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Abstract

This thesis adopts incomplete-settling technique and proposes background
sampling-point calibration to realize 6-bit, 1GS/s pipelined ADC. Incomplete-settling
technique with proposed background sampling-point calibration allows low-gain and
low-bandwidth opamp to be used and lowers the power consumption of opamp.

This prototype ADC is fabricated in TSMC 65nm CMOS general-process.
According to measurement results, this prototype ADC exhibits DNL of +0.72/-0.68
LSB and INL of +0.76/-0.68 LSB at sampling rate of 1 GS/s. SNDR and SFDR are
33.39 dB and 41.03 dB at 1 GS/s with 499.0 MHz input frequency. But at 900 MS/s
with 9.7 MHz input frequency, SNDR and SFDR are 35.17 dB and 49.50 dB. The
power consumption is 62 mW at 1 V supply voltage and 1 GS/s sampling rate. Active

areais 0.30 mm?, and whole chip with pads occupies 0.89 mm?.
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Chapter 1 Introduction

1.1 Motivation

High-speed applications such as magnetic and optical read channels, serial-link
receivers, and ultrawideband (UWB) radios need fast ADC with low resolution.
Pipelined ADC architecture has the advantages of high sampling rate and low input
capacitance and is adopted in this thesis. Opamp in pipelined ADC is a key building
block. However, it is aso a power-hungry block. Two main approaches about opamp
are researched to lower the power consumption of pipelined ADC. The first approach
tries to reduce the power consumption of opamp by using circuit techniques such as
incomplete-settling technique [1][2], correlated-level-shifting (CLS) technique [3],
opamp-sharing technique [4], capacitor-sharing technique [5], and time-sharing
technique [6]. The second approach attempts to replace opamp by introducing
modified architectures such as comparator-based architecture [7], charge-pump-based
architecture [8], and ring-oscillator-based architecture [9]. This thesis follows the first
approach. It adopts incomplete-settling technique and proposes background

sampling-point calibration to decrease the power consumption of opamp.



1.2 ThesisOrganization

This thesis contains six chapters. In chapter one, it describes motivation and
thesis organization. In chapter two, it gives the overview of the basic knowledge of
ADC. Chapter three discusses different calibrations for incomplete-settling technique
and proposed ADC architecture with some non-idealities. Chapter four introduces
proposed building blocks with analysis, circuit implementation, and simulation results.
Measurement results are shown in chapter five. Finally, conclusions about this thesis

are made in chapter six.



Chapter 2 Fundamentalsof ADC

2.1 Introduction

Some important performance metrics about the static and dynamic performance

of ADC will be defined. And a number of ADC architectures will be described.

2.2 Performance Metrics

221 Static Performance

2.2.1.1 Offset and Gain Error

Offset error is the shift of actual transfer curve from ideal transfer curve shown
in Fig. 2-1(a). And gain error is the difference of the slopes of actual transfer curve

and ideal transfer curve when offset error is zero shown in Fig. 2-1(b).
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Fig. 2-1 transfer curve with (@) offset error (b) gain error

2.2.1.2 Differential and Integral Nonlinearities (DNL, INL)

Differential nonlinearity (DNL) is defined as the difference of each actual
transition level width and ideal transition level width without offset and gain error.

DNL at codenisgiven as:

DNL=\M—1, 0<n<(2V-1) (2.1)

LSB
where V, isactual transition point of digital output code n, and N is the resolution of
ADC. V4 isamplitude voltage of 1 LSB, so DNL is expressed by LSB.

Integral nonlinearity (INL) is defined as the deviation of actual transfer curve

from an ideal straight line and is also expressed by LSB. INL at code n is said to be



the width difference of actual transition point n and ideal transition point n. Summing

up DNL from code 0 to code n is another way to evaluate INL:

INL(n) => DNL(i) (2.2)
i=1

DNL and INL are shownin Fig. 2-2.

- A —— Actual curve
=
o ——— ldeal curve _
3 |
5 |
=)
= |
| - -
~—— DNL+1LSB
|
|
: —» =— [INL
' >
Analog Input

Fig. 2-2 transfer curve with DNL and INL

DNL and INL are sometimes said to be the maximum value.

2.2.2 Dynamic Performance

Dynamic performance is based on FFT analysis. A sine wave as the analog input

of ADC is applied, and the digital output of ADC is processed by FFT analysis. The



total power of digital output can be sorted into three parts. The first part is signal
power. The second part is harmonic power. The number of harmonics which are
included in harmonic power depends on individual definition. The third is noise
power. Noise power is calculated by subtracting signal power and harmonic power

from total power.

2.2.2.1 Signal to Noise Ratio (SNR)

Signal to noise ratio (SNR) is the ratio of signal power to noise power. SNR is
written as:

(2.3)

signal power
S\NR|,, =10log (—J

noise power

2.2.2.2 Total Harmonic Distortion (THD)

Total harmonic distortion (THD) is the ratio of harmonic power to signal power.
The first five harmonics are included in harmonic power in this thesis. THD is

expressed as.

THD|, - 10Iog[ harmonics power j

_ (2.9
signal power



2.2.2.3 Spurious Free Dynamic Range (SFDR)

Spurious free dynamic range (SFDR) is the ratio of signa power to the largest

harmonic power. SFDR is mentioned as:

(2.5)

signal power
SFDR,, :lolog( j

largest harmonic power

2.2.2.4 Signal to Noise and Distortion Ratio (SNDR) and Effective Number of

Bits (ENOB)

Signal to noise and distortion ratio (SNDR) is the ratio of signal power to noise

power and harmonic power. SNDR is described as.

(2.6)

SNDR] _ :10Iog£ Sgnakpves j

noise power + harmonics power

Effective number of bits (ENOB) is a measure based on SNDR and is calculated

as

_ S\DR|,-1.76

ENOBl, =——5 02

2.7)

2.2.25 Figureof Merit (FoM)

Figure of Merit (FoM) is the important performance metric of ADC in terms of

power, speed and accuracy. FoM is defined as:
7



Power

2.3 ADC Architectures

2.3.1 Flash ADC Architecture

Flash ADC architecture is shown in Fig. 2-3. It contains several 2" -1
comparators where N is the resolution of ADC and a decoder. The analog input of
flash ADC is compared with reference voltages generated by resistor-ladder
simultaneously with the comparators. The differences of the analog input and the
reference voltages are amplified to digital levels, and thermometer code is generated.
Then the thermometer code is converted to binary code by the decoder. Moreover,
preamplifiers are often added in front of the comparators to decrease input-referred
offset. Flash ADC achieves the fastest sampling rate because of parallel processing.
However, when the resolution of flash ADC increases, power and area consumption
increase exponentially. Therefore, flash ADC is usually implemented in low

resolution and high-speed design.
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Fig. 2-3 flash ADC architecture

2.3.2 Successive-approximation ADC Architecture

Successive-approximation ADC architecture is shown in Fig. 2-4. It is composed
of a front-end sample-and-hold amplifier (SHA), a comparator, a
successive-approximation (SA) control logic, and a DAC. It applies binary search
algorithm to resolve the digital output of successive-approximation ADC. With binary

search agorithm, successive-approximation ADC halves the maximum difference of
9



the analog output of the SHA whichis Vg,, and the analog output of the DAC which

IS Vpae N each step. In the first step, the registers of the SA control logic are set

Vi

100000 for 6-bit resolution for example, and then V,,. is set . The comparator

compares Vg, with V,,. to make a decision and control the SA control logic. If
Vgx IS larger than V,,., the register of MSB is still 1. In the second step, the
registers of the SA control logic is set 110000 and the above steps are repeated.
Successive-approximation ADC is N times where N is the resolution of ADC slower
than flash ADC. However, offset of the comparator is independent of the linearity of
successive-agpproximation ADC  because only one comparator is used.
Successive-approximation ADC is usualy implemented in low-to-medium resolution

and low-power design.

VsHa N
Vioo— SHA 1]
Vbac
A Comparator
DAC
3
SA control logic <
Dout

Fig. 2-4 successive-approximation ADC architecture
10



2.3.3 Pipelined ADC Architecture

Pipelined ADC architecture is shown in Fig. 2-5. It consists of a series of stages.
Each stage is made up of a SHA, asub-ADC, a sub-DAC, and an amplifier. It mainly
operates in two phases which are amplification phase and sampling phase. When the
i" stage is in amplification phase, the (i—1)" and (i+1)" stages are in sampling
phase, and vice versa. Whenthe i™ stageisin amplification phase, assuming that the
resolution of the i™ stage is M-bit, it generates an M-bit digital output and a residual
voltage, and then the amplifier amplifies the residual voltage by 2"~ times to a
residue output sampled as the input of the (i+1)" stage. When the i"™ stage is in
sampling phase, it samples the residue output of the (i—1)" stage. This arrangement
lets all stages of pipelined ADC work concurrently, so sampling rate is independent of
the number of stages of pipelined ADC. Due to amplification between stages, critical

accuracy isin the first stage, and accuracy of later stagesis relaxed. Pipelined ADC is

usually implemented in medium-to-high resolution and high-speed design.

