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I ISTRODUCTION

Backeround

This thesis has been written ag an oubtgrowth of voltags=to=-
digital converter development dons by the suthor for his employer.
The development work was done becauge commercially avallahle
converters lacked the ability to operate in a 70°C temperature
enviromsent snd/or they secemed deficient in temperaturs and long term

stability, and because econcmie considerations appeared to justify

the design effort,

An agnalog-to=digital converter is a device which accepts an
analog quantity at its inpub and then provides a digliiged output
that is proportional to or otherwise representative of its input
quantity.

The output voltege of tranasducers such as tachometers, potentio=
meters, shunts and thermocouples are analog volbtage signals that are
typically, respoctively representative of the analog quantities of
speed, position, torque, and tempersturse. These analog quantitiesg
and many others are typical of quantities which one might wish to
displey and/or record and/or use for references or feedback in
control gystems, |

A common display voltage deviees is the D'Arsonval or similar

neter and a& compon voltage recording device 1s the pen recorder. The
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meter and recorder present thelr information in an analog manner,
The previcusly mentioned transducers are frequently used directly
as references and feedbacks in analog contrel systems,

The totally analog instrumentation, recording, and control
system can often be outperformed,or at least out.perfofmed for a
given cost, by combined use of analog znd digital technicues, This
introduction will not treat system considerations versus snalog and
digitel techniques versus economics, but it will suggest the role of
enalog~to=digital converters in some hybrid applications. In parii-
cular, the applications will be related to voltage-to-digital
converters which accept a voltage input and then output combinations
of two-state voltage levels that the converter has generated and
coded to be linearly proportional to its input wvoltage.

First, consider applications where voltage instrumentstion end/
or recording is required, Except possibly for go/no-go types of
instrumentation, a man can usually comprehend only one set of
nunmerical data at any one time, thus serizl indication is often
useful indication, For such applications, a number of voltages can
be serially collected with a voltage sampler that outputs to a vol-
tage-to~digital converter, The converter'!s output can then operate
lamp indicatorsv'_}i_.h_at are visible at a convenient location, The system's
equipment, consists of one sampler item, perhaps a relay or stepping
switeh interlock for each eysvem snalog devic‘q,.one voltage~to-digital

couverter ».d ore indicator, Jhe systen can indicate with three to
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four diglt accuracy and only one piece of securate equipment, the
converter, is required. Recording applieastions can be satisfied with
the same equipment exeept that an elecirieally controlled printer or
typewrlter will be subgtituted for the indicator and s piece of
gserlalizing equipment might have %o be inserted betwsen the converter
and the printer or typewriter, The sampler of these gystems can be
made to operate sequentially or under random command of a person
collecting the system's data,

Even though they may be basically analog aystems, many of
today's control systems are complex enough to require, or at least
economically justify, internal loops that contain digital computing
equipment. The sequential scanner and voltage=to=digital converter
provide a means of collecting and distributing to the digital equip=
nent system information that has been converted from voltage signals,
The scanning in these gystems may be under & gysten command or under
the computing equipmentts command,

The analog=to=digital converter of an indicating or recording
system will be about the games kind of device as the converter of a
control gystem; however, the control systeam may require a converter
that makes conversiong more rapidly than is necessary for indicaling
and recording purposes. Also, it may be degirable to use different
converter output codes for the two purposes. For exemple, the
computer may be supplied with binary inputs, whereas indicating and

recording equipment often regquireg an input code thet is separated
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into digits, an example of which is the le=2«=8 binary ccded decimsl

codles

The following definitions provide a basis for gpecifying the
quality of the performance of a voltage~tos=digital converter. In
soms ingtances, the definitlons conform to the terminclogy of & set

of tenbative analog=to~digital converiter gpecifications that has been

prepared by menbers of the AIERE!'s Component Specification Gummitﬁae.l

1., Full scalet +the maximum valus of & posibive gr negabtive iwnpub
or oubtpubt quantity.

2¢ FPull ranges the maximm value of positive gpd negative full
scales,

3. Codes the reletionship ketueen the converter's quantized cubput
and the value of the continuoug input they represeni.

4e GCount: +the digital oubtput reading of the converter, one count
is one quanbtum of the oubput,

5, Comversion time: +the time required for making one voltage=tow
digital convergion.

