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The Design and Analysis of New Architectures
for

CMOS Analog-to-Digital Converters

Student: Yu-Yee Liow Advisor: Chung-Yu Wu

Department of Electronics Engineering & Institute of Electronics
National Chiao Tung University

ABSTRACT

Recently, in video and communications applications, the transfer rate of data between
analog and digital domains continues to increase, creating new challenges in the design of
high-speed analog-to-digital converters. In this thesis, new architectures for high-speed
CMOS current-mode analog-to-digital converters (IADCs) are proposed and analyzed to
overcome the speed limitations in the conventional IADCs. The proposed IADCs include: (1)
a pipelined ADC that uses the open-loop voltage-mode sampling and current-mode processing
techniques; (2) a full wave-pipelined current-mode ADC (FWP-IADC); (3) an indirect

transfer wave-pipelined current-mode ADC (ITWP-IADC).

At first, a new structure of 8-bit CMOS pipelined analog-to-digital converter (ADC) is
proposed and analyzed. In order to achieve a high conversion rate, the proposed new structure
adopts voltage-mode open-loop sampling circuit and current-mode circuits to perform
subtraction, sub-DAC operation, and comparison. Since the switched-current (SI)

sample-and-hold circuits is the speed bottleneck of the current-mode pipelined ADCs, the

v



voltage-mode circuit instead of SI circuits is used to realize the input sample-and-hold
function. Due to current-mode subtraction operation, the closed-loop circuit can be avoided to
improve the speed performance. Moreover, current steering sub-DAC is used to enhance the
sub-DAC speed. From the simulation results on the demonstrative example, the proposed
pipelined ADC architecture can achieve 8-bit accuracy with a sampling rate up to 71.4MS/s.
The power dissipation of the pipelined ADC is 205mW at the conversion rate of 71.4 MS/s
with a single 3.3V power supply and 1PSM 0.25um CMOS process technology. Due to the
effects of gain error in the sample-and-hold circuit and the input offset current in the current
comparator, the measured differential nonlinearity (DNL) and integral nonlinearity (INL) for
all codes are less than +1.9/-1 LSB and + 2.8/-2.8 LSB, respectively. In the experimental chip,
the dynamic test shows that the effective number of bit (ENOB) is 6.2-bit under

40-MSample/s sampling rate.

Secondly, a new architecture for high-speed CMOS wave-pipelined current-mode A/D
converters (WP-IADCs) is proposed iand analyzed: In the new WP-IADC architectures, the
wave-pipelined theory is applied to the pipeline structure, called full WP-IADC (FWP-IADC).
In the FWP-IADC, each stage uses the full current-mode wave-pipelined structure without
inter-stage SI cell circuits. Generally, the proposed FWP-IADCs have the advantages of high
speed, high input frequency, high efficiency of timing usage, and removed number of SI cells

in the overall data path for linearity improvement.

According to the theoretical analysis on the proposed FWP-IADC structures, the
minimum sampling clock period is proportional to the intrinsic delay of the current mirror and
the increased rise/fall time in each wave-pipelined stage. The HSPICE simulation results
reveal that under Nyquist rate sampling in 8-bit resolution, a sampling rate of 55 MS/s can be
achieved for FWP-IADC. Moreover, the FWP-IADC can achieve a sampling rate of 90 MS/s

with 8-bit resolution when the frequency of the input signal is 3 MHz. To experimentally



verify the correct function of the proposed WP-IADC structures, the proposed new
architecture of the FWP-IADC is implemented by using 0.35 um CMOS technology. The
measurement results successfully demonstrate the feasibility of wave-pipelined IADC

architectures in applications of high-speed ADCs.

Finally, an indirect transfer WP-IADC (ITWP-IADC) is presented and analyzed to
further increase the conversion rate of the FWP-IADC. Since the minimum sampling clock
period is proportional to the intrinsic delay of the current mirror and the increased rise/fall
time in each wave-pipelined stage. In order to reduce the intrinsic delay of the current mirror,
in the ITWP-IADC, the switched-current cells are incorporated into the wave-pipelined stages
which are divided into several sections with controlled clocks. Therefore, the proposed
ITWP-TADCs perform optimally in terms, of speed and accuracy in the WP-IADCs. Generally,
the proposed ITWP-IADCs offer additionalradvantages of high clock-period flexibility in SI
cells for precision enhancement-and reduced number-of SI cells in the overall data path for
linearity improvement. From the HSPICE simulation-results, it reveals that under Nyquist rate
sampling in 8-bit resolution, a sampling rate ‘'of 77 MS/s can be achieved for two-section
ITWP-IADC. If four wave-pipelined sections are used, the ITWP-IADC can be operated at
130 MS/s at an input frequency of 16 MHz. It is expected that if the intrinsic delay of current
mirror and comparison time of current comparator can be decreased, the sampling rate of the

8-bit four-section ITWP-IADC can reach 166 MS/s at an input frequency of 19.2 MHz.

