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ABSTRACT

The thesis presents a solution of the low powelicyenalog to
digital data converter -which could convert-the againput signal into
digital codes for digital signal processing in baa#t in standard
0.18- m CMOS technology

Considering the requirement of low power, it addpts single stage
of cyclic scheme, and also improves the efficieatyhe chip area. The
operational amplifier can achieve low power andhhiggin without
affecting the slew rate in transition behavior dtameously. Besides, to
speed up the conversion rate, there are 3bitsdoegs every cycle, and
the timing re-schedule technique is utilized toesavwore time in the last
two cycles. It can operate in 10MHz/s for 9bitsolaon. The total

power dissipation is 3.6 mW, and the chip size 24 Onnf.
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CHAPTER1
INTRODUCTION

1.1 Motivation

ﬁ Electrical
iﬁ;ﬁ thermometer
MP3
player === j’
DSC

Figure 1.1 Applications of analog to digital conveers

There are a huge amount of portable devices ansuooer electronics products
applied in recent years. The characteristics ofptfoglucts -light, cheap, and lasting-
are popular with modern people. Chipsets with manesatility and less power are
continually designed.

With the improvement of the techniques for semicmar fabrication, digital
circuits that carry the advantages of faster spesd,power and more noise immunity
are adopted in a variety of applications. Utilizithgg digital circuits in the profound
process will easily bring the characteristics néed¢éowever, unfortunately digital
circuits work in the interval while in the natunabrld, all the physical phenomena

exist and transmit in the mode of continuous tindam interface to connect
-1 -



discrete-time domains and continuous-time onesqgsired.

This interface transfers the received analog wawefto digital codes under
sampling rate of the system. To be the part ofgidetdevice, the chip with analog to
digital converter satisfies the low power constraiigure 1.2 [1] shows the surveys

of ADC from 1997 to 2010. The figure-of-merit (FONM)expressed as

Power
x Conversion rate

FOM =

2ENOB

(1.1)

where ENOB means effective number of bit.
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Figure 1.2 ADC performance survey from 1997 to 2@l

Among many types of CMOS ADC architectures, a cy¢br algorithmic)
architecture achieves efficient power consumptiod a&hip area under middle
sampling frequency and resolution which is abot 10MS/s and 8 to 10 bits [2].
Low-power small-area ADCs with 10bit resolution esaVveral tens of MS/s sampling
rate are considered to be one of the significamhpmnents in battery-operated
commercial applications including data communicatemd image signal-processing

systems.



In this research, the power consumption is expetteoe as low as possible
under 1.8 V power supply in whole circuit. A 9-bidMS/s cyclic A/D converter has
been designed and implemented with standard TSM&uh CMOS 1P6M process,

and the total power consumption without output &ui§ about 3.6mW.

1.2 Thesis Organization

This thesis is organized into five chapters.

In Chapter 1, the motivation and the organizatioa lbriefly described. In
Chapter 2, the fundamental concepts of analoggdadliconversion and performance
metrics used to characterize ADCs are introducéetréards the cyclic ADC and the
similar architecture SAR and pipeline -including: MDA(multiplying DAC) and
single capacitor scheme are reviewed. The cychibitacture is described in detalil
from its basic operations 10 the actual implemeéoigst The 3.5-bit architecture is
utilized to speed up the sampling rate.

Chapter 3 describes the details of each buildingkol The key circuit blocks
used in the low-power ADC is presented. Among tteemthe proposed low power
operational amplifier, the open-loop amplifier faesidue amplification, the
comparator and the clock generator. Later, tramsistvel simulated results of each
circuit are shown.

Chapter 4 shows the overall simulation resuttsluding the chip layout, the
system simulation results, and the measurementdmmasions. The simulation results
for the cyclic ADC fabricated in a standard TSMQ8m CMOS technology are
summarized.

The conclusions of are provided in Chapter 5. Adddl directions for future

-3-



study are also suggested.




CHAPTER?2

A/D Fundamentals

2.1 Abstract

At first, this chapter describes the overvigvanalog to digital conversions and
discusses some important characteristics to jugg@DCs. Afterwards, it introduces
some analog-to-digital converter (ADC) architectyrencluding flash ADC,
Successive-Approximation-Register (SAR) ADC, piped ADC and cyclic ADC
which are used in the most purposes [3]. The comisgues in the design of ADCs
will be reviewed. Finally the research focuses emesal main building blocks in

cyclic analog-to-digital converters.

2.2 ADC Performance Characteristics

The ADC converts the continuous analog signal sxréie digital codes for
digital signal processing (DSP) in.the next stdgethe start of the conversion, the
ADC divides the continuous analog signal into salvsub-ranges, and converts to
digital codes in the sub-range that the input lagelThese steps are continuously
processed until all digital codes are resolved.imuthe process of conversion, the
ADC takes the appropriate digital code to the oytpmd combines the codes by
digital circuits. Analog-to-digital converters aoharacterized by several kinds of
indicates to judge the performance, including nesmh, SNR, SFDR, SNDR,
dynamic range, DNL and INL. On the other hand, &2C has some non-ideal

features, and these features take some imperfedtidhe performance of ADC.

2.2.1 Resolution



Resolution means the accuracy of the ADC from omatus analog domain to
discrete digital domain, which is also nhamed asatiffe number of bits (ENOB). The
ADC with higher resolution converts more effectidigital codes that describe the
continuous analog signal more accurately. In othends, the higher resolution of the
ADC means the more sub-ranges that input rangeided. In most cases, resolution
is defined as the base 2 logarithm of sub-ranged is always affected and degraded

by noise and nonlinearity in circuits.

2.2.2 Sgnal to Noise Ratio (S\NR)
The signal to noise ratio (SNR) is the ratio of shhgnal power to noise power
and it can be determined by plotting the spectnuitihé output of the ADC. The SNR

is calculated by measuring the difference betwégmaspeak and the noise floor.

2.2.3 Spurious Free Dynamic Range (SFDR) and Sgnal to Noise and
Distortion Ratio (S\NDR)
The spurious free dynamic range is the ratio of ithgut signal level for
maximum SNDR to the input signal level for 0dB SNDRhe signal to noise and
distortion ratio is the ratio of the signal power the total noise and harmonic

distortion power at the output of the ADC.