11
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Digital Correction
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Fig. 2-5 pipelined ADC architecture

2.3.4 Continuous-time Delta-sigma ADC Architecture

Continuous-time deltasigma ADC architecture is shown in Fig. 2-6. It is
comprised of a continuous-time delta-sigma modulator and a digital decimation filter.
The continuous-time delta-sigma modulator is a feedback loop which includes a
low-resolution ADC, a low-resolution DAC, and a continuous-time integrator. It
adopts over-sampling and noise-shaping technique [10] to improve SNR. With
over-sampling technique, the analog input of ADC is sampled with sampling rate
much higher than Nyquist-rate. This spreads quantization noise power to bandwidth
of sampling rate and leaves less quantization noise power in signal-band. With
noise-shaping technique, the feedback loop pushes quantization noise power to

high-frequency and also leaves less quantization noise power in signal-band. The

12



digital decimation filter removes quantization noise power out of signal-band to

obtain the digital output of ADC. Continuous-time deltasigma ADC is usualy

implemented in high resolution and low-power design.

C.T. Delta-sigma .| Digital Decimation
Modulator Filter

—O Dout

N
|+ \ -

Analog (__) | Digital
Input C.T. Integrator ‘ o Output

\

\

\

\

\

\

\

\

\

\

g

Fig. 2-6 continuous-time delta-sigma ADC architecture

24 Summary

First, static and dynamic performance are introduced. Static performance
includes offset, gain error and DNL, and INL. Dynamic performance includes SNR,
THD, SFDR, SNDR, ENOB , and FoM. Second, three ADC architectures which

contains flash ADC, successive-gpproximation ADC, pipelined ADC, and

13



continuous-time delta-sigma ADC are mentioned and applied according to different

applications.

14



Chapter 3 Proposed Background Sampling-point

Calibration for Pipelined ADC Using

| ncomplete-settling Technique

3.1 Introduction

As described in 2.3.3, Fig. 3-1 shows the conventional 1.5-bit pipelined ADC "
stage which contains sub-ADC and MDAC. Sub-ADC is composed of two
comparators and a decoder. MDAC which realizes the function of SHA, sub-DAC,
and an amplifier is composed of opamp, sampling capacitor C,, feedback capacitor
C;, and a multiplexer. V,, and V., are the analog input and the reference voltage
of ADC, respectively. In sampling phase, switch S is on. Switches S, and S,

connect the residue output V,, ., of the (i-1)" stage to C, and C,. Then

Vi i 1S sampled as the input V, ; of the i" stage. Sub-ADC compares Vo i1
, Vig . . . :
with + in the end of sampling phase to decide which voltage (+V,;, or 0 or

-V, ) is connected to the output of the multiplexer. In amplification phase, S is off.
S, and S, respectively connect C, and C; to the outputs of opamp and the
output of the multiplexer. Assuming that the system has only one pole @,

contributed by opamp, the residue output V., . (t) of the i"™ stageisdescribed as;

ut _i

15



C 1 = C
V., O)=01+— 1-e?)[V, - =)D -V
out_|() ( Cf )(1+1)( )[\/|n_| (CS+Cf) i ref]
AB
f V Vref
+L0F Vo >+ A (3.1)
V V
D =40, if + Zf>vom_i_l>—r7‘*
\Y
-1, if _rTef>Vout_i—l
A, is dc gain of opamp, and f(= S ), where C_ is the parasitic
J pamp. - C,+C,+C,"" P P

capacitance of the inputs of opamp, is feedback factor. 7 istime constant and L is
T

closed-loop @ (= 1+ AL)®,) . 1 is equal to loop-gain unit gain bandwidth
7
@, 1op (= ABw,) if loop-gain dc gain AS is much larger than 1. Fig. 3-2 shows

the relation of @,, @, and @

u_loop

in Bode plot. D, is adigital code. Usually

A ismuch larger than 1, and (3.1) can be approximately rewritten as:

-1 ya-en)v, — (S

Vout_i (t) = (l+ Cf Abﬁ CS + Cf

)Di 'Vref ] (3-2)

Assuming that C, and C; are matched and not taken into consideration, there are

two error terms which are static error (1—$ ) caused by finite dc gain of opamp and

—t

dynamic error (1—e*) caused by insufficient time. If V,, ; has to conform to

ut_i

%LSB of N-bit accuracy, two limits about static error and dynamic error have to be

obeyed:

static error limit:

16



e =t o 1 (3.3)

< —_—
S A)ﬂ 2N+l
dynamic error limit:

-t

g =e7 < (3.9

2N+l

where t_ issettling time which correspondsto %LSB of N-bit accuracy.

For example, for 6-bit resolution, 1GS/s sampling rate design with conventional
1.5-hit stages, assuming that t, is 200 ps, the requirements of the first stage (N=5
because 1 bit is already resolved by the first stage) for A, of opamp is about 42.1 dB
(B :% because of 1.5-bit stage) and for unit gain bandwidth @, (= Aj@,) of opamp

is about 6.6 GHz (7 =48.1 ps). It will consume alot of power for opamp to achieve

the above requirements.

17
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Fig. 3-2relationof @,, @,4,and @ in Bode plot

u_loop

3.2 Incomplete-settling Technique

3.2.1 Concept of Incomplete-settling Technique

Two parameters G;, and G, (t) are introduced here. G, represents

fix fix
interstage gain defined by hardware implementation (Gﬁx=1+% when
f

conventional closed-loop 1.5-bit stage is used for example). G (t) represents actual

interstage gain at time t. Moreover, G,, and G, (t) are related in closed-loop

fix

topology:

L

1+i

AB
Conventionally, G (t,) isequal to G

Gy (1) =Gy (—)—e7) (35

& With small static and dynamic error limited

by (3.3) and (3.4). Opamp dc gain A, and unit gain bandwidth ®,(= Aw,)

requirements are based on (3.3) and (3.4):

2N+1
3.6
A > B (3.6)
B _ 1 (N+DIn2
@, = Ao, = e > —ﬁts (3.7

If the requirements for opamp A, and @, can be reduced, the power consumption
of opamp can hence be reduced. This is the concept of incomplete-settling technique

[1][2]. Incomplete-settling technique ignores these requirements and uses opamp
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which has smaller A, and @, than (3.6) and (3.7) to lower the power consumption

of opamp. However, from (3.3), if A, decreases, &, will increase. Similarly, from

_ts

(34), if @, decreases, &, will increase (because ¢, =e*® =e “-=" =e?“"), too.

Thatis, & and &, will become larger and larger with the decrease of A, and @), .

Also, from (3.5), G, (t,) will become smaller and smaller than G,,. If the big

fix "

difference between G,, and G, (t;) can be compensated during ADC conversion

fix
by digital reference calibration [1], digital signal processing calibration [2], and

proposed sampling-point calibration, incomplete-settling technique can be adopted,

and the power consumption of opamp can be declined.

3.2.2 Prior Work 1: Digital Reference Calibration

In prior work 1 [1], 1.5-bit stage at each stage uses closed-1oop topology where

G,, is2and G (t,) is1.6 (no need to be precise because settling behavior changes

fix
with PVT and digital reference calibration can accommodate this variation) at fixed
t.. Tuning the reference voltage of each stage is one method to compensate the

difference between G,, and G, (t,) . There is interstage gain error defined as

fix

G (t
% (= 16 _ 0.8) at each stage shown in Fig. 3-3 (@), and the reference voltage of

2

fix

20



each stage also multiplies 0.8, no error will be induced during ADC conversion shown

inFig. 3-3 (b).
Vref (O ' 8)Vref
¢ Vout ] ¢ Vout 2
Analog - -
Input | 1.5-bit » 15bit [ °
A Stage1 Stage2
Interstage Interstage
Gain Error Gain Error
0.8 0.8
@
Vout_l Vout 2
A A
__ 08y ____" (0.8)2V.,

(b)

Fig. 3-3 (a) interstage gain error 0.8 at each stage (b) reference voltage of each stage

multiplies 0.8

In practice, the reference voltage of each stage can be adjusted independently to

avoid mismatches between stages and achieve better performance. Digital reference
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calibration based on maximizing SNDR is adopted to find the right reference voltage
which corresponds to each stage. However, there are some disadvantages. First,
because of interstage gain error, the reference voltage of each stage shrinks stage by
stage. Assuming that noise except quantization noise remains unchanged, the effect of
the noise is bigger than convention, so ADC performance cannot be as good as
convention. Second, the calibration is so complex as to be not embedded on-chip.
Third, the calibration is foreground and cannot adapt to environment variation

continuously.

3.2.3 Prior Work 2: Digital Signal Processing Calibration

In prior work 2 [2], 3.5-bit stage at the first stage uses open-loop topology.

