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A 10bit, 10MS/s Low Power
Cyclic Analog to Digital Converter

Student: Chien-Hung Chen Advisors : Dr.Wen-Zen Chen

Department of Electronic Engineering National Chiao Tung University

ABSTRACT

ADCs which operate middle speed and.medium resolution are widely applied in portable
electronic devices. It is about several tens of MS/s and 8 to 10bit resolution. In conventional
MDAC architecture, the operational‘amplifier is the largest consumer of power. The thesis
presents a solution of the more power-efficient cyclic ADC. To speed up the conversion rate,
there is 3.5bit conversion step, and the timing re-scheduled technique is utilized to save more
time in the last two cycles. Besides, background calibration without extra residue amplifier to
reduce power and chip area.

The proposed cyclic ADC has been fabricated in a 85nm CMOQOS technology, the chip size
is 0.96x0.715mm?. It can operate in 10MS/s and 10bit resolution. Experimental results reveal
that the DNL and INL are +0.55/-0.82LSB and +1.6/-1.5LSB respectively at 10 MS/s. Analog
circuits are operated under a 1.2V supply, and digital circuits are operated under a 1V supply.
Total power dissipation is 1.1mW. The corresponding FOM (Figure of Merit) is

0.45pJ/conv.-step.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Digital Cameras \
A

78N

DC

Mobile phnes Tablet PC

Figure 1.1 Applications of analog to digital converters

Based on the technology development, the portable devices and consumer
electronics products are more popular in recent years. The characteristics of the
products are light, small, and lasting. With the improvement of the techniques for
semiconductor fabrication, the CMOS integrated circuits carry the advantages of
faster speed and less power dissipation in a variety of applications.

Many of the communication systems today utilize the digital signal processing
to resolve the transmitted information. Therefore, an analog-to-digital interface to
connect discrete-time domains and continuous-time is required. Analog-to-digital

converter (ADC) is one of the most important circuits, which achieves the digitization
-1-



of the received waveform, comes from physical world. To evaluate ADC’s
performance, the figure-of-merit (FOM) is defined as equation (1.1). Figure 1.2 [1]

shows the surveys of ADC from 1997 to 2012, where ENOB means effective number

of bit.
Power
FOM = — . (1.2)
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Figure 1.2 ADC performance survey from 1997 to 2012

Among many types of CMOS ADC architectures, a cyclic architecture achieves
power-efficient consumption and chip area under middle sampling frequency and
resolution which is about several tens of MS/s and 8 to 10bit. Low-power small-area
ADCs with 10bit resolution and several tens of MS/s sampling rate are the significant
components in  battery-operated commercial applications including data
communication and image signal-processing systems.

In this research, the power consumption is expected to be as low as possible



under 1.2 V power supply in whole circuit. A 10bit 10MS/s cyclic ADC has been
designed and implemented with standard TSMC 85nm CMQOS 1P6M process, and the

total power consumption is about 1.04mW.

1.2 Thesis Organization

This thesis is organized into six chapters.

In Chapter 1, the motivation and the organization are briefly described. In
Chapter 2, the fundamental concepts of analog-to-digital conversion and performance
metrics used to characterize ADCs are introduced. Then the several ADC
architectures are review, including flash ADC, successive-approximation-register
(SAR) ADC, pipelined ADC, and-cyclic-ADC..The end of the chapter draws the
summary.

In Chapter 3, the multiplying DAC (MDAC) is reviewed. The design issue is
discussed in detail. Chapter 4 describes the detail design of each building block. The
circuits used in the low-power cyclic ADC are presented. Among them are
flip-around sample and hold, residue amplifier, comparators, calibration circuit, and
timing re-scheduled clock generator. Then, transistor level simulated results of each
circuit are shown.

Chapter 5 shows the experimental results, including the chip layout, the system
simulation results, and the measurement considerations. The measurement results for
the cyclic ADC fabricated in a standard TSMC 85nm CMOS technology are
summarized.

In Chapter 6, the conclusions of this work are summarized. Additional

directions and recommendations for future study are also suggested.



CHAPTER 2
NYQUIST RATE A/D FUNDAMENTALS

2.1 Introduction

In this chapter, the first describes the concept of analog-to-digital conversions
and discusses some important performance characteristics to judge the
Analog-to-digital converters (ADC). The second, it introduces some conventional
ADC  topologies and  draws  summary, including  flash  ADC,

successive-approximation-register (SAR) ADC, pipelined ADC, and cyclic ADC.

2.2 ADC Performance Characteristics

The ADC converts the .continuous- analog. signal to discrete digital codes for
digital signal processing (DSP) in the next stage. Typically, the ADC divides the input
analog signal into several sub-ranges, and converts to digital number proportional to
the magnitude of the input analog signal during the process of conversion. ADCs are
characterized by some different ways to indicate the performance, including
resolution, SNR, SFDR, SNDR, dynamic range, DNL, and INL. Actually, the ADC

has some non-ideal effects which cause performance to degrade.

2.2.1 Resolution
Resolution indicates the number of discrete levels it can produce over the range
of analog value. It describes the quantization accuracy of the ADC, which is also
named as effective number of bits (ENOB). In other words, the higher resolution
ADC means the more sub-ranges that input range is divided. In general cases,

resolution is defined as the base 2 logarithm of sub-ranges and always affected by

-4-



noise and nonlinearity in circuits.

2.2.2 Signal-to-Noise Ratio (SNR)

The signal-to-noise ratio (SNR) is defined as the power ratio of the signal to
background noise at the ADC output. The ideal transfer characteristic curve of ADC
is shown in figure 2.1(a). Figure 2.1(b) shows the quantization error which is the
difference between actual analog value and quantized digital value. It defined as the

difference between the dash line and the output signal in figure 2.1(a). The

N . 1 1
quantization error range is between +EA and _EA'

A e A
Digital Quantization
Output /. Error

TV AT
/ APV TV

/ i
) Analog 1/2A Input

4 Input

(@) (b)

Figure 2.1 (a) Transfer characteristic curve (b) Quantization error

q(k) is the quantization noise due to quantization process. As figure 2.2(a)
shows, quantizer can be model as input signal added by quantization noise. The
symbol A presents the value of 1LSB expressed as equation (2.1). Ags is full scale

range of signal. N is the number of bits. By assumption, the quantization noise, q(k),

-5-



is a uniformly distributed random variable between +%A and —%A. In figure 2.2(b), it
shows that the probability density function, pdf(q), is a constant value between +%A

and —%A and is independent of the sampling frequency f; and input signal. The

probability density function of the quantization error is expressed as equation (2.2).