SFDR =57.4072 dB

Amplitude (dB)

Frequency (MHz)

Figure 2.1 FFT plot for SFDR

2.2.4 Dynamic Range

Dynamic range is another meaningful performancéecatobn for the ADC. The
dynamic range is defined as the signal noise ranging from the maximum signal
power input level to the minimum signal power inplitmeans the range of input
signal amplitudes that useful output is obtainemmfrthe whole system. When the
signal to noise ratio is 0dB, the minimum deteatabput signal power is the value of
the signal power. Figure 2.2 illustrates a ploSdfR versus input level. If the noise
power is independent of the level of the signag ttynamic range is equal to the
signal to noise ratio at full scale, but the ngmever increases as the signal level
increases in some cases, so the maximum signa rati® is degraded by the noise

and the harmonic distortion of the ADC device ndiyna



SNR [dB]

Limited by
harmonic
distortion

...... Dynamlc Range

Figure 2.2 _.SNR versus input power

2.2.5 Differential Non-Linearity (DNL) and Integral Non-Linearity
(INL)

Both DNL and INL are the linearity index of the ABC Differential
Non-Linearity (DNL) is defined as the differenceween a real quantization step and
an ideal quantization step. In other words, DNLthis maximum deviation difference
between the two successive conversional valueB®mput axis, and DNL measures

the distance of the input steps from one codedm#xt code.

DNL(D,) :¥ (LSB) (2.1)

Integral Non-Linearity (INL) is defined as the dation of each transition
voltage of each code from the ideal transition levNL is referred to as the
difference between the actual transfer charackerisind the ideal transfer

characteristic that the ADC is designed to appratén

-8-



INL(D,) :% (LSB) (2.2)
e (2.3)

DNL and INL are plotted as a function of code, amd expressed in terms of

least significant bits (LSB) of the input generally

Figure 2.3 DNL and INL

2.2.6 Non-ideality

The ideal transfer characteristic of the ADC is anfeéd from when the
successive analog signal from low to high is ingditthe ADC, the digital codes
corresponding to uniform steps input. In other vgotttie middle points of every step
in input form a straight line, pass through thegimal point, and then, the most and
the last analog input map to the correspondingaligodes. Yet, producing the ideal
condition is difficult, because of the gain errtire offset and the non-linearity. The
non-linearity is sorted into DNL and INL.

The gain error and the offset are shown on thadi@u (a) and (b) respectively.

In figure 2.4 (a), the gain of the transfer cursenisufficient and is un-identical with
-9-



the ideal transfer characteristic. And in figurd Zb), the offset shifts a constant
amount with the ideal transfer curve. These noalities are mainly caused by

mismatch of the sampling capacitors, and insufficigain of the operational

amplifier.

(b)
Figure 2.4 (a) Gain error (b) Offset

-10 -



2.3 ADC Architecture

2.3.1 Flash ADC

Flash ADC, also called parallel ADC, is the fastasthitecture among all the
ADCs. In Figure 2.5, the flash scheme includesrgelanumber of comparators to
evaluate the analog input immediately. The flashCABeeds -1 comparators to
distinguish the analog input from thes&-2 quantization levels. Every comparator
compares the analog input with the reference veltagually brought by resistor
string Vky to V.. If the analog input exceeds the reference vojtdgeoutput sends
out the “1” in digital domain to the encoder. Othise, the output sends out the “0”.
Then the digital results are converted\lbit binary code with a logic circuit, which

also contains the functions«for removing bit errors

VRrHu W—e—W—+— ¢ 06 M N—+—WNWN—+— W Vr

Vl e o o

VY VY

2Y-1)-to-N Encoder

{N

Do

Figure 2.5 Flash Architecture

The flash ADC can be conducted for a high samplatg because there is only
one comparing cycle used. In other words, the flABIC needs a large amount of

hardware to work simultaneously. On the other hamcteasing the quantity of the

-11 -



comparators enlarges the whole area of the cirasityell as the power consumption.
Additionally, when used in higher resolution, tlodetable offset of the comparator
will be smaller than that used in low resolutiohisl a critical point in the circuit

design. The high resolution is impracticable fasft ADC, so it can be applied only

in the low resolution but with high sampling rate.

2.3.2 Successive Approximation ADC

The block diagram of Successive Approximation ADEAR) is shown in
Figure 2.6. At first, analog input signal compavath the MSB, which is the half of
the full swing of the input. Then the comparisosulepasses back to the control logic,
and it adopts the appropriate reference voltaghennext sub-range. The operations
are performed in this system to bringthe DAC otigpgnal within 1 LSB to the input
signal in the discrete-time domain. The operat®supposed to be repeated until the
LSB is produced. If N hits resolution is requirdthie SAR ADC will need N

conversion cycles.

Vi

+

Ve—>| DAC

Control
Logic

{N

Do

CLK —>/

Figure 2.6 SAR Architecture
-12 -



The operational principle of the traditional SAR 80s mostly adopted by the
charge redistribution, and the MSB is formed By 2imes capacitor respect to the
LSB. The resolution can reach up to 14 bits with fiower, but the sampling rate is a
challenge to produce higher sampling rate. It isexgellent trade-off between
accuracy and speed.

In recent years, the newly proposed type of SAR ADIth asynchronous
technique can create both the medium resolution taadsampling rate with low
power consumption. If the SAR ADC with asynchronaeshnique meets the
demands for the higher resolution and higher samgplate, it can substitute some

ADCs in the future.

2.3.3 Pipelined ADC

The block diagram of the pipelined ADC is'showrha Figure 2.7. Most of the
pipelined ADC adopts "the sample-and-hold circuit thie front, and the
sample-and-hold circuit takes more accurate dataetiuce aperture jitter which
happens from the instantaneous ‘value of the andlggut. Behind the
sample-and-hold circuit, there are the coarse IbB-Athe coarse sub-DAC, the
subtraction, and the amplification of the remainderthe start of the conversion, the
analog input signal compares with the referencéagel and the sub-ADC resolves
digital codes, and drives the sub-DAC to adoptappropriate reference voltage. In
the next clock pulse, the sampling voltage suldrdlce reference voltage and the
operational amplifier multiplies the residue.

