
A mismatch-error minimized four-channel time-interleaved 11 b
150 MS/s pipelined SAR ADC

Hye-Lim Park • Min-Ho Choi • Sang-Pil Nam •

Tai-Ji An • Seung-Hoon Lee

Received: 12 September 2012 / Revised: 21 January 2013 / Accepted: 15 April 2013 / Published online: 25 April 2013

� Springer Science+Business Media New York 2013

Abstract This work proposes a four-channel time-inter-

leaved 11 b 150 MS/s pipelined SAR ADC based on var-

ious analog techniques to minimize mismatches between

channels without any calibration scheme. The proposed

ADC eliminates an input SHA to reduce offset mismatches,

while the pipelined SAR architecture solves the problem of

limited input bandwidth as observed in conventional SHA-

free ADCs. In addition, a shared residue amplifier between

four channels minimizes various mismatches caused by

amplifiers in the first-stage MDACs. Two types of refer-

ences for the residue amplifier and the SAR ADCs isolate

the reference instability problem due to different functional

requirements, while the shared residue amplifier uses only

a single reference during the amplifying mode of each

channel to reduce a gain mismatch. For high performance

of the SAR ADC, high-frequency clocks with a controlla-

ble duty cycle are generated on chip without external,

complicated, high-speed multi-phase clocks. The prototype

11 b ADC in a 0.13 lm CMOS shows a measured DNL

and INL of 0.31 LSB and 1.18 LSB, respectively, with an

SNDR of 59.3 dB and an SFDR of 67.7 dB at 100 MS/s,

and an SNDR of 54.5 dB and an SFDR of 65.5 dB at

150 MS/s. The ADC with an active die area of 2.42 mm2

consumes 46.8 mW at 1.2 V and 150 MS/s.

Keywords Time-interleaved � Multi-channel � Pipelined

SAR � Channel mismatch � Separate reference � ADC

1 Introduction

A high-resolution video system, such as a high-definition

television (HDTV), requires essentially high-performance

analog-to-digital converters (ADCs) to convert analog

signals including the RGB signals into digital signals. In

particular, the most popular HD1080i of the HDTV

broadcasts needs an ADC with a resolution of over 10 b

and a sampling rate exceeding 150 MS/s. A pipelined ADC

is usually used to satisfy these specifications [1]. However,

with the rapid increase of demand for ADCs with a high

resolution of over 10 b and high sampling rate of several

hundreds of MS/s, time-interleaved (T-I) ADCs with a

parallel pipelined architecture have been proposed recently

[2–8]. The conventional ADCs based on a T-I architecture

optimize power consumption due to low-speed sub-ADCs

in parallel, regardless of process technologies, while the

overall sampling rate is increased linearly in proportion to

the number of channels. However, the performance of T-I

ADCs is limited by mismatches, such as offset, gain, and

sampling time mismatches [2–4], [7]. In a case of previ-

ously reported T-I ADCs with a resolution of over 10 b, not

considering channel mismatch calibration, the signal-to-

noise-and-distortion ratio (SNDR) was limited to a maxi-

mum of 55.9 dB in spite of having only dual channels due

to mismatches between channels [6]. The ADC perfor-

mances are more degraded as the number of channels is

increased. Therefore, the calibration schemes for solving

the channel mismatches are essential in the T-I ADCs in

order to achieve a high resolution of over 10 b. However,

most calibration schemes require additional circuits with
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complicated algorithms. Recently, T-I pipelined ADCs

based on various analog techniques have been published

[6–10].

In [6], closed-loop sampling eliminates an amplifier

offset in each channel. However, it suffers from a stability

problem due to the difference of amplifier performances,

such as loop gain and phase margin, between the ampli-

fying phase and the sampling phase. In particular, the

sampling operation is limited by the amplifier performance.

The double sampled pipelined ADC not only minimizes

power consumption and area by sharing a single amplifier

between two channels, but also removes the offset mis-

match problem [7]. Unfortunately, a memory effect is

caused by having no extra phase to reset the input summing

nodes of an amplifier. As a result, additional digital cali-

bration techniques are required to remove this problem.

Another technique to remove the offset mismatch is ran-

domly chopping [9]. Although this technique improves the

spurious-free dynamic range (SFDR) by reducing tones

caused by the offset mismatch, the SNDR is still main-

tained due to the increased noise. Thus, the tones caused by

the offset mismatch should be completely eliminated to

obtain a high SNDR. On the other hand, sharing a single

sample-and-hold amplifier (SHA) between at least two

channels is proposed in [10]. The offset and sampling time

mismatches are eliminated when the input SHA is shared;

however, the SHA operating during the whole clock period

requires high specifications and restricts extending the

number of interleaved channels. In [8], the SHA-free T-I

ADC is proposed to solve these problems. However, the

input bandwidth is limited in this architecture and the

channel mismatches, caused by the amplifiers in the first-

stage multiplying digital-to-analog converters (MDACs),

still remain.