In summary, the new TADC architectures proposed in this thesis have high-speed
performance as verified by computer simulations as well as experimental results measured
from fabricated chips. As compared to prior works, significant improvement in speed has been
obtained by using the proposed architectures in the IADCs. It is believed that the proposed
IADC architectures offer promising performance and new features for future design of

high-speed IADCs.

vi



FEFTIAE LGB PR d s BN AF A4 ETRL - RE A RRER
F R A ERG] Y B R e T Rt 4 qg o
EAR Nk de A "ﬁiﬁfé?f‘ﬁﬁﬁ%fﬁﬁéi eafgd §ERaboadg §

SRR RAGFHRAIELER - LF LTI FREEBOLIL > RN - HF
WEER A EFLE LESRE A A e HF o XX RAT e £+ R

FAERFAEPIY o FEALL G REREF LA o b gy o R
PR A RRASE 2 B Y DR EAE €6 MR 2 R AT
ERE = E g E LFERY FRIF > BN LF S o R LRI

FJTADEFA Y pprat d > 2 EE BAR T S dE o SR 5T oD f%&a%

WY TSR R HE RRER R R B R R RN KRR
R EAT R A REF T AR WA H Y LR kL R R R
307 R A& EY ¥V obw R —X TR B AR PP R LIC R
FHNARF S apFadck o Ry QRS & < FEEE IR 0 e § A hit

BoRAG AR FRAE LG Y AP TR R K

A TS 307 FEHRZARL LR -RAZ AL 5L 2 PR

&R /g”ffﬁ‘&%ﬁjgﬁﬂ%?«g@i@‘iﬁ@mwrjﬂgmm4 o ¥ = G o ‘Q}E\I?Bff

!

R AP HI LR L EmAZE L T AL gL

SHA R LHE AL FaEl At BEE TR L BRAE L

>
She

b 2B R R ESSE  Ird c RS  FATT B E B R
oFREFMBEE A G AR PR | R RTEAEKE - D

BArpt TR BT 0 Ak A @O R A o Gt d RR R A - A%

vii



3R L 4 K Y 307 B 5% E AR kAR

ARE SR HEP G REFTVHER R MRS PRI e
P F R HITRE ’@A%ﬁ%A%vﬂﬁﬁﬁﬁayiﬁﬁﬁﬁoyﬂsﬁ
N

WRFZEA IS — g 2 L B e e F %R FICERL i S et .

Fi
T
-
b
A
(1Y}
/K»
W
7
!
o
5‘.
¥
.
%
*ﬁ
%
AtSS
P
3
.‘.)l_; .
J,u

CEHF S B

$ﬁ,mram.ﬁ%$ﬁﬁ%@‘iﬁﬂﬁ@’%
AR @B ESR S EEA RIS o0 LTS HP o JRENFEPRING
TEEGB AT THE AV BB R X e

ymw,%Zﬁ%ﬁﬁwgﬁ&%ﬁfﬁ%o

viii



Contents

Abstract (Chinese)
Abstract (English)
Acknowledgment
Contents

List of Tables

List of Figures

Chapter 1  Introduction
1.1  High-Speed Voltage=Mode Analog-te-Digital Converter
1.2 Current-Mode Techniques for Analog-to-Digital Converter Design
1.2.1  Current-Mode Analog Signal Processing
1.2.2  Switched-Current (SI) Sample-and-Hold Circuits (SHCs)
1.2.3  Current-Mode Analog-to-Digital Converters

1.3 Research Motivation and Organization of This Thesis

Chapter2 The Design of High-Speed Pipelined Analog-to-Digital

Converters Using Voltage-Mode Sampling
Current-Mode Processing Techniques

2.1 Introduction

2.2 Chip Design

and

v

vii

X

xii

xiil

10

15

18

19

2.2.1  Voltage-Mode Sampling and Current-Mode Processing Architecture 19

2.2.2  Circuits Implementation

X

24



23

24

Chapter 3

3.1

3.2

33

3.4

3.5

3.6

HSPICE Simulation and Experimental Results
2.3.1  HSPICE Simulation Results

2.3.2  Experimental Results

2.3.3  Discussion

Summary

New Current-Mode Full Wave-pipelined Architectures
for High-Speed Analog-to-Digital Converters