The digital codes are sent to digital error coigectogic, and after processing
and synchronizing, the digital error correctionitogan obtain more accurate N bits
digital codes 3. When \ is processed in stage j, the next analog input i@

processed in stage j-1. The function of the sub-DA@& subtraction, and the
-13 -



amplification of the remainder are combined intoe osingle circuit called the

multiplying DAC (MDAC).

v; <ADC Vi

DAC

v, —>| Stage1 |—> ¢ ¢ ¢« —>»| Stagej [—> e ¢ ¢ —>»] Stage N

D, D, Dn

Digital Error Correction

{N

Do

Figure 2.7. " _Pipelined Architecture

The Pipelined ADC is applied frequently, becauserésolution and sampling
rate with less power can bring good F.O.M, andsitsuitable for quite a few

applications.

2.34 CyclicADC
The cyclic ADC just operates the same as one stathee pipeline ADC shown
in the figure 2.8 [4]-[5]. When the conversioniisished in the clock cycle, the output
feedbacks the amplified voltage to the front of-&UlC and the conversion repeats
again. Generally speaking, the cyclic ADC can rethehresolution as the pipelined
ADC, but the throughput of the cyclic ADC is mudas$ than the pipelined ADC.

Even if the sampling rate is less than the pipdi®dC, the cyclic ADC takes
-14 -



advantages in hardware and power consumption. ép deb-micro semiconductor
process, the more progressive process means mpeasxe cost. If the cyclic ADC
can reach higher sampling rate and keep in the sesmelution and power

consumption, it will benefit in progressive procegsvery advantageous active area.

& o

Vi< SH »(+

—><ubADC

Figure 2.8 ¢ Cyclic‘Architecture

subDAC

\ 4

n Bit

2.4 Multiplying DAC (MDAC) Design

MDAC scheme is frequently adopted in pipelined apdic ADC because it is
simple and includes full functions with the" sub-DA@e subtraction, and the
amplification of the remainder. In these ADCs, MDACeach stage is the core and
has two main specifications, accuracy and speedirssgents. The accuracy
requirement is affected by the feedback factombaiinly dominated by the open-loop
gain of the operational amplifier. The speed rezgment means the operation speed
which is related to the bandwidth of operationalpéafier and is also affected by the
feedback factor. However, both the requirementcotieacy and speed are depend on
the resolution in this stage and remained resaluticthe next stage. In other words,
the more resolutions in this stage and in the s@de means more difficult to design
the operational amplifier.

In the figure 2.9, the sample and hold mode of MD&@ shown. In sample
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mode, the Ysamples to both capacitorg &d G, and the operational amplifier is in
reset. Then in the next clock phase, hold modguiutf the operational amplifier
feedbacks to the capacitok. ©n the other hand, the appropriate referenceagelt
from sub-DAC is switched to the capacitax Bccording to the charge redistribution,
the transfer function betweencgVand \f is shown on equation (2.4), which the
parameteg shown in equation (2.5). And the paramet& the error term caused by
the finite gain of the operational amplifier ané tharasitical capacitor,@n the input
of the operational amplifier. The feedback fagion closed-loop of MDAC is shown

in equation (2.6).

Cs
V| L Vo
+
Cs L=
€]
Cs

C. —

Vr X Dj I I —

cpi— L

(b)
Figure 2.9 (a) MDAC in sample mode (b) MDAC in htd mode

v= GGy, D (2.4)
(1+¢)
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+C, +
gz L[ Cs*Ci+C (2.5)
AT c

C

= (2.6)
C.+C, +C,

B

If the G and G are assumed identical to C, then the equation) (bdld be
simplified to the equation (2.7). When the errante is ignored, the equation (2.7)

will be the ideal transfer function in a radix 2@é.

__ 2 D,
V, = m(v, -7v,j 2.7)

In order to reach N-bit resolution performances tpin error term should be
less than 1LSB of the next stage resolution (ztbif)revent the mistakes made by the

finite gain of the operational amplifier, as eqaat(2.8).

2+CP/C<_1

2.8
X o (2.8)
For this reason, the gain requirement of the omsrat amplifier can be

obtained from equation (2.9).
A>(2+C,/C)Z (2.9)

The equation of the speed requirement for the dipei amplifier is derived
below. It is assumed that the MDAC in hold moda sngle pole system and ignores

the slewing behavior, the MDAC settling time constia
(2+cC,/C)

a,
, andwy, is the unity-gain bandwidth of the operational &figs in MDAC. Since the

(2.10)

settling error of a single pole system is
e™"<2% T =period in hold mode (2.11)

And the constraint of unity-gain bandwidth couldeb@ressed as
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>7Z|2+=2 |—— 2.12
e e

From the equation (2.9) and (2.12), the gain anitygain bandwidth of the

operational amplifier in MDAC can be well definexdrheet the specification.

2.5 Digital Error Correction

The comparator is commonly used to be the sub-AD@Me most of the ADC.
The analog input is compared with the referencéagel by the comparator, and the
residue is amplified to the full scale as the infartge. The ideal stage gain is 2, and
the comparator can be used again in the next cytle.ideal transfer curve in 1bit
ADC is shown in figure 2.10. Obviously, if the irtpgignal \ is larger than zero, the
comparator will judge the result to logic 1. On ther hand, the comparator will
judge the result to logic 0.

Figure 2.10 Ideal voltage transfer curve in 1bit C

However, the offset of the comparator is a probteraffect the accuracy of the
comparison result so that the offset degrades e¢nf@npnance of the ADC. The offset
of the comparator is shown in figure 2.11. The etffsf the comparator will bring out
the wrong comparison result, and the amplified d@si can cause the voltage
overflow in the next stage. The influence will pnoé the missing code and transmit
to the next stages.
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Figure 2.11 Voltage transfer curve with offset irLbit ADC

The digital error correction [6][7] is utllized ttolerate the offset of the
comparator without producing missing code. There zaicomparators in the digital
error correction that the comparators can judgeahalog input voltage to three
digital codes, “00”, “01”, “10”, and the voltageatisfer curve is shown in figure 2.12.
In the next stage, the amplified residue' is stiinpared with the same reference
voltage. Afterwards, imposing the digital codesirthe first stage and the next stage
can obtain the accurate 2 bits digital codes.

