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Abstract

Because of the advanced IC technology, the micratunzation of biomedical
devices has been achieved. Implantable biomedaates are used to cure some
neural disease.

This paper presents a 1.8V, 10-hit 500-kS/s lowgrosuccessive approximation
(SAR) analog-to-digital converter (ADC) for implaitle epilepsy devices in
TSMC 0.1&m 1P6M CMOS process. In order to achieve low payesign, an
efficient capacitor array is proposed to signifitaneduce power consumption.
First, a binary weighted capacitor array is casdddeeduce 50% switching energy.
Then, part of the junction-splitting switching methis applied to further reduce
power dissipation. The proposed capacitor array oohsumes 40 % power
dissipation of a conventional binary weighted capaarray, and has the same
capacitance mismatch performance.

Measurement results of the proposed SAR ADC skatvthe total power
consumption is 8nW, the signal-to-noise-distortion ratio (SNDR) @f.% dB, and

the effective-number-of-bits (ENOB) is 7.03.
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Chapter 1
Introduction

1.1 Background

1.1.1 Implantable biomedical devices

In the past tens of years, the development of@Ghmdiustry was marvelous, and
now it is still rapid growing. Because of the adeath development of the IC
industry, many devices, which were fixed at cerfdaces before, can be easily
carried by people now, such as.phones, computedianplayers, etc. Those
influential products enrich modern people’s dailg,land it's the time to go deep
into people’s health care. The maobile applicatifmmdbusiness and entertainment
are mature now, but there are rare mobile medeakds at the market. After
taking care of people’s work and happiness, pespiealth care becomes the latest
focus of the IC industry.

Because of better medical care, the longevity oppeis extended in developed
countries. On the other hand, the expense of lmgnhgp a child in developed
countries is more expensive, so the birth rateasgally declined. Therefore, the
health care for elder people will become a majsuésin aging societies. A lack of
manpower to care elder people is an inevitablelproln the coming future.
Fortunately, the advanced IC technology may sdiieimportant problem.

Traditional medical devices equipped in hospitaésa@mbersome and fixed at

certain places. That makes patients inconveniewatl around, and people can

1



only receive treatment in hospital beds. For soateepts who need to receive
long-time observation, it is inconvenient and uressary to go to hospital
frequently. Therefore, an implantable medical devar long-time observation is
necessary for better health care, and medical stafbe released to serve serious
patients. Because of the advanced IC technologymilarominiaturization of some
medical devices has been achieved.

An implantable biomedical device is composed of yfamctional blocks, such
as pre-amplifiers, analog-to-digital converterg] digital signal processors.
Analog-to-digital converters (ADCs) are ubiquitdalecks that are used in almost
all electronic systems to convert physical analggas to digital data. Often, an
ADC is accompanied with a digital signal proceq&#8P) to further process and
manipulate data in the digital domain. Currentdiseare to implement as much as
the signal processing as possible in the digitaiaia.

In general, the signal process is preferred todme dvith digital approaches than
analog ones. Because digital signal processor (Dh&$J)arge noise margin and is
insensitive to circuit imperfection. Furthermorewerful DSP is able to perform
complex algorithms or execute programs. The natigalals are continuous-time
analog, so an analog-to-digital converter (ADCgssential. The quality of the

digital signals depends on the ADC performance.

1.1.2 ADC Architectures

An advancement of portable biomedical devices hiatgd integrated circuits
towards very low power consumption in order to egteperation time of battery.

To guarantee long-life operation, it is importamdttthe system should have low



power consumption.
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Figure 1 ADC architectures, applications, resolutio, and sampling rates.

The classification in Figure 1 [1] shows in a geth@ray how these application
segments and the associated typical architectalat® to ADC resolution (vertical
axis) and sampling rate (horizontal axis). The dddmes represent the
approximate state of the art in mid-2005.-Even gihothe various architectures
have specifications with a good deal of overlap,dpplications themselves are key
to choosing the specific architecture required.

In the past few years, more and more applicatioaailt with very stringent
requirements on power consumption. For electroystesns, such as wireless
systems or implantable devices, the power conswm|iibecoming one of the
most critical factors. The stringent requirementgtee energy consumption
increase the need for the development of low vel&ud low power circuit
techniques and system building blocks. Analog-tptdi Converters (ADCS)
translate the analog quantities into digital larggjaused in information processing,

computing, data transmission and control systerB&C#are key components for



the design of power limited systems, in order tegkéhe power consumption as
low as possible.

Among the important trade-offs in an ADC, is thbetween speed and
accuracy. The choice of ADC architectures dependf® application and the
requirements of the overall system. In additiorthearchitecture has its own
limitation on different performance criteria, sueh speed, power, and area.
Nowadays, power consumption is one of the impodastgn specifications in
almost all applications. A good understanding effimdamental limits of ADCs
is necessary to achieve an ultra-low-power dedigase fundamentals are
overviewed in this section.

In order to select the right type of the desiredvester, a careful analysis of
various classes of converters.has been conduct@aactical terms, ADCs can
be divided into sigma-delta and Nyquist-rate coterst Among Nyquist-rate

converters, flash, pipeline, and SAR architectarespopular.
® Sigma-Delta ADC

Figure 2 shows the two major building blocks aigma-delta converter are
the analog modulator and the digital decimatiaefilA sigma-delta ADC
contains very simple analog electronics (a compareabltage reference, a
switch and one or more integrators and analog sumgneircuits), and quite
complex digital computational circuitry. Sigma-detionverters trade speed for
resolution. They need to sample many times (at [EBimes and often more) to
produce one final sample dictates that the inteanalog components in the
sigma-delta modulator operate much faster thafinaédata rate. The digital
decimation filter is also a challenge to design gederally consumes a larger

silicon area than a simple output decoder. Signit@&®Cs are preferred for
4



the highest levels of bit resolution and demang Vvast oversampling clocks
making them inherently low-speed converters. Thelchenerator has a direct
influence on the signal-to-noise ratio, but thestequirement for the clean
clock generator makes sigma-delta ADCs not suitfdoleow-power
applications.