_As
A=5 (2.1)

A pdf(q)
q(k)

¢ 1/A
Aty Ak D.(k I
f;—»@—» o(K) > q

-1/2A +1/2A

(a) (b)
Figure 2.2 (a) Quantizer model

(b) The probability density function of the quantization error

1A A
pdf (@) =1 A’ 2 2 (2.2)

0, otherwise

Hence, the quantization noise power is

P = = | pt (@=L 2" ?dg = (2.3)
noise » A -%A 12 '

Assume that signal is a sinusoidal waveform and the amplitude is Vswing. Thus, the

signal power is

V%Nin
I:)signal = 82 : (24)

Then, the SNR can be derived



2
Swing

I:)si nal V%/vin
SNR:lOIogm(Pg 'J:lOIog10 % :10Iog10(6 SAZQJ (2.5)

noise

12
When the signal amplitude Vsying is equal to \% the maximum value of SNR is

expressed as equation (2.6).
SNR,,, =6.02x N +1.76(dB) (2.6)
The equation (2.6) shows the relation between SNR and the number of bit. As
N increases by one, the SNR specification increases by 6dB. For example, SNR

requires at least 62dB for 10 bit ADC.

2.2.3 Spurious Free Dynamic Range (SFDR) and Signal-to-Noise and
Distortion Ratio (SNDR)

When a single frequency sinusoidal signal is applied to an ADC input, the ADC
output usually contains a signal component-at-the input frequency. Due to distortion,
it also contains signal components at-harmonics frequency. Otherwise, quantization
error is also injected to output during conversion. As the figure 2.3 shows, the output
signal consists of three components, input signal, distortion and noise level. The
spurious free dynamic range (SFDR) is the ratio of the fundamental signal component
to the largest distortion component. The signal-to-noise and distortion ratio (SNDR) is

the ratio of the signal power to the total noise and harmonic distortion power.
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Figure 2.3 Frequency domain plot

2.2.4 Dynamic Range

Dynamic range is another performance for ADCs. It is defined as the ratio of the
input signal level for maximum SNR to the input signal level for 0dB SNR. It means
the range of input signal amplitudes for which useful output can be obtained from
whole system. Figure 2.4 illustrates a plot of SNR versus input level. When the signal
to noise ratio is 0dB, it means that it is the minimum detectable input signal power. If
the noise power is independent of the level of the signal, the dynamic range is equal to
the SNR at full scale. However, the noise power increases as the signal level increases
in some cases. Therefore, the maximum SNR is less than dynamic range that

degraded by the noise and the harmonic distortion.
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Figure 2.4 SNR versus input power

2.2.5 Non-ideality

The ideal ADC transfer characteristic progresses from low to high in series of
uniform steps that approximates a straight line-when the ramp signal is inputted the
ADC. However, the transfer characteristic has several non-idealities such as offset,
gain error, and non-linearity shown on the figure 2.5(a), (b) and (c) respectively.

In figure 2.5(a), the offset means the transfer curve shifts by a constant amount.
And in figure 2.5(b), the transfer curve slope is not equal to ideal, which is named
gain error. In figure 2.5(c), the non-linearity describes transfer curve steps are not
uniform. These non-idealities may be caused by device mismatching, sampling
capacitor mismatching, and insufficient gain of the operational amplifier. Usually,

offset and gain error are tolerable in some applications.
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2.2.6 Differential Non-Linearity (DNL) and Integral Non-Linearity
(INL)

Both Differential Non-Linearity (DNL) and Integral Non-Linearity (INL) are
important parameter for linearity. DNL is defined as the difference between a real
quantization step and an ideal quantization step. In other words, it is a term describing
the deviation between two successive conversional values corresponding to adjacent
input values. Figure 2.6(a) illustrates DNL, which can be expressed as equation (2.7).

It cannot be smaller than -1. If DNL is equal to -1, a code is missing.
S -A
DNL(Dj)z‘T (LSB) (2.7)

INL is defined as the deviation from the ideal slope of the ADC and the center
of the real quantization step. It describes the difference between the actual transfer
characteristic and the ideal transfer characteristic. Figure 2.6(b) illustrates INL, which

can be expressed as equation (2.8).

INL(D,) =% (LSB) (2.8)

DNL and INL are both plotted as a function of code, and are usually expressed

in terms of least significant bits (LSB) of the input.

-11 -
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2.3 ADC Architecture

2.3.1 Flash ADC

Flash ADC is the fastest architecture among all the ADCs. In Figure 2.7, the
flash scheme includes a comparator array, a resistor string and an encoder. For N-bit
resolution, it needs at least 2"~1 comparators to distinguish the analog input from
these 2V—1 quantization levels. Every comparator compares the analog input with the
reference voltage usually generated by resistor string which is connected between
Vrer and -Vger to construct the overall reference voltages. If the analog input is larger
than the reference voltage, the output of comparator is “1”. Otherwise, the output of
comparator is “0”. Then the thermometer code is converted to N-bit binary code by a
logic circuit, which also contains the functions for solving sparkle and metastability

issues.

'VREF VREF

(2M-1)-to-N Encoder

DOUI

Figure 2.7 Flash ADC architecture
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The flash ADC is favored for high speed converters since there is only one
comparing cycle used. In other words, the number of comparators grows
exponentially with the number of bits. On the other hand, increasing the quantity of
the comparators enlarges the whole area and the power consumption dramatically.
Additionally, the tolerable offset of the comparator become very small for high
resolution application. It is a critical point in the circuit design, so it can be only
applied in the low resolution. Thus several architectures are proposed, like subranging
ADC and two-step ADC. These architectures are used to achieve higher resolution

applications and reduce power consumption.

