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ABSTRACT

A new analog to digital pipelined algorithmic converter
alrchitecture is proposed and investigét'ed. This device and
the serial-flash con;grteg__in“their cascade and pipeline
fdrms -’ére analyzed to determine how various er;;'or -sources
contribute toliconversion 'érr,ors. The ‘alnalysis r?veals. the
needvfor?on_chip’error'correction and various speciélized
circuits. Two unique circﬁits espe'ci‘ally_ designed for the
pr“dpoéed énalog to dig'ital‘ converter (ADC) includela high
slew fatg/low, power consumption buffer amplifier, and an
electronically calibrated precision gai‘n circuit. The
proposed ADC is designed to be fabricatedrusipgva digital
€MOS process. No post process tfimming is required if off
chib*voltage references are employed.

The  proposed design has a flexiblé conversion
characteristic whj.c“h can be altered to p:;:/ide pon"l.inear
conversioﬁ{»h trade-off dan be made between ;he”ﬁroduced
.yo:dlehgth,land'the'dfe aréa‘used, orlgﬁe mégimum conversion
rateﬁbossible.f?hg digiﬁal Qordléngthiqf-the proposéd ADC
chip‘éan befeasil}.increésed without affecting the sample
rate bécéuse of the- cOnvefter“éi segmented structure and
pipéiihing.'Thatlis, a second AQC may bé cqnnected.t6 the
fifst'é ekéansidn‘éutput to proyide-adaitignaiiptecision.
fThisvcan éoﬁtinﬁé to a maximum wqrdlength_govérned by stage

error tolerances.
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1.‘INTRODUCTIOH TO A/D CO

RTERS
Analog ‘to digital convef;ers (apc) re devices which
translate an aﬁalqg signal in£6 a digital representation.
That . is, a voltage or ‘current (the analog signal) is
. converted to a number (the digital value). The analog signal
is usually produced by another devlce known as'a‘transtCerl
This element transfbrms' energy into the electr1cal
quant1t1es required for the ADC. For example a microphone is
a transducer that transforms the .vibrations of air molecules
due to sound into electrical power.

It is. desirable to represent a voltage or current
digitally, becale ﬁhls -improves the.  storage and
- manipulation ability as well as the integrity of the
converted infbrmatlon.‘ This becqmeé possible because the
‘nuhﬁers are represented in Sinary ds ones (1) and.zeros (0).
Therefore; only two discrete  electrical quégtities are, -
required in a digital‘system, while an analog system covers c
a considerably broader range of values. ‘The Adiéital
representat1on of a quantlty preserves the signal to no1se\
(S/N) ratio better in comparason to an analog representatlonA
lof the same quantity. By virtue of “the binary form, a larger
amount‘of_noise.can be!tolergted»befOre an incorrect value
is prbducéd; Due to poor component tolerances and noise,’
- analog. systems are less rel1able than,‘diéital ISYSﬁems
[ROTH, 1979]. As a result of the many useful propertxes of
| dag1tzzed analog 51gnals ADCs are used in many areas. Theé%
.1nclude' audlo,‘v1deo, control systems&and 1nstrumentat1on.

[
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Once the digital'information has been processed it can

be transformed back to an analog quant1ty (voltage or

current) by a d191ta1 to analog converter (DAC)
}
1.1 SAMPLING SYSTEMS

Analog to digital converters can be put ingo

groups by looking at ‘the rate at which they can convert

analog quantities to their @ digital - representation
[SOCLOFF,1985]. This is an ‘important factor because the ~

k
conver51on rate will limit the number of applications a

. .'!;;;;

partlcular converter can be used for. Dxfferent appllcatlons

have vary1ng bandwldth (BW) requxrements, and' d;fferent»
freqé&ncy ranges of operation.ipFor exanple an ahdio<
application tfpicalfy requires ffequenéieé ranging from

20 Hz to 20 KHz, whfle an instrumentation application that

measures d.c. voltages has an operating range around 0 Hz.

‘The conversion rate is determined by the highest
frequency component ;hat must be d1glt1zed Th1s conversion
rate is also known as the sample ﬁ;equency (fs); It is
‘determlned by.the Nyquist crlterlon which 1nd1cates that the
sample'rate muStfbe greater than twice'the highe5t4freduency
| component [STERNS 19831]. When this cr1ter1on is met, ail iheh
1nformat10n conveyed ‘in the analo; 51gnal is avallable i
the 1dea11y sampled version, 77 | ' |

An approx1mat1on to 1deal sampllng is poss1ble“ When o
1ow speed conversmn 1s requ1red a fast ADC may be. used

w1thout any add1t10nal hardware [GREBENE 1984 CLAYTON 1984]

*



More"often though, a sample and hold circuit (S&H) is used
because it permits data conversion of higher frequenc1es..
The S&H circuit has two modé% of operatlon. It first samples
an analog input (sample mode) and tracks its value until the
hoid.mode is initiated. In the hold mode the input value
just prior te the'mode is held constant at the'S&H’s outpur.
Therefore, analog to digital conversion is carried out while
the S&H circuit is in its hold mode. |

When the frequency spectrum of the resulting waveform
approx1mat1on is analyzed, it can be ‘seen that some low passﬁl
f11ter1ng has occurred [STERNS, 1983] In addition to thls,i
ampletude reduct1on of the or1glnal spectrum shifted ébouc-'
integer multlples of the sample frequency has occurred. The
envelope of this filtered characteristic is welf known and
can be‘ mathématice;;y described [STERN§,1983]. Therefore,
mamipu1ation of the original spectrum is possible.L

I1f the sample frequency QZ;Zelow the required value, or
frequencies higher than are permit;eo_are sampled an overlap
of the shifted spectra occure, which'is*known‘asfaliasing.
" This aliasing ‘,would corrupt ' the ,.originale spectfum.>
,Therefore;v frequehcies outside th">desired:l3w:mcan be
cons1dered as noise. For %PIS reason an ant1a11a51ng Yow
pass f1lter is usually used to limit the input spectrum |
f-prxor to.théifampling.'MOreover, éample frequencies‘of‘an
7order of magn1tude above the required Nyqulst max1mum are‘

,.used s - that the ant1a11a51ng fllter s roll offc

character1st1c does-. not affect the des1red spectrum A lower



order antialiasing filter may then be adequate.

1.2 TECHNOLOGY

A number. of semiconductor technoiogies have been used
to produce ADCs, wnich' include: bipolar, NMOS, PMOS and
CMOS. Only two of ‘the’-technologies are being used
extensively .at present, bipolar and CMOS. Bipolar'technology

was the first wused, and still provides the fastest

. L el
conversion rates. The latest process .used to produce

converters is CMOS, because both an31091(the'co@§érter) and .

high density digital logic circuits can coexist on the same

chip. Furthermore, CMOS technology lends itself better to
the sampling process employed in -analog to digital

conversion. That is, capacitors and analog»sw1tches are more

el .

‘readily formed w1th better %olerances and" qualltles than in

*

the other processes [GRAY 1984] PMOS and NMOS are rap1d1y

dlsappear1ng from the conversion des1gn area beCause both

o

processes 1ack complementary devices. PMO&um has*_dthe

add""anal burden of be1ng slow because holes are qsedf?s a

tﬁhﬁsportatlon mechanism whereas NMOS employs electrons for
' . ) : P
transport. R

1.3 ADC BASICS ' " o | -
T Features common to all converters will be covered 1n
this sect1on. The concepts covered 1nc1ude"dlg1tal codes,

the 1deal ADC character1st1c and ba51c ideéas on non11near

conver51on;u = -

.

[«



1.3.1 DIGITAL CODES |

The majority of the ADCs use binary to represeqt data | -
but there are several different encoding schemes used
[ROTH,1979;CLAYTON;1984].‘ The most freqguently used are
binary, and Gray code. Binary is a weighted code while Gray
vcode is not. A weighted code places a fixed value for every
bit position in the d1g1ta1 output Gray code does not do
this, but it has the advantage that adjacent digital numbers
differ by only a single bit. This feature tends to lower
process;;g transients and de;ays.

_ Most of the ADCs used produce binary, as wfll the
proposed ADC hence this representation will be discussed -
more completely than Gray c03? A digital representation of
a unfpolanranalog 51gnall(s1ngle polarity inputs only) in

o

binary, sampled at time aT is given by:

-1

‘.=. ’ | "2, 1., 0N
x(nT)= v [ By ,2 '+ by 2+ + by2 .]. (1)

, where Ve '1s the refenenoe voltage and” b 27 is' the bit

"(b ) %ﬁ welghtzng factor (2 “¥) to be evaluated The value N’

| _s‘also knowh as the'cohverter's'wbﬁdlehgth As a
consequence of th1s representat1on,ia quantzzat1on error of
" at least 1/2 a least s1gn1£1cant b1t (LSB V p2 “Q 1 LSB);:
::can result. Thls occurs because the d1g1ta1 output remalns ‘

uconstant for 4 LSB steps over the 1nput range..f

S



o . ‘ v
When using binary witn a word size of N bits, there are
2N possible numbers. The,finet combination whene"all bits
are zero,is considered’ to be the numerical zero as well.
Therefore, since there are only 2N-1 combinations after zero
the maximum digital output (all bits are one) corresponds. to

]

an analog value of T LSB less than Vegp- EVeD though this is

EF
the case, it is common pract1ce to spec1fy the analog input
range of an ADC as extendx%g to V

Analog to d;g1tal\converter§ can be made to digitize
analog signals of both polarities. This is known as blpolarn
opefation. The simplest way to accomplish bipolar operation
is to add V;EF/Z to the‘jnput of a unipolan ADC prior to
digifization. Therefore, the new input range" now extends
from —VRBF/Z to V ‘
to Ve which is within the limits of the unipolar ADF.(In

REF/z because the resulting sum goes from 0

some conversion techniques it is possible to either'invert
the positive refefence or provide two references of opposite
polarity. In elther case the .reference used depends on the

— -

sign of the»lnput, but the range may now extend from —VREET

'tO‘V o o - o ; -

For b1polar operatlon tne 1nput range is not.1dent1ca1
to the actual 1limits ava11able. ‘The maximum d1g1;al output
o1deally is 1.5 LSB lower than ghe spec1f1ed 11m1t whlle the
lower limit is g1ven correctly It 1s also p0551ble for ‘the
exaot oppo51te,' depending on' the, analog to dxgltal'
‘conversion 'm'eéhqd’ 'chos'en [ GORDON, 1978]. This will produce a
; max imum quantization;etfor‘of 1-LSB at-one'of #ne eitremes.v

.o A
N



Several digitai encodiné schemes are used to represent
bipolar numbers but two’s Complemeﬁf notation is the most
frequently used. This couritting scheme is well explained in
most basic digital electronic textbooks [ROTH,13979]. Soéme
methods obtain the two's complement}number directly while
others must use a logic network to transform the direct
result into this notation. |

.The first method of bipolar conversion discussed‘above
results in offset _bfnary numbers. That is, all digital
representations are. positive \but require the arithmetic
subtraction of the digital code for the Vﬁép/2 quantization
level to result in a correct two's complement binary form.
éhe .two's complement notation is more easi'ly obtained by .

complementing the MSB of the offset binary_mord.

1.3.2 THE IDEAL ADC CHARACTERISTIC -
Concepts’Lto be outlined below -are ‘illustrated in
" figure 1.1 ; The. graph represents an ideal 3 bit ADC's
conversion characteristic.'Tt>'produce' thiS’ representation

all ADC 'effectively offéet. the input by addlng " the

electricalf equiValent of 1/2 LSB 'to the 1nput prior - to,f

conver51on. Thls add1tlon 1s performed 50 that the absolute

error is w1th1n 1/2 LSB about the exact value, rather than ‘a .

51ngle polarlty error: of as, much as 1 LSB The sum is then
;compared 1n some fashzon to all the p0551b1e threshold:
1 Ybltageéa Thneshold voltages occur gt on1nts;ewheref the

i digital‘,words just, qhange. The:,m;dpoint hinvfhetween;‘twoA

PR



»”

"1xgt - - —
/
THRESHOLD VOLTAGESy

DIGITAL OUTPUT

QUANTIZATION LEVELSy | - - B
100¢ :

lisg
LS8

-

e

0004 S———
0 Vrer/2

AR

vy =

O




oA
kA

oo

waser

» Y . o - b . ERE
. ) . e ‘. . ‘ : 9
e . o '
. I

-

[ 224

o LY L :
adjace%tq tﬂrEShold levels is . known as the“\quantlzatlon

0

level . &At thls p01nt for an 1dea1 'converter tHe dlgltal :

4 - s ~
.

4representat1qn exactly matches.'the value of the ahalog

cimput. . T e R : o
A

prev1ously mentloned ~digital - representations of
Y

fnumbers can have high S/N ratios sthat do not deter1orate
w1th d1g1ta1 proce$51ng aS'much as tne analqg value would in
©an equ1va1ent analog system. anée a quantlty has been
dlgxtlzed tha S/N ratxo of the sys%em is determ1ned by the

wordlength s 51ze. ‘Th1s measure is usually specified in

decxbels (dB) “Assum1ng a sifiusoidal input which ‘extends

N [

over the entlre range oﬁ the ADC and a-. trlangular errof
VOltage,' an approxlmatlon to the hlghest achlevable' S/N

'raﬁzo is glven by [ANALOG DEVICES, 1986]: S
(S/N)= 6.02N + 1,8 dB o : | (1.2)

~
!
¢

”'The S/N .ratio of an'AbC*when tne'maximum quantization'}evel
:*15 converted would have the term. 10 8 : ed to the variable
value 1nstead of 1.8 in formula (1. ZﬂIFERNE 1982). This
formula less the constant 1ndlcates the dynamlc range - of the
"conve:ter,[GREBENE,19841. The S/N specification deterlqrates
Aas"théb input>_amglitude decreases. To evercage thé ‘
deterioration fof ':this specificattion, nonlinear (also,
i re£erred to as nonuniformed) ADCsfcaane used. _

4 .“_.. . o [ .
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. 1.4 NONLINEAR ADCS

VIn many applications employing transducers the
geﬁerated analog signal may not be linearly related to the
quantity being transduced. This problem can be reducéd by
USing_ a nonl;near ADC (NADC). A NADC with th ect
t;ansfer: charatteristic can provide a liﬂear rFlationship
"between the transduced quantity and the digitai word. The
lineariza;ion pchess could also b& accomplished after the
ahélog éignal has been digitized: linearly, but the dzﬁamic
range is reduced by this method or precision is wasted in
some regions of the transducer characteristic. Nonlinear
converters permit the precision to  be placed cnly where it

is required. : g e

Nonlinear ADCs are also used for pulse—cbded?modulatiod
.(PCM) voige1 encoding of teleﬁhone conversgtions
[GREBENE,1984;TSiVID15;J979]n This nonlinear cénversion is

also ' éélled. cOmpénding”f , whichs indicates
compression/exbansion is being performed. Companding in
'teleﬁhdny is performed oﬁ standard voice channels using ihe
u-255 law [GREBENE,i984]: At the receiving end of the system
decoding is- pérfox;med using a companding DAC. The rea‘son"
this procédﬁ:ei is used is that the S/N ratio remains.
essehtially constant over mqst of 'the input range. This
occurs %ecause the précision increases as the signal level
dgcreaSés. _Hehce_ the ratio of the maximum error to ,the
fsignai at almost any'point in the transfer charaCteristic‘js «

3

‘approximately COnstant [LbRiFERNE,lQBZ].