This paper proposes an 11 b 150 MS/s four-channel T-I

ADC which minimizes channel mismatches by employing

various analog techniques in order to complement these

problems of conventional circuit design techniques. Above

all, the input SHA is eliminated to solve the offset mis-

match between four channels. However, in the case of a

sampled high-frequency input signal, the resolution of the

conventional SHA-free pipelined ADC is limited due to the

sampled input mismatch between the first-stage MDAC

and the first-stage flash ADC. The proposed ADC employs

a pipelined successive-approximation register (SAR)

topology that uses the SAR ADC instead of the flash ADC

to solve this problem, and samples the input signal through

an identical single sampling capacitor array during both the

SAR operation and the MDAC operation. Furthermore,

four channels share successively a single residue amplifier

so as to eliminate completely channel mismatches that are

still being caused by amplifiers in the first-stage MDACs

despite the removed input SHA.

On the other hand, references for the amplifying mode

and the SAR operation are separated to isolate a reference

instability problem caused by interferences between chan-

nels, while a shared residue amplifier uses a single refer-

ence for the amplifying mode in each channel to minimize

the gain mismatch. The clocks used in the four channels

employ a single clock-edge sampling technique to mini-

mize the sampling time mismatch between channels [6].

Furthermore, the on-chip clock generator is implemented

for high-frequency clocks. Particularly, the duty cycle can

be controlled externally to maximize both the reference

sampling interval and the preamp amplifying interval.

This paper is organized as follows. The proposed ADC

architecture and operation are introduced in Sect. II while

Sect. III discusses various analog techniques employed to

solve the channel mismatches. The detailed circuit design

techniques are described in Sect. IV. Measured perfor-

mances are summarized in Sect. V and the conclusion is

given in Sect. VI.

2 Proposed four-channel T-I pipelined SAR ADC

2.1 Architecture

The proposed four-channel T-I 11 b 150 MS/s pipelined

SAR ADC consists of four 6 b SAR ADCs (SAR ADC1)

and a single residue amplifier with two separate input

differential pairs in the first stage, four 6 b SAR ADCs

(SAR ADC2) in the second stage, a digital correction logic,

on-chip current and voltage references [11], a timing cir-

cuit, and an on-chip clock generator, as shown in Fig. 1.

The proposed ADC adopts a pipelined SAR architecture,

which combines SAR ADCs with a pipelined topology,

while four channels share a single residue amplifier with

two separate input pairs. The current and voltage references

implemented on a chip generate two types of separate

references with different specifications for the SAR ADCs

and residue amplifier. An on-chip clock generator gener-

ates internally high-speed clocks of 450 MHz for the

operation of the SAR ADCs. A timing circuit generates the

others two clocks of 75 and 37.5 MHz by dividing an

external clock of 150 MHz. In addition, the proposed ADC

employs a range-scaling technique to optimize power

consumption of a residue amplifier by reducing the closed-

loop gain of an amplifier [12].

2.2 Overall operation

Overall operation of the proposed ADC is shown in Fig. 2.

Each of four channels operates at 37.5 MS/s independently,

while the 11 b digital outputs of each channel are selected

by the on-chip digital multiplexer successively. As a result,
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the overall ADC can operate at a maximum sampling speed

of 150 MS/s.

Successively sampled inputs in four channels of the first

stage are converted into the digital codes of higher 6 b by

the SAR operation while the residue (the difference

between an input and a reference decided by higher 6 b) is

amplified and transferred successively to the SAR ADC2 in

the second stage. After the SAR ADC2 samples the

amplified residue from the first stage, this sampled input is

converted into the digital codes of lower 6 b. Although the

second stage without the amplifying mode can relieve its

SAR operating speed in contrast to the first stage, the SAR

ADC2 operates at the same operating speed as the SAR

ADC1 in order to use a single on-chip clock generator. On

the other hand, each of four channels is able to share a

single reference with an accuracy of 11 b for the ampli-

fying mode because the residue amplifying phase of each

channel does not overlap each other as shown in the upper

timing diagram of Fig. 2. Channels 1 and 3, as well as

channels 2 and 4, can share a reference with an accuracy of

6 b, respectively, due to the non-overlapped SAR operation

phase. As a result, the proposed ADC can obtain a high

performance as well as low power consumption by the

separate references with a different specification.

3 Design issues to solve channel mismatches

3.1 Four-channel T-I architecture sharing a single

residue amplifier for reduction of the offset

mismatch

Usually, when the input signal of (1) is sampled in the four-

channel T-I architecture on the assumption that each

channel has a different offset and only quantization noise

exists in overall ADC, the SNDR caused by the offset

mismatch between channels is defined as (2). The related

analysis and the definitions of NQ1, OS13, OS24, OSd, OSc

are summarized in detail in Appendix 1.

VINðtÞ ¼ A cosð2pfINtÞ ð1Þ

SNDRoffset ¼
1
2

A2

1
2

OS2
13 þ 1

2
OS2

24 þ OS2
d þ OS2

c þ NQ1

ð2Þ

From (2), the offset mismatch should be less than 1/2 LSB

to obtain the required performance of an 11 b T-I ADC.