6., Guantizstion error: is that part of an oubput quantum(s) that
is not discermable betuween successive oubput
numberg., The quantization error is at least onew
half counb, (See Figure 1).

7. Offset error: a fixed voltage offget when referrved to ths
converterts input, after correcting for euantizaew
tion error (see figure 2),

8., Noise errors variation in conversions due to stray coupling to
magretic and electrical sigusls and due to inherent
electrical noise of components,

9. Gain errors the discrepancy betwsen ideal and actual full scale
valueg after correcting for quantizetion, offset
and noise errors (see figure 3).
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10, Zinearity error: ie the difference bebtween the actual inpui
quanbity st whieh a change in cownt ocours and the
input quantity thet would have caused the change if
the chenge had oceurred on a gtraight line betwesn -
zero and full geale value after correcting for
quantization, off'set, noise and gain ervors (ses
figure 4).

11, Deviabions ig specified geparately for variocus performance
iteme. Doviabion stabes the changs in offsob, gain,
obc.y bhat may occur becauge of a change in
opsrabing conditions.

. The following speecifications are applicable to the converter to
be degigneds

1. Input voltagee: £ 20 wolts full scale (40 volbs full rangs) and
10 wolbs full seale (20 wolts full range)

2. Input impedsnce: 10,000 ohms, resisbive, for 20 volts full
(mixﬁmlag? scale and 5,000 ohms, resistive; for 10 volbs
full scale

3. Source impedance: zsro ohme paximm for specified performsnce

Lo Outpub count: 4,000 f2ll scale with 95 overvange

5s Gutpug codes natural binary for negative inpub voltagess 2's
complement of nabural binsry for positive input
volbages

6. Type readout: parallel for 12 bits plus sign

7. Voltage levels oubputs %1% is £ 5 to f 12 volts
0% 3 0 4o 0.4 wolbs

8, Enviromments a. operating temperature: 000 to 70°C
ke Tate of change of temperabtures 15°C per hour
¢, long berm bimes oix wonths afber iniflal two
weeks
9. Conversion times 0.6 millisecond

10, GQuastization ervors £ } count due to digital resolution



15.

16,

17.

14

Offset and noiss error: less than £ .005% of full seale at 25°C

Offset deviation: less than ,01% of full sesle in the environs
ment of gpeeification #8

Gain errors less then .02% of full seale at 25°C (gain is
count/volt, with volt as defined by Nationsl Buresu
of Standerds, Washingbon, D.C.)

Gain deviationt less than 028 of full scele in the envirvomment
of spegification #8

Linearity error: less than .01% of full secals in the cnvirose
ment of specificetion #

Component types principally solid state, semiconductors are to
bte silicon

External power svailable: a. £ 50 volbs é%ﬁ
be ¥ 28 volis
¢. logic pover
(voltage tolerances include line and load
regulation, and deviation due %o emviromment
per speeification #8)



15
II  REVIZH OF LITERATURE

Three types of literature were of importance for the design work
presentsd in this thesis.

The first concern of the designer wag to egbablish a meang of
accomplishing voltage~tomdigital conversion., &% leash one book and
seveoral megezine articles were avallable on the subject of volbagse
to=digital converglon techniques. Thase sre used as reforences fov
Section III of thig thesis.

The next concern was to design clreuits that permitted implew
menting & selected conversion technigue. Circult design theory and
component operating theory from textbooks, poricodicals, and
pamfacturers! application notes were inveluables in this phase of the
degign work., In addition, the cirvcuit design work has required
liberal use of mamufacturers! gpecifications on mmerous components.
In generai, specification literature has not been referenced in the
thesisg. In many instances the component characteristics ars
sufficiently lknown to make referencing unnecsgsery. In other
instances component design tolerances are listed in the thesis and,
in some cases, identification of compouents,; such as semiconductors,
by their type mmber will provide an aubomatic reference to naticns

ally registered specifieations.