Because of open-loop topology, assuming that the system has only one pole

o, (= 1C ) where R, is output resistance and C, isload capacitor, and the pole

L

is contributed by opamp, the residue output V,, , of the i" stage in amplification

ut _i

phase is described as:

~t

7, Vr
Vout_i (t) = Ab(l_e i )[Vin_i - Di ) 29f ] (3.8)
where 1 is @,. G (Gg =A, inopen-loop topology) and G (t) arerelated
Topen

in open-loop topology:
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—t

o) @9

Gy (1) =G

fix

G,, isbigger than 8 and ideally G (t;) is8 (no need to be precise because settling

fix
behavior changes with PVT and digita signal processing calibration can

accommodate this variation) at fixed t.. The reason why G, is bigger than 8 isto

fix
create a cross point where G (t,) is exactly 8 shown in Fig. 3-4. Because settling
behavior varies with PVT, G, (t,) may not be 8 at fixed t . Digital signal
processing calibration which directly processes the digital output of ADC is adopted

to compensate linear error (linear because from (3.8) and (3.9), G, (t,) is

independent of V, ;) caused by the variation of G (t,) . The calibration has

disadvantages of complication and off-chip.
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Fig.3-4 G

fix

is bigger than 8 is to create a cross point where G (t,) isexactly 8

3.3 Proposed Pipelined ADC Architecture and

Background Sampling-point Calibration

3.3.1 Pipelined ADC Architecture

Fig. 3-5 shows 6-bit, 1GS/s pipelined ADC architecture. It is composed of four

identical 2-bit stages and a 2-bit flash at the end for ADC conversion. The digital

codes resolved by each stage are aligned and added to obtain the digital output of

ADC. Cdlibration circuits which contain two replica stages, a calibration comparator



with offset calibration, and a digital

loop filter are added for background

sampling-point calibration. Why two rather than one replica stage is used is according

to analysis later. The replica stages are the same as those stages for ADC conversion.

Moreover, a global clock generator which produces clock phases is shared among all

the stages.

\Y/

2

ref

Calibration Comparator

—>
I Digital Loop Filter
V., wonn—>] Replica »| Replica ¢
- 2-bit 2-bit
Stage1 Stage2 Clock Generator
A A
Y Y A 4 A\ 4 ¢
Vio ™ 2-bit ™ 2-bit ™ 2-bit > 2bit > 2-bit
Stage1 Stage2 Stage3 Stage4 Flash
A2 A2 A2 f2 A2
Y Y Y A \ 4

Digital Correction

Iz
Dout

Fig. 3-5 ADC architecture with background sampling-point calibration

3.3.2 Background Sampling-point Calibration

All the stages use incompl ete-settling technique with closed-loop topology. From

(3.5), there are some parameters such as G

25
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:1+g and
C

Gy (t,) . First, since Gy, fix

Is roughly equa to % (because G

1 C,+C,+C . _ i
E:C—p when conventional closed-loop 1.5-hit stage is aways used for
f

example in this section), tuning G, and A is considered together. G., and [

fix fix
are related to capacitor ratio [11]. The variable capacitor ratio increases circuit
complexity and parasitic capacitance in the signal path of MDAC due to additiona
switches for tuning, and this decreases sampling rate. Second, tuning A, is
considered. A, istuned by changing the bias point of opamp [12]. Also, the variable

bias point rises circuit complexity and parasitic capacitance in the signal path of

. . . : . 1 1
MDAC. Third, tuning 7 is considered. Because 7. is (= ), T
@55 (L+AL) w,

can be tuned by tuning A, and| S considered above. Fourth, tuning t, is
considered. t, is tuned by adding delay elements with variable delay into clock
generator. That is, sampling-point can be adjusted. No extra circuit is required in the
signa path of MDAC, and this achieves fast sampling rate. Besides, the tuning range
of G (t,) is wider by altering sampling-point than the capacitor ratio or the bias

point of opamp with less circuit. Finally, G, is 16 and G (t,) is 2 according to

fix

anaysis later. Although settling behavior varies with PVT, sampling-point can be

adjusted to let G (t,) be 2 shownin Fig. 3-6.
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Fig. 3-6 sampling-point isadjusted to let G (t,) be?2

Sampling-point calibration is proposed to operate automatically with the help of
calibration circuits (To describe calibration algorithm shown in Fig. 3-7, two replica
stages are reduced to one which is conventional closed-loop 1.5-bit stage for
simplicity for example in this section). Before the beginning of sampling-point

calibration, a calibration comparator is calibrated to eliminate offset, and then

Vref

sampling-point calibration starts. First, a known analog input V.., Set 5

sampled by the replica stage. After being amplified by the replica stage, the residue

output V, (t,) of thereplicastage at t, is compared with an analog value set

ut _replica

Vref

V. .
4 assuming that

Vref
corresponds to

with the calibration comparator.

V
rz‘* , or in other words, G (t,) is

Gy (L) is 2. 1f V, (t,) is larger than

ut _replica

larger than 2, sampling-point is adjusted to let t; and G (t,) decrease, and vice
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versa. Finally, G (t,) of al the stagesis 2 at decided sampling-point. Because the

replica stage is independent of those stages for ADC conversion, sampling-point

calibration is background and never stops.

V — Vref

in _known
- 4

l Replica Stage

G, (t,) [«

Vout _replica (ts ) l

Y

Calibration Comparator

\4 f
out _replica (ts) ., —

2”7 Yes

Gy (t.)<2 ] No

v Geff (ts) > 2

t, =t, +at t <ty —al
(G (t,) =G (t.) +aG) (G (t,) =G (t,) —2G)

Clock Generator

Fig. 3-7 sampling-point calibration algorithm

3.4 Non-ldealities of Background Sampling-point

Calibration

Non-idealities of sampling-point calibration are discussed in terms of either

voltage or gain. In terms of voltage, if the residue output V., (t) of the i" stage

ut _i
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want to satisfy %LSB of N-bit accuracy, the voltage error of V,, ;(t) caused by

Vig
2N+1 )

separate non-idealities is required to be less than

In terms of gain, Fig. 3-8
shows SNDR v.s. interstage gain G (t;) in behavior simulation. G (t,) from 1.90
to 207 ensures maximum reduction by 3 dB from idea SNDR of
37.88(=6.02-6+1.76) dB of 6-bit ADC. That is, the stage gain error of each stage
caused by separate non-idedlities should be less than 0.07 to obtain SNDR of

34.88(=6.02-6+1.76—-3=37.88—3) dB abovein behavior simulation.

39
38

37
36

35
34 SNDR

SNDR (dB)

33

32 .

31

30! T T T T T T T T T T T T T T T 1

1.8 1.85 1.9 1.95 2 2.05 2.1 2.15 2.2

Geff (ts )

Fig. 3-8 SNDR v.s. interstage gain G (t;) in behavior simulation
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34.1 Opamp Seewing and DC Gain, Unit Gain Bandwidth

Variation with Output Swing

Incomplete-settling technique is based on linear amplification. However, there
are two sources which cause non-linear amplification. First, opamp slewing is one
source. Opamp slewing happens when the voltage difference of the inputs of opamp
exceed 1.4 V,, [13] where V,, isthe overdrive voltage of the input differential pair
of opamp. Opamp slewing is most likely to occur in the beginning of amplification
phase (¢,). Fig. 3-9 (&) and (b) show that conventional 1.5-bit MDAC is in sampling
phase (¢) and in the beginning of @,, respectively. The resultant initial voltage
difference AV, of the inputs of- opamp in the beginning of ¢, is calculated by

charge conservation [1] (Intheend of ¢, chargeis 2C )V, .. Inthe beginning of ¢,,

chargeis C,(D; V4 —aV,)+(Cy, +C )(=aV,) .):
2C Vi =Cy(D; Vg =aV,) +(Cy +C,)(=4V,) (3.10)

where V.. istheinput of the i" stage, C, isthe capacitor valueof C, and C,,

C, isload capacitor, C, is % which is series connection of C, and C_,
+ L

u

and C, isthe parasitic capacitance of the inputs of opamp.

(3.10) isrearranged as:

_ _ZCU\/in_i + C:u Di 'Vref

(3.12)

AV

) C,+Cy+C,
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And 4V, isrequired to be less than 1.4 V,, no matter what V, ; isto ensure that

non-linear amplification will not take place. For example, assuming that V,, is 100
mV, aV, should belessthan 140 mV for al input range.
Second, opamp dc gain A, and unit gain bandwidth ®,(= Ajw,) variation

with output swing are another source. From (3.1), (1+%) is replaced with G
f

fix?

and ( F ) isreplaced with 1 for generalization. (3.1) isrewritten as:
C+C, 2
1 - Vref
Vout_i (t) = Gfix (—1)(1_eT )(\/in_i - Di ’ 2 ) (3-12)
1+—
AB
A and (= ;) ideally are constants with output swing to guarantee
1+ AL,

linear amplification. However, in practice, A, and 7 will change with output swing
and arerepresented as A, and 7' for discrimination:

A=A —a AV (1] (3.13)
T'=T+atVy, ; (V)] (3.19)
where A, and 7 denote that A" and 7' have O output swing. V, g i(t)

stands for the output of the i" stagewith A" and 7' andisexpressed as:

-t \Y/
Vout_swing_i (t) = Gfix (;1)(1_ e’ )(Vin_i - Di ’ f2€‘f ) (315)
1+—
A'B

Output voltage error 4V, dueto A, and 7 variation with output swing, for given

t,, iswritten as:

aV, :Vout_sming_i (t) _Vout_i (t)‘t:ts (316)

y
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If V,, ; want to fulfill %LSB of N-bit accuracy, aV, is required to be less than
Vig . . . . :
i 1o matter what V, ; is. For example, for 6-bit resolution design with

conventional 1.5-bit stages, aV, of the first stage (N=5 because 1 hit is aready

Vref
25+1

resolved by the first stage) should be less than for al input range.