t
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1.5 STATE OF THE ART ADCS FOR MEDIUM TO, .HIGH SPEED
CONVERSION |
Thi;i research is primarily concerned with medium ro
hioh speed conuerters'(ZOKstfSSZOMHz) in their integrated
form,  hence only.conversion methods in these categories will
be briefly discussed. Moreover, only voltages will be- used
as analog ‘inputs when ‘describing the ADCs, but a current
equiValenr may also exist. The methods detailed below are
illustrated for unipolar operation, but may be modified as
described previously to result in bipolar operarion.
f

1.5.1 FLASH CONVERTERS

The fastest known ADC is referred' to as the flash or
parallel'converter (fdgure 1.2). In this_method the voltage
to be digitized is applied toia comparator network. Each
comparator used has a unique fraction of the reference
voltege associated wirh it. The comparators produce a b1nary
vresult, which is dependent on whether the input voltpge is
greater than or less than the portion of the,reference ‘used
i in the comparison. Connected to the comperator'snoutputs is
a logic network which produces the digitized representation.;
This method requires a large amount of die area, because
2"—1\ compérators are required' for an . N. bit word.
"Furfhermore, if re51stors are used to produce the requlred
~ fractions of VRB a total of 2N precise res1stors are also -

" required. .
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An additional drawback to this method is that there is a
limit on the maximum wordlength achievable [GREBENE, 1984].
1.5.2 SUCCESSIVE APPROXIMATION CONVERTERS

| Probably the most commonly uged converter is the
successive approximation converter (figuré 1.3). It operates
at a medium sample fate,with a considerably lower component

[

count than the flash converter. Only a single compéra;or is
implemented. Here th;vinput with the 1/2 LSB subtracted from
it is sucessively compared to the output of a DAC. The
~ digital inputs of the DAC are cbnnected to a digital logic

circuit known as the successive approximation register. This

device varies the digital input of the DAC starti
LSB below the mid-range quantization level. Th refore the
most significant bit (MSB) is‘presentlf reset while all the
folloﬁing bits are sét.'Depending on the cdﬁpara;or's‘value
the MSB may be set,_iﬁ the fﬁput is greater_than the present(
compafison voltage or left reset for the opposite case. OnceA
this has_been completéd, the MSB remains at its determined
value and ;he pfbceés fesumes at the next lower valued.bit.
That‘is, the next bit is reset and then determined via the
comparison procedure. This .continues untiiv the- desired,i
 yordléﬁgth has peen,established.b%urthémere; a dofdlength-
' gfeater than is poSsible.ih thé flash éonveréioh meth6d>fs..:

‘achievable. ., o | -

~
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1.5.3 CASCADED CONVERTERS
The next methods are all derived from the conversion
schemes detailed above. Flash converters of a oiven size may
be; used to form larger wordlenoths.)uln this conversion
method an input signal has its most: significant s bits
determined first by an s bit flash converter. Th?svdigitalv
value~:is then fed into a DAC which produces a signal
equi;alent to the .s determined bits. Following this the
DAC's output voltage is subtracted from the'original input.
The difference signal is then digitized using a second flash
converter that produces r additional bits. Therefore, a
total of s+r bits precision-results. To produce the correct
welghtlng factors the first ADC ﬁses Ve ‘as a reference
/2%

while the second has its reference voltage set at VREF
(flgure 1. 4)4 Alternatlvely the samg reference voltage could

-

be used 1n both stages but a. galn(oi 2 would be required
between the output of the flrst and the }nput of -the second'
stage (f1gure 1. 5) These conversion methods prov1ée larger
wordlengths: w1th a lower component count than a purely flash
conversion approach at the expense of . lower1ng the sample
rate [GREBENE 1984]. These methods can go heyond tvo stages
but 1nternal errors introduced place a limit on the ‘number
pfof stages and/or bltS p0551b1e (see chapter two)' The f1;st‘
‘method that employs the flash converter without - ga1n 'is,:
‘usually referred to as: a serles—flash or ser'les-par‘allel
'converterl Whenhthe gain is used, the convg€s1on method 1sﬂ

psually_calledi algohfthmic,,two:step or serles-parallel as
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well. The word:serial'is also used in piace of series by
some authors for the above names. ‘ |

" A modified algorithmic converter, which determines only
one bit per stage with no restriction on the number of
stages was proposed by K. Muniappan [MUNIAPPAN,1981]. The“
proposed converter’ combined research on series-parallel
converters [NINOMIYh,1980;WOODS,1980]/nitnvbasic pipelining
- steps in, fdigital signal processors [ASHOURI, 1977]'
[GORGINSKY, 1970] to produce a method og’ p1pel1n1ng ADCs
This is accomplished by inserting both analog and dxgltal
delaYs;~Figure 1.6 presents a three bit ADC block d1agramh
based on Muniappan's archltecture.

Analog,delays of 7 seconds are used between one stage's
output and the next's input. Digital delays of T(N+1-f)
seconds are used, where i is the stage count “(the 1nput is
the first stage) and 7 is the maximum process1ng delay of a
stage. These delays allow .edch stage to work on a b1t from"
separate samples concurrently. To. 1llustrate th1s p01nt a
‘sample'entering'the ADC will be~part1a{1y followed through'
it. After r seconds the MSB hasfbeen'determined andhthe'
processed input isfpassed«to the next stage so thatrthe‘
second bit may bendetermined As'the transfer from the first"
stage occurs a new sample enters the stage. Therefore,.at
thlS time two samples are be1ng processed After the elapse

" of another 7 - seconds the MSB of the second sample and the

second bit of the f1rst sample are then shlfted down one':‘

B stage as a th1rd enters the converter.. Hence Vafter,;Nf

- ‘ - .
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seconds, the time it takes the first sample to be digitized,

a valid sample reoccurs every r seconds. If a pipelined

architecture is used éhe sémple period is N tiﬁes shorﬁer

than‘in a standard algorithmic approach. The initial delay -
that results because of pipelining can be tolerated in most

applications. , ' ‘ | C

Aﬁother pipeline architecture (figure 1.7), proposedlby

G.C.»Temes [TEMES, 1985], also compines'the usefullpr§perties

of the flash and successive apperimation condértéfs. Itﬂwas

referref to as 'a "high-accuracy pipéline A/D converter

configu;ation“ because it does not corrupt the'sampléd input

- as it is processed. For an N bit con&erter, N stages and S&H
amplifiers‘are'reqdired. The first. stage compare; the first
sample to-V_../2 to form the MSB. Then the secénd bit is
determined in the next stage using another comparator:'This
Acomparatorl compares the original sample to the second.
stage's comparisoq voltagé,»Thé comparison yoltade used is
forméd by adding the preViously determined bit;s value to-
the value of the second bit's pdsition. As the second bit of
the first sample is .being determzned,wthe second sample is
xhéving‘itS*MSB evaluatéd in. the first §tdge; This process
‘continues until tﬁeAréquired précision is obtained. If each.
;tage has a maximum delay.of.}, the first valid‘rgsult/is
made available in Nr seconds while the following digital
6utbuts .décu: ‘eYery‘ T séconds as was the case. in the.

previous pipeline converter. o , S,
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1.6 SOME ADC DESIGN CONSIDERATIONS

At present the digital die area and proceseing steps
take precedence over the analog circuitry.. This makes it
difficult to .provide both accurate ADCS 'and DACs. ' To
circumvent this problem several on chip error correction
schemes have been implemented. Some of the on chip error
correcting techniques used on converters similar to the one
to be proposed will be hriefly'detailed.

A ratio—independent ‘algorithmic. analog to digital
conversion technique using CMOS technology has been reported
'by Li et al. [L1,1984]. An error correction method is used
to reduce errors that occur when a gain of two is realized.
ﬁsing a switch capacitor integrator' an output of n times
the ratio of the 1nput to feedback capacitors multlplled by
the 1nput voltage is formed Then the capacitors used are
electronzcally exchanged to produce an output voltage of n
trmes the input voltage. The error due to capac1tor
m1smatch1ng is cancelled because in the f1nal result their
'Yvalues do not appear. , | ‘
Another techn1que reported by Lee et al [LEE 19841 .is
~also used to reduce capacitor matching errors. Th1s method.
ALLE employed ‘for B charge redlstr1but1on succe551ve
approx1mat1on con;erter. In thlS technlque, match1ng errors
are determ1ned by splxtt1ng the reference voltage between a
discharged capacitor in series w1th a revqrse vreference

voltage charged capac1tor. ‘If the capac1tors are matched no

voltage should be _preeent across the prevrously* reverse

W
L
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p—
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charged capacitor. This is possibi . .because the charge

necessary to reduce the previously reverse reference charged
2] ; (

capacitor tc zero is identical to V)the amount required to
produce the reference voltage across the previously
discharged capa;itor. The voltage that VQOes occur 1is an
indication of the mismatch. With this information an error
term is stored on chip in RAM. Therefore, during normal
operation the errors measured can be compensafea for.
A similar;method was previously used by Boyacigiller et:
al. of Intefsil Inc. [BOYACIGILLER,1981]. This error
- cdrfection method was also, ﬁsed with' e successive
appreximation converter, but with 'ene that uses the
technique outlined in this chapter. Here the calibtation |
procedure (error‘ correction) is performed only once. It
beglns by us1ng a known 1nputereference to produce a digital
: e
representat1on wh1ch is digitally mod;f1ed untll’%he correct"
‘value results. The term used to produce. the fequxred d191ta1

’

output is stored on an intermal EPROM. This process is
performéd for all the quentizatioh levels.'- |

" When portable equ1pment is used anefher factor £0»be
~con51dered is power consumptzon. Th1s demand can confllct'
'w1th the speed requ1rement, because blas currents " of the;

c1rcu1ts in the ADC must be 1ncreased .to allow for hlgher-

speed operat1on [GRAY, 1984]. The course of action taken by

the d1g1ta1 des1gners 1s to use CMOS. Th1s does not’ usually"

reduce the analog c1rcu1t s power requlrements but can

actually 1ncrease the power when compared to a. comparable
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bipolar design'[GRAY,1984}GﬁEbEﬁE,1984].

Another deciding factor in choog%hg an analog to.
digital conversion method, is the flexibility of the design.
That is, once a considerable amount of effort has been

’

expended on a converter design, can the converter be easily

modified to suit new requirements? For example a good design

permits as many of the_follo;ing points as is possible.

1. A linear converter can be made to have a nonlinear

characteristic.
2. There can be a speed versus wordlength trade-off.

I3

3. There can be a power versus speéd trade-off.

‘1.7 THESIS,RESEARCH‘MOTIVATION AND GOALS

Wlth the stead1ly 1ncreas1ng demand for m1croprocessor
controlled products there has ‘been a need for on ch1p
m1croprocessors and analog ‘conversion c;rcultry. Thls leads
to lower costs and more‘ reliable dev1ces, Some of the
products 1ncluded in th1s lisr are: automoblle measurement:
and control systems, h1gh f1de11ty aud1o -and- television
| systems, portable med1ca1 equlpment and much more.:
‘.‘ Recent ADC des1gns 1ncorporate new technologzes, such
as CMOS to reduce the d1e area and power consumed by the£

,conversxon c1rcu1try [DINGWALL 1979]. However these desxgns

use well establxshed convers1on methods such as flash and

success1ve approx1mat1on converters. Although these de51gns.

prov1de beneflts due to: the. technology change, some of thed

g‘iﬂ ,\
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less desirable features of the conversion _scheme are also

carried over. Problems such as limited wordlength, slow

conversion, andvhigh device tolerances are still Qrgsent.
VSomé* désigngrs choose to use both new"teéhpg}qgie§ and
a?chitectures noLﬁ' pqssible‘ in other vAfechnologies
‘[FOTOUHI,1979;’MTCCREARY,1975;SUAREZ_,1975].V _ The;e. ,detsign‘s

however produce converters in the lower.endaof the ‘medium

conversion speed scale (fS < 100 KHz). For this.reasqn’qu

4

avenues should be explored.in order to arrive,at:a faster -

converter, formed-using both‘new technoiogy improvements and
new or not fully inQesfigéted ADC technique. |

'An ADC which' could overcome'phe’majority of the désiéﬁ
‘hindranées previously outlined,.and'Still,provide meaium‘tbi
high speed cq;version would be very usetul;AWith‘this gs the'
initial goal, a‘spitable'afchitectﬁre was sought. |

2 (- »

. _ , » - N V
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1.7.1 THE PROPOSED CONVERTER

After a. search through the various conversion
techniques that fit into the specified guidelines, the paper
previously discussed by K. Muniappan [MUNIAPPAN,1981] set

Tthis research into motion. With this concept'as a base, a

more thorough investigation was in ‘order before such a

device could be fabricated. This research detailed herein is

intended to provide thg\iiiiiijng, in this respect.

M1; ‘Expand the ‘analysis to allow for.variable wordlength
stages.

2. Begin some basic error analysis of such a converter.

3. - Begin circuit design of various specialized stage parts.

4. Provide some suggestions so that continuing research can

o

lead to a fébricaped design. o

\ e
- ) . ey )
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2. ERROR ANALYSIS OF CASCADED AN.D PIPELINED CONVERTERS

An importaﬁt part of designing a circuit is deciding where
errors ‘accumulate and bottlenecks occur. Iﬁ ordér to design
the prOposéd ADC the basic pipelined algorithmic'sﬁruéture
/of Muniappan was transformed into a'schematic. At'this‘poip;
various error sources -such as: op-amp offset voliages,
switch charge injeétion, shbt?actor error, and ga?n e;rors
were revealed [SCHINDLER,1984]. Steps were then taken to
remove the errors "encountered. Although this procedure
epcohpassed a fair bit of ‘work the ‘ specifics are not
important, but the error sources and error corrgqtion
infor@ét&on obtained is. It is with this information that
The initial stepé of the error analysis were‘undertaken.

The féllowing information ié intended‘ to provide an
'approximate étarting point in determining ‘the maximum
‘permissible word;ength [SCHINDLER,f985]. A worst case error
analysi's approach was taken. This leads to some unlikely’
possibilities such as all op-amps having the worst case
offéet voltagé, or all ‘errors that can' accumulate
accumUlating without any cancellation. The block diagrém of

‘ . .
the converter being considered is shown in figure 2.1, It
illustrates a general structure consisting o£>n=(N—n)/s.ful}
stages, each providing s Eits of information, and a singlé
partial s%agé which>produces r bité. -

To\ . provide error analysis infdrmation on‘ both
algorithmic ahd}series-flash converfers.thé block diagram of

"a full stage, shown @hd(igurelz.z, is used. Both converters
. ".' - ’ ) ‘

24
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Figure 2.1 Block diagram of the proposed ADC o
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! " a=l ~flash converter . b={ -pipelined version
~ a=0 -algorithmic converter b~ 0 -cascade version

d(x)=0 ; x=0 ‘ VR"'VR/Z..("-U‘ : ‘ ‘l’\:’ N )

“u(x)=l 3 X0

o - Vgy ~ the 1ideal D/A output summed with Ve
'VR = the converters refereace voltage - :
_ ‘ : . : : dependent quantities
Vco < saximuam compacator of’f.ut error . . : : .
L 1; - iotegral linearity error of the D/A

Kg = stage’ ] ;nin coc!!icicnt (Ks'l)
word- the numerical value of the D/A'n output

Vgy - various xntoml error offu: Roltages
. (o<vord<2 -1)

v, - used to change the error when the digital - "
: ' : K; = stage's reference voltsge coefficfient (Kkﬂl)

output of the stage is :iro' : .
A - nubtnctor'l gain coefficient ()=1)

Flgure 2.2 Full stage of an algor;lthmc or senes flash

converter with e1ther cascade or plpa .ine archltecture S

4 4
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are realized by using the ;ppropriate.valué of a (a=0 for
the algorithmic  converter, ‘a=1 for the series-flash
converter). Furthermore, a standard (cascade) arch{pecture’
(b=0) or pipelined version (b=1) is determined by parameter
b.‘fhe partial stage in either case, only consists of an P-
bit flash convertef.