16

IIT TECHNIQUES FOR VOLTAGE-TO-DIGITAL CONVERSION

This section presents several basic voltage-tow-digital
conversion techniques that seem to have beem, or seem to be, populay
meothods of accomplishing 1inéar-volﬁage~toe&igiwl converasions.
Variations of thegse techniques and obher methods are being used for
voltage-to-digital conversion. Referonces to some of thess

techniques are given in the Literasture Examined section of this

thegis,

The "Anodige® converter apparently takes its name from the prime
words of its function, gnalog and digital, The coaverter was
developed by the Nationsl Bureau of Standards end publicly doctmented
By them in 1951, aceording to Suskind.d The "Anodige® tlock diagram
of figure & ig quibte similar to that given by Su&lain&.g

To undersgtand how the converiter opsrates, assume that an inpub
voltage is present and that a ®obart conversion® command is given,
The "start converslon® command ceuses the counter and the staircase
generator Lo Be regpeetlvely reset te sero ¢count ocubput and sero
voltage outpub., Following the regeta, ths logic csuses one of the
gatets inputs to be enabling., Pulses from the opsillator ave
sceumulated in the counter and simulbancously they cause a shaivcase
type of voltage incrementing of the shaireage generator!s cubput

volbage. UWhen the stairease volbages is approximstely equal to the
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input voltage, the comparison circuitts output changes stete. Upon
this change of ghtate, the gate bocomes lvhibited by logic that senses

the ehange of state of the compariscon eirecuit and then removes the

initial enabling logiec signal,

A bloek diagram of the "sawbooth comparison® voltage~to—digita14
converter is given in figurs 6. This converter differs from the
"Anodige® in that the labter compares its izpub voltege to a foedback
voltage quantity to deterwmine its comparison wull while ths former
compares its input voltage %o a voltags-time reference quantity to
obtain 1ts comparison null, The reference volbage~time quantity is a
voltage thal increases linsarly with time. During the tinme that the
comparigon eircuit detects a reference that is less than the inputb
voltage, oselllator pulses of & kuown frequency ave gated to, and
acoumulated in, the converter’s counier. The mmber of pulses
accumulated in the counter will be directly proportionsl to the
cgeillatorts frequency and the time during which the oscillator
pulses are gated to the counter, The cownber will cease %o receive
pulses when the raference wvoltage equals the input volitage, thus the
period of timoe that the eounter receives pulses isg determined by the
inpub voltage and the time rate of change of the reference voltage.
With constant oscillator frequency and volbage reference, the
converterts stored data will ke proportional te the inpub woltage

when a conversgion cycle has hesn exscuted.



0sCiLL ATOR

18

GRTE

COVRYER

— e
PARALLEY

VOLTAGE [COMPARIGON
. CIRCLVIT /
T LINEAR
STAIR CASE
SENBARTON
A RESET
TP
ConvaR- Locic
sied /IR ﬁ‘l’/ 9ToP

RESET

Flgure 5. Block Diagram of the "Anodige" Converter

\N§PUT

0SciLLATOR

VOLTAGE -

ConeARISIn
cllc_o (13

CATE

SAWTgoTH
GENERATOR

T REseT

STARYT coONTRSL
cConvir - LOGLE
Siom

Figure 6. Block .Diagram of The "Sawtooth Comparison® Converter

STeP

DeI1TRAL
QuUTPYY

| CounTER

PAAALLEL

Reset

4

STRART) ST0P

DIGITAL
outerut



19

Counter Decoding Gonverters

The converter shown in figure 7 is similar to the "Anodi ge"
e‘o‘n’ﬁe'rter-. The hasic difference is in the method of i‘eeding back to
the c@mpamﬁér;, a yoliage that has baefﬁ derived from digital-to=
voltage decoding. The "Anodige® fed back an analog voltage that was
derived from digitel pulses. The eonvertver of figure; 7 feeds baék a
voltage that has been derived from data that has been acowmilated in
its counter, Quite likely, the decoder will change the coumter's
data to a proportional wvolisge with a resistive network. | |

W,a:tdg presents a converter that is similar to the one of figure
3. This converter uses & resistive network for its digitalwie~
voltage decodiné-. _ | | |

Flatzek, Lewls and Bﬁe*lkéé provide a converter that will contine
uously track it.s'inpu‘lz voltage. This converter is illustrated in
figare 8. Its comparison cii'cuit gates oscillator pulses to a
reversing counter in a manner that mll cause the counter’s data to
increase or decrease, dapendiﬁg on the mlé;tisnship of the décodez?' s
output voliage to the converter's input voltage. The counter's data
will be increased when the inyut veltage is graaﬁer than the |
decoder's output, and the c’m‘mﬁér's date will be decreased when the

input voltage is lower than the decoderts output voltage.