The tolerant offset of the comparator can reackoufil/2 LSB. In other words,
if the offset of the comparator is less than +1/4, ¥he digital codes after imposing in
digital error correction are still accurate. Be@tlse digital error correction is simple
and can tolerate more offset of the comparatorawitiproducing missing codes, this
technique is extensively utilized.
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Figure 2.12 Ideal voltage transfer curve in 1.5biADC
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CHAPTERS3
CIRCUIT DESIGN

3.1 Cyclic ADC Design

3.1.1 DesignlIssue

Considering of low power and the efficiency of clapea when operating in
middle sampling rate such as ten mega samplesgoend and middle resolution
(about 8 to 10 bits), cyclic ADC is chosen to aehi¢his target. But it is difficult to
keep operating in the sampling rate higher thanarsgmples per second without
increasing much more hardware and power consumption

To reduce the power consumption. of the Cyclic AD@moving the
sample-and-hold circuit in the front-end s oneusoh. Although removing the
sample-and-hold circuit in-most of the pipelined @rchitecture will enhance the
aperture jitter which is because the voltages cabhgltomparators and sub-DAC are
not identical at the same time. This kind of et lead to the wrong result and shift
codes to the next stages, especially in"the nerfjioloal of the reference voltage in
comparators. This issue could be mitigated by djpeyan slower speed which is not
as fast as most pipelined ADC and utilizing theitdlgerror correction technique to
tolerate more offsets from comparators and sub-DAC.

Generally, the cyclic ADC is operated lower than teega samples per second
because there is only one or two stages hardwase which is less than in the
pipelined ADC. Otherwise, operating in higher sanglrate means needing more
hardware and power consumption, and the operatiamglifier in MDAC will be
hard to design to satisfy the requirements of lb¢ghgain and the bandwidth. In this
design, the open-loop amplifier is instead of MDACheme to be multiplication

circuit in every conversion cycle. This substitatild enlarge the feedback factor in
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closed-loop to 1 almost and ease the design regaitein operational amplifier when
operating in higher sampling rate, and could redheenumbers of capacitors array
from 16 to 10 in 3.5bits per cycle usage.

On the other hand, to enhance the total conversita this work is adopted to
produce multi-bits output per cycle more than 1.pler cycle in common usage, and
it is 3.5bits here. Besides multi-bits per cyche time re-scheduling technique is also

applied to speed up so that the total conversiae tian be shorten.

3.1.2 Architecture

Clock Generator

1 8VRer
Calibration [*—
Lo L T e Circuit |, Vrer
' \ 4 \ 4 v_i | VR schudual*ng" |
Input ! [3.5 35| 35 3.5
7| bit bit [T bit bit ||
L ——_ A1, LA T A 1
/ / Y/ “
Az vi|A43. w43 V.[A3
A\ 4 \ 4 \ 4 A\ 4
Encoder & Adder Circuit

Ao

9-bit digital output

Figure 3.1 The proposed Cyclic ADC architecture

Figure 3.1 shows the proposed architecture whiatudting the calibration
circuit. There are several methods including omaplamplifier with the calibration
circuit, multi-bits processing and time re-schedgliechnique are adopted to improve
the higher sampling rate and enhance the efficieicthe chip area. Because this
work is used to process 3.5bits every cycle, sctage gain is 8 which the residue is

multiplied into. The calibration circuit is added ensure the voltage gain of the
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open-loop amplifier is 8. After 3.5 conversion @&l 9 bit digital codes will be
produced in the end of the total conversion.

Each block in cyclic ADC will be introduced subseqtly. The clock generator
provides asynchronous clock pulse which the frdr2 stages are longer, and in the
3 conversion cycle is half of the first 2 stagegnttin the last conversion is half of
the 3% stage again. This time re-scheduling techniquesysmchronous and could save

more conversion time in the numbers of the nexjesta

¢ o
v, ®3
—o - g_;
o1 N 1 g 3
B DN B
®C 6 Vo
j_ o2
- O—vg
v|, > @g_
oC \n" *
_&_ Encrode > D,
(a)
- T -

(@1) _l_!
(@2) 11

(@3)

eo || T L

35b + 35b + 35b + 35b = 12

%

(b)
Figure 3.2 (a) The proposed Cyclic ADC scheme

(b) Timing diagram
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The proposed Cyclic ADC scheme and the timing @iagmre shown in the
Figure 3.2. At the phase clockl, analog input diglma&ompared with the reference
voltages in sub-ADC and sampled to the input sirgglpacitors at the same time.
Later, at the phase clock2 the appropriate voliagerovided from the comparing
result to be subtracted with the sampling voltagehle input single capacitors when
the operational amplifier is in negative feedbaldke residue voltage after subtracting
will be amplified by the open-loop amplifier at ck8. And repeat the operation
between amplifying and subtracting. At the phaseckdC, the comparators will
evaluate the sampling voltage and produce digddes to digital error correction. On
the other hand, at the phase clock2, the operatamglifier subtracts and holds the

residue quickly. Figure 3.3 shows.the time diageard operation of each block.

S/H enhancement { s X H X s XHXS)@@

OP amp
Comparator C )_ {C ) @
8X amplifier LA ——A ): @

S : Sample C:Compare H : Hold A : Amplify

Figure 3.3 The time diagram and operation of eachlock
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o1d G

C 3.5b

Ci vV, /\

@ ¢,

oc 3.5b
(b) (c)

Figure 3.4 The operations of'the proposed CyclicBC
(a) Sample to.the input'single capacitor and compar

(b) Hold and subtract to the residue (c) Amplify tte residue and compare

Figure 3.4 shows the detailed operations of théicdDC. In the figure 3.4(a),
the analog input signal samples to the capacitqora@dl compares with the reference
voltage. The comparators resolve the digital comles capacitor C2 switch to the
appropriate voltage from sub-DAC to storage theédres voltage such as shown in
figure 3.4(b). During the next phase clock3, theidee voltage is amplified to full
range by the open-loop amplifier which stage gan8i At the same time, the
amplified voltage is sampled to the capacitor Cd imsncompared again which plotted
in figure 3.4(c). The operations are repeated ffigure 3.4(b) to figure 3.4(c), until
the last comparing cycle is finished. Besides,educe the power consumption, it is
proposed the slew-rate enhancement operationaifeenpd save power and maintain

the dc gain without sacrificing the behavior imssaion.
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3.2 Each Block of Cyclic ADC

3.2.1 Sew-Rate Enhancement Operational Amplifier

The operational amplifier is the most critical d=viin MDAC scheme of the
pipelined or cyclic ADC. The dc gain of the opevatll amplifier dominates the
accuracy in each stage, and the unity gain bantdwddiminates the settling speed
when in closed-loop. If it is designed to be opsdlan higher sampling rate, the unity
gain bandwidth of the operational amplifier in @dddoop must be much higher. In
other words, this means more current in outputranote power consumption in whole
scheme. On the other hand, more output currentesatliie lower output resistance
and dc gain, and is very disadvantageous to tla fresolution. So it needs more and
more current and power to maintain the requirembatk of the gain and unity gain
bandwidth. Therefore, to improve the-sampling eatd maintain the same resolution
without increasing much power is a difficult profleAlthough the proposed cyclic
architecture eases the requirement of both dc gath unity-gain bandwidth of the
operational amplifier, but reduce the power constisnpwith high gain is still urgent

for the design.