For_;his analysis it is assumed thét the first stage's
input has the voltage equivalent of 1/2 LSB ‘added to ‘it
prior to the conversion. This addition. is usually not done
in series-flash conversion, rather"eacﬁ reference voltage
would be effectively offset by 1/2 LSB. Both ‘procedures
produéé\tﬁe same result, since voltagé differences are only
.significant .to the comparators used for the goﬁversion
procedure. Theféfore,, vélid information for ‘eifher method

will be obtained if this assumption'is made..

2.1 ERRORS IN REAL ADCS -

Before beginning the error analysis, a brief discussion
. of ,errérs tﬁat occur  in real ADCs will be covered. Four
errors whichkabst designers and manufacturers include on the
" finished dediég specification
linearity, ahd\IQiffefential- nqnlinéa{}ty t[HARRfS;i984].

sheet are: offset, gain,
) 4 : -

THese characteristics are shown separately and independently
“‘.9 .

\

in figure 2.3, but they are all usually present to some

1.
A

degree 'in a real~c¥nvertet;
'Mqét of ‘thé\ errors illustrated are intuitively

undérstood. Theref&re, only subtleties willv réquifé“ a

N 3!



GAIN
ERROR
+ , : /
/ ///
IDEAL, CODE : / 1114
"+ —
'CENTER LINE %Q , |
R, i 1
5 |
2 % 21
/‘ . Dd-
i 7 & S
S-- / 50
G G
a1 Vi 51
/ <
Z
S | -
000 +H——t—at—t—t—— (000 —t—t—t— ttt
ANALOG INPUT ANALOG INPUT
OFFSET (A) . i , (B) o
"ERROR - | q . | . _
4+ _’_ . ‘ h
RERE 111 ~ . 74— ,
-l 1 MISSING CODE 4
= - : ,
£ 2]
5 =
5t 3-
| .|
S+ <l
) S
() [=§
'OO’Q‘ —t—t——+—+ 00—
" - ANALOG INPUT | . ANALOG INPUT
B (o R () |

3
, .

Fzgure 2.3 Errors in non1deal ADCs (a) Offset, (b) Gain; (é)

N
Llnearxty, (d) D1fferent1a1 nonllnear1ty



28

further emplanation.‘LineaP}tJ errors in this thesis will be
expressed vas -some portion fofﬂ a LSB which indicates the
difference between the acgual ”quantization point and the
ideal characteristic's quantization point. The term fhtegral
nonl inearity error is used by some authors to represent the
maximum value of the linearity error. Differential
nonlinearity indicates’ the deviation the actual ADC's step
size dfffers from the ideal 1 LSB width. If this error
~exceeds 1/2 LSB a missing code can result. That is, at
least one of the digital representations of'an analog igput
is not obtainable. o ‘ | > v
2.2 CONVERSION ERROR ANALYSIS
In this analysis, the region where the worst case error __-

occurs will attempt to be calculated as a functlon—o(\the
converter s parameters. To allow for a_ varlety. of stage-
vablatlons, the stage's parameters are fcrmed‘ into. tnree
general groups. These groups 1nclude, ga1n errors (K R;X),

offset voltages (V ) and voltage referencevdependent offset
‘voltages (1ncluded in Vs ). The groups'were formed so that.
commonly known quant1t1es could be used to form the var1ous

parameters requlred for th1s error analy51s. Another reason -
'to group these quant1t1es,.1s that variations w1th1n a group
would produee~simi1ar effects on tﬁe‘conversion-proceSS."For
the two convers1on methods con51dered the worst case error

varies w1th the applled s1gna1 Thls:1nitia11y.sug§ests the'
‘~case,where a subtractlon occurs 1nreyerj stage, causing'more

-
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error sources to contribute to the ovétall error. The above
subtraction procedure should result when the input is set to
the highest quantization level so that all bits become one.:

After the initial delay, the processed input arrives at
the output of the last full stage which is referred to as

VExp.lThis voltage can be represented by

oyt g N_ . n n-t,-s_
Vogp= V INKS_ AKRVSL[KS *Kg' 2 7+

SR o (2.1)

' for the series-flash converter if 'v is at the highest

qUantizeticn level. Arithmetic manipulation of (2.1) results

in
Z]
o ] KSn__z-(r_--N) . Ksn_1 N ,
Vogo= V' Ko -AV K ——————— -y —2—— (2.2)
BRP T INTS TUSITR) (g 55)71 SEl‘Ksl1 v

It is assumed in (2.1) and (2.2) that ks¢i, n1 where
“n= (N-r)/s, and |

1,

- (4 —N=1 L =\
YVIN‘ vRER(‘ 2 Yoo YSI Vnag N\E’

Then (2‘2)‘ nges the worst value Qf Vg sub'ect to the‘
‘condztlons shown. Thewextra non- 1deal cbmpon '

: consequence of stage offsets, charge ;n3ect1 n and the1r
[ FE .

correct1on voltages. In comparlng (2. 2) to the 1deal value

Lok

,of Vg



Vi = v (27Ntr_p7N"T, o - d

EXPI REF (2.3),

an error term & may be evaluated. With this equation Vexp

can be broken into its ideal and error portions.

vV o= v (27N

EXP  REF 8) \ o (2.4)

Reworking (2.4) using (2.3) and (2.2) the normalized error

term & can be evaluated.

5= | (1-27N" g "-v_ /v 2K E§i:3:i:ii—
- [ S1/ "REF R sy—1
. 1-(K_27)
S
‘R."-1 ' '
_ S -N-1_,-N+r
ng/vRE?)\PK —*2 2 | - (2.5)

S

Similar manipulations for the algorithmic converter produce:

"EXPI’  REF

‘_VEXP= V'Inizsxs)n_k(ggvsi;vss)[(25k$5"?
f(zsgs.).n;u”'*zg“é]f | “ i"(z.is_)'
and | .
B X

- L v g _a=N=1
’su§h that n21, VN thF(1 27 ), and

v o= i9”8 ,
VSI"VREF_(1 2 )+Ia
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This results ‘in

5 n_
(KRVSI+VSB)[(2 xs) 1]

{~S -1
VREFH—(Z KS) )

5= | (1-27""1) (2°K ) "2
+27"7'-1] such that K525¢1 (2.8)

for the algorithmic‘converter with tﬁe higﬁest quantization
level appiied to its {nput.

With t@e normalized ’errof 5, expréssions (2.5) and
(2.8), one can . see how ‘the various internal errors
con;ribute to its value. If_the stage gain errors (KS) tend
to reduce the input, and. the other errors tend to redu%f thé
subtracted'signal at each stage a partial cancellation df
theseiefrors occurs. That is, a lo&et than normal input and
éubtrahend‘occurs af each stage. Therefore, 'the differgnce
'Signal resulting is mbré‘aécurage than it would be if“oné of
{ the"net,‘errors' had an opposité- sign:_ To prévent(fthis
éancellation (worst case analysis) tﬁe, subirahend can be
‘made  zero by applyiﬁg‘ the lowest qUantization 1evel;
. The;efore,;’all bits  should be zeroC‘VWhen, the loweét
_quantization‘levelﬂis'applied to:Ehe,sérialfflash'converter,
© k-1

‘vsxp VRE:FZ ' Ks Vszz",__x"ﬂ : I (2.9)

and . =, - ‘ ‘ o~

(2.10)
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AT -
such that K.#1, n2% V' .= Vv__ 2

N REF Then for the

series-flash converter,

K."-1
S =
-2

s \hh*w,/f*

Similarly, for the algorithmic converter

~N-1 N1

-— n—
6f | 2 Ry "Vgp,/V (2.11)

REFX

-N-1,.s n (2&;}(8)“_1 '
Vegp= Vg2 (27Rg)"-Av — (2.12)
, | _ 1-(2°K,)
_ -r-1
Vezpr= Veer2 - (2.13)
4
and ‘
- ‘ (2°8_)"-1 :
- -N-1,,s n_ S _a-r~1
8= |2 (2°Kg) "MV Ve 7 2 | (2.14)
T1-(27K.) :
S
=V, -V <V when no ‘subtraction is performed.

- Here Vops™ Ve VpVse

+

2.3 COMPARATOR ERROR ANALYSIS

In the preceding discuséion it;was assumed that the
internal ”se;ies—flaéh A/D q?nvertef's ~coﬁpatator‘ accuracy
re;ultéd in wvalid dfgitai outputs. For this analysis -the
stége's 4componénts exclﬁﬁiéél the compafators‘ are assumed

ideal. o B : B o

- .

To meet .the '+1/2 LSB linearity‘error‘criterion required‘

Qf most converters, the first stage's comparators must have
less than 1/2 LSB ‘absdluté error. ’Furthermqre;' if the

comparators were now made ideal, a maximum ofgset-Voitage
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1 -

(due to error sources) equivalent to‘jugz less than 1/2 LSB
could be tolerated, and still result in the specified error
+limit. Therefore, the next stage would see this offset
voltage amplified 2s(1-a) times, but still provide the
correct conversion if 3ts comparators were ideal.'Again the
offset error is interchangeable with the maximum comparator
error toierance, since only ‘géltage differences are of
importance. ’
Byb’;he above reasoning, an. e;presejon for the

. comparator tolerance requirement.at any stage j is

v = I25(1—a)(1-1)—N-1I (2.15)\/
N1 Sl :

~ “

This expression. is normalized with respect to VREF* If
(2.15) is evaluated for the partial stage's comparators
(i= n+1) the following results’
- - s(1-a)n-N-1, I : ' o '
V= |2 | e : (2.16l)
When the converter's parameters are known, a normallzed
error value V is eas11y obtained for the worst‘ case

comparlson made Jl'ih1n the part1al stage s internal A/D

_converter s block "The value V is con51dered a normallzed_

o sum’-of ‘the . compatator 's -and | voltage, reference s offset'

voltages. aAfter a stage type has been dec1ded on, Wlth known

fparameters Ven vNé and-the maxlmum 8 a. check”may be made i

fto ‘see” 1£ the ptec151on requarement 1n b1ts can be met.

Te
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When dealing with either of the fixed imputs the whole
converter operates as a linear device. This ‘implies that the
superposition principle may be applied [HAYT,1978}. If

-

VNP(1—2e)+VCN+6<VNp : (2:17)

such that 0<e<1/2

1]

is satisfied, the chosen wordlength is possible. This
equatidn prodﬁces a valid result when the worst case § is
used, ' which' is ordinarily not thg‘ case. It should be
stressed that all full stages must‘produce s bits and all
stages must have . the same errorf toieyances. ExpfeSsion
'(2.17) also insures that the maximum conversion error is
less than #(1/2+¢) LSB .(again, only if fh? w@rst.casg'é,is,

used).
2.4 SIMULATED STAGE ANALYSIS N Gl
The worst case § is not at a fixed point for all stage

barameterjéetsvpr wordlengthsf TherefOré,‘it is not possiblg
to determine tﬁé'.maximum N'fuﬁiéSS’ addiéionél.'steps:”are‘
‘taken. To overcome this difficulty, a computer program was
formed to 'simulaié.vtheA';tfo:s _éqns;déréd in the above

_’anélysis. With this program ana_alpafameter_set, converéidn[

can bhe ‘simulated for all gquantization 1evels:'éndf'some'7};'

intermediate vaiues (depending on the  accuracy desired) to
yield the worst case conversion. . - _ |

o\
N

' S ) . ’ N
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This pr&ﬂ%ﬁf proceeds as follows: given a parameter set
and a vafﬁe of 97 ‘an 1nput range is dlgltlzed (n21), 1f the
max imum conver51on error permltted has not been reached N is
increased; if the max1mum error has‘been exceeded use the
' previous value of Nr‘To speed up this procedure the maximum =
value of N, resulting from.the 6 calculations, can be.used
to furnigsh the 1initial iteration' point. Current work
suggests that the & nethod alone provides answers equal to
or in excese (approximately less than 3 bits) of the desired
max imum quantization errgr. That.is, by calculat1ng 6 and
then 1ncreas1ng N and/or §\ untllxthe max imum perm1551ble
error is exceeded, a value of-y from this iteration could be

\ -
‘used as a starting peint fon\ the ADC simula¥jon which

\
requ1res more processing time, \ Xv.
The programs developed were ;n1t1a11) written in BASIC
. but were rewrltten in Q language, beqause‘of the language s

transportab1l1ty and flexible structﬁ?es.- Several | of the
X
programs are 1ncluded in appendxx one. They 1nc1ude- a

comparator, analysis simulator- a -ADC converter 51mulator;
and a nmk&ﬁum’?ordlength determlnlng ADC s1mulator. Both
, algor1thm1c and ser1al %lash converter arch1tectures can be
s1mu1ated in the last  two _programs. Only the algorrthmxc

é

archztecture 1s con51dereddgﬁor the comparator \§1mu1at1on

because th1s results in the only 1nformat1on that s not;vgf
'well documented 1f at all in. 11terature. | | ”
In the f1rst s1mulat10n, the program prompts for the_?

;requ1red data. It then responds w1th the maxlmum perm1551b1e

_‘_bx,“::ngzrg‘g‘; , Y _;;\



' voltages are also. prov1ded
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comparator of fset for each sf&geg used in. the. analog.fto
digital conversion. The 51mulat10nHassumes ideal dewices are
being used. To determine the maximum perm1551ble comparator
offset voltage all the dlscern1b1e quantxzatlon levels are .
generated and an ideal copverter simulation is then used to

-digitize the‘inputs. Throughout the simulation the m1n1mum, ,

difference between/afl the comparators reference voltages

’ .
—

and the comparison voltage (the 1nput voltage or. partlally

processed input) for all the stages are recorded. After all'
vthe voltages have been simulated the minimum voltage
differences 'are printed _out.  These values. indicate' the
- maximum perm1551b1e comparator offset voltages, thereforei
‘ver1fy1ng the equation for the max1mum comparator offset
;“voltage tolerance (2.15). ., h

The second 51mulatlon allows the user to s1mulate allg"

the p0551§le conversions for a glven set of parameters, and

o

“the selected »ADC s archltecture.f Thlsgfs;mulatlon-_vxllg.
prlntout ‘the follow1ng every kP point.' R |
1. the k 1nput voltage e

2, the resultlng convers1on error in LSBs

‘The last result prlnted out is for the flrst occurrence of’:ﬂ_

“the worst case ’value of the above 1ndlcated przntout.ff,?

‘e

fFac111t1es to 51mulate 1nput values 1n between quant1zatxonf}ni

-
57 .

'U51ng ~the ‘stage s1mulator,_ the th1rd program'_wasg753

)constructed. It operates as was prevxously outlzned Theifff

1ncluded program does not 1ncorporate the 6 calculatxons to}fif

"”\ L
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determine the starting point of the converter's max mum
wordlength simulatiOn.'A wosdlength larger than is possible
for the set m?ximum permissib}e conversion error can be used
in order to facilitate the futiure use of an initial N
.starting point provided by the & calculations. The user may
tnen locate the most likely reoion for the worst case 8§ of
their architectnfe and parameter set wusing the maximum
wordlengtn.or staée simuiator, and then use the N from their
6 calculations for the starting value. This'should speed op
the simulation considerably because_?for each bit 1in the
wordlength some“ 2N INC conversion s1mulat1ons must Dbe

performed. Here INC is the number of d1v151ons taken between

adjacentiqqantlzatlon levels.

-~

2.5 ERROR ANALYSIS CONCLUSION .

It has been shown that the normal1zed error V -can be
toleseted at any stage | (w1th 1dea1 compatators).
FurthermOre the 'normalized errot 6 'has ‘been calculated,

'whzch is’ due to stage inaccuracies. Théba formulae give an
1nd1cat1on ‘of howb various error' sources cancel with
different parameter sets and word lengths. An error analy51s
technlque is demonstrated that prov1des a rough estimate to

\ the max1mum H ava1lable., A software s1mulatlon of the

‘converters 1s requ1red for more prec1se1y determlned maxlmum

0

wordlengths.