"Successive Aporoximation® Converter
The voliage~to=digital converbers bhat have been deseribsd fius

far formilate their digital output ove quantur at 2 time. Thess
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converters will perform one thousavd operations for o full geale
conversion with one~tenth per cenl resolubtion. 4 converter with one=
tonth per cent regolutions has ten binery hits (1024 combinations
including zero) of binary information. The most heavily weighed bit
of o ten bit binasry mmber is the bit with a 512 weight. ﬁil of the
nine vemaining bits have & maximwe combined weight of 511, Sinilarly
the mazimm combined weight of all bite of lower order than aﬁy
partieular bib, by, of a binavy rumber willl be one less then the
weight of b,. This arrangement of weight can ke conveniently used to
inereage the operating speed of a voltage~bto=digital converter.
Wald’ provides a deseription of a conmverter thet illustrates the
manner in which the fasber conversion can be accomplished. Wald
classifies this ype of converter as a *digit-at-a~bime® converter.,
This clagsification is appropriate cnough, bub if sales literaturse ig
used a5 a guide, & more compon name seers to be Wsuccesslve approxie
mation.®

Pigures 9a and 9b accompeny the following deseription of the
Tsuccessive spproximation® volitage=towdigital converter. Asswme that
an input volibage is present ab the converter's input and asswmme that
a Pgtart conversion® command has been given. The ®start conversion®
command causes the generablon of the series of pulses shown in figure
9, First ﬁhe digital daba flip-fiop (hold or storage devices) arc
roset and the decoderts oubpul goes to gero. The cowparison

circultVe oubpub has a polarity that lg enabling to the gebe circuibtey
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when the converbter's input voliage exceeds the decoder's voltage.

. _ ) I s B s
Following the reset pulse, flip-flop 27708 is set by pulse 28171,

(xt}

This energiszes the most slguificant bit of the deceder. If this bit

has a vwoltege that ig les

input veltage, then pulse 28~bp

-3

than the

@
w
(" $3

.

is inhibited from energizing gate on=la 15 the 27°1B bit causes a

d~

decoder voltage that is greater than the input weltage, then pulse
2n=17 passes through the "or" unit 22710 4o yeset fliy ~flop o1,
Following one of these two operations, 20~ 25 15 set and the procedure
is repeated until flip~-flop 1B has been set (and possibly reset as
required by the output of the comparison amplifier). By the time
that operation is complete ab 1B, the decoder outpuit woliage has heen
forced to be equal to or nolt more than the eguivalent of one bit
weight of voltage less than the input voltage. The one bit excess

of voltage can be redueced to one-~helf of a kit by blasing the
decoderts output voltage with one-half of a bit's quote of voltage

with & polarity that ig the same as the input voltage. The conplete

tial reset)

]..-4
ﬁ.

conversion has been made in 10 steps (11 including the
and if the circuit time constants are low enough, the Ysuccesgive
approximation® converter's conversion time cen be much less then that

ef the Bguantum~atwa=time converters.

Cascaded Bit Converber

Figure 10 illustrates a converter that should be faster than the
[
tguccessive approximation® comverter,” The converter requires a

comparigon circuiy, an anslog switch, and a subltractor with & gain of
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two for each of its bits. The switch of each bit circuit has (<E)
volts out when the V, into its comparison circuit is greater than
[-E) and zero volts out otherwise, where the converter's full scale
input voltage, Vi; is selected such thats
Vit= el (/) T -
n= number of converter bits
The converter outputs a "1 when the switch of a bit outputs (~E)
voltse
The conversion time of the cascaded bit converter is limited by
the time required for the various bit signals to propagate through

the comparison, switch, and subtractor circuits.