(b)

Figure 3.5 (a) Traditional folded-cascode opamp seme

(b) Proposed low power opamp scheme

Figure 3.4(a) shows the traditional folded-cascoperational amplifier which
is utilized in high gain and high bandwidth-commporihe dc gain of the traditional
folded cascade operational amplifier is

Ao=9mRou (3.1)

From equation (3.1), the relation betwegn, Ry and current are shown as

below respectively in

Gys Oyl and Ry, 0= (3.2)
Ibl
And if 151 =1y, the relation between gain and current would be
A, 0L (3.3)

Ibl

SlewRate [J1,, (3.4)
When the dc gain is designed higher, the curkgnghould be smaller. On the

other hand, considering of the higher unity-gaimdvaidth, the current,; must be
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larger. It is a trade-off between dc gain and cosioa speed here.

The proposed slew-rate enhancement operationalifenplith low power is
shown in figure 3.4(b). At first, adding the.Mand My is a solution. Because when
the operational amplifier is in negative feedbatike operational amplifier is in
slewing, and ¥ or Vy drops and turns on one of.Mand M.,. The turned-on PMOS
provides additional transition current to finiske telewing transition. For example, if
Vi- is high and drives the Mn linear region, ¥ must be pulled to low voltage. Then
Me2 Will be turn on by V, and provides an immediate curregttd charge V. so that
V,.- can follow \i. and speed up the transition behavior in shomee.ti

But this transition behavior is single end to thepoit, so M3 to Meg are added
to make the transition behavior more: balanced. Dperation of slew rate
enhancement will be the same as before. Besidesny W is pulled to low voltage,
not only My, but also M, are turn on. Depending on the current mirror fairbg Me;
and Mg, it could provide the currengzlwhich is similar to J; to discharge ¥ so that
V. could follow \Mi; as soon as possible. During-the slewing pericel staw rate of
the operational amplifier is shown in"equation Y&bd is larger than the conventional

one.

SlewRate O (I, + 1., +1.,) (3.5)

The transition behavior comparison results betwberslew-rate enhancement
operational amplifier and the conventional onesdrewn in figure 3.5. In the figure
3.5 (a), it is the conventional folded-cascode apenal amplifier transition behavior
in sample and hold mode, and its slew-rate is 132kkc. When reducing output
current p; to maintain high gain and reduce power consumptiba, slew-rate is
115M V/sec which is plotted in figure 3.5 (b) low#ran before. In figure 3.5 (c),

adding the M; and M., improves the slew-rate and maintains in high da.géhe
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slew-rate is 149M V/sec, and the additional curtgnis about 37.4A. The complete
transition behavior of the slew rate enhancemewetaipnal amplifier with M; to
Meg is shown in figure 3.5 (d). The additional slewmgrent {; is about 37.4A and
lc2 Is about 37.4A, and the slew-rate is 164M V/sec. From the consparplots, the
slew rate enhancement operational amplifier camchrdaster slewing and lower
power consumption than the conventional folded-ads®ne.

When slewing is finished in negative feedback of tiperational amplifier,
input pairs M and M, are recovered to saturation region, thenavid \4 will turn off
the M1 to Mg like switches. The additional MOS switches arenton in transition

without affecting the gain or unity-gain bandwidtbviously.

Cupeont X=d Si0-006
iz

Durrvatives:

| 355 Zhe HiSn 48 4 ET50 458 4525 4%
Tuine din) {TIME)

(@)

Currgnt Xed B 006
Cartent Y=1,35%.001
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Tanee {an) (TIME)
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Figure 3.6 Transition behavior comparison (a) Conentional folded-cascode

(b) Lower current (c) Adding M¢; and M (d) Complete slew rate enhancement

The relationship betweert;; and Iy IS a question. In the conventional
folded-cascode operational amplifier, the currentshe input stage and the output
stage are equivalent roughly. Now, decreasing theently,; to enlarge the DC gain,
and keeping the currehj to maintain the total transconductance are feasHbw to
estimate the ratio betwedm andly,;? It can be obtained from the requirement of
stability in the closed-loop. If the requirementpdfase margin is designed to 63°, it
means the relationship between the dominant pote the 2% pole is shown in
equation (3.6).

nd
PM = tari* (2 POy _ taﬁlé):ela (3.6)

dominant pole

The dominant pole and the"“2pole are defined as in equation (3.7). The

parameter g and g5 are the transconductance of the M1 and M5 respygtin
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figure 3.4. C is the output loading, and & the total capacitance of the node X.

_ grnl — ng
= f, = 3.7
‘" 2nc ' ? 2iC, (37

The equation (3.6) and equation (3.7) can be coadbio the equation (3.8).
The ratio between,g and g,s can be found out so that the currbatandly; can also
be designed.

C.:2C, = 0,0 (3.8)

From the equation (2.6), the feedback factor ccudddefined as the ratio
between thee feedback capacitor and sampling dapaéind in this proposed
architecture, the feedback and sampling capacr®itte same one. Considering the
parasitic capacitor in the input of the operaticaalplifier, the feedback factor almost

is 1. So that the equation (2.9) and (2.12) coeldnodified to

A> 2N (3.9)
Z(N +1)';‘2
f, >T¢2 (3.10)

If considering of N=9 bits, the specification oktbperational amplifier can be
obtained from equation (3.9) and (3.10). So tha tit gain of the slew rate
enhancement operational amplifier should be latigean 60.2dB, and the unity-gain
bandwidth should be larger than 107MHz. And theutngange of the operational
amplifier is £400mV.