AMALCG MCDULATCR

IMTEGRATER COMPARATCR

1BIT ’
DIGTAL
FILTER BITS

Figure 2 The two major building blocks-of a sigma-eélta converter are the

analog modulator and the digital decimation filter.
® Flash ADC

Flash ADC, which is shown in Figure 3, sometimdkedagparallel ADC, is the
fastest type of converter, but has limited resoluthigh power dissipation and
relatively large chip size. The main reason forhilgh power consumption is the
large number of comparators. For an N-bit convewerwould need (21)
comparators, this means that the number of comparaicreases exponentially
with the number of bits. The comparator is onehefrost power hungry
components in ADC. Focusing the attention on liimé& power dissipation,
different topologies that decrease the number ofparators needed, or avoid

that block, should be taken in consideration.
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Figure 3 Flash ADCs include 2! comparator banks and a reference

resistor-divider network

Pipeline ADC

An approach to breaking the exponential dependehttee number of
comparators on resolution is the use of a pipdiDE. Instead of fully parallel
comparison, it divides the conversion into seveaahparison stages. Therefore,
the total number of comparators is greatly reduoeti, N comparators required
for a 1-bit per stage, N-bit pipeline ADC. HoweMier, the pipelined structure
inter-stage residue amplification is needed whimhstimes considerable power
and limits high speed operation. While it is pokstb make use of open-loop
residue amplification, an extra calibration looméeded, increasing overall
complexity and power consumption. Figure 4 showespiipelined ADC with

four 3-bit stages (each stage resolves two bits)
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Figure 4 The pipelined ADC with four 3-bit stages €ach stage resolves two

bits)

® SARADC

Figure 5 shows typical successive-approximation Al@@nsist of a single
DAC, a comparator, and a successive-approximagigister (SAR), plus a clock
and logic control. For low conversion speed, an $Rroach is often used
since it also divides a full conversion into severnparison stages in a way
similar to the pipeline ADC, except the algorithsrexecuted sequentially rather
than in parallel as in the pipeline case. An NSAR converter utilizes only one
comparator with N clock cycles to complete a falheersion. Thus, the total
power consumption is normalized to approximatelg,amhile speed is now 1/N.
Since the ratio of power and speed representsiige consumption per
conversion sample, SAR converters clearly haveveepefficiency advantage
over the other approaches. Due to the fact thgboleer efficiency difference
between SAR and flash topologies increases expiatignwith the number of
bits, N, a SAR converter provides a promising stgrpoint of the successive

approximation algorithm has traditionally beennaitation in achieving
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high-speed operation.

After careful consideration, SAR ADCs are sele@sdhe preferred
converters for biomedical applications because adienate resolution and
moderate speed. Flash converters are simple addarseery high-speed
applications. However, the resolution of flash centers is too low to be used in
biomedical devices. On the other hand, the higbsolution than flash
converters could be achieved by applying the pieedirchitecture, but pipeline
converters is slower than flash converters. Abaeekinds of Nyquist-rate
converters are not suitable for the biomedical iappbns because the operating
sampling frequencies are much higher than the rakdpplications needed. The

higher frequency converters are operated at, thre power they consume.

ANALOG AMALOG
INPUT, REFEREMCE,
YN | * ‘ VREF
—_— + D

&
LI TAL
QUTPUT

SUCCESSIVE
APPROXIMATION

CLOCK  |————m| REGISTER AND CCNTRCL

Figure 5 Typical successive-approximation ADCs corst of a single DAC, a
comparator, and a successive-approximation regist€dSAR), plus a clock and

logic control.



1.1.3 SAR Architectures

The ADC block is a large part of overall power aamption in the biomedical
application, therefore the low power consumption@\B required. SAR ADCs
are the most widely used for low energy applicatioe to its minimum analog
blocks.

In SAR analog-to-digital converters, a large amafrgower dissipated in
switching the capacitor array. For this reasoness\VDAC topologies have been
implemented in order to reduce the switching energy

® Binary weighted capacitor array DAC

Figure 6 Single ended binary weighted switched cap#or array DAC

This DAC [4][5][6] (Figure 6) is an array of binavyeighted capacitors plus one
additional capacitor of weight corresponding to lds# significant bit (LSB), and
switches that connect the capacitor bottom platéad different voltagesv rer,
and ground.

® Junction-Splitting Capacitor Array
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The J-S capacitor array [7] (Figure 7) consista_ alimber of serially connected

sections each of which is composed of splittingacétpr. The desire oyt is

created by appending a sub-capacitor section tpringous capacitor array.
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Figure 8 How to make the desired capacitance ratifor the J-S capacitor array

In Figure 8, the denominator and numerator reptsgemr andCy,

respectively, can be seen tlabr is not constant, it increases during the
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conversion process. First, the MSB, b0, is detegchiny comparing the input
voltage with a half reference voltage. The halérehce voltage is achieved by
using the two smallest capacitors, one connectéaetground and the other
connected to the reference voltage. Then, thevatdge to be compared is made
by connecting a sub-capacitor section, one atea.tim

® Energy Efficient Charge-Redistribution DAC

2
-“""-"'l'lln C ] C -CMSB
W MSE C
Vpag Wit v i
_,.-F"" C
Comparator ;'J’ Vet - V213 - t
T +
L E \_r' l:) __E!G1 gﬁ I?ME %M
11 BIG2 il
Register Voac -|- |'/"J J_C.;.CMSE
} Output - ; T

time
Figure 9 Energy efficient charge redistribution DACfor SAR application.