Yoltage te Frequency Converter with Period Counter

A voltage~to-frequency converter outputs a digital pulse train
with a frequency that is directly proportional to its input voltage.
The digital pulses can be ascumulated in a period gated counter to
provide a digital number, the size of which is determined by the
frequéhcy that is input to the counter and the length of time (period)
for which the input was permitted, If the period is known, then the
number stored in the counter can be interpreted in terms of counter
input frequency and thus, converter input voltage. Figure 1l provides
a block diagram of such a system. The output of the peried logic is
enabling during the period timing and inhibiting at other times,

Figure 12 presents a block diagram of a voliage to frequency

converter that is manufactured by the Hewlett Packard Company.9,10
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The converter!s input voltage is integrated by an operationsl amplie
fier type of iInbtegrator and when this integrator rveaches 2z
predetermined level; a pulse generator feeds a pulse to the
integrator's input. This pulse has a fixed volbtage~time product and
a polarity opposite %o that of the input voltage. If the integrator
time constant and the predetermined level also heve fixed values,
then the converter's oubput frequency can be determined aa fo]lewss

V. -Vy = . ~ (at the end of & ieedhaclr
[ X \/ tK/ \ I Fﬂl&e)

when VL =2 congtant voltage level
\/~ = input voltage quantity
Tr = Pixzed intezrator time econstant
V; = vollsge quentity that existed at integrator®s outpub
at the end of the previous feedback pulse
tx = tine vequired for imbegration to level Vi from
voltage Vy

V#: VL‘\‘ (V V(—‘) /".\:

Te & constant pulse width of feedback pulses
Ve = congtant amplituds of feedbaeck pulses \vil> \v¢|

“Vi o+ W Lx /T = - Ve- (Ve -ve)Te/ T

\/l; ( t\( PT?B < \/g T
kx+rTo = Vp T/ v
now (kx+Te) = V] ¢ vhers f is %he frequency ab which the integrate
ing cycle will repeat; therefores
F= W / Ve T | i -2

The integrating voltage-to-frequency converter can be used in g
panver that will give excellent rejection of cortsin noise
frequencies that may be superimposed on d.c. For example, suppose

that the period cver which the counter iz accumulating has been Lixed
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at one~tenth of a second. HNolse of 10, 20, 30, 40, 50, etc., cyclsa~
per=second frequencles will ke presented to the converter for an
exact and even number of posibive and negalive half cycles. The
output frequency of the comverter will very with the noise but the
converter will sccumulate as many high frequency pulses as low
fraquency pulses and the noise will be averaged out of the d.c.
signal, If the positive and negative half eycles of noise are
symmetrical, as might well be the case with 60 cycle power noise, the
noige component of an input signal can almost be completely
eliminated,

With its single outpub, the volitage to frequency converier can
be easily isolated from digital elements that 1% might output to.
If the power supplies of the converter are also isolated, then the
complete counverter is easily isclaebed from e system's common or
ground., The common mods rejectlon of a voltage to digital converter
is greatly improved by isolating its analog section., High common ..
rode rejection is frequently a necessity in gystems that collect
data from remotely loeated sources.

The conversion time of the analog to digital converter
i1lustrated in figurell 1s & funetion of the voltage t§ frequency
converterts cutpub frequency, the desived resolution of converted
data and the noise frequenciss that are to be rejected by the average

ing procedure previously described.



Suppary,

Excluding the "sawbooth® and %cascaded” converters, all
converters discussed in this section sccomplished their conversion by
comparing an input quanbity to a feedback quanktity that the converter
had generated in s preorganized mennsr. The "sawbooth® and
foascaded® converters are open loop devices with a stable |
reference, The converters accomplished their conversion in one of
the following mannergs

1. ons quanitum at s time. '

2, aboubt fifty per cent of all untried quanbtums at a time,

3. with a volbage~to=frequency intermediate conversion,
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I¥  FELECTION OF VOLTAGE~TO-DIGITAL
CONVERSION TECENIQUE FOR DESIGHN