Introduction

Full Wave-Pipelined ADCs

Circuit Implementation and Simulation Results

3.3.1  Current Mirror Design

3.3.2  Sub-DACs.Design

3.3.3  Current ComparatorDesign

Experimental Results and Discussions

3.4.1  Experimental Results

3.4.2  Discussion

Post-Simulation Results of the Modified FWP-IADC

Summary

Chapter 4  Design Techniques for Indirect Transfer Wave-Pipelined

4.1

4.2

4.3

Analog-to-Digital Converters
Introduction
The Architecture of the Indirect Transfer WP-IADC (ITWP-IADC)
Circuit Design

4.3.1  Basic Building Block Circuits

31

31

35

41

45

47

49

60

60

63

64

68

68

74

75

81

83

84

88

88



4.3.2  Switched-Current Cell Circuits

4.4  HSPICE Simulation
4.4.1  Simulation Results of 2-section [TWP-IADC
4.4.2  Simulation Results of 4-section ITWP-IADC

4.5 Summary

Chapter 5 Conclusion and Future Work

5.1 Main Results of This Thesis

52 Future Work

References

Vita

Publication List

X1

90

95

95

98

102

103

105

107

121

122



List of Tables

Chapter 1
Table 1.1  Techniques and features of reported SI sample-and-hold circuits 9
Table 1.2 Major characteristics of the reported SI sample-and-hold circuits 10

Table 1.3 The related SI sample-and-hold techniques for the reported pipelined IADCs 14
Table 1.4  The comparisons of chip area for voltage-mode and current-mode ADCs 15

Chapter 2

Table 2.1  The comparison of post-simulated and measured results for the proposed ADC41

Chapter 3
Table 3.1  The summarized post-simulation and measurement results of the FWP-IADC 73

Table 3.2  Major characteristics*of post-simulation results for the modified FWP-IADC 81

Table 3.3  Timing difference between two versions for FWP-IADC 81
Chapter 4
Table 4.1  Major characteristics of simulation results for the ITWP-IADC 101

Table 4.2  Comparison of CMOS current-mode pipelined ADCs 101

Xii



Chapter 1

Figure 1.1

Figure 1.2
Figure 1.3

Figure 1.4

Figure 1.5
Figure 1.6

Figure 1.7

Chapter 2

Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

List of Figures

Resolution versus conversion rate of the recently reported CMOS
high-speed voltage-mode A/D converters.

Block diagram of a pipelined ADC.

Block diagram of an interleaved ADC.

The simple current sample-and-hold amplifier performing the function

of scaling, inversion, summation, and delay.

The reference-restoring ADC algorithm.

The active current mirret.

Resolution versus=converston rate of the recently reported CMOS

high-speed IADC;

The block diagram of the proposed ADC.

The detailed structure of the pipelined stage i.

The detailed structure of the final stage.

The decision algorithm of the reference current level.

(a) Linearized folded-cascode CMOS input buffer. (b) Source follower. (c)
One stage sample-and-hold circuit.

The voltage-to-current converter.

(a) Simple unit current cell (b) Threshold-voltage compensation circuit
[111].

The reshape circuits of the switch control signals and the corresponding

xiii

11

12

13

20

21

22

23

26

26

28



waveforms. 29
Figure 2.9 Low input impedance current comparator. 30
Figure 2.10  (a) The block diagram of simulation, (b) ac analysis, (c) linearity analysis

(d) slew rate analysis. 32
Figure 2.11 (a) The simulated condition of the VIC, (b) AC analysis, (c) linearity

analysis. 33

Figure 2.12  (a) The input impedance of the current comparator (b) The transition

characteristic of the current comparator. 34
Figure 2.13  The LSB bit of the output digital codes. 34
Figure 2.14  The simulation result of the FFT analysis. 35
Figure 2.15  The block diagram of the measurement setup. 36
Figure 2.16  The topology of the testing board. 36
Figure 2.17  (a) Top view of the testing board:(b) bottom view of the testing board. 37
Figure 2.18  The chip photograph of the fabricated ADC. 37
Figure 2.19  (a) The plot of DNL (b) the plotof INL. 38
Figure 2.20  FFT plot for | MHz input frequency at 40 MSample/s.. 39

Figure 2.21  (a) SNDR versus sampling rate plot at I MHz input frequency, (b) the plot
of the input frequency versus SNDR for 40 MHz sampling rate, (c) the plot
of the input frequency versus SNDR under low sampling rate of 6 MS/s. 40
Figure 2.22  (a) The measurement results of the test key for SHC (b) the impacts of
SHC gain error on the differential linearity (DNL). 42
Figure 2.23  The post-simulation results of the current comparator (a) under device
perfect matching (b) under device size mismatch of 2%. 43
Figure 2.24  The DNL plot (when biasl1 is 2.0V for the current comparator). 44

Figure 2.25  The input impedance of the current comparator for two kinds of condition. 44

X1V



Chapter 3

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Wave-pipelined ADC system.

Conceptual block diagram of the proposed 8-bit wave-pipelined
current-mode analog-to-digital converter (IADC).