" With -respect to the proposed ?}peli'ned algorithmic

’;strthute;>offset errors are predomin ntly due to internal
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. o
‘ N

of fset voltages. While gain errors are due to interstége
‘gains and reference voltage errors. Linearity errors are
- usually due to the combination of internal gain, offset
vpltagé_ and reference voltage. errors. The differential
nonlineéritf errors are due to different polarity and,
accumulations of ‘the linearity error -sources in_;adjaceng

stages.



3. HIGH SLEW RATE/LOW POWER BUFFER AMPLIF.I ER DESIGN

The constraints placed on the ADC design set out in the

-~

introduction included:

1. rapid conversion fs > 100 KHz

2. low power consumption

" These specifications require carefully designed operational

£

amplifiers, as they are the largest power consumers in the
5nalog to‘digital conversion process. The conversion rate is
also very dependént on tﬁé op-amgs used, because they are
connected one after the other within a full *stage.
fherefore, decreasing the time the op-amps have tQ‘slew will
s;;éd up the.overall conversion.process. |

Most of the op-amps used in the proposed ADC are

configured as buffer amplifiers (gain of 1). These buffer

amplifiers -are used in the S&H and subtractor circuits where.

the loads are capacitive. Therefore, the approach taken in

solving the above problem was .to implEment a dedic;ated0
buffer circuit rather than a general purpose 6p-a$p
configured as'a buffer. This resulted in a CMOS design with
similarifies‘to a bipoiar and JFET voltage foi}oéer reported

by George Erdi [ERDI, 1979].

3.1 FUNCTIONAL DESCRIPTION q
The simélified circuit given in figure 3.1 is used to-
deséribe the buffer circuit's operation andwﬁharacteristics.
The input staée of the buffer consists Af a‘source follower
(ﬁl)vinﬁbne branch and two diode cqnneéted MdSFEfs (MzﬂMa)

39



Figure 3.1 Simplified buffer circuit

{
40
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in the other. Current is kept constant in the branches via
the taill and branch current sources. All the N-channel
transistors shown in the figure have the same geometry. They
produce the same wgate to source voltagevdrop, because all
conduct the same current level. This voltage drop will be
referred to as VvV, on these and.any other,identically matched
MOSFETs conducting current I. Thelinput stage level shifts
the input'voltage up bylva. | .

In the second stage another source follower (M,) is
employed. This stage drops the pfeviously up-shifted input
voltage by V . Therefore, this stage’S’output returns to the
same value that VIF is at. ‘

To explain how the output stage boosts the current, a
change in this stage's input voltage will be followed to the
output. Assume.the voltage level has just changed on the

GS4
output voltage cannot change 1nstantaneously due to the load‘

’

capac1tan¢e.,Therefore, the modlflcatlon of M 's V, results

gate of M,. This produces a change in V___ because the

1n a change of the current flow1ng through M,. The change in
lsdg attempts to alter the current: from the 'high output

impedance current 'SOurce connected to M 's drain.' This

'produces a voltage change at the gate of M Tran51stor M5

- w1ll then produce the current necessary to move the buffer's

| output voltage SO that V returns to its nominal value of'
a.,Steady state operatlon-ls alwaysvachieved,whenkus's gate
"has been adjusted‘so that current [ produced‘hy the current

source driving M; is ahle to flow through M,'s drain. .
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This buffer is designed to provide a v%}tage output
using current sources as drivers and current feedback for
regulation of the output's voltage. The current 'sources are
used as the output drivers so that capacitive loéds can be
driven directly from a curreﬁt source rathef than a voltage
source which reverts to a current source. Present designs
sometimes do use thié approach; but the output's voltage
level control is achieved by providing overall voltage
feedback to the_input of the op—amp; This leads'to larger
phase delays and slower trahsient responses than the
feedback within' the stage approach taken for this buffer
amplifier. 1 ‘

- The buffer éhp's slew rate wifh no load‘is determined
by the ability of the internal current sources to supply

charge to the gates of transistors Mz; M., M, and Ms. If the

3¢
genéral purpqse' op-amp approach was taken the internal
_current sources would have to supply charge to the.
transistor gates ané a c§mpen$ation capadito;. Beéause’nq
feedback 'iéA_emﬁidyed aéross tbe entire ‘ampljfier, no
qompensation .capacitér. is required to iﬁsﬁfe the bﬁffer
,amplifieré stabilifyniThe‘predbminantufactor'jn‘determining

the buffer's slew rate is the load's capacitance and the

‘current producing capabilities of M5;.,’
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3.2 BUFFER OPERATION IN DETAI;

. The source follower is used in two key -sections of the
buffer , amplifier design. It can take on one of the
configurations shown in tigure 3.2. Each }s driven with a
voltage‘source with an output resistance of_rs. For analog
designers 5 common . connection between the source and
~substrate is wusually preferred, because this leads to a
lower effective Vt ~and a more precise gain
[GRAY, 1984 ;GREBENE, 1984]. Undesirable side effects result
when using this configuration to drive capacitive loads at
high‘frequéncies, a fact not well detailed in literature.-
When the common source and substrate connection- source
followér drives a capacitive load, a resonant peak in the
transfer ;harocteristio méy form. This resonant peék*
increases the settllng time for output transitions. '

Analysis of the output 1mpedance using. the models of
. the source,followers also 1nd1oated jn'figure'3.2 gives: -
uz°% C f}./r +1)s+g +1/r { | ' (3.1)‘

gs s 'os : m ds

for the common source and bulk configuration and,

1+C_r. s
s T — . (3.2)
Cgs(rs/rdsfgmbrs+1)s*gm+1/rdsf9mb" |

¢

- for the separate source and bulk connect1ons. In elther case
the output impedance has -the same inductive component_f

l_éséocigtod with it. . .
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L v . 3 . ) v ) ’ ’ :
.. Figure 3.2 Source follower configurations:(a) with common
'source and substrate connection; (b) with separate .source and

substrate connections.



45

When the source and ﬁﬁubstrate are separated an
additional parallel resistance component, due to the bulk

transconductance < I reduces both the output impedance and
[} .

the pole frequency of the output resistance function. This

" result _eliTi:ites the peak in the gain versus frequkncy "

characteristire~when the source follower is uggd to drive
‘capacitive loads. That is, a gain aboVe'O dB does not occur
for this cohfiguration as'it does when there is a common
source and substrate connection for load capacitances of 1pF

[
or less,

3.2;1 QFFSET VOLTAGE.REDUCTION

_To 'teduce the‘ voltage' offset that occurs when using
this,buffer amplifiet, V, must be maintained throughout the
entire input' range. The value may-égry But a lofp analysis
‘from*the'input to the output of the'circuit should result in

no’voltage‘differehce,'As‘a_result of providing a separate

substrate bias for the signal path transistors, V_, is not

M ~and M . Insteadfv is matched for

identical:for MIf Mz,

MOSFET paits; That is, tran51stor pairs M, Mz and Mﬁ, M,

should have 1dent1cal Vs voltage values.r

The complete schemat1c to th1§1p01nt is glven in flgure
' 3.3, In order to insure matched device pazrs, the palrs must
be geometr1cally and electrlcally 1dent1ca1 so that the same
’voltages -occur on thexr electrodes. 1f V is- kept 1dent1cal
for the matched pa1rs the current component due to. the1r

‘-f1n1te output 1mpedance will be the same.,Two tran51stors,

-

A

L/
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M7 and Mg, are added for this reason. The drain to source

voltage of M2 is replicated across its pair M1_by the sourge
follower M. Similarly, the drain to source voltage of the

branch current source transistor M is replicated across Mlo
by Mg.
right branch current in order to form a tail current of

o . o . ! '
twice its value. ‘4

Transistor M16 is used to mirror the input stage's

The wvoltage variation at.’ node 12 encompasse: a. large
range because Ms's gate can be set sS that transistor Mg jﬁ
either fully on‘or-cut off. For this reason/<€:;;§i5tors M11
a?d Mq HEVe their Iength‘ increased. qubr?ingly, ’yoltage
vvafia;ipns' across their drain to source conhections have
less of an ef?ect on their drain currents. Therefore,.M11
will have a larger gate length than Mg, as will M4 compared
to trénsiStors M, and M, . 1@ may Ee advisable to keep M3”andu
M, identiéalyfor better matching'tﬁough._Sodrceufqllqwer Mg
'dQes noE réplidate VBS6 across Mlo ve}y accurately:because
Mg'éithreshold voltage varies due to the body efféct as its
source poténtial ch;nges. For thisvreasonln‘o'alsq.has‘a

larger‘gétellength in comparison to M.

*3.2.2 PRELIMINARY CONCLUSIONS

oy

Using : Ye! 'SPICE' c1rcu1t s1mulat10n package, the
fczrcu1t conf1gurat1on prev1ously glven ‘in f1gure 3. 3, was

»sxmulated [VLADIMIRESCU 19811. Some of the data obta:ned is

mcluded in” appendix. two. The DC analy51s shoﬁs how. the -

fbuffer responds to .a varyxng 1nput voltage. Th1s c1rcu1t 1s

<
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desioued to work for an‘input range extending from 0 to 2
volts. Therefore, ‘values that go. beyond this range are
included ouly to indioate posoible trouble ’spots if this
design is modified to extemnd its input range. The DC
analysis " also reveéls a problem with this ‘circuit's
configuration. That is, as the input_voltage”vaties so does
the amount of voltage offsét. Therefore, a voltage offset
reduction method uould only be partially successful because
the correEtiou voltage is uniquely correot'for a particular
iuput value. This will reduge the maximum number of bits
obtainable when the buffer is émPloyed‘in the_p{oposed ADC;

The next analysis performed, AC analysis, is used to

.determine the' amplifier's gain versus fregquenc response.
' - y '

One graph of the freguency response\fof the buffer usihg the

5ource follower with a common. substrate and source

connection . is“aléo included so that the. peaking. due to the
§

exce551ve output 1nductance can be observed A satxsfactory

gain bandwidth vptoduot ' is obtained with the separate

substrate and  source COunection. The vaer -of the gain

_ approx1mately corresponds to a general purpose ampllfler.

with a gain of 57 and a BW of 110 KHz conf1gured'as a unxty

‘gain amplifier. Although a hlgher prec1s1on un1ty ga1n is
fgndes1rabie, the ga1n error can be partially. compensated fof?

‘by the prec151on galn amp11f1er that prov1des the stage s

ga1n.

In the final-‘simulétion .a transient - analfiis is-

.pérféfméd,uFrom;this1data it:is-clear'tﬂat‘the buffer's slew
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rate is higher than 1is wusually possible for a general
purpose amplifier configurated as a unity gain amplifier
operating at the same current. level’ [GRAY,1984]. The
settling time and the overshoot 1is longer and larger;
respectively, than. is expected from looking 'at the AC

~

analysis characteri7tic.
3.3 OFFSET VOLTAGE Rﬁ:ﬁuerxom AND GAIN ENHANCEMENT

Both the varying offset voltage and low gain dccuracy
problems are reduced by 1mplement1ng the same subcircu1t‘
vhich ' consists of an over-comoensated transconductance
amplifier.'This.subcircuit is included with the previously
used simplified buffer circuit in figure 3.4 to providera
more réadily understood explanationiof the entire circuit's
operation. The transconductance amolifier's output’ is
;connected to the drain of M, so that the right hand branch -
current can be modified by the subc1rcu1t By changing the
right hand branch currentw the . left hand'branch current is
also changed such that the sum of the branch currents eguals
the current req01rement of the tail current source, which is .
ifixed. When the branch currents are varied V | of M hz;-
;'and M also vary.AThis 1n turn alters the buffer 5 output;
‘_voltage.'" | - |

To reduce the variation in the present buffer s offseth

v voltage, the added subc1rcu1t 1s configured as a negative
: }

sfeedback amplifier. The subc1rcu1t adgusts .the branch,-"

:'current so- that there is no voltage difference between 1ts :

oA
3G . .
oo .



Eigﬁre 3,4”Siﬁpii£iédvdiagfaqnof,théEbﬁfféf §hbii£iéEf§hdﬁ

R PRI T
+ - its subcircuit.
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inputs. Therefore, since its inouts are connected to the

.buffer amplifier's input and outout, there should be no
voltage difference between these points for‘the\ideal case.
‘This method can then reduce ‘the.‘gain and offset wvoltage
errors as is‘required.

The transconductance amplifier is over—compensated to
insure that its contribution to ‘the buffer emplifier's
output does not influence the buffer's overall stability,
This technique allows the faster ‘original ‘portion of the

buffer to slew rapidly to its steady state value which is in
. o v . -

-error because of the voltage offset and the imprecise gain. .

Thenslowef‘subcircuit7w '_ responds to the error present and

adjusts the output to ‘a more prec1se value. The small

voltage'error present. after the'original~buffer ampiifier

'_has slewed is reduced in a, short time even with the slower

[T

subc1rcu1t s slew rate, because it does not have far to go.

-When 1mplemented the transconductance ampl1f1er can

htake on - two distinct: forms. It may prov1de a current output

~of: both polar1t1es or just of one. . If the 51ngle polarrty
output «tran5conductance amplifier is chosen then the die

.. area. requ1red for its construction . is reduced There is a

sav1ngs of approx1mately three trans1stors .when g01ng from a

’&ual polarity " (n1ne tranS1stors) to a S1ngle polarlty (s1x;

’ tran31stors) output. To do th1s a nonsymmetr1c buffer input

1s requ1red That 1s, d1fferent walues of b1as current will

;.flow through 'th ‘buffer s 1nput branches until  the |

" subcircuit ‘compensates for',the d1fference. The 'branch

s ( %

—
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current that - the transconductance amplifier directly
modifies must be at a value which can be varied in only a

single direction by the subcircuit.

3. 4 BUFFER SUBCIRCUIT DESIGN -

A unipolar output transconductance amplifier was used
to verify the above cla;ms of improved perfog%ance. Figure
3.5 illustrates the transconductance ampiifier ‘chosen to
obtain -the simulated “data. The device can only source
current, and it.also provides a constant current witn its
inputs at the same voltage .level. Therefore, the current
source supblying the current to the :ight’hand branch of the:
_buffer would.have,to be reduced'by:the amount added b§ the
subcircuit. In fact, the riéht hand branch current source
may- be removed if the subcircuit is biased at the
approprlate level. o

The transconductance amblifier ie kept. as simple as
“pdesinle~ so that the die area' it takesf up - is 1low,
Fuftherhofe, no attempt was made to optlmlze e1€her the
subcircuit or the entire enhanced bufier. Th1s step in the
buffer's design would take. place once the fabrication
ptoéess parameters are known.
iTheAsubeircuit's.input stage consists of a differential
C.pair. Transistor M’.mirrors ¢he right hand branch current to

the output trans1stor M The 1left hand branch's diode

6.

connec%ed trans1stor M; is used to reduce the voltage drop

-]
across M1, and therefore the current error: due to M 's

. ) . a



Pigure 3 .5 Uni—p._ol_'a‘r. transconductance amplifier .

53



54

A

output resistance. Compensatidn of the subcircuit 1is
realized by taking advantage of the Miller effect by
connecting a capacitor and resistor in series hetween the

circuit's output and Mg's drain.

3.5 THEORETICAL CALCULATIONS

Some theoretical calculations that will increasg the

understanding of the buffer amplifier are presented in this |

section (refer to figure 3.3). Before the subcircuit was in
place the buffer's gain was détermined by the input stage's
source follower gain in series with the output stage's gein.