From the specification calculated from above, tineutation result of the slew
rate operational amplifier is compared with thewantional folded-cascode scheme
including corners, DC gain, unity-gain bandwidthape margin and power in Table
3.1. The total power saving can be up to 21.6% wilier similar specification in TT
corner. In table 3.2, it lists the post simulatioh the slew-rate enhancement

operational amplifier, and the specification il satisfied the requirements described

-31 -



above.

Table 3.1 Conventional folded-cascode V.S S/R ent@ment opamp

Conventional folded cascade | S/R enhancement (Pre-Sim)
Corner TT FF SS TT FF SS
Gain(dB) 61.2 58.6 60.1 67.8 63.6 67.3
fu(MHz) 146 148 139 140 147 130
PM(°) 75 76 74 65 68 63
Power(mw) 0.532 0.417
Power saving is aboutl.6%(TT)

Table 3.2 Post-simulation of S/R enhancement opamp

S/R enhancement (Post-Sim)
Corner TT FF SS
DC Gain(dB) 67 62 64
Unity-Gain Frequency f,(MHz) | 137 | 145| 127
Phase Margin (°) 64 63 61

3.2.2 Comparator

The scheme [8] in this design is shown in Figu& Because this cyclic ADC
adopts 3.5bits per cycle, the sub-region of thedadle is 15, so that the number of
the comparator is up to 14 much more than apphieid5bits MDAC generally.

This architecture of comparator has three advastagee first is that there is no
static power consumption. The second is the arctoite is simple, and the third is it
used only one clock to judge the input data. Toichaolditional power consumption
for so many comparators is important, and the srnapthitecture and one clock used
can implement the layout simple and well.

The comparator is composed by the dual source eoppir differential
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difference preamplifier and the regenerative latéfhen .k is low, comparator
operates in reset mode, and theaid M; are off. At the same time,d¢ and \b,are
charged to VDD caused by;Mand M are in linear region. WhencV is high, the
comparator operates in evaluate mode, and the implige compares with the
reference voltage. Later, the regenerative latchkeep the comparison result at the

falling edge pulse of the .

VDD

¢
My, M,
Ve -ol Mo k— -(1 Mo |o- Ve
Vot
V

ol V02

. A I
:I Ir 4| Vo

N\

Vi, —| I: :I |;[\3/I+ V.. ;J I: :I |1\_/[Vi_

M,
p=t - =

| | -~

M5|—

X

Figure 3.7 Comparator scheme

Considering the effect of mismatch and layout aswtnynthe comparator will
produce offset voltage. The comparator offset twlee is about 25mV in this 3.5bit
per stage cyclic ADC. To simulate the effect of magches, randomly change thgoV
channel width (W), and channel length (L) variatiofmhe standard deviations are as

below
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o(4V,)=

A,

W

(3.11)

In the 0.1&m TSMC CMOS technology, parameters are shown iie (33

Table 3.3 Mismatch parameter

1.8V NMOS

1.8V PMOS

3.3V NMOS

3.3V PMOS

6 Vth0 (mV)

3.635%geo fac

4.432%geo_fac

6.227%geo fac

4.525%geo_fac

6 XL/ L (%)

0.458%geo fac

0.396%geo0 fac

0.365*geo fac

0.247*geo fac

o XW /W (%)

0.373%geo fac

0.326%geo fac

0.298%geo fac

0.201%geo fac

¢ Tox / Tox(%)

0.101%geo_fac

0.0873%geo_fac

0.0804 *geo_fac

0.0543*geo_fac

Where geo fac=1/sqri(N*Lett* Weff) (1/um)

plotted in figure 3.7(a) to (g). Because there #&desets of comparator in this
architecture for 3.5bits per cycle, it needs touate for 7sets different reference

voltage. By estimating as Gaussian distribution, dtandard variatiors) is 5mV less

From 500 time Monte Carlo simulations, the disttitm of offset voltage is

than 25mV in constraint.
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Figure 3.8 500 times Monte Carlo simulation

(a) M=25mV (b) V,=75mV

(c) Vi=125mV (d) V,=175mV (e) i=225mV (f) V;=275mV (g) Vi=325mV

3.2.3 The Calibration Circuit

After the residue which subtracted by the analgmuinand the appropriate
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reference voltage is taken, the residue will beldiag to full scale and start the next
cycle of conversion. Figure 3.8 shows the calibratarchitecture [9] applied in this
3.5bits per cycle of the cyclic ADC. Because itqass 3.5bits per cycle, so the
residue needs to be amplified 8 times to the ftdles and the architecture adopts the
open-loop amplifier to be amplification circuit.

But how large of the stage amplifies by the opeploamplifier? The
calibration circuit with servo loop is adopted tontrol the stage gain to be 8. The
replica amplifier is the same as the open-loop dmptompletely. When the residue
is subtracted and hold in clock phase2, ther¥s sampled into the capacitor Cs at the
same time. Later, ther¢ris in the input of the replica open-loop amplifiBecause
of the charge sharing effect by .the parasitic capadn the input, the amplified
voltage would be less than 8 times gfgWat clock phase3. Finally, the 84 from dc
will be compared with the amplified g¢r In” the input of the error amplifier. After
comparing the difference between &Y and the amplified ¥er the output voltage
passes through the low-pass-filter in the backembfeedbacks to the both open-loop
amplifier in signal path and the replica in calitwa. By adjusting the control voltage,
it can provide a signal to fine tune the resistanceoth two open-loop amplifiers so
that it can control the stage gain is about 8 kg $krvo-loop. The detail of the

open-loop amplifier and the error amplifier areacluced in the below.
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Figure 3.9 Calibration circuit

3.2.4 Open-Loop Amplifier
The proposed open-loop. amplifier [10] is_shown iguFe 3.9, and it provides
the amplification for the residue to full scale.eTbpen-loop amplifier is a simple
common-source amplifier.The current source-Mnd-Msp.are added to enhance the
dc gain. Otherwise, to increase the linearity auuce the gain error, thesfand R,
are added. The voltage.y from.the calibration circuit could adjust the stance of

Mg to derive the amplified residue is as near theeaff 8\ker as possible.