Therefore, the SNDR is expected to obtain about 65.6 dB.

The first stage of the conventional four-channel 11 b

pipelined ADC and the proposed four-channel 11 b pipe-

lined SAR ADC are shown in Fig. 3.

In the case of the conventional four-channel 11 b

pipelined ADC, the amplifier offset in the input SHA and

the first-stage MDAC is mainly responsible for determining

the offset of the overall ADC. Therefore, the amplifier

offset matching accuracy between channels should be

designed over 11 b level as observed in (2). However, the

conventional pipelined ADC requires over eight residue

amplifiers in four channels, that is, at least over two

amplifiers in each channel including the input SHA, even

though the required number of amplifiers is different for

Fig. 1 Proposed four-channel Time-Interleaved (T-I) pipelined SAR 11 b 150 MS/s ADC

Fig. 2 Overall timing diagram for the proposed ADC
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the number of bits decided in each stage. In addition, it is

difficult to obtain the offset matching accuracy of an 11 b

level without additional calibration schemes. On the con-

trary, the proposed ADC substitutes the function of an

input SHA with the SAR topology by employing a pipe-

lined SAR architecture and a single residue amplifier is

shared between four channels as shown in Fig. 3. There-

fore, the amplifier offset mismatch between the four

channels is fundamentally reduced, while power con-

sumption and chip area are minimized.

3.2 Two separate references to minimize the gain

mismatch

3.2.1 Performance limits caused by references

Usually, the simple solution for a gain mismatch caused by

references in the conventional T-I ADC is to share an

identical single reference between overall channels. How-

ever, in the case of using a single reference in four chan-

nels, as shown in Fig. 4(a), the interference between

channels results from internal high-speed operation of the

SAR ADCs. Thus, the proposed ADC suffers from a ref-

erence instability problem, limiting the overall ADC

performance.

In other words, a single reference for a residue amplifier

is unstable due to the interference by the high-speed SAR

operation of 450 MHz in other channels, causing unstable

amplifying operation. Specifically, the reference instability

problem of a residue amplifier has a critical effect on the

performance degradation of the overall ADC as a residue

amplifier requires a high resolution of 11 b. The method to

solve this problem is to use a separate reference in each

channel as shown in Fig. 4(b). However, this method

causes another gain mismatch by a reference mismatch

between channels.

The SNDR caused by a gain mismatch between chan-

nels is derived as (3) where the input signal of (1) is

sampled and the only quantization noise exists in the

overall ADC. The related analysis and the definitions of

NQ2, G13, G24, Gd, Gc are summarized in detail in

Appendix 2.

SNDRgain ¼
A2

2
G2

c

A2 G13

2

� �2þ G24

2

� �2þ 1
2

G2
d

h i
þ NQ2

ð3Þ

Commonly, the gain mismatch between channels should

be less than 1/2 LSB to obtain the required performance of

the conventional 11 b T-I ADC. As a result, the SNDR of

about 67.6 dB is expected when the gain mismatch

Fig. 3 Conventional four-channel 11 b pipelined ADC and proposed four-channel 11 b pipelined SAR ADC

Fig. 4 a Sharing a single

reference in four channels,

b using a separate reference in

each channel
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between four channels is a 1/2 LSB level with a resolution

of 11 b, corresponding to 1.6/212. However, it is difficult to

implement four references with a matching accuracy more

than 11 b without additional calibration schemes.

3.3 Proposed separate reference with a different

accuracy

To simultaneously solve the reference instability problem

and the gain mismatch problem caused by the character-

istics of a conventional T-I pipelined SAR architecture, the

proposed ADC separates references with a different accu-

racy for a residue amplifier and for the SAR ADCs as

shown in Fig. 5.

Requiring a reference for a residue amplifier with a high

accuracy of 11 b is one of the main performance limiting

factors. Thus, the proposed ADC minimizes the reference

mismatch by not only sharing a single residue amplifier

between four channels, but also amplifying the residue with

a single reference in the overall channels. On the other

hand, the reference mismatch of the SAR ADCs has a

similar effect on the overall ADC performance to a com-

parator offset mismatch of the flash ADCs with a low

resolution in the conventional pipelined architecture.

Therefore, the proposed SAR ADC requires only a low

reference matching accuracy of 6 b, unlike the case of

Fig. 4(b) which always requires an accuracy of 11 b in

each channel. Thus, the proposed ADC can be imple-

mented without additional calibration.

As shown in Fig. 5, channels 1 and 3 in the first and

second stages can share a single reference since the SAR

ADCs operate at a different phase in each channel, while

channels 2 and 4 can also share a single reference for the

SAR ADCs in the same way. As a result, the proposed

ADC uses a total of three references including a single

reference for a residue amplifier with an accuracy of 11 b

and two references for the SAR ADCs with an accuracy of

6 b, reducing power consumption and chip area much.