The %éfut and output‘stages' gains are given by
\ ; :

.
Ed

: 1
A =~ 1+g . ./g A
INPUT mb3’ “m3 ouT _1+gmb4 gm4

0o

©(3.3)

To arrive at. these approximations it was assumed that

rd56>>1/gm3 for the input stage, and that the output stage

was not loaded. The equations do take the body effect into

‘account. Therefore, the buffer's gain becomes

x o %3 9n.
TOBUF  1+g

nba’Ing

! t

When the subcircuit is connected, the buffer's gain accuracy

is increased. The buffer's two stfgés’and~its subcircuit are

shown in figure-3.6. With tﬁa;SABCirCUit»removed, the block

‘diagram reverts to the bﬁiginal buffer's form, The'bufferfs

first stage has a'finite-dutput resistance. This does not

o

(3.4)
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—Vour

- Figure 3.6 Enhanced buffer:amplifier _bldék’diagram
: S v R ‘
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affect the gain of the original buffer because the

input
resistance of the

output stage results in negligible

loading. However the first stage's output resistance permits’

the subcircuit to modify the buffer's gain. Using the

the net effect of the subcircuit can
be calculated. The buffer's gain becomes

superposition theorem,

a - a DS uweur S (3.5)
BUF OBUF 1+G R AOUT \ _

1
3
Y

where R . is the first stage's_output'resistghce'and G_ is
the . transconductance of the output

subcircuit. | The
resistance is given by -
v
R ;= ‘/9m3(1+(9m3+9mb3)2/?m1) : (376)
The subcifcuit;s‘transconductanceﬂhas'a’Qalue of
. [y -t
9.9 - o S
.G= ml“mé6 v S . . . . (3.7)
m 29m4 . - : L.
J

.

The.subcircuif adds to the buffer'suoutpnt-a value thafvis‘
proﬁprnional-to thé amonnt of -error presént at the buffer's
output. =
“An impo}tanf ;Pnside;étion.inuﬁhgvdesign pf‘anAOpéni )
loop.buffef is its‘outpgt résistanceg If a lnrgeubandwidth o
is obtéinedvthe efféctiVe'Bw may be'téGUCed‘by a3high oﬁtput
re51stance because of the: t1me constant formed when dg}v1ng

a capac1t1ve load. With the current feedback‘us d 1n th1s
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buffer's output stage, its output resistance prébuces a
negligible time constant. The output resistance |of the

buffer without the subcircuit is given by .

1+ rdsl1/rds4
Ro™ Tq +9_ ) (i+g .t. )
m4 “mb4 »*m5 ds 11

‘A second benefit produced by the subcircuit ;sfa eduction

.in the already low output resiStance. The output resistance
_ : ~

becomes - " ////,
: 1+rd> 11/rd54 \//’“\/ . : (3.9)
(94%9pg) (1+9, 5T ds11)+Gm(1+rds11/rds4)' o :

P

R =
(o]

3. 6 ENHANCED' BUFFER AMPLIFIER CONCLUSIONS

The add1t1onal 51mulated data 1ncluded in appendix two
w s obtained by connectlng - the prev1ously~ desfgned
'subqircuit, as deséribed in the'section on offset voltage
reduction ‘and -gain enhanceﬁent._ The‘.same"analysis‘ is
performed on' the modified huffer as was done on the
orlgznal ‘ - S B : '

The DC analysis' produces data that indicatesv~the.v
subc1rcu1t 1ncreases the offset voltage but it 1s now far
. less dependent on the buffer s 1nput voltage. Th1s result
1mp11es that the wordlength obtalnable will be 1ncreased 1f

offset corrction procedures are ‘also 1mplemented

Data produced by the AC analy51s also 1nd1cates almost =

a one order of magn1tude 1ncrease 1n the ga1n of K general

.

A,ipurposevopnamp.equxvalent conflgured as - a voltagekfollower,;_"‘

SR o ey
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The gain bandwidth product remains essentially the same,
This new data indicates a-general purpose amplifier with an
open loop gain of 422 and roughly a 110 KHz bandwidth should
‘ produce a similar closed’ loop frequency response.

The following table is a comp11at10n,of data produced
when the buffer was simulated. Because all the simulations
7required did not converge, for no spparent reason, some of
the data include in°the table is determined by observ1ng the

trends in s1mu1at10ns that did produce results.

3.7 SWITCHABLE OUTPUT BUFFER MOD IFICATION S,

J As an added beneflt of dr1v1ng the. buffer s load with
current sources, the output c1rcu1try can. be modified to
permlt the output to enter a h1gh 1mpedance state..That 1s,
1t _will appear as if the buffe: had a switch in serles with

its output.,Th1s techmlque is not used for ‘the proposed ADC

\because it would m kevfthe bias c1rcu1try more complex.

ﬁowever, for some im ementatlons this technlque ‘may prove
~useful and vs?thereﬁo_e worth mentioning. |

Usiné xhe following technique the-component cbunt and’
| power consumptlon may be reduced Furthermore, the settling

time and’ charge 1njectlon of a S&H c1rcu1t employ1ng the
-buffer may also be 'reduced. Thls mod1f1cat1on can be’ made by
f1nsert1ng tran51stor M;5 as a dlg1tal sw1tch between nodes 7‘
.and ‘8, of flgure 3. 3 aThlS sw1tch ‘can then 'sthch the
.‘buffer s entlre operat1ng current off therefore cutt1ng off

the output ‘stage’ 8 trans tors. Th1s assumes tbpt the bxas
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Table 3.1 Buffer amplifier parameters

o ar - - ——— " M —— o ——————— o —— i~ ———— - = = - — - _—t— —— -~ —

\ .
lE’I\RAMl!."I‘ER‘r UNMODIFIED MODIFIED UNIT
‘ BUFFER VALUE BUFFER VALUE
& '
v, u@f'v 19 to 28 26 to 24 . omv
gain ~ -0.15106 _ -0.02061 " dB
slew rate  ° -15,+16 -14,+22 V/uS | ‘
BW 6.3 6.0 MHz
power* 822 .. * 866 o MW X
’ -‘T ..
‘T the”inpdt'range’is from 0 to 2. -volts, with the current I
apppoximately at 17uA and a load capacitance of 1pF
k 1ess'repéti€ive circuitry - .

o

voltage sourcé across nodes 7 and 8 can be shorted, or that

the’ baas voltage source can be set to produce. a zero voltage

R -
v , . .
! - .

‘Q1f£grencg.

(
- . .
. ¢
7

r ' t
. . . . 5
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4. PRECISION GAIN AMPLIFIER DESIGN
An accurate value of the stage ga1n is required for serial
ADCs, because galn errors increase  the overall error

exponentially. To provide a p%Fcise stage gain without using

trimmed resistors, an electronically calibrated pPecision

gayn ampl if ier is proposed.

The schematic of thé precision gain circuit is given in
’ é

figure 4.1. Re51stors R,, Ry and RC are used to set the

BI
4
closed loop gain of OP nsistor M, is operated in its

triode region so that it behaves like a resistor. During the

gain calibration_procedure,“vIN is held at VRBF/ZS' where 2°

~as before is the required atage gain. The switch is closed

during a calibration procedure so that the gate of MT can be

varied by the output of OPZ' As M1's gate voltage is varied,

its drain to source resistance alegﬁpéries. This in turn

1

changes "V, until ideally the difference between ~theV’

)

-differential inputs of OP, becomes zero. At this point the
opened at the end of the calibration interval the voltage on

amplifier may then be used in tﬁe analog to digital -

¢
conver51on prpcess. '

To determlne the values of the components in this

circuit, the stage'._s gain (&&tion 4.1)..'will be set at the

\
'

-gain would.be at ‘the required value. When the switch is

: M1fS gate is held by a capac1tor. The 'pteciSionl'gajn_,;

required value of 25‘f0r° .two ‘extreme cases in component,_‘j

tolerances. It 15 therefore assumed that olerance‘balues in

— 6@

;iggween the- extre&% cases wzll also be compensated for. The .
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lowest gain occurs when the numerafor of the gain expresqidn
is at its lowest and when the denominator is at its highest.
o ‘ . ,
If wvalid ‘ccmponents are chosen, the effective resistance
betweee the drain. and sourc& of the transistor, henceforth
referred to as Rx’ will be able to compensate for the 6ther
cbmponent errors. Thetris, the resistance of R, .in para{lel
with R. should be able to " reduce the denominator
sufficiently to result in the required gajn.‘This ?quivalent

resistance is denoted as Rp. To arrive at the circuit's gain

the following formula may be used: - -
A R , a : .
gains —2—(1+—F—) o (4.1)
2 +AOL ~RB+RP' ’

It may then be set to produce the cOmpensated minimum gain

expression which is given by

A’ : RA(1-p).

] R
2_+A<?L RB(1+p)/+qR_C(1+p)

‘ where p is the re51stor tolerance, ‘q- is a factor fﬁﬁicH'
xndlcates how much the lowest ava1lable R in parallel wzth
'_Rcreducesggi s value,vahd LY wh1ch is OP 's open loop;
gain. The values of p and q may be calculated as. follows'

~and -



1 - . ‘

g= ‘ _ ‘ (4.4)
1+RC:RXMIN' '

"¢ where RXMIN is the lowest resistance Rx can be set at. This,

value is given by

. " 1 . '.
R = —— , (4.5)
XMIN  C_ u W/L(V -V -V ) | \

At the otHher extreme a maximum compensated gain given by

) A R (1+p) . -
A= —2E—(1+ . —) | (4.6)
2%+a R (1-p)+R (1-p) :

I

occurs. In this expression, Ry has been set very much larger

than R

-

To’prov1de compensatlon from A to A both of the

MIN MAX '’
gains will be made equal to the reqb1red value, Ar1thmet1c

" manipulation  of . this equal1ty prov1des_.the» followlng‘

L

~ relationship,

B

)

R, ' S . _
= 4p[(1-q)(1+p )- 2p(1+q)] : v‘i - ;(4.7)

.,To form an equat1on that relates R to the above determ1ned'»7

{'antltzes the gain expre551on is used(4 1). The f1n1te ga1n

w‘ﬁfat OP is taken 1nto account, but the de51red closed loopj;;,f

- ey i

ga1n 1s set at 2 1nstead of 1ts nom1nallx-h1gher valuef:

Thxs leads to o

R;f"' ‘-'_“,‘Q*_‘?c‘1#«":,’:/*2'1;’[2:({?",5/&&1)1 o we
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The average value of R, was used for this calculation.

With the above formulae, a set of resistor values can

be arrived at. An iterative process could be ~used to
converge on a valld'data set. The procedure could begin by.
.chooging a value for the w/L'ratio of_the‘ttaﬁ%istor and a
value for R ' With' this' data, both R N andp.q .can be '

calculated This then leads to the values of R and R,. It

o

an addxtlonal relation that relates R or R to RA isn

XMIN

) @ . 7/,

formedvan ;teratlon process can then begin.-

4.1 SYSTEM STABILITY

At flrst glance the recxs1o ga1n circuit, a pears to'
P P

be unstable because the circuit seem§ to conta1n two op-amps

(~

"in series durzng 1ts callbrat1on 1nterval After a closer'

1nspect1on the c1rcu1t s stab111§§ can_ be shown. When the

c1rcu1t 1s 1n 1ts normal operat1 n mode (used as a: stage:

galn) ,fthe : c1rcu1t s‘ stab111ty 4 1s»h 1nsured 'if"_an

li ]

Hover-compensated op—amp 1s used for OP 1f a hxgh stage-

‘rlga1n is necé‘lary, then a fully compensated OP 15 not«‘

~frequ1red because the 'h1gh galn requ1rement reduces thef":‘

,Fexcess loop galn.‘ﬂ decrease ‘in: the excess loop ga1n wxll ;

T . :
increase’ _ the_ prec151on . ga1n ; c1rcu1t s ! stab111ty'__.

.p[OGATA 1970] Therefore, the compensat1on pole frequency canf;ﬁ

vbe 1ncreased as. well as the system s frequency tesponse byﬁair

'»us1ng an approprzately compensated op-amp [OGATA 1970}

It can be seen that for a properly set up system thedff

“*open loop gaxn for the path that 1nc1udes both the op-amps;74w

v ?“

‘Lo



in' series is given by, N ‘ S

TAE (Aax Puin’ . o ‘ S (4.9)
The reason the gain. is not higher >even though the full gaih
of OP,, is 1nc1uded in the path is that the system is" only

éesfgned to vary 1/8 of OP and hence its ga1n, Betaeeﬁ“\

AMAx and Ay with the requared value be1ng 2 The above
’ express1on may -be rewrltten as 1
A= 48R28" o O (4.10)

oLl " R |

Thls reéults in A L gains which are low, and usually well

o}
under 20 dB - The excess gq1n~ 1s ea51ly ‘reduced by the

holding capac1tor used ana> OP 's output resist;nce, “well

g .
o s -
N ll oo

before the system's phase mgrgln causes concern. T
The prec151on ga1h cal1bration takes aavantage of OP

hlgh open loop ga1n but 1nsures system stabllity durlng the -

e N

': ‘callbrat1on;ﬁnterva1 by 11mit1ng the max1mum change OP can

L4

- affect OP 's 1/B

wi ERROR souncns R R

A . \

R

“““&~ The ° main error - sources dur1ng the precision gain

"Q

callbratlon sequence are’ OP 'S and OP 's ofﬁset voltages.
The other less predomlnant error source Ais, OP s f1n1te open -

loop .g&An.\vThese error. sources result 1n the follow1ng

overall gaxn accuracy r{,vq}1d components were selectea as

~
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detailed in a previously discussed section. That is, if' the

values used were derived using the formulae previously
. - NG

discussed, the following error expression is valid:

(1 Vo /VREF

(1+AOL)(VSE/VREF2 +1)

error= [1 (4.11)
where A is OPz's open loop—gain and Vs is its offset
voltage. The term VkB is an offset voltage error that is
added to the required calibration voltage. To reduce these

errors arspecial purpése op-amo has to be used. The,dev1ce
‘must reduce -its' error sources by an offket cancellation
method and by designing it to have a high galn, Such ‘an
op-amp design has been reported by P.W. Li et al. tLI,1984].
The,device has a‘gain larger than-92dB and can have its
offsetireduqed by'alreadj known techniques [GREBENE, 1984].

-

4 3 PRECISION GAIN CIRCUIT IMPLEMENTAT ION

*
It has been shown that the: prec1s1on ga1n c1rcu1t can

“compensate for re51stor tolerance errors. This c1rcu1t may
_ ) .

. also compensate for other circuit ga1n errors if this

‘e

c1rcu1t s compensatlon range can be extended That 1s, if a'

"res1stor tolerance error p. can be chosen that is larger than .

the requ1red value, the prec1s1on galn c1rcu1t s callbrat1on
range wlll be extended Therefore, ‘1f the callbratlon
f-voltage is first passed through other gaxn stages before 1t

*u1s connected to the prec151on ga1n c1rcu1ts anut,f_thé,‘

e
o

carcu1t may be able to compensate for the prevxous ‘gain

e
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"errors. The resulting gain error of the entire network is

given by (4.11) as well, if the same conditiong are met.