In energy efficient charge redistribution DAC, [fist, we reset to a state where
the MSB is high and all other bits are low. Next, is sampled onto outpMpac.
In a single-ended ADC, VDAC is comparedugy:. The comparator decides if the
MSB should remain high or set low during the rerdainof the conversion. Next,
MSB-1 is set to high and the procedure is repeateiil, N comparisons have been

done for N bits. The difference with respect totifaglitional charge redistribution

%
DAC is that the voltage ov&, is charged from O to V in n steps ?{f

1.2 Motivation

As the biomedical technology and IC processingrietdgy grow rapidly, it is
11



possible to realize a neural recording system single chip instead of the
conventional one composed of many discrete compsnehich leads to large
power consumption with extra costs. Furthermoreetiuce the patients’
discomfort for long-term monitoring, it is encoueato develop a small-size,
light-weight, and implantable system.

Now, we are trying to develop an implantable Emlepgetection and stimulation

system. The system block diagram is shown in Fig 10

3 Powerljdelivery
Brain Wave! Brain
Cortical
Stimulation

h
ot
h J

A
L 4

I - DT R T Rectifior/ Power
e oac Jed ose Jef anc bin] | rcue
A
Y e Y
. lmpla.rled ..m s Neural Activity
Device Command/ —, Waveforms (for
Instruction ~= Monitoring) _/J

Monitor] Y Tx/Rx j;:.qon itoring/

Instruction

t } Controller

Figure 10 An implantable Epilepsy detection and stulation system

Target specifications of the ADC block are decibbgdhe bio-signal bandwidth.
According to the demand from doctors, they wardliserve the bio-signal
between 0.1 Hz ~ 7 KHz. Figure 1-8 shows 8 one AQ@ preamplifiers under
the consideration of area size. Finally, the speatibn of the ADC is shown in

Table 1-1.

12




Figure 11 One ADC for 8 preamps

Target Specifications

Technology TSMC 0.18um
Resolution 10
Sampling Rate(S/s) 500 K
Input Range 0~1.8V
Differential Nonlinearity <0.5
Integral Nonlinearity <1
SNDR@DC >55.94
ENOB@DC >9

Table | Target specifications of the ADC

13




1.3 Main Results and Thesis Organization

1.3.1 Main Results

A low power 10-bit 500-kS/s SAR ADC for implantalapilepsy devices is
designed and measured. In order to achieve low pdasggn, the power
consumption of the capacitor array must be firsistaered. An new capacitor array
is proposed to significantly reduce power consuamtfirst, a binary weighted
capacitor array is cascoded to reduce 50% switabmaggy. A binary weighted
capacitor array has good capacitance mismatchmpeafece, but consumes a lot of
power dissipation. Two same capacitors are cascimdextiuce total capacitance
and power consumption. A cascoded binary weighdgacitor array also has better
capacitance mismatch performance when using the sama of the unit
capacitance. Then, part of the junction-split siirig method is applied to further
reduce power dissipation. The junction-split swilighmethod is very efficient, but
has problems of floating elements and capacitansmaich. Part of this switching
method is applied to take the benefit and avoidehmoblems

The proposed SAR ADC is simulated with low powensiamption of 8QW,
SNDR of 59.26 dB, ENOB of 9.55. This design is iempknted in TSMC 0.18m
CMOS process.Measurement results of the fabricagd®l ADC perform low
power consumption of 85W, SNDR of 44.10 dB, and ENOB of 7.03. The chip
area is 1 mrm Modified simulation results perform low power somption of 83

uW, SNDR of 57.53 dB, and ENOB of 9.26.

14



1.3.2 Thesis Organization

This thesis is divided into four chapters. Chagtertroduces the background
and the motivation of this research. The propos&d Sonverter will be presented
in Chapter 2. Design consideration of the convesteliscussed in Section 2.1.
Then the design procedure is presented in SectirPdst-simulation results are
shown in Section 2.3. The experimental results pglshown in Chapter 3. Finally,

the conclusions and future work will be presente@hapter 4.
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Chapter 2
Circuit Design and Simulation
Results

2.1 Design Consideration

The successive approximation (SAR) analog-to-digaverter (ADC) has
recently been widely used for moderate-speed mualeesolution applications
where the power consumption is of major concerm iajor advantage of SAR
ADC is simple and low power because the SAR ADCsdu# need operational
amplifiers.

Two major design issues; which decide the perfaceaf SAR ADCs, should
be thought over to achieve a goad.and robust desiginst, a suitable unit
capacitance size for the capacitor array is chtseeduce the thermal noise and
capacitance mismatch. The accuracy of SAR ADCryisfecantly influenced by
these two factors. However, when SAR ADCs are fiseligh resolution
applications, the unit capacitance size is detezthlsy capacitor mismatch. The
thermal noise is small enough to neglect.

The other major design issue is the efficiencgwitching methods for the
capacitor array. For high-resolution applicatidhg, switching energy dominates
the total power consumption of the SAR ADC. Manfycednt switching methods
are developed to reduce the switching energy. Witetsing energy is significantly

decreased by those methods.