3.4 Single clock-edge sampling to solve the sampling

time mismatch

In the conventional multi-channel T-I ADC, the overall

ADC performance, such as linearity, is degraded when the

falling edge of a sampling clock in each of four channels

mismatches due to clock skew. When the input signal of

(1) is sampled and the only quantization noise exists in the

overall ADC, the SNDR caused by the sampling time

mismatch is derived as (4). The related analysis and the

definitions of NQ3, h13a, h13b, h24a, h24b, hd1, hd2, hc1, hc2 are

summarized in detail in Appendix 3.

SNDRsampling ¼
A2

2
h2

c1 þ h2
c2

� �

A2 h2
d1þh2

d2

2
þ h13a

2

� �2þ h13b

2

� �2þ h24a

2

� �2þ h24b

2

� �2
h i

þ NQ3

ð4Þ

Each channel of the proposed four-channel T-I ADC

samples the input signal at a quarter of the overall sampling

rate. Therefore, four clocks of 75 MHz, each with a different

phase, are used to sample the input signal in this work, where

these sampling clocks are generated by dividing the external

clock of 150 MHz. However, four clocks of 75 MHz include

clock skew generated by digital logic gates, causing a

sampling time mismatch between channels in the T-I

topology. Therefore, the proposed ADC minimizes the

effect of the sampling time mismatch between four channels

by accurately synchronizing the falling edge of the sampling

clock and the external clock of 150 MHz [6]. Moreover, the

sampling clock generator in each channel is symmetrically

laid out in the center of each SAR ADC while the lengths of

the clock metal lines are minimized to reduce the sampling

time mismatch by parasitic capacitances and resistances.

Fig. 5 Proposed prototype

ADC based on two types of

separate references
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4 Circuit implementation

4.1 On-chip clock generator for the high-speed SAR

ADC

The proposed ADC needs clocks with a high frequency of

450 MHz for the SAR operation. However, in case a clock

of 150 MHz for sampling and amplifying, and a clock of

450 MHz for the SAR operation are applied together

externally, it is difficult to synchronize the two clocks.

Recently, the asynchronous SAR ADC has been pro-

posed to solve the problem caused by external clocks with

a high frequency, improving the operating speed of the

overall SAR ADC by minimizing the required latch oper-

ating time of a comparator. However, the asynchronous

technique can suffer from meta-stability when an input

signal is so small that a comparator requires a long oper-

ating time to decide a bit. As a result, the output digital

codes may become incorrect [13].

Therefore, the proposed ADC employs an on-chip clock

generator, internally providing the clocks with a high-fre-

quency to reduce meta-stability. The architecture and oper-

ation of the on-chip clock generator are as shown in Fig. 6.

The proposed on-chip clock generator produces a clock

of 450 MHz for a pre-defined period of time and controls

especially a duty cycle to maximize the time interval of

reference sampling and preamp amplifying by using

external control pins. The duty cycle is designed to be

about 70 % of a total period, minimizing power con-

sumption and chip area by relaxing the design requirements

for a digital-to-analog converter (DAC), voltage refer-

ences, and a preamp. In this work, a single on-chip clock

generator is simultaneously used in two SAR ADCs in

contrast to an asynchronous technique requiring a timing

circuit for each of eight SAR ADCs. As a result, the pro-

posed ADC uses a total of four on-chip clock generators,

reducing chip area.

4.2 Circuit design techniques applied to each stage

The proposed first stage employs extra switches for refer-

ence selection and two types of control logic for the

amplifying mode and the SAR operation in order to use

two types of separate references as shown in Fig. 7. The

proposed first stage chooses either a reference for the

amplifying mode (VRFP_AMP, VRFN_AMP) or a reference for

the SAR operation (VRFP_SAR, VRFN_SAR) by digital codes

from the control logic for each operation. Furthermore, the

gate-bootstrapping circuit is applied to analog input sam-

pling switches in order to sample wide input signals of

1.6 Vp–p with low distortions.

The proposed ADC is based on the range-scaling tech-

nique, processing a half of the 1.6 Vp–p input signal

(=0.8 Vp–p) in the second stage for power reduction of a

residue amplifier. As a result, the output of the amplifier is a

half of the input signal. Therefore, the SAR ADC2 in the

second stage employs a scheme to sample references only on

a half of a capacitor array to process this input signal [12].

Overall architecture of the SAR ADC2 is illustrated in Fig. 8.

Although this range-scaling technique requires two

times the capacitors compared to the conventional SAR

ADC, the range-scaled signal can be processed without

additional voltage references. In addition, the SAR ADC2

halves the number of total capacitors by using CU/2 (i.e.,

two unit capacitors (CU) in series) as a minimum unit

capacitor, as shown in Fig. 8. This prevents the additional

area from increasing due to the range-scaling technique.