:
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5. PRACTICAL REALIZATION OF THE ADC
This chapterx will . bring together previously discussed
cgrooits and information obtained. with additional clrcuits
detailed here to illustrgte the practical realization of the
proposed ADC. ‘To this point, an‘ error analysis has been
developed which indicated some specialized circuitry had to
. be designed, and on chip error correction had to be
performed. Offset voltage errors will be dealt with in this
chapter as will ‘the ‘subtractor .and the S&H <:ircuits; The
analog delay's design will also be covered here. . |

5.1 THE SUBTRACTOR CIRCUIT |
’with the{pircuitry'given'in figure 5.1, a fullrstage,
. shown for s22, can be realized. The design goals set out ‘in
this chapter's introduction can all be per formed byfa's{ngle
‘tircuit. The circuit will be referred to as the subtractor.'
This c1rcu1tlcon51sts of a buffer ampllfler that charges a;
holding capac1tor that can have its bottom plate sw1tched
between one of two potent1als. Two of these c1rcu1ts are in
ser1es,‘the erst performs the subtractlon operation wh1le;
_the 'second “which als‘o performs a subtrac't'ion reduCes' tﬁe.;:
.stage s offset voltage errors. The two subtractor c1rcu1ts'
together prov1de the analog delay functlon. Th1s subtract1on-
method appears to be the fastest and the least dev1ce i
, dependent way té 1mplement the deS1red functxons.
At the beg1nn1ng of a subtract1on prOCedﬁre a buffer'

‘Vampl1§1er.s output 1s connected to the top plate of the

.. 68 »
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capacitor while the capacitor'sg bottoﬁ plate is held at the -
potentiat that is to be aubtractedrfrom.the buffer's input;
'This first stepv‘p:oduces‘ the desired voltage difference
acrosa the holding capacitor. Once the difference voltage
has %tabilized( the buffer's output‘can be dieconnected by
opening the in series;sWitch. Then the bottom plate of the
.capacitof is connected to the ground”potehtial.uTherefore!
the desired difference s;gnal -hili be present on/ the

5\ capacitor's top plate. ~
5.1.1 sunfme?on ERROR SOURCES N " - A PR

Only'oﬁe majoi egrdggsogpce.exﬁats forithisvsubtractor.

Any para-sitie capaci,tance"' on the_ top plate ‘ reduces the.:i_; .

amoont subtracted f:om tHe‘input. The parasitio.regoves;a ,

charge.proportioaal to the pafasitic's.Size\@ngfthe éhaoge

in the sémpie capacitor's~top-plate voltage; This.regplts in
the follow1ng dlfference VOltageJ:éoting4157 subtractioﬁ.

procedure

. ‘.-—-v:, y | : . I v ‘ ’ l . .
Vsubf Vin vd,,1+cp/c L . ($~1)

) 9, R \ PN

o N ‘ T
where V 1s the voltage to be subtracted and C and C are’

\

the parasxt1c and holdlng capac1tor, respectlvely. AThef

. *holdlng capac1tor S - bottom pIaba parasit1c capac1tance does
‘ R

not affect the d1fference voltage because the bottom plate

is always set to a voltage potent1a1
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5
- L

The top plate's parasitic capacitance typically has a

value’ of A0.1-1% of  the ' actual’ capacitor value

x

(GREBENE, 1984]. This value may even be further reduced by

-careful layout and design techniqUes. If it can be arranged 'h

. 80 that all full stage subtractors have the.same sized

parasitic capacitance the errors due to thep may be reduced
by - increasin@ the wvalue subtracted. Therefpre, the

subtrahend returns to its required value in the difference

equation;
’:?‘To a lesser degree switch charge injection also results
in“an‘error voltage. %he-error voltage resulting from charge
injection 1nay be reducedA byb using opp051te, polar‘ty
5w1tch1ng voltages of the same magnltude dr1v1ng the .CMOS
SWItCh The swltch must also have its trans1stor geometry
set so.that. the charge contrlbuted by the NMOS trans1stor is

’

ekactly cancelled by - the contr1but1on _of the PMOS‘

‘ \transistor. Thxs is usually not done because “the sw1tch s

'?gﬁesistance is not: symmetrlc about an analog 1nput range

L)

”(about‘oﬁvolts) For this applxcat1on the input's voltage

symmetfy .iss not 1mportant because only “a’ 51ngle ~dnput .-

e

polarxty is be1ng dealt w1th ’}_f;}fvm
' kT e s S :
szmm'rsnnar. ADC awpDAC

CeceIn eaéh full stage and the partzal stage a flash"

convegter uxll be used to produce ther ‘s and | b1ts,

respect1ve1y.' Thxs gconver51on ”method 7yas dealt 'wzth

“h

prev1ously 1n the 1ntroductory chapter. As an added benef1t

'l
e o
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resulting from. the uee of a flash converter, the full

stagemg DAC is ea51ly constructed The DAC can produce any

of the possible output voltages by sxmply rout1ng the

appropriate fraction of Vv used for the internal analog to

REF

A”,digital conversion to the DAC's output using analog

switches.

This digital to analog‘conversion method“considerably
reduces the - amount of die ‘area used comparedv to the
alternative of arriving at the DAC's voltages 1ndependently

Another beneflt of this technlque is that the DAC produced

? voltages are always w1th1n the ADC s comparator s offset

voltage of the digital‘ value produced 'by. the ADC. This

should increase the .number of bits possible compared %o the

.
-

»

other alternatives..

+
\

5 2, 1 .THE INTERNAL ADC S COMPARATOR SELECTION

The ADC s comparator offset voltage may be reduced by

-~

: us1ng an error correctlon procedure. The best method appears

' to be one that ‘is belng used quxte extens1ve1y 1n the

»

"1nverter. Several 1nvertersr in ser1es would 1ncre“ ”i;

.[YEE:19781 The’ references 1nd1cated do. Bot. use exj

¢

conatruqt1on‘,' yos converters talready [DINGWALL 1979]
’ily the

same umthod to real1ze a low offset voltage‘and

ey L. . -

but they are quate 51m1Lar.

amp11f1er should be used. The s1mp1est such amp11f1er 1s anffrl

ga1n (see flgure ,5 2). ,To. reduce the offset voltage a

" ' ‘_ '4; .

ri;fj To rea11Fe the comparator s. h1gh galn a noncompensatedl

?

ighlga;n o

)
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" ,-35 2.2 THE ABC S REFERENCE VOLTAGES I

<

S

“1nterna1 data .ponver51om,,c1rcu1ts»_tequ1re v2.—1 unxqug

'Therefore, the dlfference voltage less the: flrst inverte

40.

: ' S | “74

capacitor would "be connected between the 1nput voltage and

the first inverter. The first inverter would also have its
) L
output connected to its input. This procedure establlshes‘

the 1nput voltage on one side of the capac1tor and the first
inverter's toggle Yoltege’ on the other. Then durxng the
comparison procédure the oonnectfoo"between .the ffrst
inverter's input -and output is broken. Next the.voltage that
the input is to be compared to is connected to the side of

the capacitor which,waé‘previously connected - to the input

- offset voltage is presentged to the f1rst inverter.

TQe overall offset‘ volﬁage gan be calculated oy
ttansfer;ing.the offset voltages of any additional inverters
back through to the first. This would be done.by divﬁofng
the additionZl stége offset voltages by the stade gafos ée

they are paSsed back ‘to the first inverter's’ 1nput. For

»

exampie if a two stage comparator 1s used and thec;bcond

.stage ‘has ‘an offset voltage of 40 mv, //;/effect1ve ffset

voltade would only be 1 mV 1f the flrst stage had a ga1n of
‘v : , ‘ ,

- - - A) . - . .
S T, . : : e
PN A - . . . ‘ o

3

~

The reference, voltages re§u1red for the 1nterna1 ADCs,,.

'and DACS will" probably not be 1nc1uded on ch1p. Th1s w111

11m1t the numbef of ‘bits" the 1nterna1 ADCs/DﬁCs aré capable

of producmng,.because of tbe package s p1n 11m1tat10ns. The'

.,".§‘ .‘l

/-
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1

voltage reference fractions .for an x bit word. This will

\

\

prohably limit the -internal devices to a maximum wordlength

-

br about 3 bits.

To generate the voltage reference fractzons, a blpolar

1ntegrated ch1p would probably be used if two or. more b1ts=

of 1nternal data conversion were required. The separate chip
would’contazn a stable reference voltage source dr1v1ng a

res1st1ve divider which in turn fed some low voﬂlage oftset

‘unity gain amplifiers.'lf only a'single‘bit_is internally '

determined an external potentiomgter, . discrete voltage
: ’ -

reference and op-amp are‘required.‘An additional..chip. would

require extra board space and a separate technolody, 'but. the

. ) . .
- ‘ma1n 'converte: can still be made-“w1th the digital

2
technology There should st1ll be a net sav1ngs, because the

1

bzpolar c1rcu1t is not extremely compl1cated and should have
a hlgh yleld.f‘51m11arly the dlgltal logic and ADC chip .
should have a high y1e1d because of 1ts on chlp. error;~
correct1on. Th1s contrasts w1th the other optlon whxch would o

: have all ithe- C1rcu1ts on a single ch1p The_ hlgher

Kz . A
£ the reference pontlon of the ch1p would both

.

R

tolerances

1ncrease the cost of the process and decrease the yxeld

e ix

5 3 FULL STAGE ERROR CORRECTION PROCEDURES gv

To produce a reasonable number of blts the proposed ADC

v

has to reduce 1ts 1nterna1 errors by us1ngl qp automat1c_

£

error correct;on procedure. The varxous error correctzons

ere performod altetnately between val1d samples and/or whenu,.,.f

St . . R I . . -

o

s



. the device being calibrated is not being used.

e

{

LN

3 - 7‘6

¥

4z'7 The first error correction procedure reduces the full

’%stage s offset voltage. This procedure beglns -by sett1ng

1

BUF1's input to the ground potentlal. The potential is then

.paSSed‘Rthrough‘ ﬁUF and BUF to the input of .PRE . ‘Both

A

subtractors are dlsabled when the ground potent1a1 is passed-

I\j‘.’-’@ough them, so they merely act as S&H c1rcu1ts. Once the

74

( e
g “fvpltage reductlon procedure w111 be unmodxfled as- well Forrtyﬁj

setting then,appropr1ate sw1tches.

J ot
gkound potent1a1 ‘has reachéd PRE the prec181on ga1n
>}
amplitier; is. reeonf1gured as a-unity gain’ ampleler by

'

At this po1nt the

procedure can be altered dependlng on the accuracy d651red

‘'All methods reproduce a value at the outﬂ’t of PREI, which’

is the stage's offset voltage, at the point used for the -

¥ ) ' N

offset vbltage subtractor.._
I'd .

BUF 's or PﬁE s 1nput to V /2s The reason for sk;pplng,*

over BUF is that the correct1on of BUF 's gain error maij3

‘-

add more error than 1t corrects. That is, when the precxslon

ga1n c1rcu1t compensates for BUF 's ga1n error, it mod1f1es

RN

" the DAC s subtracted voltage. It is. also possxble that by

,llnclud1ng BUF _ 1n thex galn callbratzon ‘th subtrahend.;

: ;reduced by A w1ll be restored closer to 1ts correct value.

7S1m1larly BUF2 may also be sk1pped over and then the qffset

»all 1nput paths the sxgnal is. passed to the 1nput of PRB

w1th only the offset v01tage cancellation bexng performed._

/ 1

The calxbratxon procedure then cont1nues as prevxously

Ga;n errors can be corrected by sett1ng BUF | s or.

Py



= examined It is not 1mpo&tant wh1ch procedur

-

-

‘.

explained in the chapter devoted to the circuit.

The high gain/low offset op-amp used for the precision

gain) calibration procedure can have its offset voltage

" reduced when a valid sample is at PRE 's input. This is a

point in the conversion sequence that does not require the
se of PRE,. It may also have its offset reduction performed

hen"the,stage's'offset'voltage,is,being,measured, if the

’

“high gain/low'offset op-amp is not .used ‘infvthe procedure.

.

5.4 NORMAL OPERATION ‘ R

All full stages perform the same’ operatlons but they do

4 not all occur co1nc1d1ngly To understﬁnd'the sequence of

‘events that. occurs durlng the analog to dlgltal conver51on

the first two stages of an arbltrary s1'_d- ADC will be
‘lSTfirSt; only
the ordeﬁwof occurrence 1s.,It is also 1mport t to reallze
that the proposed converter s full stage can work on two
1ndependent 1nputs by 1solat1ng them from each other by

openlng e1ther SW or sw To demonstrate thls,.the voltage

' offset reduct1on procedure wzll be. explaln 1n greater detall .

for thzs explanat1on of the. - full stage s nonmal operat1on.

However the pnec151on gaf% calzbratlon phase wxll not be

elaborated upon as much because thej explanat1ops on;"
< : B
pzpel1n1ng can . uﬁ carrled over from the offset voltage;é‘

reduct1on d18cuss1on.'To a:d in thls d1scussxon, ‘table.5. 1"_1

is 1ncluded to . 1ndxoate vh1ch process 13 bé1ng performed at_;l

the :nputs of an arbltrary full stage s amplexers. The v

“-
° Ty

R
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o

- voltage is also dlsabled

Y

: held at BUF s'xnpqt, the stage -3 offseb 13

. all the stages. ' - (
'setting the ‘input of ﬁUF td the ground potentxal After

opened once BUF 's output voltage has settled. Then from;

R ' . » L 78‘
N 3 . e L

" processes being considered are: offset reduction (Vos), gain

calibrationi(gain); and sample conversion (samp).hOnly three

-

adjacent full. stages"are shogp 1n the table% but“ tﬂ}s

1nformat1on should be adequate to follqy the sequences in
. . 2%
\ s —

The offset voltage ‘reduction. procedure begins_ by

BUF 's output has settled sw 1s closed but 1t 1s_later

T

BUF, 's 1nput onward the offset voltage reduct1on procedure ‘

contlnues. Just before SW.'s opening and 1mmedlate1y afte%
.., -

¢,
51gnal corruption. occurs due to the sw1tch1ng of C 'subéﬁtom

's bottom plate is held.at ground potent1a1 Therefore, no -

plate. The subtractor used to subtract the reconded offset)~

)dl
a4

. P R Lo “

A V‘a-hd sampl-e 1s then placed at BUF s 1nput 'rhe'

1nternai ADC can now- beg1n to d1gltlze the sample. At thls-f

po1nt the sample is 1solated from the accumulated tfgetv

voltages by sw Next SW2 is opened SW 1s clo’

"v‘1s reconf1gured as a un1ty ga1n amplexer. The;reason forv

e

the rgconf1gurat1on o£ PRE ;s that the1@

-sj

=
N

voltage 1s subtracted before PRE 's output.

‘ée st111 hexng

.éecorded Theo

=

lperefore, the“v
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\

Table 5.1 Full stage process sequences !