16



2.2 Circuit Design

2.2.1 A Conventional SAR ADC

A conventional binary weighted SAR converter iswhan Fig 12. A SAR
converter is basically composed of three main pa@isy are a capacitive
digital-to-analog converter (DAC), a successiverappnation register, and a
comparator. A capacitive DAC and a successive apation register produce an
approximation of the input signal. A comparatocasnposed of preamps and a
latch, and determines whether the approximatidéadashigh or too low. The
approximation is improved by knowing the resultlod last comparison, and the
process is repeated until the entire digital wsrdecoded. The algorithm is

described below.

SsampLE Vy
R o o & Cy.=2"°Cy C=Cy Co 9
Vi ° 1 1 1 1 _J
Sws Sto S Sior Suy Srr Sug Sp Voo +
Vrer 7[ Z( Successive
vV, £ .SSA}MPL.E " Sdirde Ssihiprd < Approximation
N Register

Figure 12 A conventional SAR ADC

In the sampling cycleSsavpLe iS high, and the entire capacitor array stores the
voltageVuip - Vin. At the end of sampling cycl&savpLeis reset to low. Then, the
successive conversion cycles are coming. At thenbegy of conversion, the MSB

capCy, is connected t¥ rer, CcausingVx to settle to
17



VrEer (1)

Vy=Vy;p —Viy + >

And the latch output is

VREeF (2)
2

Vrer
2

1, Viy >
Dl =
0, Vyy <

The latch output controls the next switch transitikh D1 is high, the second
largest capacitor is connectedMger (Sy b1 =1), raising the voltage &ty (this
action is called an “up” transition). On the othand, ifD; is low, Cy, is returned to
ground andCy.1 is connected t& rer (a “down” transition).

The above process is repeated for successiveitagan the array. At each

stage, the value &fx is

Cr
Vy = Vip = Vi + ==Y, (3)
X MID == Cr o Cp | BEF

WhereCy is the sum of all capacitors connected to theeefee voltage\rer),
andCsg is the sum of all capacitors connected to ground:

Cr= Z 2i71¢, for i such thatSy; = 1 (4)
i

Cp = ZZi‘ICO for i such thatSy; =0 (5)

2.2.2 The Proposed SAR ADC

Figure 13 shows the architecture of the proposed S8RC. A new DAC is
proposed to significantly reduce power consumptamd a better switching method

[7] is applied to the DAC, too.
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Figure 13 The proposed SAR ADC

The following sections will detailed describe thesdn of each block,

including the DAC, the comparator, and the 'suceesspproximation register.

2.2.3 Digital-to-analog converter

The DAC is the most critical component of SAR AD@sd should be considered
carefully. First, the total area is dominated by BAC composed of many
capacitors. Then, although there is no static pamsasumption from the capacitor
array during the operation, the transient poweob®s more enormous because of
requiring the higher accuracy and speed performartee DAC consumes a major
portion of the total power. Therefore, how to regltite area and the power
consumption of the DAC is the most popular reseashe about SAR ADCs in
recent years.

The unit capacitance size and the binary weigb#gécitor ratio are the
reasons that a conventional capacitor array ocsiggenuch area. The thermal

noise and the random mismatch between two adjaeguaicitors resulting from
19



different technology decide the unit capacitanze.din most conditions, the effect
caused by the thermal noise is too small compartdtie last significant bit (LSB)
voltage of ADCs so that it could be ignored. Withthe effect of the thermal noise,
the random mismatch between two adjacent capadsiding only factor, which
decides the unit capacitance size. In a few wdhdshigher accuracy the ADC
requires, the larger size of the unit capacitasce i

A binary weighted capacitor array is the easiest twwamplement a DAC, but it
requires many different values of capacitors, whidemands much area. For an
N-bit capacitor array, the largest capacita2'\s times larger than the unit capacitor.
Although many non-binary weighted capacitor arraesdeveloped to reduce area
and power consumption, they also make the accyradgrmance worse. In short,
this is an area / accuracy tradeoff. The mostiefitcway to reduce area is to
implement a DAC by using the most advanced tectyyolbhe random mismatch
between two adjacent capacitors.could be improyeithd newest technology.

The other design issue of a DAC is the power compsiam. For a binary
weighted capacitor array, the power consumptioanof+1 bit resolution capacitor
array is 2 times more than an N bit resolution cdpaarray. Therefore, for
high-resolution applications, the power consumptba DAC becomes enormous.
However, a conventional switching method is vesfficient because many
unnecessary switching steps waste considerablerpdie operations of the “up”
transition and the “down” transition are descriloe&ig 14. During the operation
of the “up” transition, the value &fy is lifted from 1/2Vger to 3/4Vger, and no
power is wasted. However, during the operatiorhef‘dlown” transition, the value
of Vx is first down to zero, and then lifted to M4gr. Obviously, there is much

power wasted during the operation of the “downhsiion because the

20



unnecessary charge / discharge actions. How te tbescharge saved in the
capacitor array is an efficient way to improve swatching method.

Veer Virer Vieer VREF

c; I c.rie |
J_ g : S L5, o :>
Cn J;CG C;—gcﬂ Cﬂ

(a) (b)

Figure 14 (a) the “up” transition (b) the “down” tr ansition

A. A cascaded capacitor array

A binary-weighted capacitor-array is chosen becafisiee capacitance
mismatch performance, which-decides the accuratlyeoSAR converter. Instead
of a conventional binary weighted capacitor areagascoded binary weighted
capacitor array is used to have the same capaeitarstnatch performance and

consume less power dissipation. A cascaded capaecity is shown in Figure 15.
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(a)
512C,256C,128C,64C,32C.16C, 8C, 4C, 2C,

Figure 16 (a) a conventional capacitor array (b) @ascoded capacitor array

When catching sight of this architecture, for thstftime, the first impression is
that a cascoded array occupies more area. Howeeeunit capacitance size of a
cascoded capacitor array is different from a cotiveal binary weighted capacitor
array.