4.3 Shared high-gain amplifier with two separate input

pairs

The proposed ADC shares only one residue amplifier in

four channels to solve the intrinsic offset mismatch prob-

lem of the conventional T-I ADC architectures. Simulta-

neously, the shared residue amplifier has two separate input

Fig. 6 Proposed on-chip clock

generator
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pairs, as shown in Fig. 9, which removes the memory

effect of the typical amplifier-sharing technique by guar-

anteeing a reset time for unused channels [14]. Moreover,

the first amplifier of the two-stage amplifier employs a

gain-boosting technique to implement a high DC gain with

a resolution of 11 b.

5 Prototype ADC implementation and measurements

The proposed four-channel T-I 11 b 150 MS/s pipelined

SAR ADC is implemented in a 0.13 lm CMOS technol-

ogy. In this paper, to confirm the effect of the reference on

the gain mismatch between channels, the prototype ADC

(using separate on-chip references for the amplifying mode

and SAR operation) is implemented as version 1 (V1)

while the test ADC (identical to the prototype ADC V1

except for using four different off-chip references in each

channel) is implemented as version 2 (V2) for comparison

with V1, as shown in Fig. 10.

The ADC occupies an active die area of 2.42 mm2. As

shown in the chip photograph of Fig. 10, the current and

voltage references as well as a single residue amplifier are

centered in the layout while 6 b SAR ADCs in the first and

second stages are laid out symmetrically around these

blocks. In addition, the alternately mixed capacitors of two

channels are centered on the chip to minimize the capacitor

mismatch. On the other hand, to minimize the undesired

noise caused by the power supply voltages of AVDD-

AVSS for analog and DVDD-DVSS for digital, the

decoupling capacitances of 211.6 and 221.3 pF for AVDD

and DVDD are integrated on chip, respectively.

The prototype ADC dissipates 46.8 mW at 150 MS/s

and 1.2 V. The measured maximum differential non-line-

arity (DNL) and integral non-linearity (INL) of the proto-

type ADC are 0.31 LSB and 1.18 LSB, respectively, as

shown in Fig. 11. At a clock frequency of 150 MHz, the

measured SNDR and SFDR are 54.5 and 65.5 dB,

respectively, with a 1 MHz input, as plotted in Fig. 12.

To confirm the ADC performances in the case of using

two types of separate references, the dynamic perfor-

mances of the prototype ADC V1 and test ADC V2 are

measured with an input sinusoidal signal of 1 MHz at

100 MS/s while varying the number of channels between

single, two, and four, as shown in Fig. 13. These

Fig. 7 Proposed first stage

using two types of separate

references

Fig. 8 SAR ADC2 based on a

range-scaling technique
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measurements are achieved properly by selecting the out-

puts with on-chip digital circuits.

The prototype ADC has a high SNDR of about 60 dB

despite the increased number of employed channels, as

shown in Fig. 13(a), (b), and (c). As a result, the gain

mismatch between channels is reduced by using two types

of separate references. Meanwhile, the measured dynamic

performance of the test ADC V2 is degraded due to tones

caused by the gain mismatch as the number of channels is

increased, as shown in Fig. 13(d), (e), and (f). In particular,

the final resolution decreases to approximately 8 b level

due to tones at fS/4-fIN, fS/4 ? fIN and fS/2-fIN when four

channels are used in total. However, the tones at fS/4 and

fS/2 caused by offset mismatch are minimized in the pro-

totype ADC V1 and test ADC V2, demonstrating that the

offset mismatch problem between channels is reduced by

sharing a single residue amplifier.

The measured dynamic performance of the prototype

ADC V1 is summarized in Fig. 14. The SNDR and SFDR

in Fig. 14(a) are measured with different sampling rates up

to 160 MS/s at a 1 MHz input as the number of channels is

increased. Although the number of channels is increased,

the prototype ADC shows a similar dynamic performance

with sampling speeds of up to 160 MS/s. The SNDR and

SFDR are maintained over 54.5 and 65.5 dB, respectively,

using four channels up to 150 MS/s. In particular, the

SNDR is maintained at about 60 dB regardless of the

number of channels up to 100 MS/s in the prototype ADC

V1. Therefore, the prototype ADC shows a highly

improved matching characteristic between channels com-

pared to the previously reported T-I ADCs.

Fig. 9 Residue amplifier with

two separate input pairs

Fig. 10 Die photo of the prototype ADC (V1) and the test ADC for

comparison (V2)

Fig. 11 Measured DNL and INL of the prototype ADC Fig. 12 Measured FFT spectrum of the ADC
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The SNDR and the SFDR in Fig. 14(b) are measured with

input frequencies, which are increased up to the Nyquist

frequency, at sampling rates of 100 and 150 MS/s, respec-

tively. The measured SNDR and SFDR of the prototype

ADC are maintained over 54.4 and 60.7 dB, respectively,

with input frequencies increased up to 50 MHz at a sampling

rate of 100 MS/s. At a sampling rate of 150 MS/s, the

measured SNDR and SFDR of the prototype ADC are

maintained over 48.5 and 56.8 dB, respectively, with input

frequencies increased up to 75 MHz. The prototype ADC

shows somewhat the degraded SNDR and SFDR as input

frequencies are increased up to the Nyquist frequency. This

tendency is mainly considered due to the sampling time

mismatch caused by a minute difference between the overall

sampling networks of four channels in the physical layout,

although the sampling clock generator in each channel is

Fig. 13 Measured SNDR and SFDR of the prototype ADC V1 : based on a single channel, b dual channels, and c four channels. Measured