(@

u

C
C
4aV
Di 'Vref o—”iij_' V
CPI out _i

L T
(b)

Fig. 3-9 MDAC in (a) sampling phase (b) the beginning of amplification phase
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3.4.2 Discrete Sampling-point and Clock Jitter

Because of discrete sampling-point which is controlled by digital control bits, the
resolution of sampling-point need to be fine enough to achieve the required resolution

of ADC with the existence of clock jitter. (3.5) is differentiated with time and

expressed as.

dGy (1) _ 1 17
ot =Gy, ( 1 )(Te )

(3.17)

If there is sampling-point variation at | introduced by discrete control and clock jitter,

for given ideal sampling-point = where G (t..,) isexactly 2, stage gain error G,

isexpressed as.
1
Gfix (71) - Geff (tideal )
1+—
dG_ (t
aG, = er (1) ot At = AB at
dt . 4 (3.18)
Gfix (71) -2
1+—
= Al at
T

From (3.18), the finer the resolution of sampling-point is and the bigger t., is, the
smaller 2G, is. For example, refer to Fig. 3-8, 2G, of each stage should be less

than 0.07 to get SNDR of 34.88(=6.02-6+1.76—3=37.88—3) dB above of 6-bit

ADC.
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3.4.3 SamplingAttenuation

Conventionally, the output of the i stage settles to required accuracy when the
(i+1)" stage samples. That is, whenthe (i+1)" stage samples, the output of the i
stage is amost a dc value. Therefore, RC delay in the sampling network of the
(i+1)™ stage does not cause error and the input of the (i +1)" stage which samples
the output of the i"™ stage is equal to that of the i™ stage. However, because of
incompl ete-settling technique, the output of the i™ stage is still amplifying when the
(i+1)" stage samples, and RC delay in the sampling network of the (i+1)" stage
will cause sampling attenuation G, between the output of the i" stage and the
input of the (i+1)" stage. The sampling network of each stage and equivalent model

in ¢ isshowninFig. 3-10 (a) and (b).

¢1 Ctotal

Vou_i () o—o~o—] |—oﬁ01

@



(1) R Vi m® R
., 1 + — 2
vomia)wv\/?l T
V) V()
(b)

Fig. 3-10 (a) sampling network (b) equivalent model

where C_, is tota capacitors for sampling (C,, =C,+C, which is shunt
connection of C, and C; with conventional 1.5-bit MDAC for example), R and
R, are the turn-on resistance of sampling switches, and V, (t), Vi(t), V,(t), and
|.(t) are voltage difference across C,, ., Vvoltage at the bottom-plate of C_, ,
voltage at the top-plate of C,, , and the current which flows through C, of the

(i+1)" stage during sampling phase of the (i +1)" stage, respectively.

—t

Taylor seriesof e” ismentioned as:

-t t. 1.t*. 1, t3
e7 =14+ (=) +=(—)+=(——) +... 3.19
( r) 2(12) 6( 73) (319

If t ismuch lessthan 1, (3.19) is approximately rewritten as:
T

t

e =1+ (-1 (3.20)
T
From (3.20), (3.12) isreplaced as:

Vo 1) = (3.21)
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\Y
Where 7/ |S Gfix(;l)(i)(\/in_i - Di ’ L ) .
T 2

1+—

AB
V(t), V,(t),and I (t) arerelated:

d(V, (t)-V,(t)) _Vou s (t)-Vi(t) V,(t)

| (t)=C = 3.22
c( ) ‘total dt Rl Rz ( )

with initial condition:

Vl(t :O)=V2(t =0)=0 (3.23)

Vi(t), V,(t),andthus V,, ,,(t) arecalculated from (3.21) to (3.23) and given as:

—t

V; (t) = 7+ (~7RCy )1 —€%) (3.24)

\/ (t)=&[7F§C (1—62)} (3.25)
2 R1 ‘total .

Vi e =V -V, (1) = n[l—%a— e )] (3.26)

where 7, is (R+R,)C,, -

G, is defined as the ratio of the input of the (i +1™ stage to the output of the i

stage, for given t.:

Vi, ialt -
- EELO) I AP (3.27)
Vou_i (D | _, t

From (3.27), assuming that t, ismuch larger than 7, (3.27) is about expressed as:
G, =1-—= (3.28)
From (3.28), the smaller 7, are, thesmaler G, deviates fromideal 1. For example,

if G, isrequired be larger than 0.95, assuming that t; is 200 ps, 7, is10 ps. This
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satisfies the assumption which is that t; is much larger than 7,. Assuming that
Coa 15160 fF, R +R, which is series connection of R and R, should be less

than 63 €.

35 Summary

Incomplete-settling technique is introduced to overcome some limits with
conventional approach. Severa calibrations with incomplete-settling technique are
compared, and a new calibration called background sampling-point calibration with a
number of advantages is offered. Besides, certain problems about the proposed

calibration are discussed and analyzed.
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Chapter 4 Proposed Building Blocks and Cir cuit

| mplementation

4.1 Introduction

Refer to Fig. 3-1 and 3-5, the building blocks which contain MDAC, sub-ADC, a
clock generator, and calibration circuits of ADC are discussed. The architectures of
the building blocks are analyzed and chosen. The practical circuit implementation of
the building blocks is demonstrated and simulated to test and verify analysis, too.

Finally, overal ADC is simulated to see the static and dynamic performance of ADC.

4.2  Building Blocks and Circuit mplementation

421 MDAC

4211 Folded-Residue

As described in 3.4.1, non-linear amplification is caused by opamp slewing and
dc gain A,, unit gain bandwidth @, (= Aw,) variation with output swing. From

(3.11), 4V, isproportiona to V, ; which samples V,, . If the maximum output

swing of each stage can be reduced, AV, can be reduced, too. That is, opamp
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sewing is more impossible to occur. Moreover, A, and z(= ;) variation

1+ AR,

are less severe because of the reduced maximum output swing. Therefore,
folded-residue technique [14] is adopted to reduce the maximum output swing. Fig.
4-1 (a) shows residue plot of conventiona 1.5-bit stage. The maximum output swing

is ¥V . By adding an additional comparator to each conventional 1.5-bit stage,

folded-residue technique can be realized to reduce the maximum output swing to

V
+ ;“f , assuming that every comparator in each stage has no offset. Even if the

V
comparators in each stage are designed to achieve maximum + g offset, or 3-bit
: = " ¢ . :
accuracy, the maximum output swing is limited within J_rT. Residue plot of 2-bit

stage with folded-residue technique which uses comparators without offset and with

V
maximum =+ r86' offset is shown in Fig. 4-1 (b). Folded residue technique reduces
the maximum output swing to ensure more linear amplification at the cost of an

additional comparator to each stage.
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Fig. 4-1 residue plot of (a) conventional 1.5-bit stage (b) 2-bit stage with

folded-residue technique which uses comparators without offset and with maximum

Vref
+ offset
8
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4.2.1.2 Amplification Multiple

MDAC with incomplete-settling technique adopts 2-bit and flip-around
architecture to achieve larger feedback factor B and faster speed. Assuming that
sampling capacitors C, and feedback capacitor C; are matched, the residue output

V,, ;(t) ofthe i" stageis described as;

Vref Vref
out I(t) Gflx( )(1 e’ )(\/| _in _i '7_D2_i T)
1+—
AB
Vref
+1, +1if V, i, +7
\Vi 4.1
0, +1if +*7e*>vout_i_1>o #.1)
D1 i D2_i = V
ref
0, —1if 0>V, ;,>
2
out . i-1

where D, ; and D, ; are digital codes. To redlize (4.1), Fig. 4-2 shows the block

diagran of MDAC of each stage (single-ended version for simplicity but

fully-differential actual). It contains opamp, C,, and C,. C, and C; have the

same capacitor value C,. In sampling phase (¢,), the residue output V,, . ,(t) of the

out_i

(i—-)" stage is sampled as the input V, . of the i" stage, and in amplification

in_i

phase (¢,), charge transfers to realize plus or minus to reference voltages and

amplification.
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Sub-ADC

Assuming that opamp with single stage hasdc gain A, and apole o, (=

Sampling Phase

o\
¢1p—‘
Amplification Phase ¢,

&
9,

le i’ Vref
¢
9,

D2_i 'Vref (

1

Cuc

4|_0

Gfix _ l)Cu
4

i

Fig. 4-2 block diagram of MDAC

MDAC

1
RCL :

where R, is output resistance and C, is load capacitor which contains the

capacitor seen by the outputs of opamp of this stage (1-C,) and the capacitors for

sampling of next stage in amplification phase of this stage (G

are described as:

A
R=22

On
C =@1+Gy,

)C,

42
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where g,, istransconductance of the input differential pair of opamp. From (4.2) and
1 . .

(4.3), closed-loop @ ,45(=—) ismentioned as:
T

1_@+Apo,
T
1
RC.

_ e
S A Gc

=1+ AS) (5= (4.4)

and from (4.4), (3.5) isrewritten as:

fix?