In this design, the total capacitance is large ghdo neglect the effect of the
thermal noise. Therefore, the unit capacitanceisidecided by the random
mismatch between the two adjacent capacitors. Timatch factor is given by the
TSMC 0.1&m technology. The detailed Monte-Carlo analysizedormed to
determine the value of the unit capacitance. Resiithe analysis are shown in
Table I1. From the results of the analysis, a smaller gsizée unit capacitance for
a cascoded capacitor array is needed to meet the @ecuracy requirement.
Ideally, the size of the unit capacitance for acoded array is half of the value for
a conventional array. That is to say, no more ereaquired to apply this
architecture. Because of the limitation of the textbgy, the size of the unit

capacitance is chosen as 20 fF.
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Curit Mismatch (LSB)
(wmxum) 1 Sonventional Capacitor Array | Cascoded Capacitor Array
4x4 0.46 0.33
9X5 0.37 0.27
6x6 0.31 0.20
<7 0.26 0.17
8x8 0.23 0.15
9x9 0.22 0.14
10x10 0.2 0.12

Table Il The Monte-Carlo analysis of the random misgnatch

A cascoded capacitor array only-consumes half posesumption of a

conventional capacitor array when using the sa@edithe unit capacitance.

B. Junction-Split switching method

In addition to applying a cascoded capacitor attegymethod of the
junction-split capacitor array is applied to thepwsed capacitor array in order to
further decrease power consumption. The switchiggsition of the junction-split
capacitor array is shown in Figure 17. In caseutpot code 000, the J-S capacitor
array consumes one seventh of the energy requirdekiconventional capacitor
array. The switching energy consumed by a conveaticapacitor array at each
step is computed as follows, whétg E; andE; represent the energy required to
determineDg,D;, andD,.

Ey = _VREF4‘C(_%VREF -0)= ZCVI%EF (6)
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3 1 5 2 (7)
E; = —Vggr2C (‘ ZVREF - EVREF> = ECVREF

1

E; = —VgerC (_ZVREF - _VREF) - 2CVI%EF (8)
8 4 8

On the other hand, the switching energy consumdtdoy-S capacitor array at

each step is computed as follows:

1 1 . (9)
Eo = —VrerC(—5 Vrer — 0) = 5 CVigr
3 1 1
E; = —VggrC <_ZVREF + EVREF> = ZCV}%EF (10)
7 3 1
E; = —VgerC <— g VREF T ZVREF> = §CVI%EF (11)

4C 2C C C

w LLILl1 1
wo bl lwll

Step 0 Step 1 Step 2
4C . 2C . C C 4C . 2C C C C C
Infand ﬂ Ind m T1
(b) T
i 17_ Vieer l l 17_ Virer Virer l

Figure 18 Switch transitions of the 3-bit capacitorarray in case of code 000.
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A

(a) For the conventional capacitor array. (b) For he J-S capacitor array

The power consumption is remarkably reduced byltBecapacitor array, but the
accuracy performance is also significantly worsehgyJ-S capacitor array. For the
purpose of avoiding the accuracy problem, the switg method is only used to

reduce the power consumption of the MSB decision.
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C. The proposed capacitor array

The schematic of the proposed DAC capacitor agapown in Figure 19.

——o Vy
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Vier © ‘ y ‘
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Figure 20 The schematic of the proposed capacitorray

The operations of the proposed capacitor-arragsifellows. First, for the
purpose of avoiding charge accumulation betweensevies capacitors, the
charges on the two capacitors are released byntyom Sget, Ssavz, and Ssawia.
Otherwise Ssam1 andSsam4 are off. After all charges on the capacitors ateased,
Sret is Off, butSsamz andSsams are still on. At the same time, the operation of
sampling is started by turning &aw. At the end of the sampling cycBsaw: is
off to end the operation of sampling. Besid®aw. is also off. After the operation
of sampling is completed, the conversion is starié@ bottom ofCys is first
connected t& rer, and others are connected to the ground exclutimgottom of
Ci08. The bottom ofC;9s remains floating. The value bfx is as follow.

1 12
Ve =Vyip —Vin + EVREF (12)
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If Vx is higher tharVyip, the most significant bit (MSH)y is 0; alternativelyD1o

is 1. After the first conversion cycl8gwma is on for the operation of the J-S
switching method. No matt&, is 1 or 0,S4 ¢ keeps on during the second cycle of
the conversion. However, g is 0, the bottom of ;05 is connected to the ground.
The value oV is as follow.

1 13
Vy=Vyip —Viy + ZVREF (13)

Alternatively, the bottom of;0g is connected t&rer. The value oWV is as follow.

Ve =Vup = Vin + %VREF (14)
Again, the value oY x is compared witlV yp to decide the second significant bit
Do. According to the value ddq, the bottom ofCqs is connected to the grounddb
is O0; otherwise, the bottom @fys is.connected ¥ rer.
The remaining bits are going to be converted Bgvis. When the conversion

cycle forD; is coming, the bottom d@ig IS first.connected to VREF. Then, the

connection ofC;g depends on the result Bf as follows.