SNDR and SFDR of the test ADC V2 : based on d single channel, e dual channels, and f four channels

Fig. 14 Dynamic performance of the prototype ADC V1 : Measured

SNDR and SFDR versus a fS b fIN

Table 1 Performance summary of the prototype ADC

Resolution 11 bits

Sampling

rate

150 MS/s

Process 0.13 lm CMOS

Supply 1.2 V

Input range 1.6 Vp–p (Differential)

DNL -0.31 LSB/? 0.21 LSB

INL -0.82 LSB/? 1.81 LSB

SNDR/SFDR 100 MS/s 150 MS/s

59.3 dB/67.7 dB (at

fIN = 1 MHz)

54.5 dB/65.5 dB (at

fIN = 1 MHz)

54.4 dB/60.7 dB (at

fIN = 50 MHz)

48.5 dB/56.8 dB (at

fIN = 75 MHz)

ADC core

power

46.8 mW (Analog : 24.0 mW, Digital : 22.8 mW)

Active die

area

2.42 mm2 (=1.26 mm 9 1.92 mm)
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symmetrically laid out in the center of each SAR ADC to

minimize the timing mismatch between channels.

The prototype ADC performance is summarized in

Table 1 and the performances of previously reported T-I

ADCs are compared in Table 2. The prototype ADC shows a

high SNDR of about 60 dB at a sampling rate of 100 MS/s

and an SNDR of about 55 dB at a sampling rate of 150 MS/s

without additional calibration schemes to solve the channel

mismatches in a four-channel T-I architecture. The prototype

ADC shows a superior matching characteristic between

channels than the previously reported T-I ADCs.

6 Conclusion

This work describes a four-channel T-I pipelined SAR 11 b

150 MS/s ADC based on various analog techniques with-

out additional calibration schemes to solve mismatches in

offset, gain, and sampling time as observed in the con-

ventional T-I ADCs.

The proposed ADC eliminates an input SHA and employs

a pipelined SAR architecture using the SAR ADC as a sub-

ADC instead of the conventional flash ADC, solving the

offset mismatch between channels as well as the problem of

limited input bandwidth in the SHA-free architecture.

Moreover, all kinds of channel mismatches caused by resi-

due amplifiers of MDACs are minimized fundamentally by

sharing a single residue amplifier in four channels while a

shared residue amplifier uses two separate input pairs to

reduce a memory effect. Although the capacitor mismatch

and the offset difference in two separate input pairs of a

residue amplifier still exist, the effect of those mismatches is

minimized by placing the proposed ADC symmetrically. To

isolate the reference instability problem caused by the

interference between channels, the proposed ADC uses

separate references with a different accuracy for the SAR

operation and the amplifying mode. In particular, the gain

mismatch is minimized by using an identical reference

during the amplifying mode in each of the four channels. The

sampling time mismatch between channels is minimized by

employing a single clock-edge sampling technique to syn-

chronize the falling edge of the sampling clock in all four

channels and the external precise clock of 150 MHz. On-

chip clocks of 450 MHz for the SAR operation can control

their duty cycle, which not only relieves the design specifi-

cations of the DAC, voltage references, and preamp, but also

minimizes power consumption.

The prototype ADC employing various analog techniques

is implemented in a 0.13 lm CMOS technology and occu-

pies an active die area of 2.42 mm2. The measured maximum

DNL and INL are 0.31 LSB and 1.18 LSB, respectively. The

SNDR and SFDR are measured with a 1 MHz input to be a

maximum of 59.3 and 67.7 dB at 100 MS/s and a maximum

of 54.5 and 65.5 dB at 150 MS/s, respectively. Power con-

sumption is 46.8 mW at 150 MS/s and 1.2 V.

The proposed prototype ADC shows a superior SNDR

than that of the previously reported T-I ADCs without

using complicated calibration schemes for channel mis-

matches. In case the proposed ADC is implemented in a

nanometer technology instead of a 0.13 lm CMOS tech-

nology as used in this work, the proposed ADC is expected

to obtain a highly improved performance as power con-

sumption and area would be decreased due to several

factors such as the increased speed of the digital circuit, a

minimum capacitor size, and so on.
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Appendix 1

To confirm the effect of offset mismatch between channels

in the T-I ADC, Appendix 1 derives the SNDR of the

overall ADC based on [17] when a different offset in each

of the four channels (i.e., OS1, OS2, OS3 and OS4) exists,

Table 2 Performances of previously reported T-I ADCs

Resolution (bits) Speed (MS/s) Supply (V) # of Ch. Cal. SNDR (dB) Power (mW) Process (CMOS)

Before cal. After cal.