-l- Vbp
Vb2

R+ Io oI | % Rp2
Vo Msp+ Msp2 Vi

4y

M; Rs1 Rs2
M
| Vb1 |
I Msni+ -+ MSNzl

Figure 3.10 Open-Loop amplifier
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the ratio between |8 and the sum of § and the resistor of M Because of the

parasitic capacitor effect in the input of opendcamplifier, the gain of it must be

The gain of this open-loop amplifier is

- IR
Ao" M1 Dll
1+gM1(RSl+2RMRj

(3.12)

If the product of g:1Rs; is much larger than 1, the gain could be simglifie

compensated and larger than the stage gain 8, whatiown

A, =

x stage gain
C+C, geg

(3.13)

, and the trend chart between the DC gain of thendpop amplifier and ¥ is

plotted in figure 3.10.
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Figure 3.11 The DC gain of the open-loop amplifiev.S Vctrl
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Figure 3.12 FFT of the open-loop amplifier

To ensure the linearity-of the open-loop amplifiecan be verified from the FFT
simulation, which is shown in‘figure 3.11. In thguire 3.11, except the main signal
tone in 1MHz, the more obvious sighal tone’in 3Mkm 3° harmonic distortion is
about -54.4dB. The "3 harmonic. distortion” is much less -44dB which i th
requirement of remained resolution aft&ratnplification.

Besides considering of dc gain, the unity gain adth is the other important
specification in the design of the open-loop anmgalifFrom the step response in
equation (3.14), the speed requirement can be giegpto equation (3.15). N is the
residual resolution,r, is the time constant of the open-loop amplifiexi &, is the
time for residue voltage amplifying. The unity gddandwidth from equation (3.15)

should be larger than 300MHz, and it is 322MHzhiis design.
V, =V, (1-e™") (3.14)

t, >0.69(N +1)7, (3.15)
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3.25 Error Amplifier

The error amplifier is in the calibration circumdis responsible to verify the
comparison result between the amplified residue8figr and drives the ¥ after a
low pass filter. It is composed by a dual sourcept® pair which verifies and
amplifies the difference, and a negative transcotamice load which enlarges the
gain. The amplifier cascades the common source inpto transmit out the
comparison result from differential to single eftie figure 3.12 shows the scheme of
the error amplifier. The dc gain of the error arigtiis 49.4dB, and total power
consumption is about 0.64mW. On the other hand,trdmesition behavior in servo
loop is shown in figure 3.13, and the settling tifoem static to active is less than

800ns.

Figure 3.13 Error amplifier scheme
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Figure 3.14« Error amplifier transition behavior

3.2.6 Clock Generator
Figure 3.14 is the proposed clock generator arctuite adopting the time
re-scheduling technique. The clock pulse from tbekcgenerator is not the same but
asynchronous for decreasing the time in procediseimemained cycle because of the

remained resolution is not as many as initial ctowli
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Figure 3.15 Clock generatior scheme

It is composed by frequency dividers, the multigleand delay chains. When
the clock signal from outside pulse generator isghe local clock generator, the 3
frequency dividers in series connection divide 200MHz pulse form outside into
100MHz, 50MHz and 25MHz respectively. The functadrthe first divider is applied
to get pulse with less noise and synchronous fopwke produced from the clock
generator. The D-Flip Flops with set/reset functeme series in connection, and
ensure the pulse could be a cycle. Then the puise the D-Flip Flops circle can
pass the delay chains and compose the clock palghki$ cyclic ADC. The proposed
waveform is shown as figure 3.15(a), and the sitrarlaresult is shown in figure

3.15(h).
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Figure 3.16 Timing diagram (a) proposed clock pgle waveform

(b) Simulation result
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CHAPTERA4
EXPERIMENT RESULT

4.1 Floor Plan and Layout

The implementation of the cyclic ADC has been iraged in a 0.18m CMOS
process. The active area of the ADC is 0.7x0.3ranmt the die size is 1.2x0.86rhm
Figure 4.1 shows the layout and floor-planning e thip. The analog and digital
parts are separated and main circuit such as opeshtamplifier and open-loop
amplifier are far away from digital circuit for rem issue. The comparators, switches
and capacitors array are placed between digitalnaaith analog circuits. ESD pads

are applied in all input and output of the chip.

-

(@)
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Figure 4.1 The diagram of chip (a) layout (b) floo-planning

4.2 System Simulation Result

4.2.1 Dynamic Smulation

Figure 4.2 shows the pre-simulated and post-simdl&T plot in TT corner.

The SNDR, SFDR, and ENOB at 1MHz and 5MHz inputhalgand at 10MS/s

sampling frequency are shown.
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Figure 4.2 Simulated FFT ,and at sampling rate=108/s

(a) Pre-simulation and 1MHz input (b) Pre-simulation and 5MHz input

(c) Post-simulation and 1MHz input (d) Post-simulabn and 5MHz input

The SFDR when input is in_1IMHz and 5MHz are 57.4all 58.9dB in

pre-simulation. The ENOB when input is- in 1MHz abMHz are 7.84bits and

7.81bits in pre-simulation respectively. The SFDRew input is in 1IMHz and 5MHz

are 54.6dB and 56.5dB in post-simulation. The: ENM@&n input is in 1IMHz and

5MHz are 7.79bits and 7.70bits in post-simulatiespectively.
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Figure 4.3 Pre-simulation and post-simulation in @rner
(a) Pre-simulation and post-simulation SNDR in corer

(b) Pre-simulation and post-simulation SFDR in corer

The variation from the wafer foundry will affectetttharacteristics of transistors,
so corner simulations for TT, FF and SS are alsulee. Figure 4.3 is the SFDR and
SNDR plot which is pre-simulation and post-simwatresult when input frequency
is from 1MHz to 5MHz, and the resolution are ab@v@bits in all corner, especially
in FF corner, it can achieve 8 bits. But in SS egrit will be worse. When sampling

in 5MHz, the simulation results will be worse tharLtMHz in all corners generally.

4.2.2 INL and DNL

INL and DNL show the non-linearity performance histcyclic ADC. Figure
4.4 (a) is the DNL and INL plot in pre-simulatiofthe DNL is about 0.6LSB, and the
INL is about 0.68LSB. In figure 4.4(b), the DNL aidL plot in post-simulation is
shown. The DNL is about 0.69LSB and the INL is OL8B. The linearity is worse in
the full swing near +400mV is because the lineanityopen-loop amplifier is not as

good as in small swing. The LSB is 9bit resolutioriull scale input.
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Figure 4.4 DNL and INL (&) Pre-simulation and possimulation DNL
(b) Pre-simulation and post-simulation INL
4.2.3 Specification Table

Table 4.1 shows the performance summary simulat€dligum TSMC CMOS
process. The conversion rate is 10MS/s and théuteso is 9bit. In post-simulation,
the ENOB is 7.84bit and 7.81bit at input frequercc§MHz and 5MHz, respectively.