% iIsroughly equal to G

1 7t5(1+ei)[%(1+gc;n R
Gu (t) =Gy (g Hi-e o MGy (45)
1+ ™
A

With reasonable assumption where t, is 200 ps for 1GS/s sampling rate, C, is

chosen 10 fF for 6-bit matching, and g, iS10 mO, G, (t,) can be expressed as a

function of A, with different G;,. G,, is amultiple of 4 from (4.1). Normalized

Gom Where maximum G (t,) is set 1 is shown in Fig. 4-3. Under the same

assumption, the larger G is, the faster the speed of amplification is. Refer to Fig.

norm

4-3, G isamaximumwhen G, isl12or16,and G. ischosen 16.

norm fix fix
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1.2

£

O -G, =4
§ ==G, =8
= =G, =12
g Gy, =16
Z (. =20

fix

DC Gain A, (dB)

Fig. 4-3normalized G,,,, isexpressed asafunctionof A, withdifferent G,

The circuit implementation of opamp, bias circuit, and CMFB circuits are shown
in Fig. 4-4 (a), (b), and (c), respectively. Obafnp employs two-stage topology rather
than single-stage one because of its less dc gain A and unit gain bandwidth
@,(= Ajw,) variation with output swing. Bias circuit undergoes the same condition
as opamp. V,,; isthe common-mode voltage of the inputs of opamp. CMFB circuit
use switched-capacitor topology owing to the existence of non-overlapping phases
used in pipelined ADC architecture. There are two CMFB circuits for the outputs of
the first and the second stage of opamp, respectively. V,, is the common-mode

voltage of the outputs of the second stage of opamp.
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Fig. 4-4 circuit implementation of (a) opamp (b) bias circuit (c) CMFB circuit
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Fig. 4-5 shows the ac analysis of MDAC and opamp when output swing is 0 in

post-simulation. Opamp dc gain is 29.1 dB, and loop-gain dc gain is 2.3 dB.

Loop-gain phase margin is 125.9 degree. Each opamp consumes 4.5 mW, and

input-referred offset of opamp is +15 mV ( 3¢') in post-simulation.

29.1dB
] E i — i E i E : :
2E"//'
] : L : : 23dB : : :
1 Opamp DC Gain_____.
o 1T / e @530 :
T : ' " Loop-gain DG Gain™ " . :
£ ] : ' : ! : ! !
© _40: ________________________________________________________________________________
o a1
m
[}
1
[=2]
[
=2
Q
(7]
©
(=
o

10 100 1k 10k 100k M 10M 100M 1G 10G
Frequency (Hz)

Fig. 4-5 ac analysis of MDAC and opamp when output swing is0

As described in 3.4.1, opamp slewing will cause non-linear amplification and
should be avoided. Fig. 4-6 shows aV, for al input range when V., is250 mV in
post-simulation. The overdrive voltage V,, of the input differential pair of opamp is
set 100 mV in post-simulation. Refer to Fig. 4-6, 2V, is much smaller than 1.4

V,, (=140 mV) . Therefore, opamp slewing will not take place.
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Fig. 4-6 aV, for al input range

As described in 3.4.1, opamp dc/gain A, and unit gain bandwidth @, (= Aw,)
vary with output swing. Fig. 4-7 (a) show how A and @, change with output
swing in post-simulation. A, and @, respectively change from 29.1 dB to 26.5 dB
and from 5.64 GHz to 5.49 GHz when the absolute value of output swing changes
from 0 mV to 250 mV. Fig. 4-7 (b) shows residue plots of ideal and actua transfer

curve in post-simulation. Output voltage error 2V, defined as the voltage difference

between ideal and actual transfer curve. Fig. 4-7 (c) shows normalized aV,

where 4V, isnormalized to 5-bit accuracy (because 1 bit is already resolved by the

first stage) in post-smulation. Refer to Fig. 4-7 (c), aV, ., 1S Within 0.21 LSB of

5-bit accuracy.
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Fig.4-7(& A and @, changeswith output swing (b) residue plots of ideal and

actua transfer curve (c) normalized 4V, ., defined as the voltage difference

between ideal and actual transfer curve
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As described in 3.4.3, t, is 190 ps and C_, is 160 fF in post-simulation.
From (3.28), G, isrequired be larger than 0.95 in post-simulation, so 7, should be
smaller than 9.5 ps, and R + R, should be smaller than 59 Q. R isabove 21 Q

foral input range, and R, is30 Q in post-simulation

4.2.2 Sub-ADC

Fig. 4-8 (a) shows the block diagram of sub-ADC of each stage. It is composed
of three comparators and a decoder. Each comparator has front-end three switches and
one capacitor (single-ended for simplicity but fully-differential actual) [5]. In

amplification phase (¢,), the capacitors are charged by respective reference voltages

J_rv”sf and 0. Then in sampling phase (¢,), voltage difference between input V,,
and the reference voltages appears at the inputs of the comparators. And the
comparators make decisions in the end of sampling phase. The outputs D,,,, D,
and D,,, of the comparators are sent to the decoder to control the switches of
MDAC. There is an advantage to use the front-end switches and capacitors. As
described in 4.2.1.1, offset of the comparators will increase the maximum output
swing of opamp. This let non-linear amplification be more serious. And the usage of
the switches and capacitors removes offset of the comparators from the difference of

the common-mode voltages of input and the reference voltages [15].
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The circuit implementation of the comparators [16] is shown in Fig. 4-8 (b). The
comparators employ dynamic topology to reduce power consumption and compare

input V,, and V,_ intheend of sampling phaseto generate output D,, and D, .

Sampling Phase ¢, —/ \ / \
ng\__J __/
Amplification Phase ¢, / \ / .
¢2p —

MDAC

Japooaq
; {
|
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Fig. 4-8 (a) block diagram of sub-ADC (b) circuit implementation of comparator

Input-referred offset of the comparatorsis +17 mV ( 3¢) in post-simulation.

4.2.3 Clock Generator

Fig. 4-9 (@) shows the block diagram of a clock generator. All phases are
generated by a sinusoidal input V. Main phases contains ¢,,, ¢,,, ¢, and ¢,.
¢, and ¢,, (or ¢, and ¢, ) are two non-overlapping phases with the same pulse
width T,, (or T,) and the phase difference of 180 degree. The faling edge of ¢,

(or ¢,) comes after that of ¢, (or |¢,,) by the delay of invl and inv3 T, (or

inv2 and inv4) to realize bottom-plate sampling [17] whereas the rising edge of ¢,
(or ¢,)isthesameasthat of ¢, (or ¢,,). There are two digital-to-time converters

(DTC) controlled by binary digital control bits x, X,, X;, X,, X, X, decoded to

&, &, &, .., f,, fj, fy to adjust the delay of DTC T, ,.. T

op is time difference

between a half of the reciprocal of sampling rate T—ZS and T, 4 andischanged by

changing T, 4.- T,0s Too Ty ins Ty o> @Nd 123 are related:

T =Too T Ta_inn (4.6)
T,

Top = ES —T4_ae (4.7)
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Figure 4-9 (b) shows the block diagram of DTC. It contains six sub-DTC and a
multiplexer. Sub-DTC is composed of two inverters and three binary-weighted
capacitors controlled by digital control bits. The series of numerous sub-DTC with the

multiplexer controlled by Sel at the end ensure wide delay range to adapt to

environment variation. T, ,. is varied and guaranteed to monotonic with the

increase of X, ... %, .

Qp &

Invl Inv3

prc1” |
18 6 X
Vclk Sel o— Decoder |[&4o :
a, - Xo

Do DT DD

nv2 Inv4

¢§p ?
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| 1! | 1
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p ol I\ L

2 E I E I
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4 T,

Td_dtc E
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a,a a, €, €86 fz f1 fo

22} 22} 22
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Y

DTC,—»{Sub-DTC1—> - - --

0 1|
v N\ Multiplexer
e R
Sel —>» Out

T ]
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I 1]

(b)

\
A
\ 4

Fig. 4-9 (a) block diagram of clock generator (b) block diagram of DTC

As described in 3.4.2,

dG (1) . . N
o is 0.007 Ups in post-simulation. Refer to

‘t:tideal

Fig. 3-8, SNDR is above 34.88(=6.02-6+1.76—3=37.88-3) dB when 2G, is



within 0.07. That is, at isrequired within 10ps. Therefore, the resolution of DTC is
set 5 ps, and the other 5 psof at isreserved for clock jitter.

Fig. 4-10 shows T, 4, Wwith Sel and binary digital control bits
X5, X40 X0 X, X, X, 1N decimal expression in post-simulation. X, ... %, are from 0O
to 28 when Sel is 0 and from O to 42 when Sel is1. T, ;. isfrom 161~295 ps
with 4~5 ps step when Sel is 0 and from 229~430 ps with the same step when Sel
is1. Thedelay range of DTC is 269 ps.

T,, isalso the time of amplification phase and is unchanged no matter how T—ZS
changes. From (4.7), because T, .. has range, the range of 123 is limited. T, is
190 ps, and T, 4, has maximum 430 ps in post-simulation. Therefore, 123 has

maximum 620 ps in post-simulation. That is, sampling rate has minimum 810 MS/sin

post-simulation.