- e - —— - - —— -

STAGE x -

TIME BUF  BUF, PRE
P

‘ y
1 samp V__ V__
2 sgmp samp Vos
3 gain samp samp
‘ :

-4 gain gain .samp
5 samp gain gain
6 samp samp gain
7 Vo samp samp
8 Yos vos samp

o - — - -

STAGE x+1

BUF, BUF, PRE,
Voo samp”~ samp
‘Vos Vés samp
samp Vos Vos
samp samp Yds
gain samp samp
gain gain -samp
samp gain gain
samp samp . gain

e — . — - ————

STAGE x+2

BUF | BUF‘2 PRE \
samp V__ Vs
samp samp' V__
gain samp samp
gain - gain sam§
samp gain gain
éamp samp gain
V;s samp saﬁg
Voo \Y samp

- - — - — - - - -



; A B I 80
. by _swz; After the offS‘et' voltage ‘-has been reb‘pf‘ded at the‘ N
stage's output and .BUFz's\ output 'has stabiliz\ed, SW, is
opened 'and‘ SW, is 4closed. The internal DAC's converted
v‘oltég@ is then connected to the subtractor to begin the
first phase of subtchting the convetfted voltage from' the
sample. IIn the seéond phase of the s;pbtradtion SW1 is opened
and SW, is connecte_d' to __t;he ground potential. This produces
t:'t-le_ required} difference signal at BUFZ'S output, which is
then conﬁected to PRE1's input..The stage's~input isriﬁ turn”
conneucted t‘;o th‘e prec‘isibn‘ gain calib'ré'tic.m voltage, while
the p-recision gailn ‘circﬁit amplifieé the 'input sample. For
this procedure PRE, is set to have a gain of 25.'Is_'olati!o'n
of the‘ two éeparate values is again provided by Sﬁr )
During the pretision gain célibration Iphase the-
calibration voltage fs passéd through ﬁhe stage as described,'
previously. At this. poing the second stage h;s a valid
'proceﬁseé sample “at its ihput: The sample yill proceed in
’;:l;e‘ same manner as the original sémplg had in the first'
stage. Just prior to the first‘stagevprodﬁcing tbé valid
processed sample .atxﬁits oﬁtput, the. first stage's offset
voltage vas set at its output. During this time interval,
the second 'sfage could * be startihg. one of ,itg- error
cdrfeétion pfoCedures.-Goihg Lack oqp,moré prOCeséing step,
" "to when the'firSt.stage's\gﬁfset voltagp reduction'procedﬁre

—

was just being initiated, -the Vsecon_d s_ta'ée wquld,be
_initiating its sample pt6cessing‘mode whether a valid sample

was present or not.
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T?g é&piénatién now returng'again to the converter's
:presquig%ate;'as a recap, the precisfbn.gain %flibration is
just s%ggfang in the first stage. During the secénd phase qf
the '%Ebcédufe the first stége's Cinput uiﬁ connected to
anotheg valid sample. The sample sis isolatéé from the gain
éalibration voltage‘py SW.. Also during this phase, stage?f

two can now begin its other error correcting procedure,
. |
because stage one has . the processed precision gain

L4
v

calibration voltage at its output.
With this method of error correction the digital
control signals driving the switches of the' first stage can

be delayed r seconds (one maximum stage delay), and then
‘ ‘ . .. 3
used to drive the secopnd stage's switches. Only one such

digital delay system is réquired because the first 'stage's

switch control signals can be used to drivé_every other full

stage, while‘the delayed switching signals can drive every
other full stage starting with the second full stage.. *

As a result of correcting alternate error sources

i

between valid samples fthe effective sample rate of the

proposed converter is reduced by. a factor of twof when

~ compared to the standard pipelined algoritmic architecturé.
. /' “ - -t .
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6, SIMULATIONS OF THE PROPOSED CONVERTER AND ITS FLEXIBILITY

This chapter'wrliiprovide information on how t§§obtain the

sparameters for the maximum wordlength simulation. These

» 2

values, Y:~ course, are inly- for 1llustrative purposes

because many of the requirel process parameters are/ not - -
il -

released to the University. The values chosen for the

L2

simulation are meant to be as close as possible to what can

\

be expected from the Northern Telecom CMOS 1B Sw'process.

Process parameters that were available were used [cMe, 1984]

In,the second part of this chapter some suggestlons are made

- 0N

- version 2G.6 [VLADIMIRESCU 1981] Several problems and/orv

W,

how to modify the rprdposed"converter, to produce

alternatives in the conversion characteristic, speed, and

die area used.

6.1 SPICE SIMULATIONS

w4

)

\ '.4‘

-
3

The circuit §1mu1at1on package used to prov1de the

-~

results g1ven for the analog c1rcu1try des1gned was SPICE_-.

errors resulted when using the package, e1ther because of

software bugs or its 1mplementatlon ‘on the Un1ver$1ty 's VAX.

These proble?s included:

Small differences in réSuitsf.obtained- using the ‘same-.

daﬁa on. d1fferent occas1ons.

o

l

a4 . €

.Nonconvergence of operat1ng p01nt 1nformat10n, even wheni':

convergence occurred ’On-fa preV1ous DC s1mulat1on_{

1nc1ud1ng the operatzng p01nt w1ﬁh1n the same f;le,.ﬁ
: . _

k)
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3. Nonconvergence of DC and TRAN (tran51ent) analys1s until

83

a bogus element or dev1ce is constructed to _counteract ..

Rge ‘problem..

‘4. Nonconvergence ~of data in all simulations after a

“ geometry change or after a compensation network has been
added, even if’the“simulation-converged on -the previous

run.

- . .
. .

5. Nonconvergence of data in all simulations for unknown

\\;{

reasons. - o L . "
For ‘these reasons the data .provided by Egeﬂ,lnc1Uded

simulations, espeCially for transzent ana1y51s,. W?llf7be

' considered aboUt‘ 90% - accurate.' When -a DC analySLS does

. provide"data} 1t is, usually correct and is deemed to be the g

&

, most valid. 51mulatlon&\tas it can be verlfled u51ng hand

cafculatlons. As a resul
' o - Y
‘c1rcu1ts s1mu1ated could not be opt1mzzed Th1s becomes. a

severe:- problem when trylng 'tOf compensate géf'c1rcu1t.

Therefore, the s1mulat10n runs that d1d conVerge vere used*'p

to .determine trends “in- the data‘ to;:arrxye ratjfthe d'%

)

‘speciflCationslglven.

-'6 2 INPUT PARAMETER CALCULATIONS

When u51ng the softWare 1ncluded inl‘appendii one;

:;des1gners must prov1de the1r own 1nput parameters,,,The'

Q“Jparameters for the proposed ADC wlll be calculated u31ng the

£

"ff:and results dempnstrated w1th1n th1s thes1s. Tberefore, 1fl

4

12 B t . ;. . TNt s

of the’ nonconvergence problems the.p

'l?freallzatlon deta1led in the prev1ous chapter (f1gure 5 1)?



" the precisjon gain circuitsecalibration voltage is set .at

any point other than BUF . 's input the expressions for K

“ Vsé and V¢, will be altered. The expre551ons will have thelr

values changed by some’ mult1ple of the buffer ampl1f1er s -

gain ABUF. Note also that e?ch stage's 1nput would also be-

aﬁfected. That 1s,.VIN for thls 51mulat10n would be modlfled*

the same as tﬁf above expre551ons will, as detalled in the
following"acc;unt.‘ When ;BUF, ~is sk1pped over in the
preczs1on ‘gain ca}ibration' phase, each _of‘ the affected

'equatlons is mult1pl1ed by A uF* If BUF is skipped over "as.

”well the’ equat1on5' sed when BUF was sklpped over may be

»»used once they have been multlplled by A -To aid in. thlS -

-dlscu551on on how to calculate the var1ous error values the
) d1agram that 1llustrates these is repeated 'in. f1gure 6. 1
”For a formal explanatxon on how the values conta1ned w1th1n

“the followxng formulae are obta1ned refer‘to the referenced

: _or 1mp11ed chapter.

-The .stage gain errors K “K and >\ are conszdered

‘ R'
.”£1rst. By usxng the prec1s1Qp ga1n c1rcu1t the ‘stage's ga1n' '

. error K is pr1mar1ly glven by the prec1s1on ga1n c1rcu1t s

*73accuracy. Therefore.

K= - “E" - ) (6.1)
(1+A )(VSE/V m,\ _ :

.J*-

'LvThxs formula 1s broken down further dur1ng the 51mulat1on.

'{All the s independent quant1t1es are grouped 1n°-
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a®*] -flash converter b={ -pipelined version
a=0 -algorithaic converter b 0 -cascade version
u(")-o ; x=0 VR".VRIZCI(’.'I)
fou(x)=l 0 X0 .
Vg - the com)é:;ef'@n ‘reference voltage
Voo = maximua co-é@:@f@t;_o’ftut error
Kg = stage's gain cosfficlent (K;71) :
VSE = various inteml error offset voltages ‘
VD" - used to change the error when the digital
output of the lnge is zero - -
- Ver - the. idenl D/A output lunud with Vg _
dependent quautitiu -
'IE - int_e;nl. limrity srror of the D/A.
_. word= ‘the ﬁune‘ilc,&l.vulue of the D/A's output
(o<vord<2"-‘15 » " ’
Kk - ltagc i rc!erencc voltnge cocfﬂcient (Kn'l)

;F1gure 61 Full stage of an algorithmxc or seties flash

":"j-_.converter \uth ezt‘her cascade ‘oF pz

o

pel ine atchitecture.
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PoL ‘ ' SR
Kse™ Trva_ T "Vos/Vrae) - (6-2)

which is eﬁte%ed as an input parameter, wvhile the remaining
S GEpendent term 'is evaluated within the program. The
rgferencebvoltage's gain coefficignt’KR is determined by the
off cﬁip reference. With trimming,v aﬁsroxfmately- 16 bits
accﬁracy should bé‘obtained [GREBENE, 1984]. This give§

16_ ' ‘ <\ ,

(6.3)

.2 1
d K = L]
R ‘216 ) -
The Subtractpr's gain eqfor A is given by
1 .
A= : ‘ ' (6.4)

1+C/C
/P

Next, stage-offset'voltages vco' Vss' VD and VCN are

1

considered. The internal ADC's comparator offset voltage Ve

~is given by

\/ ‘ ‘ ' : :
TOG . . . ~ » .
V- = : ) e (605)
C0 By, o
, .
where V. - is the toggle voltage ‘neceséa"ry to produce a._

- binary one;‘and,AoL is,£he comparator's. gain. The various
internal, voltage reference,indepenaént,.cjfset.VOltagesuare_
grouped‘in'th'e;i:erm‘vsE which is given by |

. “‘VSB i[zvgs K‘;vostros)]/AABUF?' _(6'6)

1

Vg .
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where ZVOS is the sum of BUF,, BUF and tPRE"s offset

27

- yoltagesy—end V___ is the offset voltage introduced during
\\f/’/the stage 'offégt meqsu:eﬁ&ht prbcedure. The VD voltage
redg;tion is not required %?t the proposed conVertér'begaﬁse
of the‘way.the inte;nal'DAC is implemeﬁfed. By combining the

normalized comparator offset voltage and voltage reference's

—~ ‘
ﬁ error the partial stage's maximum offset error can be formed
. P :
; by: .
C / -
» A e
VCN__VCO/VRBF+|1—KRI . (6.7}
,' z/ ’, . Al
The last two quantities to be considered -are Vg, and I

-which are the ideal DAC output voltage summed with voltage
reference dependent qﬁahtities. and the DAC's integfal
linearity error, respectively. Again because of the fashion

in which the internal DAC's voltage is generated the error ..

L

portion of st is reduced. Therefore, N .
| ¢
v = [V word .1 _1/a, (6.8)

REFéc(i-1)a+c BUF - .
where word islﬁhe_éjgital‘outputiperQCed.by the iniernal,
'ADC, and c¢ is the number of bits determined ‘in the stage.

The IE-has the value of the maximum difference between the
. : A R _ S A
actuyal voltage reference fraction and its ideal valuve. This:
can give a maximum value of

N
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This ekror has been dividedsby K# so that'it can be lncluded
. in the V¢ 1term, nhioh-isjmultiplied later by K. i

The above formulae are used with 1nformat10n obta1ned7

in other chapters to arrlve at the follow1ng table (table

6.1) oB'values. Some of the values used to determxne the

parameters are 1nc1uded in. the next table (table 6 2)

. l.v ,_ o . 2 ]
B

6.3 m.xlmm WORDLENGTH smuuvnon o /
U51ng the parameters g1ven 1n table 6.1 the maximum‘
"wordlength .51mulatlon program can beT-used“.o g1ve an,_
approxlmate value for N The table that follows (table 6. 3){“
1nd1cates how VaIIOUS combinatlonsiof 'S and r produce an N
The resultxng maxlmum conver51on efror‘;s also reported
To provzde a better v1ew of the COnver51on errors,

' several graphs vere. formed that 1nd1cate the convers1on

\

error on the y axls, and the.lnput voltage that produced the‘ il

/

error on the X ax1s. The stage 51mulat10n program was usedﬁ
- to produce the values. 'Only 4 1ncrements were used

between adjaceht quant1zat10n levels. Thrs causes the graphsf”;

to appear nonsymmetr1c. The reason for th;s 1s sthat thelh“g

Ta

_routxne that was used to gtaph the data onl'*

>

'\, g

ioes lxnear,,j'

extrapolat1on between adjacent po1nts. Therefore, becauseyff;'

~

there are not enough‘data p01nts to produce all conver51on'f~%

: error greater than roughly |0 25| LSBs, the graphs produced;‘fif

appear to 1nd1cate less convers1on error than is actua1lyrh~d

present.v The C g aphs.'

1nformatxon. That 1d, a comparzson og var1ous comb1nataons

.._' - s
Lo

however . st1ll provrde uipful;ipt



E .' ‘ s : . | o 89

Q

Téble 6.1 The‘prbbosed converter's internal error values

L e - — T —— — - ———————— . — ————_————————— = — - —— — — - = - ——

ERROR NAME - ERROR VALUE UNITS

K" - o (~— 1;OQTélto ifbp4 -
Kep - g  1.0002381

A o 0.9999847

RV ‘_‘ ©o.99%00 -

P

co. 3.5 o mv

Vg . . t0esmiz v
‘v . 0.001765 -

RO 3006

vy/ _
/
_________ e e e e
// )
"' range indicated for s=1 and s=3 - ‘ \“‘“/M\\‘ '
) -/ ' St ’ . BV

i /, . ‘_, o ‘ , R ) . i A N

! " ) _'/’ i L ) ) . . ‘
' "‘?/the.actual value is shown here
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" Table 6.2 Parameters required for error value calculations

PARAMETER VALUE . UNIT
S PP - SN i
&/c 0.001
p
v . 1.0 mv
ros .
_AOL.(;comp.-) o %6 , dB
AB(’F »V.', ) . . 00998
AOL(equw‘. ‘.bt'xff_.) 500
V__(@6w >, offset 0.5 . mv )
os J. . 3 |
~ op-amp)
vos(buff.') 2'4, o o ‘mv
Vos'(p_rec.) - 24 I mV
- T i, 1. -
: ~ .
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Table 6.3 Maximim} wordlerigth combinations ’
| ST VL
e S
s . - r N . - ﬁhxxm
| | | k CONVERSION
ERROR (LSB),f
,
R T s . o0 -
1 1 7 0.63 "39
1 . 1 8 © 0.88
1 1 9 1.00
2 2 6 0.50
2 1 7 . 0.50
2 2 e ;~;'~7;o;ae |
2. o 9 .+ 1.00 |
3 3 ' 6 0.50 -
3 1 ) S 0.50
3 2 '8 . . 0.88 ‘
—— i e e i i e e e e e o ' e ————
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of stage wordlengths producing the same N can be studied to
see which produces a characteristic closest ,to the ideal

version.

In figure 6.2(a) an ideal characteristi is shown for ™
an 8 bit ADC producing 2 bit per full stage and 2 bits in
the partlal stage. An’ expanded view of what is being plotted
is shown in f1gure 6. 2(b) ThlS figure shows two adjacent
quant1zat10n levels and the error produced dur1ng an ideal

- conversion in between these points., Part (b) of the figure

¢ also shows what portion of the ideal graph is being plotted

in figure 6.2(a). Graphs of ideal conversion for other
valuesfof~s, r and N have the same appearance (INC=4)* as
figure.s 2(a). The only dlss1m11ar1ty in the graphs.mould be

that a dxfferéﬁt number of p01nts would be plotted.