The total power is 3.6mW. Then the digital circadnsumes about 1.5mW, and
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analog circuit consumes 2.1mW. The detailed powv&riblution is shown below in
figure 4.5.

The FOM is defined as

Power
FOM = 51
2ENOB » Conversion rate ®-1)

In this design, the FOM is 1.7pJ/Setp at input dety is 1IMHz and at

post-simulation.

Table 4.1 ADC specification of pre-simulation angost-simulation

Pre-sim Post-sim
Technology 0.18im CMOS process
Resolution Obit
Supply voltage 1.8V
Signal Swing +/-400mV
Conversion rate 10MHz
SNDR 48.77dB @ 1MHz @npt|:48.66d5 @ 1MHz inp
49.02dB @ 5MHz inpyt47.12dB @ 5MHz inp
ENOB 7.81bit @ 1MHz ?npuj 7.79bit @ 1MHz input
7.85bit @ 5MHz inpuff 7.70bit @ 5MHz input

2.1mwW  [Analog]
Power consumptiony 1.5mW  [Digital]
| 3.6mW [Total]
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Figure 4.5 Power consumption of each block

4.3 Experiment Result

4.3.1 Measurement Consideration

The environment of measurement is shown in figuée Bhe analog input signal
is generated from the signal generator E4438C naatwied by Agilent. Then the
analog input signal passes.through-the band-pkss{BPF) which filtered out the
noise. At the back of the band-pass-filter, theibas applied to transform the single
end signal to differential end, then the differahsignal transmits into the chip on the
PCB. All the analog and digital power supplies dodias current are supplied from
Agilent E3630A power supply, and the clock pulsgeserated from the pulse
generator Agilent 8133A. After the conversion rEshed, the resolved digital codes
are sent to the logic analyzer Agilent 16700. At the data could be downloaded to
the personal computer, and is processed to cadcthiatSNDR, SFDR and INL and

son on... by Matlab.
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Figure 4.6 The environment of measurement

4.3.2 Measurement Result

The die photo of this ADC is shown in the figur&.4The relative sine wave of
the ADC digital output when the analog sine signplts is shown in the figure 4.8,
and it is expressed by decimals. The figureislamio the triangular wave caused by
the 4" pad output inactive, and there is no any obvimitage variation near ground
from this pad when the analog input varies. Theeefbe 4' pad can't bring out logic
1 to contribute to this conversion. Besides, tis¢ thgital code might cause the output
failed to calculate the total conversion perfornent9 bits from FFT. The DNL is
about +43 /-1 LSB and the INL is about +38 / -Z@BLwhich are plot in the figure
4.9 and figure 4.10 respectively. Even though tial pperformance can't be shown
from FFT plots easily, some things still could jfysthe chip is active. At first, the
digital output could follow the varying analog irtgike the figure 4.8 which means
the total operation is normal in the analog circOitherwise the residue could be
wrong or the output of the open-loop amplifier @bbk saturated and the digital

output of the ADC must not be able to like showndAecond, the abnormal DNL
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and INL plots are caused from the lost digital cod8bits resolution. But if the
linearity range backed to the first 3 bits, the Ifdinge could be regarded as less than
1 LSB. It means the®Iconversion cycle is active. Both above the twsoea, the

ADC could be active if thepad is normal.
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Figure 4.7 The 'o- photo of the ADC
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Figure 4.8 The sine wave of the ADC output
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Figure 4.10 The INL of the ADC
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CHAPTER 5
CONCLUSION

Table 5.1 summarizes the benchmark of the perfocséor the cyclic ADC. The
power supply is 1.8V in this work, and the SNDRI&68dB and ENOB is 7.79bit in
simulation at sampling rate is 10MS/s and inpugjdiency is 1IMHz. The FOM shows
1.7pJ/step. Compare to other references shownbie tathe FOM performance is
better than [11]-[14] especially in power consuropti Otherwise, the paper [15] is
better in power consumption, but the sampling imtanly 1MHz less than this thesis.
Although the improvements of these ADCs [15]-[1i@ abvious in FOM, the similar

techniques and concepts are adopted such as timhsghedule and multi-bits

throughput.
Table 5.1  Performance summary of cyclic ADC
2005 2009 2006 This
JSSCJ[11] | JSEN[13] VLSI[12] Work
Technology 0.18m 0.18um 0.13um 0.18m
Type Cyclic Cyclic Cyclic Cyclic
Supply Voltage 0.9v 3.3V 3V 1.8V
Resolution 12bit 10bit 11bit 9bit
Conversion
Rate 5MS/s 14MS/s 10MS/s 10MS/s
SNDR 50dB 52.44dB 56dB 48.68dB
15mw
Power 12mw 21.62mwW| (ADC 10.5mW 3.6mW
DLL 4.5mW)
DNL/INL 0.6/1.4 0.79/1.89 0.9/3.5 0.69/0.9
Active Area 1.4mnt# | 0.381mmM 0.19mn# 0.21mn%
FOM(pJ/step) 9.3 4.5 2.9 1.7
Power
FOM = 25\°8 x Conversion rate
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The low power 9bit, 10MS/s cyclic ADC was fabricghtby 0.1&m 1P6M
TSMC CMOS technology, and the chip size is 1.2x0t862, the active area is 0.7x%

0.3 mmz.The total cyclic ADC consumes 5.7mW under 1.8V powupplies in real

because bias shift when measuring. It achievedFFRSf 54.66dB and an SNDR of
46.68dB, and differential nonlinearity (DNL) andtegral nonlinearity (INL) are
0.69LSB and 0.90LSB, respectively in simulation.

Although the measurement result is not as good egxpected, there are still
several characteristics could be effective. At fiise proposed slew-rate enhancement
operational amplifier can satisfy the high gainghthibandwidth and low power
without sacrificing the transition, behavior.. Sedprihe single capacitor scheme
enables the feedback almaost to 1, so that it cae dee design requirement of the
operational amplifier. Third, multi-bits throughpand. time re-scheduling technique
can accelerate the total conversion speed up toHEd Forth, the analog
background calibration technique which includes @FB in open-loop amplifier
could be applied to improve the SNDR and ENOB. &esi it can save more power

consumption further by turning off the calibraticincuit.
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