2.3.2 Pipelined ADC

— e —— — —— —— —— ——— —— —— — — —— — — — — — — — — —

\%

Vj+1

sub sub

I

I

, : I

I

ADC ‘ DAC |
I

j I

Vi —»| Stage 1 -+ - - —»| Stage | | - - - —» Stage N

= 0 0

Encoder

N
{ DOUt

Figure 2.8 Pipelined ADC architecture
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The block diagram of the pipelined ADC is shown in the figure 2.8. It consists
of N stages, each including a sample-and-hold (SHA) circuit, a sub-ADC, a sub-DAC,
subtraction, and a residue amplifier. Within each stage, the input signal from last stage
is sampled and held. The SHA circuit takes more accurate data to reduce aperture
jitter which happens from the instantaneous value of the analog input. After the SHA
circuit, the analog input signal is quantized by a coarse sub-ADC. Then the sub-DAC
adopts the appropriate reference voltage subtracted from original input signal to
generate the residue signal. The residue signal is amplified and applied to the next
stage for finer conversion. After the amplification, the first stage can start sampling a
new analog input signal. All stages_operate as same as the first stage. Finally, the

digital outputs are collected by encoder to generate the final digital output.

2.3.3 Successive-Approximation-Register ADC

The block diagram of successive-approximation-register (SAR) ADC is shown
in Figure 2.9(a). An N-bit SAR converters utilizes only one comparator with N-times
quantization to complete a full conversion, which is similar to the pipelined ADC. At
first, input signal compares with the reference voltage Vg4, which is the half of the full
scale of signal. Then the comparison result is applied to the control logic, and it
generates the appropriate Vg4, in the next sub-range. The quantization sequence is
shown in Figure 2.9(b). The ADC repeats the procedure until the LSB is decided. The
higher resolution need more quantization cycles. It has been a limitation in high speed
operation. In recent years, a new topology of SAR ADC is proposed. Asynchronous

technique is used to archive high speed operation.

-15 -
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Figure 2.9 (a) SAR ADC architecture (b) Quantization sequence
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2.3.4 Cyclic ADC

A cyclic ADC operates the same as a single stage pipelined ADC shown in the
figure 2.10. When the conversion is finished in the clock cycle, the residue signal is
amplified feedbacks to the input. Then the cyclic ADC converses the data again.
Generally speaking, the cyclic ADC can reach the resolution as the pipelined ADC.
The stage conversion time is also the same as the pipelined ADC, but the throughput
rate is much less than the pipelined ADC. Even if the sampling rate is less than the
pipelined ADC, the cyclic ADC takes advantages in hardware and power
consumption because of only one stage is reused repeatedly. Therefore it is used for
middle speed applications. In addition, the cost is more expensive in advanced CMOS
technologies. Because the cyclic ADC can archive small area, it is advantage to cost

down in advanced CMOS technologies in'middle speed applications.
4/ °

Vv, —o =P »

subADC subDAC

DOU'[

Figure 2.10 Cyclic ADC architecture
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2.4 Summary

In this chapter, some ADC architectures are introduced. Base on operation of
these ADCs, two categories are applied: flash architecture based and pipelined
architecture based.

Flash ADC is the typical ADC of flash architecture based used to achieve high
speed application. However, the power consumption and chip area increase
dramatically for high resolution application. Due to the bottleneck of flash ADC,
some architecture such as subranging ADC [3] or two-step ADC [4] are proposed.
These architectures are similar to flash ADC and are used to achieve higher resolution
requirement with lower power consumption.

Pipelined architecture based is contrast to the parallel operation, using N times
quantization to complete a full conversion. It consists of pipelined ADC, SAR ADC
and cyclic ADC. These Architectures.can achieve higher resolution rather than flash
ADC. However, the operational amplifier of pipelined ADC and cyclic ADC is the
block of the most power consumption. Some power-efficient techniques are proposed
such as double sampling, using open loop amplifier [6][9], capacitive charge pump
[11] and opamp sharing [15]. In recent year, a new architecture, asynchronous SAR
ADC [12][13], is popular to implement high speed application and more

energy-efficient.
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CHAPTER 3
CONVENTIONAL MULTIPLYING DAC

3.1 Introduction

In this chapter, the digital error correction and design issues of conventional
multiplying DAC (MDAC) which is used for cyclic ADC and pipelined ADC will be

discussed.

3.2 Digital Error Correction

The comparator is commonly used for in the most of the ADC. In pipelined
ADC and cyclic ADC, the analog input is-compared with the reference voltage by the
comparator, and the residue is-amplified to the full scale as the input range. For 1 bit
conversion stage, the ideal stage gain is 2. The ideal transfer curve in 1bit conversion
stage is shown in figure 3.1(a).-If.the input signal V;is larger than zero, the output of
comparator is “1”. Otherwise, the" output of comparator is “0”. Then appropriate
reference voltage is subtracted from the input signal V; and the residue is amplified to
the full scale £ V..

However, the offset of the comparator is an issue to affect the accuracy of the
comparison result. The transfer curve with comparator offset is shown in figure 3.1(b).
It will bring out the wrong comparison result and cause the amplified residue
overflow in the next stage. The influence will produce the missing code and degrades

the performance of the ADC.
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Figure 3.1 (a) Ideal 1 bit transfer curve (b) 1 bit transfer curve with offset
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The digital error correction is utilized to tolerate the offset of the comparator
without producing missing code. There are 2 comparators, which judge the analog
input voltage to three quantization levels, “00”, “01” and “10”. Figure 3.2 shows the
1.5 bit transfer curve. In the next stage, the residue is still amplified to the full scale
and compared with the same reference voltage. Afterward, imposing the digital codes
from the first stage and the next stage can obtain the accurate 2 bit digital codes.

The tolerance of offset can reach up to +1/4 V(. In other words, the digital
codes in digital error correction do not produce missing codes. Due to the tolerable

offset, this technique is extensively utilized.