D = {1, The bottom of C;; is connected toVggr (15)
£ o, The bottom of C;; is connected to the ground

There are ten conversion cycles needed for 1febdlution. When the
conversion is completed, 10 bit output codes amesmitted at the same time. All
control signal status are listed inTable Ill. Tkétshing comparison is shown in
Figure 21. The proposed capacitor array consumigs40fo power dissipation of a
conventional binary weighted capacitor array. Feg2? shows the timing diagram
for the conversion. A complete signal conversidesatwenty clock cycles to

finish.
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Normalized Energy
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Figure 23 Switching energy.comparison
Switch Status
Operation
ON OFF
Reset SrET, Ssam2, Ssama Ssam1 » Ssamia
Sampling Ssam1r Ssamz, Ssamis SrET) Ssama4
Conversion oD1g Ssama SRET, Ssamt, Ssamz, Ssamvia
Conversion 0Dg~D; Ssam4 SRET) Ssamt, Ssamz, Ssavis

Table Il Signal Control
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S1 [ ]

Figure 24:The timing diagram

In order to finish a good design for the proposaplacitor array, the common
centroid capacitor array layout is required. Figelseshows the detailed floor plan

for the proposed capacitor array.
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Figure 26 Floor plan of common centroid capacitor eay

2.2.4 Comparator

-resolution applications, the comparatorstones more power than the

For low

DAC. Recently, the SAR architecture is applieditghfresolution applications, and

the DAC dominates the power consumption of the AxCddition to low-power

design of the comparator, the offset voltage ofctvparator attracts more

ThedH diagram of the comparator is

attention for high-resolution applications.

shown in Figure 27. Three stages of preamps aktosggnificantly reduce the

offset voltage. The latch is used to yield the atiapidly. The detailed circuits of
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the comparator and the latch are shown in Figur@&8e 1V and Table V shows

transistor sizes of the preamp and the latch.

Vumn Viip Viip

! ]

z{ VsumpLe i VsumpLe VsumpLE
| | | | 7 | | 7(
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> > Latch [° Out
+ + |

VX >
_I_
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Pre-Amp Pre-Amp & Pre-Amp
I VsampLe i VsampLe i VsampLe
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Figure 29 The block diagram of the comparator
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Figure 30 (a) The circuit of the preamp (b) The cicuit of the latch
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Transistor WI/L (pm) Multiple

M1, M2 0.5/0.18
M3, M4 0.25/6 1
Mb1 20/0.18

Table IV Transistor sizes of the preamp

Transistor WI/L (pm) Multiple
M1, M2 1/0.18 1
M3, M4 1/0.18 1
M5, M6 1/0.18 1

M7 1/0.18 1
Mc1l, Mc2, Mc3,
0.25/0.18 1
Mc4, Mc5

Table V: Transistor sizes of the latch

2.2.5 Successive Approximation Register

Digital control circuits include the successive mpgmation register and control
logics. The successive approximation register ggasrithe pulse signal for every
bit conversion cycle, and stores the outputs géeeitay the comparator. The
control logics are composed of many simple logitegaand control the switches to
connect to the ground ®frer.

The successive approximation register, which ispmsad of many D Flip-Flops,

is shown in Figure 31. The detailed circuit of &lip-Flop is shown in Figure 32.
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Figure 33 The two main parts of the successive apmximation register. (a)

The pulse generator generates the pulses needed éwmery bit-cycle

operation. (b) The register stores the-output codduring the coversion.
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Figure 34 The detailed circuit of a D Flip-Flop.
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2.3 Post-Simulation Results

2.3.1 Dynamic Performance

In addition to the DNL and INL, which are usualbferred to as static (low
frequency) performance measures, another metdetermine the dynamic
performance of the ADC is to measure the distontadio by applying a sinusoidal
input signal and analyze the output codes in terhfiequency content. The
frequency power spectrum can later be used to ledédcthe signal-to-noise and
distortion ratio, SNDR, which is the power strengtid the
effective-number-of-bits, ENOB, which is the actuzdolution of the ADC. The

ENOB is defined as:

SNDR—-1.76 ( 16)

ENOB = 6,02

where the SNDR is the signal power divided by asyodtion and noise in the
ADC output with unit in dB.

Figure 35 shows simulation results of 50 kHz 1.8put sine wave. From the FFT
analysis, the signal to noise and distortion réBNDR) is calculated as 59.26 dB,
and the effective number of bits (ENOB) is 9.55FIgure 36, detailed simulation
results are performed to compare SNDR at diffeirgnit frequencies and different

corners. Table VI is shown the detailed data number
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Figure 37 FFT Analysis of TT cornerwith 1.8V 5.6 Kz input sine wave
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Figure 38 SNDR of different input frequencies and dferent corners
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Corner Input frequency SNDR
1 kHz 58.82 dB

T 5 kHz 59.26 dB
50 kHz 58.89 dB

150 kHz 59.00 dB

250 kHz 58.98 dB

1 kHz 57.40 dB

SS 5 kHz 57.30 dB
50 kHz 57.50 dB

150 kHz 57.05 dB

250 kHz 57.67 dB

1 kHz 59.70 dB

FF 5 kHz 60.02 dB
50 kHz 60.22 dB

150 kHz 60.10 dB

250 kHz 60.01 dB

Table VI SNDR of different input frequencies and diferent corners

2.3.2 Static Performance

The DNL error defines the difference of the inpudtl of each code with the
ideal input width. Although each unique ADC outpatle corresponds to a certain
input signal range, the output code width can lgh8Y different in reality. When
the output code corresponds to a large range ahph signal, it means the code
appears too many times comparing with other cotlas. results the DNL error to
be positive. Consequently, a narrow output codeatds a negative DNL. The

DNL equation is defined as:

W(a) - Wideal ( 17)

DNL(a) = T
1dea

The DNL error unit is defined as an ADC LSB. If thélL error is -1LSB, it means
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there is a completely missing output code. As noseid earlier, the output offset
and gain error must be removed before calculatisgXNL and INL.