55



450

400

350

300 e Se|=0
el Se =1

Delay (ps)

250

200

o

150 rTrrrrrrrrrrrrrrrorrirrrrrrrrr i rurrvrrryrrrorrunag

0 5 10 15 20 25 30 35 40

X0 Xy Xay X0 Xy X

Fig. 4-10 delay of DTC with Sel v.s. binary digital control bits x;, X,, X;, X,, X, %,

in decimal expression

4.2.4 Calibration Circuits

Fig. 4-11 (a) shows the block diagram of calibration circuits. It contains two
replica stages, a calibration comparator with offset calibration, and a digital loop filter.
As described in 3.4.3, because of incomplete-settling technique, there is sampling

attenuation between stages. Sampling attenuation can be compensated:
Gy (t,)-G, =2 (4.8)
From (4.8), G, (t,) is Gi Because sampling attenuation happens between stages,

y

if only the first replica stage with residue plot shown in Fig. 4-11 (b) is applied, a

known analog input V., SetOwith D, ., setOand D

| replicaz SEL-1 isgiven,
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V,
and an analog value set '7d which corresponds to V,, ..., 1S compared with the

residue output Vi, iea(ts) Of the first replica stage at t;, assuming that the

comparator is calibrated and has no offset, from (4.1):

_ Vref ref
Vout_replical(ts) - Geff (ts)(\/in_known - Dl_replical ’ 7 - D2_rep|ical T)

v (4.9)
=Gy (ts)(T)

Vv
From (4.9), if V,, .sie(ts) is compared with 7“ Gy (t,) is calculated as 2
rather than Gi In other words, sampling attenuation cannot be compensated. If the

y

second replica stage with residue plot shown in Fig. 4-11 (c) is added with D,

replica2

Vref

st 0 and D, i, S€t 1, and and

which corresponds to V,

in_known

(o]

Vou_reniican(ts) 1S compared with the rresidue output V,, .(t) of the second
replicastage at t, assuming that the comparator is calibrated and has no offset, from

(4.1) and (4.9):

Vref Vref
Vout_replicaz (ts) = Geff (ts)(vin_replicaz - Dl_replicaz 7 - D2_rep|ica2 T)
Vref Vref
= Geff (ts)(GyVout_replical(ts) - D1_rep|ica2 ’ 2 - D2_rep|ica2 ’ 4 ) (410)

Vref Vref
=Gy (tL{G,[Cy (ts)(T)] 4 J

V
From (4.10), if V, (t) iscompared with 7“ G, (t,) iscalculated as:

ut _replica2

Gy ( )=1+— [1*56, (4.11)

tS
2G,
From (4.11), G, (t,) islarger than 2 but smaller than Gi Using two replica stages
y

indeed partialy compensates sampling attenuation. As described in 4.2.2,
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()
dt =t geny

iIs 0.007 1ps, and the resolution of DTC is 5 ps

dG (t
aG, (= gft()‘t_tm at)  of neighboring binary  digital  control  bits

Xsr Xgs Xy Xou X, X, 1S 0.035, assuming that there is no clock jitter.

1+,/1+8G
If % ..% of G (ts)(:Ty) differ from that of Gi by at most a digita

y y

1+.,/1+8G
control bit (or Gi_Ty <0.035), G, isrequired belarger than 0.95.
y

y

Vv
To deserve to be mentioned, % used for calibration is generated in chip by a

resistor-ladder which corresponds to 6-bit matching.

Clock Generator |«
2
| YV ) Y vl ) i Digital Loop Filter '— |
| Vin_kown =0 —] Replica » Replica 448 |
| Stage 1 Stage 2 Calibration |
| Comparator |
I T T I
| le replical =0 le replica2 =0 X . . . |
| D, ropieas = -1 D, repieaz =1 Calibration Circuits |
.- - - - _ _ _ . ______________ |
€Y
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+ ref
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V.

in_replical

ref

in_known

(b)

The Second Replica Stage
Slope =G (t,) Vout_replicaz Calibration Point

T
+%______\____' Sl
4 - AR - Ideal Curve
+\£ VA "//“1_"7
2 , : 4 V3 :: 7 — — — Actual Curve
Loy AR v
0 7 ¥ 7 / 17 in _replica2
Ao e ML
ref ./ !./ // I:/
Bl s s S £
I
_3Vref ———————— 7L_____;____
I
4 |
-V o 0 . I +V
E 'Vout Jep\ical(ts )

(©)
Fig. 4-11 (a) block diagram of calibration circuits (b) residue plot of thefirst replica

stage (c) residue plot of the second replica stage

Besides, offset of opamp of the replica stages will cause error when G (t,) is

determined. Assuming that offset of opamp of the fisrt and second replica stages is
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V,, and V,

0s2!?

respectively, the residue output V,, o (t;) Of thefirst replica stage

a t. without considering sampling attenuation and offset of the calibration

S

comparator:
Vref Vref
Vout_replical(ts) = Geff (ts)(\/in_replical - Dl_replical ' 7 - D2_rep|ical ’ T +\/osl)
y (4.12)
= Gy (t.)(——+V.g)
4
and the residue output V,,, oicao (ts) Of the second replicastage at t.:
Vref Vref
Vout_replicaz (ts) = Geff (ts)(vin_replicaz - Dl_replicaz ’ 7_ D2_rep|icaz T +V052)
Vref Vref
= Geff (ts)(vout_replical - D1_rep|ica2 7 - D2_rep|ica2 ’ T+Vosz) (413)

Vref Vref
= Geff (ts)[Geff (ts)(T +Vosl) T T +V052]

Vv
From (4.13), if V, (t.) iscompared with %, Gy (t,) isnot 2 and resultsin

ut _replica2
error. Input-offset-storage (10S) technique [18] is used to suppress the effect of offset
of opamp of the replica stages. Fig. 4-12 (@) and (b) shows that input-offset-storage
(109) technique is used in sampling phase and amplification phase, respectively. The

output offset voltage of the outputs of opamp due to offset V. is reduced to \%

where A, is opamp dc gain with 10S technique rather than V. without 10S

technique.
Vi V.,
x and f ae +05mv ( 30) (V,, and V,, are £15mV ( 30) and A,

is 29.1 dB) in post-smulation. From (4.13), V, ieicaz(ts) IS compared with
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Vv
@ (=125mV), and Gy (t,) deviate from 2 by +0.016 which is small enough
2

refer to Fig. 3-8.
C, V
_. @
0 Vout i
8C, -
Vout i-1°°9 4Cu ]
3C,
©)
Cu
|
|
Vos
: - Vv |
8Cu f _l_AO out _i
Dl_i 'Vref 1 —
4C,
D2 i Vref —r
3C

L
(b)

Fig. 4-12 10S technique is used (a) in sampling phase (b) in amplification phase
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If offset of the calibration comparator after offset calibration is V,, ., from

V,
(4.13), equivaently, V,,  ieo(ts) IS compared with rzd(=125 mV)+V o

Assuming that sampling attenuation, V ., and V_, are not taken into consideration,

osl? 0s2

V;B (=+15mV) let G, (t) deviate from 2 by +0.008

Vos  With maximum  +
which is small enough refer to Fig. 3-8.

The circuit implementation of the calibration comparator with offset calibration
is shown in Fig. 4-13. There are four binary-weighted current controlled by digita
control bits vy,, v,, V., Y, ad 1z, z, 7,2z a each side of the calibration

comparator to compensate offset of the calibration comparator before offset

calibration.

"’mb"{E I:" ' ] | [:"""’lpb

D, <] SoeD,

g

YT %4]{ {1

Fig. 4-13 circuit implementation of calibration comparator with offset calibration

||—o\
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Input-referred offset of the calibration comparator before offset calibration is
+17 mV ( 30) in post-simulation. Fig. 4-14 shows embedded calibration offset v.s.
Yo .Y, (Or z;..2z,) In decimal expresson in post-simulation. Maximum

embedded calibration offset is +17.9 mV  with maximum 1.5 mV step.

20

. 4
14 /
12 /

/

10 / == cmbedded
calibration

/ offset

0123456 7 8 9101112131415

o N B OO

Embeded calibration offset (mV)

y3’ y2’ yl’ yO (Or 231 221 21, 20)

Fig. 4-14 embedded calibration offset v.s. y, ...y, (or z, ...z,)

Fig. 4-15 (a) shows the block diagram of the digital loop filter. It contains two
cascaded sub-filter and back-end digital circuits. The function of the digital loop filter
is to eliminate the disturbance of noise.

The first sub-filter shown in Fig. 4-15 (b) is composed of a front-end D flip-flop
(DFF), two DFF chains, and two reset DFF. Each DFF chain has 5 DFF. The front-end

DFF captures the comparison result of the calibration comparator. If the comparison
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result is 1, the up DFF chain shifts 1 right and reset the down DFF chain, and vice

versa. Once 1 is shifted to the most right of either the up or down DFF chain, both

M M M U of the

them are reset. For example, the outputs M 1w Yo

4_up? 3_up? 2_up?

up DFF chain are 11000 and the outputs M, ,, M; 4, M, ., M, ., D, , of the

down DFF chain are 00000 at this moment. If next comparison result is 1,

M U,, is11100,and M, , ..D,, is00000. And if next comparison result

4 up ™ p.1

is 0, M U is 00000, and M, 4 ...D,, is 10000. Only that five

4_up p_1 n_:

consecutive 1 of the comparison result appears, U, , becomes 1, and vice versa.

The second sub-filter shown in Fig. 4-15 (c) is composed of areset DFF and two
DFF chains. Each DFF chain has 5 DFF. Before the beginning of sampling-point
calibration, DFF of the DFF chains.is reset by ' init. Then sampling-point calibration
starts. The clock of the DFF chains is triggered by trig which becomes 1 when

either U, , or D,, becomesl When U , becomes 1, the up DFF chain shifts 1

right, and the down DFF chain shifts O left, and vice versa. Once 1 is shifted to the

most right of either the up or down DFF chain, both them are reset. For example, the

outputs N, ., N5 ., N, ., N, ,, U, , of the up DFF chain are 11100 and the

outputs N, 4., N; 4, N, 400 Ny 4., D, , of the down DFF chain are 10000 at this

moment. If U, becomesl, N U, , is11110,and N, 4 ... D, , is000Q0.

