS/s

Process 0.13lm CMOS

Supply 1.2 V

Differential input range MAX (1.0 VPP) TYP (0.7 VPP) MIN (0.3 VPP)

Input common mode voltage VCM ? 0.30 V VCM ? 0.15 V VCM - 0.05 V

where VCM = (VDD - VSS)/2

SNDR (@ fs = 250 MS/s) 42.92 (@ fin = 3 MHz)

41.32 (@ fin = 100 MHz)

44.44 (@ fin = 3 MHz)

43.71 (@ fin = 100 MHz)

41.03 (@ fin = 3 MHz)

40.56 (@ fin = 100 MHz)

SFDR (@ fs = 250 MS/s) 56.09 (@ fin = 3 MHz)

46.10 (@ fin = 100 MHz)

56.13 (@ fin = 3 MHz)

52.73 (@ fin = 100 MHz)

55.22 (@ fin = 3 MHz)

53.84 (@ fin = 100 MHz)

DNL -0.31 LSB/?0.26 LSB -0.26 LSB/?0.24 LSB -0.23 LSB/?0.35 LSB

INL -0.26 LSB/?0.26 LSB -0.29 LSB/?0.31 LSB -0.23 LSB/?0.54 LSB

Power (mW) 62.4 61.2 58.8

Area 0.72 mm2 (= 0.80 mm 9 0.90 mm)
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at a sampling rate of 250 MS/s. It means that the proposed

ADC processes wide-band wide-range variable inputs

appropriately.

The measured performance of the prototype ADC is

summarized in Table 3 while recently reported CMOS

ADCs with an 8b resolution and a conversion rate of

250 MS/s level are compared with the proposed ADC in

Table 4. Some ADCs show high power dissipation and chip

area [4, 6], or comparatively low linearity performance [5]

depending on the employed CMOS processes, while other

ADCs do not have on-chip wide-range variable reference

circuits available [5–7]. The prototype ADC based on a

single supply properly treats wide-band wide-range variable

inputs with the corresponding on-chip variable reference

voltages. The proposed ADC demonstrates very similarly

high static and dynamic measured performances indepen-

dent of various modes of input conditions in Table 1 for

AFE applications of VGA-to-WUXGA scaler chips.

5 Conclusion

This work proposes an 8b 250MS/s 0.13lm CMOS ADC

based on wide-band wide-range variable references for

VGA-to-WUXGA scaler applications. The proposed ADC

employs a two-step pipeline architecture deciding four bits

and five bits, respectively, in the first and second stages to

optimize power consumption and chip area at the target

resolution and speed. The GBC in the input SHA minimizes

the non-linear distortion of high-speed wide-range variable

inputs during the sampling phase. The MOS capacitor for

bootstrapping reduces the GBC area by 70 % compared

with the MIM capacitor. High matching 1-D symmetric

layout reduces the area for the MDAC capacitor arrays by

70 % compared with the 2-D common-centroid layout. On-

chip variable reference voltages are generated by a single

external signal VREF and only the bottom-side voltages are

changing while the top-side voltage is fixed. The variable

bottom-side reference strategy minimizes the chip area for

interconnection lines combined with only one common-

mode voltage used in all of the analog functional circuit

blocks. The two-step reference selection and interpolation

techniques employed in the last-stage 5b flash ADC

decrease both power consumption and chip area drastically.

The prototype ADC in a 0.13lm CMOS shows the mea-

sured DNL and INL within 0.31 and 0.26 LSB in the MAX

mode, 0.26 and 0.31 LSB in the TYP mode, and 0.35 and 0.54

LSB in the MIN mode, respectively. There is little difference

depending on the input conditions of Table 1. At a sampling

rate of 250 MS/s with a 3 MHz input, the measured SNDR

and SFDR are 42.9 and 56.1 dB in the MAX mode, 44.4 and

56.1 dB in the TYP mode, and 41.0 and 56.1 dB in the MIN

mode, respectively. When an input frequency is increased up

to 100 MHz, the maximum degradation of the SNDR is

measured to be only 1.6 dB in all the input modes. All the

measured performances of the prototype ADC are almost

insensitive to the common-mode voltage and peak-to-peak

range of inputs. The ADC with an active die area of

0.72 mm2 consumes maximum 62.4 mW at 1.2 V supply.
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