Vj+1
WLy
Y il
00 :01 Vr: 10

w

| ]1/2V,
— —— vV,
v, fuov] /L 12v, V.

_1/2V7]

-V, 4+

Figure 3.2 ldeal voltage transfer curve in 1.5bit ADC
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3.3 Multiplying DAC(MDAC) Design

MDAC scheme is frequently adopted in pipelined and cyclic ADC because it is
simple and includes full functions with the sub-DAC, the subtraction, and the
amplification of the remainder. MDAC has two main specifications, accuracy and
speed requirements. The accuracy requirement is dominated by the open-loop gain of
the operational amplifier. The speed requirement is dominated by the unity-gain
bandwidth of operational amplifier and the feedback factor. However, both the
requirement of accuracy and speed are depend on the resolution in this stage and

remained resolution in the next stage.

V _‘—q,V 7
j
0—¢£/ Csa | I \ Z-bit
—eC ADC
by X Vrgi/ p-|__ ® / Vi
"—QJ%/ CS,Z

D,

J%/ Cs,k ¢2—| I_l ,—L
bk X er:]

Figure 3.3 Conventional Multi-bit MDAC scheme and timing diagram

In the figure 3.3, the conventional MDAC are shown. In phase @1, the input V;
is sampled to both capacitors Csx and C;. At the same time, the operational amplifier
is in reset. Then in phase @2, the operational amplifier operates in negative feedback,

and the appropriate reference voltage from sub-DAC is switched to the capacitor Csy.
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According to the charge redistribution, the transfer function between Vj.; and V; is
expressed as equation (3.1). The parameter ¢ is the error term shown in equation (3.3).
It caused by the finite gain of the operational amplifier. The feedback factor £ in
closed-loop of MDAC is shown in equation (3.4), which C, is the parasitical capacitor

in the input of the operational amplifier.

_1+C,/C,

o (HQ(WAﬁQ» (3.1)
C,=) C., 3.2)
k

g:l[MJ (3.3)

A C,
p= = (3.4)

Cq#C; +Cs '
AﬂDFqu—%L (3.5)
\ NEETGEIC/AL,
D; is the output of subADC.

D, ={b,b,,...h,} boe{4,04 (3.6)

If the Cs and C; are assumed identical to C, then the equation (3.1) could be
simplified to the equation (3.7). When the error term ¢ is ignored, the equation (3.7)

will be the ideal transfer function in a radix 2 stage.

__ 2 b;
Vj+1_ (1+8)( i -7Vrj (37)

This gain error term should be less than 1LSB of the next stage resolution (Z-bit)
to prevent the mistakes made by the finite gain of the operational amplifier. To
resolve M-bit resolution in the j-th stage, the gain requirement of the operational

amplifier can be expressed as equation (3.9).
-23-



— =M 3.8

. (3.8)

A> 24V (1+LM&J (3.9)
2" C,

The equation of the speed requirement for the operational amplifier is derived
below. By assuming that the MDAC in hold mode is a single pole system and
ignoring the slewing behavior. The settling error of a single pole system can be

derived as equation (3.10).

g T/t < 22 (3.10)
C,+C.+C
po_t Tty (3.11)
2r f, C,

Tsettte 1S the time in hold mode. z.is the closed-loop settling time constant. f, is the
unity-gain bandwidth of the operational amplifier in-MDAC. Then the constraint of

unity-gain bandwidth could be expressed as

£ 5o 7] 14~ Cegldn2 (3.12)
MG, 2T

settle

From the equation (3.9) and (3.12), the gain and unity-gain bandwidth of the
operational amplifier in MDAC can be well defined.

However, the operational amplifier in MDAC is usually the largest consumer of
power in pipelined ADC or cyclic ADC. Due to constraint of feedback factor, the
power consumption increases dramatically in high speed design. On the other hand, in
pipelined ADC, the operational amplifier can be scaled for different stage, but it
cannot be scaled in cyclic ADC. It is not power-efficient. For example, a 10bit
10MS/s cyclic ADC and 3.5bit conversion step, the gain and bandwidth requirements
of operational amplifier are larger than 60dB and 600MHz, which are derived from
equation (3.9) and (3.12).
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In order to reduce power consumption, more power-efficient architectures are
proposed. There are switched-opamp [20], opamp reuse [15], and opamp-less
architecture [6][9][11]. Using switched-opamp, it can save about 50% power, but the
operational speed is limited due to the turn-on delay. The opamp reuse is another
power-efficient architecture. But there are some drawbacks, memory effect and
complex control switch. Opamp-less architecture can save more power, but it usually
require complex calibration circuit. In this work, a new power-efficient architecture is

proposed. The details of proposed cyclic ADC will be introduced in next chapter.
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CHAPTER 4
CIRCUIT DESIGN

4.1 Cyclic ADC Design

4.1.1 Design Issue

In this design, in order to propose low power consumption and efficiency of
chip area, several techniques are implemented.

Generally, the cyclic ADC is operated lower than ten mega samples per second
because there is only one or two stages hardware used which is less than in the
pipelined ADC. Otherwise, the operational amplifier in MDAC will be difficult to
design to operate in higher sampling: rate. There are some challenges in
gain-bandwidth and power consumption trade-off. In order to reduce the power
consumption of the cyclic ADC, removing the input sample-and-hold circuit is one
solution. Without sample-and=hold, aperture jitter will be induced. It is because the
voltages caught by comparators and sub-DAC.are not identical at the same time. This
kind of error will lead to the wrong result and shift codes to the next stages, especially
in the neighborhood of the reference voltage in comparators.

In this design, MDAC circuit is replaced to the flip-around SHA and residue
amplifier. This architecture could relax the design requirement and reduce power
consumption in operational amplifier. On the other hand, to enhance the total
conversion rate, this work is adopted to produce 3.5bit per conversion step and timing

re-scheduled technique.
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4.1.2 Architecture
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Figure 4.1 The proposed cyclic ADC architecture

Figure 4.1 shows the proposed cyclic' ADC architecture. There are several
techniques including the conventional MDAC replaced by flip-around SHA and
residue amplifier, multi-bits processing, and timing re-scheduled technique are
adopted to reduce power consumption and enhance the efficiency of the chip area.
Because this work is used to process 3.5bit every conversion cycle, the calibration
circuit is added to ensure the voltage gain of the residue amplifier is 8. In the end of
the total conversion, 10bit digital codes will be produced.