This work 11 150 1.2 4 X 59.3 (at fs = 100 MS/s)

54.5(at fs = 150 MS/s)

46.8 0.13 lm

[15] 10 80 1.2 2 X 53.8 22.4 65 nm

[3] 10 100 1.8 2 O 48.0 57.0 76 0.18 lm

[4] 10 120 3.3 2 O 42.5 56.8 234 0.35 lm

[16] 10 204 1.0 2 X 55.2 9.15 65 nm

[7] 11 160 3.3 4 O 44.8 61.6 594 0.35 lm

[2] 15 125 1.8 2 O 54.4 69.9 909 0.18 lm
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respectively. In addition, an analysis process and the defi-

nition of NQ1, OS13, OS24, OSd, OSc are summarized in

detail.

When the input signal of (1) is sampled, the output of

the four-channel T-I ADC is defined as (5) considering the

offset of each channel.

VoutðnÞ ¼

A cosð2pfINnTSÞ þ OS1 ðn ¼ 4mÞ
A cosð2pfINnTSÞ þ OS2 ðn ¼ 4mþ 1Þ
A cosð2pfINnTSÞ þ OS3 ðn ¼ 4mþ 2Þ
A cosð2pfINnTSÞ þ OS4 ðn ¼ 4mþ 3Þ

8
>><

>>:
ð5Þ

m ¼ 0;�1;�2;�3; � � �

The output is derived as (6).

VoutðnTSÞ

¼ Acosð2pfINnTSÞþOS1½ � 1

2
cos

np
2

� �
þ 1

4
cosðnpÞþ 1

4

� �

þ Acosð2pfINnTSÞþOS2½ � 1

2
sin

np
2

� �
� 1

4
cosðnpÞþ 1

4

� �

þ Acosð2pfINnTSÞþOS3½ � �1

2
cos

np
2

� �
þ 1

4
cosðnpÞþ 1

4

� �

þ Acosð2pfINnTSÞþOS4½ � �1

2
sin

np
2

� �
� 1

4
cosðnpÞþ 1

4

� �

¼ Acosð2pfINnTSÞþOS13 cos 2p
fS

4
nTS

� 	

þOS24 sin 2p
fS

4
nTS

� 	
þOSd cos 2p

fS

2
nTS

� 	
þOSc

ð6Þ

Here,

OS13 �
OS1 � OS3

2
; OS24 �

OS2 � OS4

2
;

OSd �
OS1 � OS2 þ OS3 � OS4

4
; OSc

� OS1 þ OS2 þ OS3 þ OS4

4

The averaged quantization noise, NQ1, in the four channels

is expressed as (7) with a resolution of N bits.

NQ1 ¼
1

4

D2

12
þ D2

12
þ D2

12
þ D2

12

� 	
¼ A2

12ð2N�1Þ2
ð7Þ

Here,

D ¼ 2A

2N

Therefore, the final SNDR is defined as (8) considering the

quantization noise, NQ1.

SNDRoffset ¼
1
2

A2

1
2

OS2
13 þ 1

2
OS2

24 þ OS2
d þ OS2

c þ NQ1

ð8Þ

Appendix 2

To confirm the effect of gain mismatch between channels

in the T-I ADC, Appendix 2 derives the SNDR of the

overall ADC based on [17] when a different gain in each of

the four channels (i.e., G1, G2, G3 and G4) exists, respec-

tively. In addition, an analysis process and the definition of

NQ2, G13, G24, Gd, Gc are summarized in detail.

When the input signal of (1) is sampled, the output of

the four-channel T-I ADC is defined as (9) considering the

gain mismatch of each channel.

VoutðnÞ ¼

AG1 cosð2pfINnTSÞ ðn ¼ 4mÞ
AG2 cosð2pfINnTSÞ ðn ¼ 4mþ 1Þ
AG3 cosð2pfINnTSÞ ðn ¼ 4mþ 2Þ
AG4 cosð2pfINnTSÞ ðn ¼ 4mþ 3Þ

8
>><

>>:
ð9Þ

m ¼ 0;�1;�2;�3; � � �

The output is derived as (10).

VoutðnTSÞ

¼ AG1cosð2pfINnTSÞ½ � 1

2
cos

np
2

� �
þ1

4
cosðnpÞþ1

4

� �

þ AG2cosð2pfINnTSÞ½ � 1

2
sin

np
2

� �
�1

4
cosðnpÞþ1

4

� �

þ AG3cosð2pfINnTSÞ½ � �1

2
cos

np
2

� �
þ1

4
cosðnpÞþ1

4

� �

þ AG4cosð2pfINnTSÞ½ � �1

2
sin

np
2

� �
�1

4
cosðnpÞþ1

4

� �

¼AGccosð2pfINnTSÞþAGd cos 2p
fS

2
�fIN

� 	
nTS

� 	

þAG13

2
cos 2p

fS

4
þfIN

� 	
nTS

� 	
þcos 2p

fS

4
�fIN

� 	
nTS

� 	� �

þAG24

2
sin 2p

fS

4
þfIN

� 	
nTS

� 	
þsin 2p

fS

4
�fIN

� 	
nTS

� 	� �

ð10Þ

Here,

G13 �
G1 � G3

2
; G24 �

G2 � G4

2

Gd �
G1 � G2 þ G3 � G4

4
; Gc �

G1 þ G2 þ G3 þ G4

4

The averaged quantization noise, NQ2, in the four channels

is expressed as (11) with a resolution of N bits.