The INL defines the error between the appearahaeecertain output code and
the actual ideal appearance of the output code.i$lalso the integral of the DNL
errors. INL error is also presented in terms of AD&B. Because the INL
measures the integral of the output code erroesptagnitude of an INL error can
be greater than 1LSB without having any missingpoutodes. Figure 39 shows
the differential nonlinearity (DNL) of the propos8&R ADC. The simulation
result of the DNL is +053/ -0.64 LSB. The integnahlinearity (INL) is shown in

Figure 40, and the value is +0.66/ -0.58 LSB.
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Figure 41 DNL
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2.3.3 Simulation Results and Comparison

The specification table of the proposed SAR ADGhewn in Table VII. In Table

VIII, the comparison table shows the comparisomwiher references.

37



Target

Specifications

Post-simulation

TSMC 0.18-um CMOS Process

Technology
Resolution 10
Sampling Rate(S/s) 500 K
Input Range 0~1.8V
Differential <0.5 0.63/-0.54
Nonlinearity
Integral Nonlinearity <1 0.66/-0.58
SNDR@DC >55.94 59.26 dB
ENOB@DC >9 9.55
SNDR@Nyquist Rate >55.94 58.89 dB
ENOB@Nyquist Rate >9 9.49
Power Consumption 80 pW
222

Figure of Merit
(fJ/Step)

Table VII:Simulation results
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This

[4]

[5]

[6]

(8]

9]

Work JSSCO03 ISSCCO JSSCO07 ASSCC JSSC10
6 09
0.18 0.18 0.18 0.18 0.18 65
Technology
pm pm pm pm pm nm
Resolution 10 8 12 8 10 10
Sampling 500 K 100 K 100 K 400 K 500 K 1M
Rate(S/s)
Input Range 0~1.8 0~1 0~1 0~1 0~1 0~1
V)
Supply 1.8 1 1 1 1 1
Voltage (V)
ENOB 9.49 7.9 10.55 7.31 9.4 9
Power 80 3.1 25 6.15 42 1.9
Consumption
(rW)
FoM 222 129 167 97 124 4.4
(fa/Step)
Normalized 68 129 167 97 124 4.4
FoM
(fa/Step)
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Chapter 3
Experimental Results

3.1 Layout Descriptions

The die microphotograph is shown in Figure #B8Figure 44, the location of
each individual circuit block is marked on the cdet@ SAR ADC layout. The
overall circuit area is 1 mmFrom this figure, it can be seen that the majaft
the ADC area is occupied by the capacitor arrag. difitire layout was done very
conservatively in terms of area,.especially. theacdpr array. The sensitive
comparator circuit is separated from the succesgmpeoximation register circuit

by large space. In this way, the coupling effectidde suppressed.
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uccessi

Figure 45 Die microphotograph

3.2 Measurement Setup

The measure environment setup is shown in Figurddé signal generator SRS
DS360 is used to generate hundreds of kilo heniz wiave. The supply voltage is
from Agilent E3631A , which provides a stable 1.80v'the proposed ADC.

Finally, The logic analyzer Agilent 16822A is udedeceive 10-bit output code of

the ADC.
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Figure 47 Measurement Setup

3.3 Measurement Results

This section describes the performance of the ADithvis packaged and tested

using a custom PCB board.

3.3.1 Dynamic Performance

Figure 48 shows measurement results of 5.6 kHz g\t sine wave. From the
FFT analysis, the signal to noise and distortidio €SNDR) is calculated as 44.10
dB, and the effective number of bits (ENOB) is 7.B8Figure 49, measurement
results are shown to compare values of SNDR atréifit input frequencies. Table

IX shows different input frequencies and correspogdalues of SNDR.
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Figure 50 FFT Analysis with 1.4V 5.6 kHz input sinevave
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Figure 51 SNDR of different input frequencies
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Input Frequency SNDR
0.1kHz 43.8 dB
1kHz 44 dB
5 kHz 44.1 dB
25 kHz 43.9dB
80 kHz 43.69 dB
105 kHz 43.2 dB
124 kHz 42.64 dB
165 kHz 42.24 dB
200 kHz 41.91 dB
224 kHz 41.85 dB
249 kHz 41.54 dB

Table IX SNDR of different input frequencies

In Figure 52, measurement results are performednwpare values of SNDR at
different sampling rates. Table-X shows differeamhpling rates and corresponding

values of SNDR.
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Figure 53 SNDR of Different input frequencies

Sampling SNDR
Frequency
25 kHz 45.15 dB
125 kHz 45.06 dB
250 kHz 44.5 dB
375 kHz 44.3 dB
500 kHz 44.1 dB

Table X SNDR of Different sampling rates

3.3.2 Static Performance

Figure 54 shows the differential nonlinearity (DNif)the proposed SAR ADC.
The measurement result of the DNL is 0.95/-1 LSIe integral nonlinearity (INL)

is shown in Figure 55 and the value is 4.8/-2.7 LSB
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Figure 57 Measurementof INL
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3.3.3 Comparison