The clock generator provides asynchronous clock pulse. The conversion time of
the first 2 stages are longer, and the third conversion time is half of the first 2 stages.
Then in the last conversion time is half of the third stage again. The timing

re-scheduled technique could enhance the speed without extra power.
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Figure 4.2 (a) The proposed cyclic ADC scheme (b) Timing diagram
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The proposed cyclic ADC scheme and the timing diagram are shown in the
figure 4.2. At the phase @1, the flip-around sample and hold circuit samples analog
input signal. At the phase @2, the sampled signal is held and compared with the
reference voltages by comparators. Later, the appropriate voltage is provided from the
comparing result to be subtracted with the sampling voltage at the phase ®3. Then the
residue voltage after subtracting will be amplified by the residue amplifier. Then
repeat the operation between amplifying and subtracting, until the last comparing
cycle is finished. The details of each block in cyclic ADC will be introduced

subsequently.

4.2 Each Block of Cyclic ADC

4.2.1 Flip-Around Sample And Hold
Considering quantization noise and thermal noise, the SNR can be expressed by
equation (4.1). It is 62dB for 10bit resolution. The thermal noise should be less than
quantization noise. The plot of SNR versus sampling capacitor is shown in figure 4.3.

The full scale is 700mV and resolution is 10bit. The sampling capacitor is 500fF in

this design.
1 1
SV e
SNR =10log—% =10log 7 4.1)
A—+ o? (2VFS /2 ) KT
12 +
12 C
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Figure 4.3 SNR versus sampling capacitor

On the other hand, the operational amplifier is the most critical circuit of
flip-around sample and hold." The accuracy is determined by the dc gain of the
operational amplifier, and the speed is determined by the unity-gain bandwidth. The
proposed architecture relaxes the ‘requirement  of unity-gain bandwidth of the
operational amplifier, and reduces the power consumption to achieve low power
application.

The closed-loop gain of operational amplifier can be expressed by equation (4.2).
The feedback factor &could be defined as the ratio between the feedback capacitor
and sampling capacitor. Because the feedback capacitor is the same as sampling

capacitor in the proposed architecture, & is about 1.

1
'%Iose = 1 (42)
1+—
Ap
1 1

According to the specification of the proposed cyclic ADC, the gain error
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should be smaller than 1LSB. Therefore, the gain requirement of operational amplifier
should be larger than 60dB.

On the other hand, the closed-loop step settling time is

T..=zIn (ij (4.4)

g

To achieve ¢ been smaller than 1LSB, the unity-gain bandwidth can be expressed by

equation (4.5).

f > NIn2 (4.5)
27T,

settle

Thus, the frequency requirement of operational amplifier is about 100MHz.

= M17:||D__c| M15 M16 |o——o||: M18
% ®
/xop_oq Vip2—| M13 M14 I_?/ip— op+
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Vi+o[ M1 gm M2 |ovi- c

M6 Tjw . f
®

Vin-
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= = M11 |——|%i49 M%I—Aﬁi\mz

Figure 4.4 Gain boosting folded-cascode operational amplifier scheme

Due to lower transistors intrinsic gain in advanced CMOS technologies, the
gain boosting folded-cascode operational amplifier shown in figure 4.4 is adopted.

The dc gain of the gain boosting folded-cascode operational amplifier is
A\):gml(Rop ” Ron)z(gmro)3 (46)
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Because transistors intrinsic gain is about 25dB, the gain of the operational amplifier
can provide over 60dB satisfied the specification of the cyclic ADC. On the other
hand, the operational amplifier only has one dominant pole at the output. It can be

stable in the closed loop without frequency compensation.

1
wpole = S o o~
(Rop ” Ron)CL

4.7
Considering of 10bit ADC, the specification of the operational amplifier can be
obtained from equation (4.3) and (4.5). So that the dc gain of the operational amplifier
should be larger than 60dB, and the unity-gain bandwidth is about 100MHz. The
output swing of the operational amplifier is £350mV.
From the specification calculated from above, the simulation result of the

operational amplifier is shown in Table 4.1, The specification is satisfied the

requirements described above.

Table 4.1 Simulation result of operational amplifier

Pre-simulation Post-simulation
Corner TT FF SS TT FF SS
Gain(dB) 72 71.5 72.5 72 70 73
fu(MHz) 116 120 113 116 118 114
PM(°) 72 71 73 67 65 68
Power(mw) 256 260 253 263 269 258

4.2.2 Comparator
The schematic of comparator is shown in Figure 4.5, including a differential
difference preamplifier and a regenerative latch. The differential difference

preamplifier is used to reduce equivalent input offset.

V
VoS =V + 0OS,latch (48)

OS, preamp A
preamp

It also provides input common mode rejection and kick-back noise reduction. Because
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this cyclic ADC adopts 3.5bit per cycle, 15 sub-ranges that input range is divided, so
that the number of the comparator is up to 14.

When CLK is low, regenerative latch operates in reset mode. At the same time,
the preamplifier amplified the input signal. When CLK is high, the regenerative
operates in evaluate mode, and the output keep the comparison result until next CLK

pulse.