The previous geciion presented several technigues that have been
used in voltage~tow-digital conversion. The specificaiions (see
Seetion I) for the converter design require that a 4000 count converw
sion be wade in 600 microseconds. One counter increment and one
voltage comparlison are required sachk 0.15 mieroseconds during the
conversion when the conversion is made one quantum st a time. It is
difficult to count, let alone count and compare at this speed, thus
the Mquantum=at-a-tine® technique seems like an impractical method of
satlsfying the converter's gpecifications. With the voliagewto=
freguency conversion technlique, the integrator's oubput will have to
be about seven megacyeles per second and this seems to be an
extremely excossive integrating rate. The Ysuccessive spproximation®
technique mugh achieve its converted cutput with one flipefilop set/
reset operstion and one voltage comparison sach 50 microseconds
during the conversion. This seems like a reasonsable operating time
and in lieu of the elaboratensss of the faster, Peascaded bit®
converter; the "successivs approximation® conversion technigque was
seleeted as the technique to be used for the specified convertert!s
design.

The most apparent disadvantages of selescting the Wsuccessive
epproximation® technique are that it reguires more digitel logie thsn

the counting techniques and it does not have the nolse removel
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features of the voltage~to-frequency approach to conversion, If
necéséary, high freqﬁency noise can be removed from the “suééessive
approximation® converterts input with inpﬁﬂ filtérs and low frequency
noise can be removed from the converter?s outpﬁt by digital smoothing
if the system that the‘cthQrter is uéed‘in has a low-eﬁough freqnency
respense characteristics 'Digital Smoothing reguires additional digi«
tal equipment, but this is frequently availéble in systems that have
voltagewhondigitél converterss The design of the M"successive approxi-
mation” converter could include an isoiated analog section but isola-
tion can probably be more easily accomplished with an external isolat-
ing amplifier,

Besides conversion rate, the Weuccessive approximation®” converter
has an advantage over the vﬁltagé;t@;frequency apparatus in that the
former converterts decoder caﬁ be used as & separate circuit for

digital-to-analog conversion applications if it is so designed.
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V BASIC DECODING, GOMPLEMENTIRG, AKD COMPARING
TECHNIQUES AND CIRCUITRY
troduetio

The object of this seetion is to present an examination of
techniques and circuibs that ecan provide the "successive approximas
tion® converterts decoding, complementing, half-count offset and
comparing functiorns, An analysis of several decoding tochniques
reveals that one type of decoder circuit can ke made %o decocde with
less gain error and non=linsarity than others. Further analysis
shows that the output of this deccder is quite compabible with a
technique that is well suited to the design of the converterts
complementing, offsetting and compaving circuita.

To some extent, the cause and amount of errors and deviations in
a Ysuccessive approximstion® converter can be analyzed without much
knowledge of the converterts civculitry. The resulits of the analysis
should bts an aid in defining the characteristics of the techniques
and circuits that can best setisfy the requirements of the converter.

Thermal emfs and error in the halfwcount bias are two sources
of offgets in the converter. The comparison circuit is essentially
a bistaﬁle, gignal polarity detector. A clrcuit of this nature
inherently has some deadband and this deadband can be offset from e
desired operating level. The deadband and its undegired offset
contribute to the convertertg offset. The decoder can have other

offsets that are not predichable without further koowledge of the
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circuit, Eleetrieal noise in either the decoder or comparator will
have to be overcome by the converter's input signal as sensed ab the
input of the comparator. Unfiltered nolse will have an effect
sinilar 4o an increased comparator's deadband and filtered noise can
have an effect similar to offsetiing the comparatorts deadband,

The decoder causes part of the converter's gain error, and
Inaccurate transfer of the converterVs imput and decoder signals for
comparison; causes the remainder of the gailn error,