4_up ** p_2

And if D,, becomes 1, N U, , is 11000, and N, ,, ...D, , is 11000.

4 up "



Only that the accumulation of the number of times of 1 of U, larger than that of
D, , isfive, U, , becomes1, and viceversa
The back-end digital circuits comprise the registers, a adder, and a subtracter. As

described in 4.2.3, the registers is used to store current binary digital control bits

Xsy X4y Xg1 X5, X, %. Once U, , becomes 1, current x; ...%, plus1to increase the
delay of DTC of and are stored in the registers. In the contrary, once D, , becomes,

current X, ... X, minus 1 to decrease the delay of DTC and are stored in the registers.

| |
Vet | Upa U, 2 |
2 > » Register, 6
:I>—|> Sub-filter 1 Sub-filter 2 Adder, |, g';’:rator
Voul _replica2 (ts ) | > > Subtl’acter ).(5 |
Calibration | i 3 Dl , co
Comparator | [ o %o
Digital Loop Filter
L M Ny Wil el W e |
€Y
R
MA_up M, up M, up Ml_up Up 1
- To o3 oo oF3p o a >
\ DFF DFF DFF DFF DFF
| | | | _ |
‘ ¢2 R ¢Z R ¢2 R ¢2 R ¢2 R
A LY 4 4 A
Calibration |
Comparator | U, QB D

et DFF

\

\

\

\

\

\

\

\ u' \

2 L L
Vo ropioaz(ty) | DFF Sub_filter 1 | |sub_fitter 2

D', , |

\

\

\

\
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\
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| 3 * k % R
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T, DFF DFF DFF DFF DFF
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| Doy |5 | Subtracter
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Fig. 4-15 block diagram of (a) digital loop filter (b) the first sub-filter (c) the second

sub-filter

4.2.5 Timing Arrangement

Fig. 4-16 shows the timing arrangement of MDAC. Six operations are performed
in one period. This stage samples the residue output of prior stage in duration 1.
Duration 2 is used to realize bottom-plate sampling for this stage, and sub-ADC starts

to compare at the same time. In duration 3, sub-ADC obtains comparison results and
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them are decoded by a decoder to control the switches of MDAC. Then corresponding
reference voltages at the bottom-plates of the capacitors of MDAC settle. This stage
amplifiesin duration 4. Also duration 5 is reserved to carry out bottom-plate sampling
for next stage. In duration 6, the capacitors of MDAC, the inputs, and outputs of
opamp are reset. Duration 1, 2, and 3 (or 4, 5, and 6) occupy half of the reciprocal of

sampling rate T—ZS
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Fig. 4-16 timing arrangement of MDAC
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To deserve to be mentioned, opamp-sharing technique between stages can be

adopted in this ADC. Memory effect due to opamp-sharing technique is eliminated by

modifying action in duration 5 when the inputs of opamp are reset shown in Fig. 4-17.

Duration 5 |
C, } Next Stage
|1 \
] |
N\ 116C,
8C, 1t Vou i‘
D1_i 'Vref ”_0 =
4C

D2_i 'Vref o—l Iu_0
3C,
el

Fig. 4-17 modifying action in duration 5 to eliminate memory effect due to

opamp-sharing technique

Table 4-1 indicates the timing arrangement in post-simulation when sampling

rate (F,) is 1 GS/s and corresponding 123 is 500ps. The time when sub-ADC

compares is estimated when the voltage difference of the inputs of one of the

comparators is VLZSB . The bottleneck of sampling rate is the time when duration 1, 2,

and 3 go through because duration 1, 2, and 3 occupy T—ZS
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Duration | Time | Action

T _ 500 ps 1 190 ps | MDAC Sample: 190 ps
2 2 47 ps | Sub-ADC Decoder Reference
3 263 ps | Compare Decode Settle
124 ps . 74 ps : 85 ps
T, _ 500 ps 4 190 ps | MDAC Amplify : 190 ps
2 5 47 ps | Bottom-plate Sample : 47 ps
6 263 ps | Capacitor Reset : 109ps

Table 4-1 timing arrangement

4.3 Overall ADC Smulation Results

4.3.1 Static Performance

Fig. 4-18 shows DNL and INL of ADC in post-simulation when sampling rate

(F,) is 1 GS/s, and input frequency (F,) is 4921 MHz. DNL and INL are

+0.28/-0.27 LSB and +0.17/-0.28 L SB, respectively.

DNL (LSB)

0.8

0.6

0.6

0.8




] T .
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LT .

INL (LSB)
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Fig. 418 DNL and INL of ADC @ F.=1 GS/s, F,=492.1 MHz

4.3.2 Dynamic Performance

Fig. 4-19 shows the FFT test of ADC in post-smulation. Sampling rate (F,) is1

GS/s, and input frequency (F,) is492.1 MHz, ENOB is 5.98 bits.

FFT PLOT
o7/ r o T o T T T
Fs=1GSl§ |
glFin=492iMHz i i & i & ]
SNDR =37.75dB ! i : i : i
SFDR = 49,03 dB . . : .
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Fig. 4-19FFT testof ADC@ F,=1 GSIs, F,=492.1 MHz

44 Summary

6-bit, 1GS/s pipelined ADC using incomplete-settling technique with
background sampling-point calibration isimplemented in this thesis. The performance

of ADC in post ssimulation is summarized in Table 4-2.

Technology TSMC 65nm CMOS GP
Resolution 6-bit

Active Area 0.3 mm?

Supply Voltage 1V

Sampling Rate 1GS/s

Input Frequency 4921 MHz
Power 60 mW*

DNL +0.28/-0.27 LSB
INL +0.17/-0.28 LSB
SNR 38.10dB

THD -43.84 dB

SFDR 49.03 dB

SNDR 37.75dB

ENOB 5.98 hits

FoM 0.95 pJ/step

Table 4-2 performance of ADC

*include calibration circuits
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Chapter 5 Measurement Results

5.1 Introduction

First, floor plan and layout are exhibited. Second, PCB design is demonstrated.
Third, test setup with some considerations is discussed. Finally, measurement results

composed of static and dynamic performance are illustrated.

5.2 Floor Plan and Layout

The floor plan of ADC is shown as Fig. 5-1 (a). There are four 2-bit stages and a
2-hit flash for ADC conversion. Two 2-hit replica stages are added for background
sampling-point calibration. A global clock generator is shared among all the stages.
Sampling-point calibration applies under the premise that all the stages are matched
enough because the same phases produced by the clock generator are shared by them,
so two dummy loads are added for the fourth stage and the second replica stage,
respectively. The matching requirement of the first stage for ADC conversion and the
first replica stage is the strictest since critical accuracy is in the first stage due to
amplification between stages. Therefore, the first stage and the first replica stage are

put as near as possible, and the clock generator is placed between them. Anaog
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circuits such as opamp, capacitor array, and bias circuit are separated from digital

circuits such sub-ADC and the clock generator to let rail-to-rail digital signals have

less impact on sensitive analog signals for better performance.

The floor plan of one of all the stages is shown as Fig. 5-1 (b). Analog circuits

which contains opamp and capacitor array and digital circuits which contains switches

and sub-ADC are detached.
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(b)

Fig. 5-1 floor plan of (a) ADC (b) one of all the stages

The layout of ADC is shown in Fig. 5-2. It is fabricated in TSMC 65nm CMOS

general-process (GP). Table 5-2 displays the functions of the 45 pins of ADC.

ooz |
o [

Fig. 5-2 layout of ADC

Pin Description

Vdda Analog supply

Vinp Positive input signal
Vinn Negative input signal
Vssa Analog ground

Vss pada Ground for analog pad
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Vdd_pada

Supply for analog pad

Bias op Current source of bias circuit

Vcm Common mode voltage

Vrefp Positive reference voltage

Vrefn Negative reference voltage

Bias offset Current source of calibration comparator
Offset<4> Calibration comparator digital control signal 4
Offset<3> Calibration comparator digital control signal 3
Offset<2> Calibration comparator digital control signal 2
Offset<1> Calibration comparator digital control signal 1
Offset<0> Calibration comparator digital control signal 0
Comp_cal Calibration comparator calibration startup

Init Digital loop filter reset signal init

Sel DTC digital control signa el

Vsd Digital ground

Vddd Digital supply

Vss clk Clock ground

Clk Clock signd

Vdd clk Clock supply

DTC<5> DTC digital control signal | x;

DTC<4> DTC digital control signal  x,

DTC<3> DTC digital control signal X,

DTC<2> DTC digital control signal x,

DTC<1> DTC digital control signal x

DTC<0> DTC digital control signal x,

Latch Divided clock signal

Dn Second sub_filter of digital loop filter output D, ,
Up Second sub_filter of digital loop filter output U,
Comp_out Divided calibration comparator output

Bit<0> Divided digital output bit O

Bit<1> Divided digital output bit 1

Bit<2> Divided digital output bit 2

Vss padd Ground for digital pad

Vdd_padd Supply for digital pad

Bit<3> Divided digital output bit 3

Bit<4> Divided digital output bit 4

Bit<5> Divided digital output bit 5
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Bit<6> Divided digital output bit 6

Table 5-1 functions of the 45 pins of ADC

53 PCBdesign

The goal of PCB design is to provide a platform which offers good test
environment for ADC. Power and ground noise are generated by current which flows
through power and ground lines which have resistance and inductance. Four-layer
PCB is employed to provide a power and a ground plate. Both plates have large area,
so the low resistance and inductance are achieved to lower power and ground noise.
Every set of power and ground is decoupled by some 10 uF, 0.1 uF, and 0.01 uF
capacitors. Three different capacitor values are used to reject noise which has
different frequency.