Detailed structure of the wave-pipelined IADC.

Function block of the CM block.

(a) Four stage example of the wave-pipelined structure. (b) Output current
waveforms of the CM; stage for full scale input swing. (c) Output current
waveforms of the CM; stage for LSB scale input swing.

(a) Space-timing diagram of the analog data path A. (b) Space-timing
diagram of the analog data path B.

(a) Enhanced output<impedance eurtent mirror. (b) The simulated output
current waveforms .of the CM; stage in FWP-IADC structure with
full-scale step input current from.0.to 128 pA.

(a) Second and third current-mode ‘sub-DACs. (b) The i™ sub-DAC. (c)
The output transition curve of the 7" DAC.

(a) Conventional current comparator and (b) high-performance current
comparator.
(a) The circuit structure of the low-input-impedance current comparator. (b)
The transition characteristic of the current comparator.

The photograph of the fabricated chip.

The V-I interface circuit to convert the external voltage signals into
internal current signals.

Measured (a) DNL and (b) INL for 4-b resolution at 20MS/s conversion
rate.

Measured FFT spectrum of the wave-pipelined IADC for a 1.03MHz sine

XV

49

50

52

52

54

58

62

64

66

68

69

70

71



Figure 3.15

Figure 3.16
Figure 3.17
Figure 3.18
Figure 3.19
Figure 3.20

Figure 3.21

Figure 3.22
Figure 3.23
Figure 3.24

Figure 3.25

Chapter 4

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

wave sampled at 20 Ms/s conversion rate.

(a) The measured SNDR versus conversion rate of the wave-pipelined
IADC for 1IMHz analog input and (b) the measured SNDR versus analog
input frequency of the wave-pipelined IADC at 20 MS/s conversion rate.
Transfer curves of the inverter.

The incorrect layout of output buffer for the fabricated ADC.

The modified layout of output buffer for the revised FWR-IADC.

The layout of the low-input-impedance current comparator.

The layout of whole chip for the modified version.

The results of post-simulation (a) DNL and (b) INL at 55 MS/s sampling
rate.

The FFT spectrum fora 10 MHz sine-wave input signal at 55 MSample/s.
The SNDR versus.input frequeney characteristics.

The FFT spectrum-for a.1"MHz sine-wave input signal at 90 MSample/s.

The SNDR versus input frequeney. characteristics at 90 MSample/s.

(a) The simplified block diagram of the two-section ITWP-IADC for 4 CM
stages. (b) The space-timing diagram of the two-section ITWP-IADC for 4
CM stages.

The simplified block diagram of the two-section ITWP-IADC for 8§ CM
stages.

The simplified block diagram of the four-section ITWP-IADC for § CM
stages.

(a) The simulated output current waveforms of the CM; stage in

two-section ITWP-IADC structure with full-scale step input current from 0

XVi

72

73

74

75

76

77

77

78

85

87

88



Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

to 128 pA. (b) The simulated output current waveforms of the CM; stage in
four-section ITWP-IADC structure with full-scale step input current from
0 to 128 pA. (c) The output current waveforms of the CM; stage in
four-section ITWP-IADC structure (2 current mirrors in each CM stage).
Switched-current cell circuit (switched-current sample-and-hold circuit).
The simulated capacitance value of one NMOS vs. its terminal voltage
difference in 0.35 um CMOS process.

The transition waveform of the output current (Io) in switched-current cell
circuit.

(a) The FFT spectrum for a 10 MHz sine wave input signal, (b) The FFT
spectrum for a 24.7 MHz sine wave input signal.

The simulation results of the 2-section ITWP-IADC (a) DNL and (b) INL
for 8-bit resolution at. 77 MS/s conversion rate.

The FFT spectrum of a 10 _MHz sinusoidal input with the 2-section
ITWP-IADC operated-at:77 MS/s conversion rate.

The SNDR versus input frequency characteristics at 77 MS/s conversion
rate.

The SNDR versus input frequency characteristics at 100 MS/s conversion
rate.

The simulation results of the 4-section ITWP-IADC (a) DNL and (b) INL
for 8-bit resolution at 111 MS/s conversion rate.

The FFT spectrum of a 30 MHz sinusoidal input with the 4-section

ITWP-IADC operated at 111 MS/s conversion rate.

The SNDR versus input frequency characteristics for 4-section
ITWP-IADC at 111 MS/s conversion rate.
The SNDR versus input frequency characteristics for 4-section

XVii

90

92

93

93

94

95

96

97

97

98

99

100



ITWP-IADC at 130 MS/s conversion rate. 100

xviii



	書名頁
	Yu-Yee Liow
	Chung-Yu Wu
	Student: Yu-Yee Liow
	A Dissertation