Both the decoding and comparison cireuitry can cause linearity
errors in the converiter. The nature of non-linearity in the decoder
is not prediectable without more kmowledge of the technique or circuib
involved. The comparison eivcuitry can cause linearity errors by
failing to recover from large differences between input and decoder
signals in time to detect a small difference between the two signals.
To satisfy e 0.6 millisecond conversion time, the converter requires
a comparison operation each 50 microseeonds or so. Lack of recovery
can cauge converted outputs such as "257 to be correct, M001W %o be
correct and "256" o be incorrect. The error ocecurs because the
comparizon at B256% lacked settling time and the difference in time
between comparing "256" egainst the inpub and "256% plus *001®
against the input is long enough to permit the comparator to setile.
A tenth of one count is 00256 of s 4000 eount conversion. A 0025%
maximum error requires thet the comparator dedeet the difference

between the converterts input and decoder signals to & difference of
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one part in 40,000 of its maximum input, Further, the comparator
must be able to detect this difference within 50 miecroseconds efter
having sensed up to 20,000 parts of difference keiween the input snd
decoder. It will be shown later than bipoler converters can have
inpuits to the cowparator that are greater than 20,000 times the
glgnal it must detect during the next comparison operation. I£ an
unattenuated input signal is compared with the decoder signel, the
copparator will have to operate properly from s signal that ic less
than 250 microvelts (10 x (1/40000) volits) if bhe nonelinearity is not
to exceed ,0025%. The signal will be less if the inpub signal is
attenuated befors it 1ls compared 4o the decoderls signal.

Even though complementing has hardly been eonsidered, it is
obvicug that there will be circuit problems in designing a converter
with ,005% offset error, .02% gain error and .01 linearity.

There will also be problems sssociated with maintaining 013
offset deviation and .02% gain deviation with linearity error thal
does not exceed .01% during the varying enviromment end time span of
the gpecification,

Humidity, temperature change, and natural long term chareclterise
tics affect the chemieal and physical properiiesg of the converberts
components to cause bthe converterts deviations. Temperature can be
asgossed in terms of its effect por degree centigrade of change. An
amblent that varies from 0°6 to 70°C will require for each £.01% of

devliation, that the deviating characterlistic have a temperature
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coefficient that is about 0002% per degree cenbigraede in the 25°C to
70°C ambient and e temporature coefficient that is ahout 00049 per
degree centligrade in the 25%¢ 4o 0°¢ ambient. Semiconductor devices
are not particularly stable in sn smbient that varies so widely, thus
a large part of the specified offset and gain deviation'may'be
allocated to temperature drift, Bven so, the deviation’spgciﬁicatians
are stringent enough that the temperasture of same%of the circuitry
will almost undoubtedly requive temperature compensation or an
environment that hag much legs than sevenity centigrade degrees of
change, A controlled eircuit bemperature can be provided in gpeeially

designed enclosures,

The function of the dscoder ls te accept a digital input and
then outpul an analog quantity that is linearly proporbtional to the
digital input. The analog output muet have s magnitude snd polariiy
such that the full seals decodsr cutpud can be compared with the full
scale converter input to generate a null that indieates that the
conversion has been made.

The specifications require that the converterts input be a
voliage quantity. Without Justification, it seems reascnabie to
assume that the simpliest decoding and comparing will be aceomplished
electrically and accordingly energy conversion bechniques are
excluded for the deceder discussion thet follows,

11

Figure 13 illustrates a cireuil™ that aceomplishes decoding of
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a digital number by a vollags division technique., The diglbal inpub
is from 2 single pole; double throw swiltch. The two switch positions
are the two binary states of the input. Using superposition, the
circult can be analyzed es followss
Assume thet By = Q volts = common voltage; epy the decoderts

output voltages
S
€ue = €, R. + £'IR;
ZYRw R+ £'le;

7 -

where Z' oz equivalent admittance of resistors eonneched to
. voltage By
b/ 38 eguivalent admittance of resistors comnected %o
voltage B, (B, 2 0 for superposition purposes)

)
€oa = E, e, + £'(ay
llee + Z'|e; + 2 YR w
(£ 1/ewm)( Yr ¥ £'1R5)

with binary weighed reagistors as shown in Pigure 132

z! J SIS n e
/ej v & lem =L 2R < g £ 2
wel
2 !/Rv.. = .Mi:, 27/ R but n exists only for resigtors

connected to Eo

- Pf/R whers P = binary number to be
decoded if B, is the 1% or trus
binary inpubt connsction voltage.

wel
h- net
V\Bu.)‘. }R 5:61 /,2 - )/’z (26.‘. 9" +y- -2 )
= ’/It ( 27 ) , Fhew
Coa. = E)PQ = E\ P