Fig. 5-3 shows the schematic of an analog input on PCB. A single-ended analog

input signal is converted to differential one by a RF transformer (JTX-4-10T).

JTX-4-10T ADC

......

.
N

P " ~—-¥m—  ——  eeeea
In—

Fig. 5-3 schematic of analog input on PCB
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Fig. 5-4 shows the schematic of reference voltages on PCB. A master reference
voltage is produced by a Zener diode (LM385) to provide stable 2.5 V. The master

reference voltage is connected to three variable resistors and generates three another

reference voltages which contains Vg, Vg, and V,,. V,, is the common mode

voltage of V., and V.4, . The reference voltages are buffered by opamp (AD8031)

refp
which is configured as a unit gain buffer. Three capacitor values 10 uF, 0.1 uF, and

0.01 uF are also used to decouple the reference voltages.

Vdd
(D
I IT™LT T 1
TﬂuF TﬂluF TO\AF T(]luF = 5V
V.
s ;> AD8031 DV
1u . J_ J_ J_ refp
LM385 ZS 10uF | 0auF  [0.01uF
=0 —_— = e
5V V -;)uF -;luF _;OluF

ss

AD8031

T L L o

10uF 0.1uF 0.01uF

5V Vss

AD8031

L L L PV

10uF 0.1uF 0.01uF

V. Ves

Fig. 5-4 schematic of reference voltages on PCB

78



Fig. 5-5 shows the schematic of power supplies on PCB. The power supplies

V

dda

Vi » and Vy 4o € generated by voltage regulators (LT3020). Three
capacitor values 10 uF, 0.1 uF, and 0.01 uF are used to decouple the power supplies as

well.

LT3020 N\
V Vin Vout m\ I D Vout
dd Jumper
ADJ
10uF g 10uF
| ‘1OUF ‘ 0.1uF |0.01uF
= 0.1uF

Vv Y V.,

SS SS

Fig. 5-5 schematic of power supplies on PCB

5.4 Test Setup

Test setup isshown in Fig. 5-6. Two signal generators (E8257D and E4422B) are
applied to generate an analog input signal and a clock signal. Both signals are filtered
by passive band-pass-filter (BPF) and separately connected by SMA cables. To
convert the single-ended analog input signal to differential one, a RF transformer
(JTX-4-10T) is chosen. The power supplies of design-under-test (DUT) are generated

by voltage regulators (LT3020). A 6-bit digital output signal is captured by a logic
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anayzer (MS0O4034). The digital output signal is downloaded to a personal computer

(PC) and processed by MATLAB to obtain static and dynamic performance.

LT3020
Voltage Regulator

E4422B Power Supply
Signal Generator |Clock Signal ' .
1 put 6-bit MS04034
Input Signal “ 7| Logic Analyzer
E8257D g
Signal Generator {
PC
MATLAB

Fig. 5-6 test setup

55 Measurement Results

Fig. 5-7 shows the die photo of ADC. Active area is 0.30 mm? and whole chip

with pads occupies 0.89 mm?.
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1.22 mm

0.73 mm

1 Tk
551 StaticPerformance'x[_:“ |

3

Fig. 5-8 (a) shows DNL and INL of ADC in measurement when sampling rate
(F,) is900 MS/s, and input frequency (F,,) is 9.7 MHz. DNL and INL of ADC are

+0.50/-0.56 LSB and +0.46/-0.54 L SB, respectively. Fig. 5-8 (b) shows DNL and INL

when F, is1GS/s, F, is499.0 MHz. DNL and INL of ADC are +0.72/-0.68 LSB

and +0.76/-0.68 L SB, respectively.
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DNL (LSB)

INL (LSB)

Fig. 5-8 DNL and INL of ADC (8) @ F, =900 MS's, F, =9.7 MHz(b) @ F, =1

GS/s, F,=499.0 MHz

5.5.2 Dynamic Performance

Fig. 5-9 (a) shows FFT test of ADC in measurement when sampling rate (F,) is

900 MS/s, and input frequency (F,) is 9.7 MHz, and SNDR and SFDR are 35.17 dB
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and 49.50 dB, respectively. Fig. 5-9 (b) shows FFT test when F, is1GS/s,and F,
is10.7 MHz, and SNDR and SFDR are 33.57 dB and 42.58 dB, respectively. Fig. 5-9
(c) shows FFT test when F, is 1 GS/s, and F,, is 499.0 MHz, and SNDR and
SFDR are 33.39 dB and 41.03 dB, respectively. By the way, the digital output of ADC
is decimated by 15. Fig. 5-10 shows dynamic performancev.s. F, when F_  is10.7
MHz. Dynamic performance starts to degrade when F, is larger than 950 MS/s
because reference voltages at the bottom-plates of the capacitors of MDAC do not
have enough time to fully settle before amplification phase. Fig. 5-11 shows dynamic
performance v.s. F, when F, is1 GS/s. Dynamic performance is fairly constant
for all F, because input capacitance is low. Fig. 5-12 shows ENOB v.s. binary
digital control bits x;, X,, X;, X,, X, X, indecimal expression with Sel of DTC set
Owhen F, is1GSs and F, is10.7 MHz. ENOB is maximum when X, ... %, in
decimal expression is 15, or corresponding G (t;) is 2. ENOB drops when
X ... X, indecimal expression is bigger or smaller than 15, or G (t,) isbigger or

smaller than 2.
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Fig. 5-9 FFT test of ADC (@) F,=900 MS/s, F, =9.7 MHz(b) @ F.=1 GS's,
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Fig. 5-10 F, v.s. dynamic performance @ F,=10.7 MHz
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5.6 Summary

6-bit, 1GS/s pipelined ADC using incomplete-settling technique with
background sampling-point calibration isimplemented in this thesis. The performance

of ADC in measurement is summarized in Table 5-2.

Technology TSMC 65nm CMOS GP

Resolution 6-bit

ActiveArea 0.3 mm?

Supply Voltage 1V

Sampling Rate 900 MS/s 1GS/s

Power 59.4 mW (analog 29.0 mW, | 62.0 mW (analog 29.1 mW,
digital 6.3 mW, and clock digital 6.8 mW, and clock 26.1
24.1 mW)* mW)*

DNL +0.50/-0.56 LSB +0.72/-0.68 LSB

INL +0.46/-0.54 LSB +0.76/-0.68 LSB

Input Frequency 9.7 MHz 10.7 MHz 499.0 MHz

SNR 35.45dB 33.94dB 33.99dB

THD -46.7 dB -40.27 dB -39.54 dB

SFDR 49.50 dB 42.58 dB 41.03 dB

SNDR 35.17 dB 33.57dB 33.39dB

ENOB 5.55 hits 5.28 hits 5.25 hits

FoM 1.41 pJ/step 1.60 pJ/step 1.63 pJ/step

Table 5-2 performance of ADC

*include calibration circuits

Table 5-3 compares this work with other pipelined ADC with 5-bit to 8-bit

resolution.
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ThisWork | 2006 JSSC | 2007 JSSC | 2009 JSSC | 2011 JSSC
[1] [11] [19] [20]
Technology 65nm 0.18um 0.18um 0.13um 65nm
Active Area 0.30 - 0.50 - 0.04
(mm?)
Resolution 6 5 6 5 8
(bits)
Fs 1 0.6 0.8 4.8 2.4
(GS/s)
Number of 1 1 2 4 1*
Channels
Power 62 70 105 300 309
(mW)
THD -39.5 - - - -36.3
@Nyquist
(dB)
SFDR 41.0 - 37.5 - 40.7
@Nyquist
(dB)
SNDR 334 25.6 315 304 31.3
@Nyquist
(dB)
ENOB 5.25 3.96 4,94 4.76 491
@Nyquist
(bits)
FoM 1.63 7.50 4.28 231 4.28
(pJ/step)

Table 5-3 comparison of 5-bit to 8-bit resolution pipelined ADC

*double-sampling




Chapter 6 Conclusions

In this thesis, 6-bit, 1GS/s pipelined ADC is redized. It adopts
incomplete-settling technique with proposed background sampling-point calibration
to lower the requirements for opamp dc gain and unit gain bandwidth. Then the power
consumption of opamp can be reduced. However, the existence of sampling
attenuation is beyond expectations. Proposed background sampling-point calibration
works with sampling attenuation under the premise of following two. First, the
turn-on resistance of the sampling switches of each stage should be small. In other
words, the size of the sampling switches should be very large. This implies that the
size of the buffers of the clock generator should be very large, too. Hence, the power
consumption of the clock generator is unexpectedly large. Second, an additional
replica stage is needed. This not only increases the power consumption of the clock
generator due to additional loading, but also adds additiona opamp from the
additional replica stage. Because of sampling attenuation, the total power

consumption of ADC islarger than anticipation.
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