5. Graphs f, the proposed ADC with . ‘the  sam¢” plotted
'precxs1onﬂprqduced us1ng s- ‘2 and 3 b1ts are 1nd1cated in,
wfxgures 6%3 through 6. 5 From these graphs 1t can be seenvfj

v ) a 5

that . the lowest number gi -conver51on errors greater than
what occurg n1 thepldefl graphed data is produced by the
cpnverter usxng 5-2 blé%’ The - converter that produces theA

most conver51on errors greater than 0.5 LSBs is formed using

- o

,s=1b1ts. | ! e e

v

Another p01nt worth notlng is, that there 15xa nm]or»

p

R tran51t10n 1n the plot produoed when 51mulat1ng the proposed

converter for $=1 b1t. The transxtlon occurs very close to
i ;
the polnt where the f1rst full stage of}the converter ‘must

.. (N s ' s s
- > . - . > . .. .
0} . . . . . AR
N R ) < - R R C
. . p
9

. N ’
ey A R - e

. i
e Subtfact 1ts*51t s voltage@equ1valent frj?'the anut durlng"'
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Figuré 6.2 (a) Scatter plot of conversion errbr for an ideal.

u

! ' ) “ 1a . - ) »

conversion. with N=8 .s=r:\=2 and inc=4; (b) expanded view of

one plotted quantization step i
. )k"'i | . ‘ :
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proceséing. This suggests that ;i}/ may be worth while
investigaring the.effect of dist 1bucing scage errors; %hat
is, by forcing the first\4afﬁg:}or stages in theufptoposed‘
converter to produce less error than the follow1ng stages
~ there may be'g substantial increase in the bits produced.
-The reason this seems logical is that small error changes in
xthe first stage, due to a bit pattern change in'tne stage,
" deem to produce the converter's.maximum conversion errors.
This assumpcion is supported further by the.other two plots.
In these plots there are spikes of the maximum conversion

y

error at points where bits in the ADC's first stage change.

‘In order to determine which of the two main error.
groups produces che most conversion errors, the stage
simulation program was run with one of the groups set to
their ideal values. That is, one of the data groups was left
at the value used to simulate a practical ADC while the
-other group was set to the values used during the idea]r
conversion simulation. Figure 6.6 shows the graph produced
‘when the. stage gain 'coefficients were made; ideal (K=1),
while-figure 6.7 is a graph generated using the ideal offset
voltage values (Vo;=0).' | |

A comparison of the .graphs_ yields two - significant
points aboutlthe proposed COnverter, The,first moet notable
point is rhétvreducing the»stagevofféet voltages‘reduces the
,recorded frequency of conversion errors larger than 0.5 Lsﬁf.

to zero. Running the maximum wordlength 'simulation program

also 1ndlcates an offset reduction can increase the.
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wordleﬁgth produced.JIt shouid also\bé realizéd'that the
staée's offset voltages will affect the stage\'éain
éoefficient Kg for the propogéd architecture. The other
information obtained from thé cbmparison is that reduction
of the gain errors can increasé\tﬁe frequency of. conversion
errors‘latger than 0.5 LSB. This ‘indicates that stage gain
errors can ténd‘to partially cancel other error sources,
Moreover,: this may also indicate that a worst case analysis
did not 6ccur when using the parameter set chosen for: the
simulation, Figure 6.6 also has 1its maximum conveﬁsion
errors'oc¢ur around inpuf values that COrrespondvto changeé
in the first énd secqnd'stége's bits.

-
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Figure 6.7 Scatter '-plpt of conversion-errors with ho offset
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- 6.4 THE PROPOSED CONVERTER'S FI'.EX.I Bl FITY 131
| Several features of the proposed ADC's architecture
make its conversion characteristic flexible. The segmented
‘structure of the device ‘makes it possible to increase the
resolution by inserting full stages. For each. fuil stage
inserted, s additional bits‘are produced. This process of
adding. additiopal full etages is iimited‘ by the error
tolerances of the stages used.i A second benefit of the
segmented structure is thet once a full stage has been laid
‘out, all the ‘other fpli stages areridentioal~and xhemegme
layout may be uséd. Furthefmore, the paftial stage ieﬁﬁ%
reduced version of the full stage which con51sts of . gust the
internal flash converter. Therefore, the full stagehe layout
could be reduced to just the internal flash conventer to
yield the partial stage's iayout.-The benefits of this are
many. Designers may now‘prototype'e: design using'a'small
wordleogth, and tﬁeh 1ncrease tKe prec1s1on after various

"—9

other on ch1p dev1ces are funct1ona1 “This contrasts with’
’

the otper poss1b1l1ty of e1ther workxng on the anqlog and
d1g1tal Circuits separately' and then comblnlng eﬁem <n1 a

chip; or.prov1d1ng ‘two unlque ADCs, one’ for the fﬁrst*t st

nd one for/ﬁhe second The proposed ADC alsoﬁkrgatlx

- R

fac111tates both de51gn ana process 1mprovements, EtL ;he

phas :

goal is to increase the- prec1s1on’dof the ’cohverted B
1nformat10n without selectlng a new arch1tecture.n' o

‘The wordlength of the proposed ADC can be 1ncreased

once it 1s at its maxlmum as governed by the stage error
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tolerances, by making a trade—off .with other converter

specifications. In all cases the stage errors are reduced,
and hence‘the‘new maximum wordlength_can be mség larger than
its previous value. By reducing the conversion rate, or by
dncreasing the amount of error “correction hardware, .the
errors will be reducedr Therefore, the conversion rate or
die area can be traded off against the precision produced.

To produce a nonlinear conversion characterlst{ghwlth
the proposed converter, the precision-‘gain c1rcu1t and the
subtractor circuit can be combined with some additiona%
analog and log1c c1rcu1ts._The same segmented structure can
be used fory NADC applications. Most of the architecture
modificat¥ons would be on how the reference voltages ‘were

'generated;'Tobunderstand this,:recall that most NADCs have a
segmented Struoture [GREBENE, 1984]. The segments are then
broken down linearly. At @rerent the proposed ADC performs

linear quantization. Therefore, ‘if the segment that the-
inputAlies within is identified, the following conversion is

vlinear‘ and may be performed by the ‘present converter

_arch1tecture. | -

The segment that the analog 1nput is within could be
1dent1f1ed by the first stage of the NABC This stage would
'be modelled after the full stage structure, but 1t would_

‘have to produce logZ[segments] bltS, and it would only have

- a unity stage galn. Th1svstage'w111fbe referred ‘to as the'

non11near stage. A .logic network connected to th1s stage“_

would»then set‘the voltage_references to be used'an all oﬁf ‘
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¥

the fo¥lowing stages, where only ‘1inea; conversién is

. required. Once the' nonlinear stage has -idéntified the .
segment where the input lies, the‘)input would have the
voltage given by the lower bound of the located segment
subtracteé ffom it.. The fQilowing linear conversion would

- use the difference between the upper and lower determined

segment voltages as Ve

pe TO produce the voltage references

required, a combination of precision ‘'gain stages and
subtractor circuits might be used. |

.If the die aréa‘takeh QQ)BY the converter is considered
to be the priority in a brojeét, the conversion may be
performed by recirculating the processed input. Only full
stages 'would be used, and the number of them. required would

-

be given by

[
(4

yhere T  is the number of times the, proces;ed‘ input is
processed by the n full stéges. To do tﬁis,.the last fuli.
stage's expansion. output kwould‘ be :edirécted- back to the
fi;st stage's input Tnftimes. A*switch at thé‘fitgg §tége's
inputA_would connect eitﬁér a new sample;tor ‘a pa:tially'

processed sample to the stage. After an L ' “

]

&
initial delay= nrT_ A (6. 11)

4

a digital»ohtput\isimadevavailablg“eﬁéryv
\\\-» o . 3 . . )

N
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delay= TTh . . (6.12)
- ‘/"\ -

<~ N “~
.

sefonds. This would reduéé\'the die area required by
. - . y . A
approximately Th times for thq;éase when r=s. The maximum

- —

processing delay is increased_?& the same amount Tqe
- . ’
/

+
\

\



7. CONCLUSION
This thesisvpresehted-an investigation and development of a‘
pipelined algorithmic ‘converter architecture.lThe proposed ,
ADC has a segmented structure that provides S bits of
information at every stagé”but the last, which’ produces r
? blts. A digital CMOS. technology can be used to fabricate the
proposed ADC, because on ch1p error correction reduces thea
problems inherent to the process used. To provide precise
yolgsgev references, the . use of ekternal sources is
suggested. This should produce larger wordlength§ and‘resurt
in higher yields than would be possible if Athe".\'roltage’

references were also produced on chip. =» i -

An  error = analysis was performed '%n ~ both the

seriai—fiash and algorithmic converters. The amalyéis
provided equations thar . revealed how the var%oué error'
sources considered comtr{tpte to conversion errors. Thjs wasrf'k
done. for two eXtremes 'in‘ the analog input (lowest amd'
highest quantizarion levels). Results obtained when'uSing‘
these formulae 1nd1cated that the worst’ case {convers1on
errors vary ‘with the input's value and  with stage;<
parameters. -7 ' | | : |
In order'to‘estimate the worst' case“conversion error“
1 fuithpra; higherp accuracy}‘ a stage szmulat:on program vas
‘developed; This'uprogrami enables vfhe\ userv_to 31mulate"
_convers;on . ofti ali ‘7£h¢. p0551b1e | goantiiafion levels, L
:1nc1ud1ng 1ntermed1ate values 1f de51red Then u31ng th1s‘

program a second sxmulanon program was formed t:hat would B
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arrlve at am estlmate of the maximum wordlength for the
L)
hosen ApC arcﬁ?tecture (se?1es flash_ or algorg{hmrc) and
% - 3 ,
parameter Set . The second_ program provides -the “makimum

wordlenn*h estlmaté for dlfferent values of § until the

-

"spec1f1ed conver51on error has beenhreached

A th1rd program was developad to s1mulate an ideal

<,

verélon o# the proposed converter. Thls was done to provide

lenformatlon on the maxlmum perm1551ble of fset voltage errors

1t

.

. S1m?lat10ns of the buffer 1nd1cate it will prov1de a h1gher

It
for all ¢the ‘comparators used within® the converter. The

program verlTles theoret1cal calculatgons made on the error
toleqances of. the comparators. A

* . s
.To prov1de rap1d conver51on at low power consumption

leVels a spec1allzed buffer ampllfler was develooed

s

slew nate ~at lower b1as levels fhan‘ a general purpose
1S

ampllfxer cqnf1gured as a 'unity gain buffer. The buffer uses

| .a‘unique open‘loop~design to produce/ its high slew rate.

V other c1rcu1t des1gns.

"—.1;. .

Several innovative features are employed in the buffer's

~

desfgn.rBoth the buffer and its features could be used for

+
‘
LA

: An electronlcally callbrated precai'Gﬁ’gain circuit was
-zf

‘desxgned to produce a high accuracy stage galn u51ng a

d1gxtal process; This device could also be used in other

c1rcu1§s that only have low toleraqpe re51stors available,

but still requlre a prec1se ga1n 1ndependent of the res1stor’_

tolerance. The precision ga1n circuit is not restr1cted to

¥

CMOS technology because a JFET can be substltuted for ‘the

1.\-”, __,.-7
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' NMOS transistor W&ed: in the circuit.
| Using the'm;QEmum *qrdlength simulation program with
the data obﬁained on tﬂe\\vérrous‘ internal circuits it
. appears that the proposed cbnverter should be able to
) produce'8 bits precision with 1less than 1 LSB cbﬁversion
eérror. The best combination of full stage wordlength and the

‘ partial °~ stage's wordlength is process parameter and

precision dependent.

‘ A7 .1 FUTUéE .CONSIDERATIONS

The first area worth cohsidering, that would be useful
in any future research, is determining how ' stage error
distribution effects conversion errors. Then continue by
permitting a variable numbé: of bits to be determined in
each stage. This may lead to an arcﬁitecture modification
that would increase the obfainable precision. !

Both the buffer and precision gain circuits should be
fabricated éqd _haveﬂ 'their - performance checkea. ‘The
simulations of thesé_devicés'indicatg théy are feasiblé,\but
the fabricated devites woﬁld ptoviae additi;nal infqrmation
on 'thé. required sizes of impogtanf transistor pairs and
other process limitationsl If large cépacitive loads afe to
be driven (aoné 1 spF) using the buffer, some internal
compensation iégnéceééary. Preliminary wofk suggests that a
resistor and capacitor in series between the buffer's output
and the g#te o£‘M5 is a feaSible means of'compensation; The

effect of varying'the substtate:bias of the buffer amplifier

.
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syéﬁfd be ‘investigated further, when a new simulation
package is available. Reducing the substrate bias would
increase the buffer's frequency response as indicated by
some of the theoretical calculations made. It may also be
advisable to look into some buffer architecture changes. For
exemple, some of the critical current Sources could‘ be
replaced by more elaborate'higﬁer impedance current sources.
Before the circuits are fabricated, they should be
resimulated“ using a working (more reliable) simulation
package. The circuits .should also be optimized for the
process being used.

Another concern 1is for the proposed converter's “chip
layout. Parficulaf attention should be placed on how the
'Qoltage references are passed to the stages. That is, how
‘much decoupling and isolation from the ‘adjacent digital

circuitry is necessary to make the referenées ueeful..

On chip reference voltage generaEion‘should be explored
more fully. That is, swifch‘ capacitor digital to analog
conversion circuitry could be used to éenerate fractions of
en-inpuf vpltage reference. This wouid‘reduce the external
circwitry and the IC pins required. To provide nbnlinear
conversion a logic network and analog reference generating
circuif is'hecessary. Both these circuits have yet to be
1nvestzgated The use of the prev1ously de51gned subtractor
and prec151on ga1n c1rcu1try is- suggested

.To reduce dev1ce offset errors the use of AC coupl1ng

for the low order bxts should be 1nvest1gated This shouldd
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increase the obtainable precision if. the low order bits vary

at a suitable freguency above zero hertz. o S
7.2 THE PROPOSED ADC'S FEATURES AND POSSIBLE APPLICATIONS

Before discussing suitable applications for the

proposed converter, its‘estimated performance_specificétions;

will be detailed. The estimated and/or simulated values, and:

some of the Aﬁc's features are: _

. é to 8 bits resolution at s=1 to‘s=3 bits

2. 200KHz to 700KHz sample rate |

3. 1less than 1 LSB conversion error

4. *1/2 LSB differential linearity error * (no miSsing>‘
épdes)f

5. no sample and hold amblifier is required

6. 1low power requiremént (approximately less than 200 mW)

7. majority of the chip'may be fabricated using a digital

 cMos process , . .

8. 1low envirdnment dependence due to on chip erfof
co;réction | |

9, the precision is readily modified by altering thé3number
of stages | . -

~10. a change . in the ADC's precision does not affect- the
effective sample rate ' "

11. the precisioh may be increased by increasing the die

aréea used for the error correction and/or by reducing

4

the conversion rate
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12." the die area required by the converter can be reduced by
recycling the processed data

13; nonlinear conversion is possible

- 14. low supply voltages (%5 volts)

t This value can be more reliably determinedronce-several
full stages have been fabricated and tested, because it is
process and device size dependent.

The mediUm speed operation of the proposed ADC limits
Eheqsampled input frequencies to below 350KHz in the best
case. This }ied}fn with the produced wordlengths size,‘and
the low environment dependence make the ADC suitable for the
following applicationé: |
1. Automobile control systems
2. Sensor, microprocessor and ADC~single chip integration
3.v Biomedical circuifs for implant, where device size and

power consumption are.important
4. Multiplexed low fidelity - audio applications
(approxihatelyVBO channels per device) | “

5. Qutdoor instrumentation

This investigation has led to results that indicate
that ‘the proposed converter is worth investigating £urther/
Only after additional qesearch vil} a viable ADC be

possible. ..
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APPENDIX ONE

This appendix includes three programs ghat were discussed in
chapter 2. The éomments within the programs should be clear
enough without further explanation. All the programs haQe
been test on MS-DOS and UNIX systems. Therefére, they shoula
 be readily transported to -mést computer systems without

-

modification.
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APPENDIX TWO
. .8 .

This appendix 1includes several SPICE simulations of the

designed buffer amplifier previously discussed in chapter 3.
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