The comparison between post-simulation resultsnagasurement results are
shown in Table XI. Measurement results are obviowusrse than post-simulation

results. There are some discussions in the netibeec

Target Original Measurement
Specifications Post-simulation
Technology TSMC 0.18 um 1P6M
Resolution 1.8v
Sampling Rate(S/s) 500 K
Input Range 0~1.8v
Differential <0.5 0.63/-0.54 0.95/-1
Nonlinearity
Integral <1 0.66/-0.58 4.8/-2.7
Nonlinearity
SNDR@DC >55.94 59.26 dB 44.1 dB
ENOB@DC >9 9.55 7.03
SNDR@Nyquist >55.94 58.89 dB 41.54 dB
Rate
ENOB@Nyquist >9 9.49 6.61
Rate
Power 80 uwW 85 uW
Consumption

Table XI Comparison between post-simulation resulteand measurement

results
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3.4 Discussions

3.4.1 Revised post-simulation

In the original post-simulation, no inductor etieérom bonding wires, PCB
wires, and conducting wires are included. Thereftirere are no coupling effects
on the supply voltage and the ground. This is #ason why original
post-simulation results are much better than measemt results. After real
conditions are detailed included, revised post-fatran results are performed and
show the similar performance like measurement teskigure 58 shows the
difference between the original post-simulation elathd the revised
post-simulation model. Figure 59 shows the FET\amslof the revised

post-simulation. The value of SNDR is 45.1 dB, #melvalue of ENOB is 7.2.
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Figure 60 (a) Original post-simulation model (b) Reised post-simulation

model
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Figure 61 FFT analysis of the revised post-simulain
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Target Revised Measurement
Specifications post-simulation
Technology TSMC 0.18 um 1P6M
Resolution 1.8v
Sampling Rate(S/s) 500 K
Input Range 0~1.8v
SNDR@DC >55.94 45.1 dB 44.1 dB
ENOB@DC >9 7.2 7.03
SNDR@Nyquist >55.94 43.2 dB 41.54 dB
Rate
ENOB@Nyquist >9 6.88 6.61
Rate
Power 81 pW 85 W
Consumption
Figure of Merit 1101 1310
(fJ/Step)
Normalized Figure 340 404
of Merit (fJ/Step)

Table X1l Comparison between revised post-simulatio results and

measurement results

3.4.2 Modified post-simulation

Although revised post-simulation result fit measuent results, the layout of
the proposed SAR ADC is revolved. Finally, a mistékfound to explain the poor
performance of the proposed SAR ADC. The supplyagas of the capacitor array
and the successive approximation register are abedéogether, and the input
signal is seriously distorted during sampling. Fe&g62 shows how the input signal
is distorted by the supply voltage and the groumarder to solve this problem, the
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supply voltage of the capacitor array is separatad the successive
approximation register. Figure 63 shows the FFTyaisof the modified
post-simulation. The value of SNDR is 57.53 dB, #ralvalue of ENOB is 9.26.
From the FFT analysis, the modified post-simulasbows the similar result like
the original post-simulation.
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Figure 64 Input signal V, distorted by the supply voltages
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Figure 65 FFT analysis of modified post-simulation
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Target Modified Measurement
Specifications post-simulation
Technology TSMC 0.18 um 1P6M
Resolution 1.8v
Sampling Rate(S/s) 500 K
Input Range 0~1.8Vv
SNDR@DC >55.94 57.53 dB 44.1 dB
ENOB@DC >9 9.26 7.03
SNDR@Nyquist Rate >55.94 56.92 dB 41.54 dB
ENOB@Nyquist Rate >9 9.16 6.61
Power Consumption 8W 85 uW
Figure of Merit 270 1310
(fJ/Step)
Normalized Figure of 84 404
Merit (fJ/Step)

Table XIlII Comparison between modified post-simulaton results and

measurement results

53




This

[4]

[5]

[6]

(8]

9]

Work JSSCO03 ISSCCO JSSCO07 ASSCC JSSC10
6 09
0.18 0.18 0.18 0.18 0.18 65
Technology
pm pm pm pm pm nm
Resolution 10 8 12 8 10 10
Sampling 500 K 100 K 100 K 400 K 500 K 1M
Rate(S/s)
Input Range 0~1.8 0~1 0~1 0~1 0~1 0~1
V)
Supply 1.8 1 1 1 1 1
Voltage (V)
ENOB 9.26 7.9 10.55 7.31 9.4 9
Power 83 3.1 25 6.15 42 1.9
Consumption
(rW)
FoM 270 129 167 97 124 4.4
(fa/Step)
Normalized 84 129 167 97 124 4.4
FoM
(fa/Step)
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Chapter 4
Conclusions and Future Work

4.1 Conclusions

A successive-approximation analog-to-digital cotefeis presented in this thesis.
A 10-bit 500-KS/s SAR ADC, which is designed forpilantable epilepsy devices,
is proposed in the chapter 2. The proposed binarghwed capacitor array has
good capacitance mismatch performance like a cdioreal binary weighted
capacitor array, but only consumes 50% switchireygn Part of the junction-split
switching method is also applied to reduce switglenergy. The proposed
capacitor array only consumes 40% power dissipati@anconventional capacitor
array.

Measurement results of the fabricated ADC showpower consumption of 85
uW, SNDR of 44.10 dB, and ENOB of 7.03. The ADC perfance is much worse
than original post-simulation results because thmly voltage and the ground of
the capacitor array and the successive approximatigister are connected
together. The input signal is seriously distorted.

After the layout is modified, modified simulatioesults show power
consumption of 8uW, SNDR of 57.53 dB, and ENOB of 9.26, which armaikr

to the original post-simulation results.
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4.2 Future Work

The proposed successive approximation analog-ttatigpnverter has
serious coupling effects because of the connecteply voltage and the ground
of the capacitor array and the successive apprdikimeegister. The problem
could be solved from the layout and then the ADC wéive much better

performance.
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