(@)
M14 M16 M17 M15
CL?<—°| b +—4 b—ocLk
b
M11 |—| M12 vo-
C
M9 M10 b— Vo+
Voci)L_I IT/%Z
CLKo{|_M13
(b)

Figure 4.5 Comparator scheme

(a) Differential difference preamplifier (b) Regenerative latch
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Considering the effect of device mismatch, the comparator will produce offset
voltage. Because the full scale is 700mV, the comparator offset tolerance is about
22mV in this 3.5bit conversion step cyclic ADC. To simulate the effect of mismatches,
randomly change the Vi, channel width (W), and channel length (L) variations. The

standard deviations are as below

2 _ Al o' (AB)_ A
o (AV)= L 5 WL (49)
The input referred offset can be expressed as equation (4.10).
1 %
2 — 2 ov 41
o (VOS ) WL (Alt + 4 Aﬂa ( O)

Vv is overdrive voltage of input NMOS pair. Ax and Ay are process parameter of
TSMC 85nm CMOS technology. From 500 time Monte Carlo simulations, the
standard deviation of offset voltage is about 7.2mV. The power consumption of all

comparator is about 120uW.

4.2.3 Residue Amplifier
The residue amplifier provides the amplification for the residue to full scale.
The basic degeneration differential amplifier is shown in Figure 4.6. The gain of basic

degeneration differential amplifier is expressed as equation (4.11).

Gain = — OsRy (4.12)
l+5(gm1 + gmbl) RS

After the first conversion, the resolution of the residue is 7bit. To ensure the
linearity of the residue amplifier, less than -42dB THD is required in the residue
amplifier. The contribution of gm to the gain should be minimized. Therefore, the
proposed residue amplifier is shown in Figure 4.7. M1-M8 is super source follower.
Assume gms IS equal to gm7. The effective gmerr Will be boosted by the feedback

expressed as equation (4.12).
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1
gmeff ~ E(gml + gmbl) gmarol (412)

The gain of proposed residue amplifier can be expressed as equation (4.13). If 1/gmest

is very smaller than Rs, it only depends on the ratio of resistor and device size.

L R
. 9 S R
Gain ~ 1 2 T 1 L O (4.13)
+>Ry ~Ry  Um
gmeff 2 2

Figure 4.6 Basic degeneration differential amplifier

® ®
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Figure 4.7 Proposed residue amplifier
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Because of the charge sharing effect by the parasitic capacitor in the input of
residue amplifier, the input voltage would be attenuated. The gain of it must be
compensated. The degeneration resistor is implemented by a triode-region NMOS
resistor replaces for gain tuning by adjusting the gate voltage. The calibration circuit
could adjust the resistance of Rs to derive the amplified residue is as near 8 times as
possible.

Besides considering of dc gain, the bandwidth is another important specification
in the design of the residue amplifier. From the step settling response, the speed
requirement, equation (4.14), can be derived. N is the residual resolution, z, is the
time constant of the residue amplifier, and Tgqe is the settling time. Therefore, the

3dB bandwidth can be expressed as equation (4.15)

Tsettle = | TaN In 2 (414)
NIn2

fog >—— 4.15

0 25 (4.15)

settle

The bandwidth from equation (4.15) should be larger than 50MHz. The simulation

result is shown in table 4.3.

Table 4.3 Simulation result of residue amplifier

Pre-simulation Post-simulation
Corner TT FF SS TT FF SS
Bandwidth(MHz) 66.5 66.8 66 63 72 56.8
THD(dB) -49.8 -48.8 -49.3 -50.6 -45 -54.5
Power(pw) 436 441 431 445 449 441
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4.2.4 Bootstrapped Switch
Figure 4.8(a) shows the bootstrapped switch schematic. Bootstrapped switch
provides constant impedance and is used to avoid the input dependent non-linearity.
During @ is low, the Cy stores the voltage drop VDD. During @ is high, one terminal
of Cp is connected to input Vi and the other terminal is pumped to ‘Vi+VDD’. The
gate to source voltage of M1 is VDD, which is independent to Vi. Therefore the

impedance of M1 can be derived as equation (4.16).

1

on,M1 = W
zucox f (VDD _Vt )

R = const (4.16)

Then change input frequency to plot the SFDR curve of output FFT. The simulated
result is shown in figure 4.8(b). The switch clock rate is 25MS/s. From low input

frequency to high, the SFDR are all above 82dB.
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Figure 4.8 (a) Bootstrapped switch schematic (b) SFDR versus input frequency
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4.2.5 Calibration Circuit
After the residue which subtracted by the analog input and the appropriate
reference voltage is taken, it will be amplified to full scale and start the next cycle of
conversion. Because of parasitic capacitor in the input node of residue amplifier, the
input voltage would be attenuated. The calibration circuit is required to compensate
the gain error. Figure 4.9 shows the fundamental gain control servo loop [9]. The
control voltage V. is feedback to the gate of Ms of residue amplifier for gain control.

The transfer equation is expressed as equation (4.17).

C
Via= gl N x(Via —V;) (4.17)

But the replica circuit consumes the extra power. Thus the proposed calibration
architecture applied in the 3.5bit per cycle of the cyclic ADC is shown in figure 4.10.
Using amplifier sharing technique and capacitor sharing technique, it do not need
extra replica amplifier and sample capacitor. Thus, the power consumption can be

saved dramatically.

Dyq
VJ —/’—I—| AO VJ'+1

Amplifier l

Figure 4.9 The fundamental gain control servo loop
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Figure 4.10 (a) Calibration circuit (b) Timing diagram

For 3.5hbit per cycle of the cyclic ADC, the calibration circuit with servo loop is
adopted to control the stage gain to be 8. The operation of calibration mode is the
same as the normal operation. In clock phase @1, the 1/8Vger is sampled into the
capacitor C,. Because of the charge sharing effect by the parasitic capacitor in the

input, the input voltage would be attenuated at clock phase ®cy. Finally, the Vger
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from dc will be compared with the amplified 1/8Vger in the input of the error
amplifier. After comparing the difference between Vgrer and the amplified 1/8Vger,
the output voltage of error amplifier passes through the RC low-pass filter and
feedbacks to the gain control of residue amplifier in calibration. By adjusting the
control voltage, it can fine tune the resistance in residue amplifiers so that it can
control the stage gain is about 8 by the servo loop. The RC low pass filter dominates
the loop bandwidth, which is about 10kHz. The detail of the error amplifier are

introduced in the below.