NQ2 ¼
1

4

D2
1

12
þ D2

2

12
þ D2

3

12
þ D2

4

12

� 	

¼ A2ðG2
1 þ G2

2 þ G2
3 þ G2

4Þ
48ð2N�1Þ2

ð11Þ

Here,
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D1 �
2AG1

2N
; D2 �

2AG2

2N
; D3 �

2AG3

2N
; D4 �

2AG4

2N

Therefore, the final SNDR is defined as (12) considering

the quantization noise, NQ2.

SNDRgain ¼
A2

2
G2

c

A2 G13

2

� �2þ G24

2

� �2þ 1
2

G2
d

h i
þ NQ2

ð12Þ

Appendix 3

To confirm the effect of sampling time mismatch between

channels in the T-I ADC, Appendix 3 derives the SNDR of

the overall ADC based on [17] when a sampling time error

(i.e., h1, h2, h3 and h4) exists in each of the four channels,

respectively. In addition, an analysis process and the defi-

nition of NQ3, h13a, h13b, h24a, h24b, hd1, hd2, hc1, hc2 are

summarized in detail.

When the input signal of (1) is sampled, the output of

the four-channel T-I ADC is defined as (13) considering

the sampling time mismatch of each channel.

VoutðnÞ ¼

A cosð2pfINnTS þ h1Þ ðn ¼ 4mÞ
A cosð2pfINnTS þ h2Þ ðn ¼ 4mþ 1Þ
A cosð2pfINnTS þ h3Þ ðn ¼ 4mþ 2Þ
A cosð2pfINnTS þ h4Þ ðn ¼ 4mþ 3Þ

8
>><

>>:
ð13Þ

m ¼ 0;�1;�2;�3; � � �

The output is derived as (14).

VoutðnTSÞ

¼ A cosð2pfINnTS þ h1Þ½ � 1

2
cos

np
2

� �
þ 1

4
cosðnpÞ þ 1

4

� �

þ A cosð2pfINnTS þ h2Þ½ � 1

2
sin

np
2

� �
� 1

4
cosðnpÞ þ 1

4

� �

þ A cosð2pfINnTS þ h3Þ½ � � 1

2
cos

np
2

� �
þ 1

4
cosðnpÞ þ 1

4

� �

þ A cosð2pfINnTS þ h4Þ½ � � 1

2
sin

np
2

� �
� 1

4
cosðnpÞ þ 1

4

� �

¼ Ahc1 cosð2pfINnTSÞ � Ahc2 sin 2pfINnTSð Þ

þ Ahd1 cos 2p
fS

2
� fIN

� 	
nTS

� 	
� Ahd2 sin 2p

fS

2
� fIN

� 	
nTS

� 	

þ Ah13a

2
cos 2p

fS

4
þ fIN

� 	
nTS

� 	
þ cos 2p

fS

4
� fIN

� 	
nTS

� 	� �

þ Ah24a

2
sin 2p

fS

4
þ fIN

� 	
nTS

� 	
þ sin 2p

fS

4
� fIN

� 	
nTS

� 	� �

� Ah13b

2
sin 2p

fS

4
þ fIN

� 	
nTS

� 	
� sin 2p

fS

4
� fIN

� 	
nTS

� 	� �

þ Ah24b

2
cos 2p

fS

4
þ fIN

� 	
nTS

� 	
� cos 2p

fS

4
� fIN

� 	
nTS

� 	� �

ð14Þ

Here,

h13a �
cos h1 � cos h3

2
; h13b �

sin h1 � sin h3

2
;

h24a �
cos h2 � cos h4

2
; h24b �

sin h2 � sin h4

2

hd1 �
cos h1 � cos h2 þ cos h3 � cos h4

4
; hd2

� sin h1 � sin h2 þ sin h3 � sin h4

4

hc1 �
cos h1 þ cos h2 þ cos h3 þ cos h4

4
; hc2

� sin h1 þ sin h2 þ sin h3 þ sin h4

4

The averaged quantization noise, NQ3, in the four

channels is expressed as (15) with a resolution of N bits.

NQ3 ¼
1

4

D2

12
þ D2

12
þ D2

12
þ D2

12

� 	
¼ A2

12ð2N�1Þ2
ð15Þ

Here,

D � 2A

2N

Therefore, the final SNDR is defined as (16) considering

the quantization noise, NQ3.

SNDRsampling ¼
A2

2
h2

c1 þ h2
c2

� �

A2 h2
d1þh2

d2

2
þ h13a

2

� �2þ h13b

2

� �2þ h24a

2

� �2þ h24b

2

� �2
h i

þ NQ3

ð16Þ
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