4.2.6 Error Amplifier

The error amplifier in the calibration. circuit is used to detect the difference
between the sampled value and the reference voltage. Then, it is responsible to verify
the comparison result, and drives the gain control of residue amplifier after a RC low
pass filter. Because the RC low pass filter dominates the loop bandwidth, the phase
margin and bandwidth of error amplifier are not stringent.

The scheme of the error amplifier is shown in figure 4.11. It consists of two
stages. The first stage, M1-M4, is a dual source couple pair differential difference
amplifier. Then M5-M6 transfers differential to single-ended. The second stage, M7,
is a common source amplifier. The simulation result is shown in table 4.4. The dc gain

of the error amplifier is above 40dB, and total power consumption is about 0.12mW.
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Figure 4.11 _Error amplifier scheme

Table 4.4 .Simulation result of error amplifier

Pre-simulation

Post-simulation

Corner TT FF SS TT FF SS
Gain(dB) 44 43.8 44.3 43 40 44.5
Power(uw) 118 122 114 122 126 118

4.2.7 Encoder And Clock Generator

Figure 4.12 shows the encoder and R-string DAC scheme. The encoder
converts thermometer code from comparators to 4bit binary code, which also contains
the functions for solving sparkle. Then it drives R-string DAC to generate the
appropriate reference voltage Vg, subtracted from the sampled signal. Figure 4.13

shows the digital error correction logic, which consists of half-adders and full-adders.

In the end of the total conversion, 10bit digital codes will be produced.
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Figure 4.13 Digital error correction logic
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Figure 4.14 Clockgeneratior scheme

Figure 4.14 is the proposed clock generator architecture adopting the timing
re-scheduled technique. It includes frequency dividers, the multiplexer, shift registers,
delay buffers, and logic circuit. Initial-value of one of D-Flip Flops output set to 1 and
other reset to 0 before the clock generator starts up. When the 400MHz clock signal
from outside pulse generator applies the input of frequency divides, the three
frequency dividers in series connection divide the clock into 200MHz, 100MHz and
50MHz respectively. Finally, the delay buffers and the logic circuit compose the
non-overlap timing re-scheduled clock for this cyclic ADC. The proposed timing
re-scheduled waveform is shown as figure 4.15(a), and the simulation result is shown
in figure 4.15(b). The conversion time T, is 20 ns. The power consumption is 50uW in

pre-simulation and 77uW in post-simulation.
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Figure 4.15 Timing diagram

(a) Proposed timing re-scheduled waveform (b) Simulation result
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CHAPTER 5
EXPERIMENT RESULT

5.1 Floor-planning and Layout

The implementation of the cyclic ADC has been integrated in TSMC 85nm
CMOS technology. The 85nm CMOS process is 94% linear shrinkage from 90nm
layout dimensions. The active area of the ADC is 0.33x0.235mm? with 94% linear
shrinkage and the die size is 0.96x0.715mm? with 94% linear shrinkage. Figure 5.1
shows the layout and floor-planning of the chip. In order to isolate the couple noise,
the analog and digital parts are separated. Switches and capacitors array are placed
between digital circuit and analog circuits: Bypass capacitor which is implemented by

fringe capacitor is used to stable'the reference voltages.
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Figure 5.1 The diagram of chip (a)layout (b) floor-planning

5.2 System Simulation Result

5.2.1 Dynamic Simulation

Figure 5.2 shows the pre-simulated and post-simulated FFT plot at 10MS/s
sampling frequency in TT corner. The SFDR, SNDR, and ENOB at 1MHz and 5MHz
input signal are shown in each top right corner of figure.

The SFDR when input is in 1IMHz and 5MHz are 72.54dB and 71.53dB in
pre-simulation. The ENOB when input is in 1IMHz and 5MHz are 9.72bit and 9.71bit
in pre-simulation respectively. The SFDR when input is in 1IMHz and 5MHz are
69.05dB and 70.50dB in post-simulation. The ENOB when input is in 1IMHz and

5MHz are 9.30bit and 9.31bit in post-simulation respectively.
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Figure 5.2 Simulated FFT at sampling rate=10MS/s
(a) Pre-simulation at 1MHz input (b) Pre-simulation at 5SMHz input

(c) Post-simulation at 1MHz input (d) Post-simulation at 5SMHz input
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Due to PVT variation, corner simulations for TT, FF and SS are also needed.
Figure 5.3 is the SNDR and SFDR plot which is pre-simulation and post-simulation
result when input frequency is from 1MHz to 5MHz. In pre-simulation, the ENOB is
above 9.7bit in all corners. In post-simulation, the best ENOB archive 9.3bit in TT

corner. The worst case, the ENOB is 9.1bit in SS corner.
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Figure 5.3 Pre-simulation and post-simulation in corner
(@) Pre-simulation SNDR (b) Pre-simulation SFDR

(c) Post-simulation SNDR (d) Post-simulation SFDR

5.2.2 INL and DNL

INL and DNL show the non-linearity performance of ADC. Figure 5.4 (a) and
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5.4 (b) is the DNL and INL plot in pre-simulation. The DNL is about 0.46LSB, and
the INL is about 0.52LSB. In figure 5.4(c) and 5.4 (d), the DNL and INL plot in
post-simulation is shown. The DNL is about 0.75LSB and the INL is 1.2 LSB. The
linearity is worse in the full swing near £350mV is because the linearity of residue

amplifier is degraded. The LSB is 10bit resolution to full scale input.
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Figure 5.4 DNL and INL

(@) Pre-simulation DNL (b) Pre-simulation INL

(c) Pre-simulation DNL (d) post-simulation INL
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5.2.3 Specification Table
Table 5.1 shows the performance summary simulated in 85nm TSMC CMOS
process. The conversion rate is 10MS/s and the resolution is 10bit. In post-simulation,
the ENOB is 9.3bit and 9.31bit when input frequency is 1MHz and 5MHz,
respectively. The total power is 1.04mW. Then the digital circuit consumes about
0.1mW, and analog circuit consumes 0.94mW. The detailed power distribution is

shown below in figure 5.5. The FOM is defined as

Power
x Conversion rate

FOM (5.1)

= ENOB
In this design, the FOM is 165fJ/conv.-step at input frequency is 1IMHz and at

post-simulation.

Table 5.1 ADC specification-of pre-simulation and post-simulation

Pre-sim || Post-sim
Technology 85 nm CMOS process
Resolution 10 bit
Supply 1.2V [Analog]
voltage 1V [Digital]
Signal Swing +/-400mV
Conversion rate 10MS/s
SNDR 60.29dB @ 1MHz !nput 57.77dB @ 1MHz ?nput
60.21dB @ 5MHz input | 57.83dB @ 5MHz input
ENOB 9.72bit @ 1MHz input 9.30b?t @ 1MHz ?nput
9.71bit @ 5MHz input | 9.31bit @ 5MHz input
0.94mW  [Analog]
Power consumption 0.1mW  [Digital]
1.04mW  [Total]
FOM 123f)/conv.-step |  165f)/conv.-step
Power
FOM = 25N98  Conversion rate
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Figure 5.5 Power consumption of each block

5.3 Experimental Result

5.3.1 Measurement Consideration
The measurement setup is shown in figure 5.6. The supply voltages are
generated by the power supply: In.order to prevent the digital noise coupling to the
analog circuits, analog and digital powers are isolated to each other in the PCB board.
The analog input signal is generated from a high performance signal generator,
Agilent E4438C. The clock pulse is generated from the pulse generator, Agilent
8133A. The output digital codes are sent to the logic analyzer, Agilent 16800. The
data could be downloaded to the personal computer and processed to calculate the

DNL, INL and FFT analysis by MATLAB.
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Agilent 8133A

Power Supply

Signal Generator Logic Analyzer
Agilent E4438C Agilent 16800

Figure 5.6 Measurement consideration
5.3.2 Measurement Result

The chip microphotograph of the fabricated ADC is shown in the figure 5.7. The
active area of the ADC is 0.33x0.235mm? and the die size is 0.96x0.715mm?. Figure
5.8 shows the ADC’s FFT spectra at 10MS/s conversion rate. The input is differential
700mVp, 1MHz sinusoidal signal. The SNDR is 50.01dB and the SFDR is 59.95dB.
The second harmonic tone is induced by the unbalanced differential signal. This could
be found in post-simulation in FF corner. The opamp gain error and residue amplifier
non-linearity induce the third harmonic tone. It can be improved by raising supply
voltage and reducing input signal swing. The ENOB increases about 0.5bit when
supply voltage is up to 1.4V. Figure 5.9 shows the ADC’s measured SNDR, SFDR
and ENOB versus input frequencies at 10MS/s conversion rate. The SNDR and SFDR

decrease up to the Nyquist frequency.
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Figure 5.8 Measured output FFT spectra
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Figure 5.9 (a) SNDR and SFDR of the ADC (b) ENOB of the ADC

Figure 5.10 shows the ADC’s DNL and INL characteristics obtained from

code-density measurements. The LSB is normalized to 10bit resolution in those

figures. The number of registered output code is 32768. The DNL is +0.55/-0.82 LSB

and INL is +1.6/-1.5 LSB. The INL is the worst when signal is full-scale. It can be
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improved by raising supply voltage. The transistors of residue amplifier have enough

headroom at higher supply voltage operation. It is the same as simulation.
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Figure 5.10 (a) DNL of the ADC (b) INL of the ADC
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CHAPTER 6
CONCLUSION

Table 6.1 summarizes the benchmark of the performance for the proposed cyclic
ADC. The power supplies are 1.2V and 1V in this work, and the SNDR is 49.5dB and
ENOB is 7.93bit at sampling rate is 10MS/s and input frequency is 1IMHz. The FOM

shows 0.45pJ/conv.-step. Compare to other references shown in table I.

Table 6.1 Performance summary of cyclic ADC

2009 2010 2010 2009 2011 This
JSSCI5] | JSSC[7] [JSSC[11] | JSEN[15][JSSC[20] | Work
Technology 90nm 90nm 0.18um | 0.18um | 0.18um 85nm
Type Pipelined | Cyclic' | Pipelined | Cyclic | Pipelined | Cyclic
S | 1.2v
upply 1.2 v 18V | “33v 1.8V
Voltage v
Resolution 9.4bit obit 10bit 10bit 12bit 10bit
Conversion
Rate 50MS/s | 50MS/s | 50MS/s 14MS/s | 50MS/s | 10MS/s
SNDR 49.4dB 50.5dB 58.2dB | 52.44dB 64dB 49.5dB
Power 1.44mW | 6.9mW 9.9mwW | 15.8mW | 18.4mwW | 1.1mW
DNL/INL |0.38/1.29 | 0.47/0.63 | 0.35/0.8 | 0.79/1.89 | 0.26/0.72 | 0.82/1.6
Active Area [0.123 mm2{0.019mmZ2| 1.4mm2 |0.381mm2 O.26mm2 0.077mm?2
FOM(pJ/step)| 0.12 0.5 0.3 3.3 0.28 0.45
Power
FOM =
2ENOB  Conversion rate

The low power 10bit, 10MS/s cyclic ADC was fabricated by 85nm 1P6M TSMC
CMOS technology, and the chip size is 0.96x0.715 mm? the active area is
0.33x0.235mm?. The techniques implemented in this design are summarized below:

(1) The conventional MDAC is replaced to flip-around SHA and residue

amplifier can save power.
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(2) Timing re-scheduled and 3.5bit conversion step to enhance conversion rate.

(3) Background calibration without extra residue amplifier to reduce power and

chip area.

The total cyclic ADC consumes 1.1mW under 1.2V and 1V power supplies. It
achieves 57.6dB SFDR and 49.5dB SNDR. DNL and INL are 0.82LSB and 1.6LSB,
respectively. The ADC achieved good FOM of 0.45pJ/conv.-step at 10MS/s sampling
rate and 1MHz sinusoidal input with 1.2 and 1V power supplies. There are some
techniques which could improve the ADC performance. For example, more power can

be saved by periodically turning on/off the calibration circuit.
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