Yo +Vg (L0 Qe+ 1™



Now if e,y is the decoder's oubput voltage mith.El = 0 volts

eeb < Eo 2 '/&5
Ry + Z YRy +Z /R

= Eon (17~}. p)
RIRL + 1™~
c° = ﬁoo. - Cob
. = Ee (T-1) +@ (5,-Es) Z - 2
2/ 2™ :

Now, o, will be a maximumm when Qﬁviskinfinita and e, will ke
2800 when'&b is gero. A zera'RL is not 8g useless as 1t might at
fivst appear., It ig obvious from the eircuit of figure 13 that if
E, is zero, then the short circult oubpul current of the cireuit is
proportional to the digital mmber being decoded by the circuit. It
iz also obvious that this current is proporiicnal to the mumber being
decoded even if the E, voliage is absent, that is, the switches can
be made single pole sultches. Suskindl? pointg out that the voltage
deviding network (B, >0) is not scourate without a second voltage
bus., In an unvestriched senge this is true, however, a wvoltage-to=
digital converter provides something of a speclal application of a
decoder in that decoder needs good accuracy only when the converterts
input is nulled against the decoder's ouvtput. If E, is mede either
commen volbage or ah open circuit, the comparison performance of the
circult of figure 14a and 14b will be the same if the pull gopparigon
ocours yith common poteytisl at the input of the comparison circuit.

There is a difference between the comparisons made with and without
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E,. The decoder of figure 1ib has an output resis%aﬁ%q‘ﬁhat veries
invergely as its decééed cubput while the dscoder of figure lia has
an output resigtance that is constant and independent of the mmber
it decodes. The comparison cireuit may be sengitive to its sourcs
resistance,

Pigure 15 provides ancother example of weighted resgigtor decoding
that can be used in a converter's comparison operatiag if the
comparison occurs at ground potential. Ags in figure lla, the
decoding of figure 15 requires single pole, double bhrow switching.
The decoder of figure lia acquired & congtant output resistance by
uge of the doukle throw switching while the decoder of figure 15
acquires constant power supply loading through vse of doubls throw
switching. Congsbant loading of the supply has possibilibies of
simplifying the design of a decoder's reference voltage supply.
Further the decodsr of figure 15 keeps consbant power on its resgise
tors and thus resigbance variation due to %"selfwheating? changs of
tenmperature of the resgistor is eavoided.

Figure 16 presents anobher binary voltage dividing decoder.
The switch nearegt Ry is that of the most heavily weighted binary
bit. Suitches to the left are sueccessively lower weighted bits., It
can be shoun?a by technigues similar to those used in analyzing the

decodsr of figure 13 thabs
E, & P YT -3
2“(&\.‘\"3’3 R\

€y =
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where P is the binary number being decoded and Ey is the voltage
connected to the input switch when the switch is in its ¥W1" or true
positions If the decoders of figﬁres lB,VIA, 15, and 16 are to have
1inéarities that are a constant percentage of full scale output, then
the resistors associated with the lower weighted bits can be less
accurate>£han those of the higher weighted bits. If the decoders are
to have linearities that are a constant percentage of each output,
vthen the decoder of figure 16 might have an economic advantage over
the others through guantity purchasing ¢f fewer types of resistors
even though there are about twice as many resistors in the converter
of figure 16. Also, high ohmic value resistors of good quality are
more expensive than low ohmiec value resistorss The decoders of
figures 13, 14, and 15 ecan reguire some high valued resistors if the
decoded word has very many bits and if the circuit is not modified
from that showne

Figure 17 provides a decoder eircuit with a low output impedance
that is obtained from an operational a.mp.?l;:'L.i':Lc«zr..:“L The same output
impedanee could be obtained, if needed, by combining the previously
discussed decoders with an amplifier. The decoder of figure 17a,
however, loads its reference power supply with a constance current
while most of the previous decoders do note The steady state trans-
fer function of an operational amplifier can be derived with the aid
of the simplified circuit of figure 17b, wheres

=\

SR EL/ZC/CQ”-(&.‘_)
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R S input resistance of the amplifier

Le“ ) Zx = QR QrL‘\-KL] ) ‘H«g.y\
e ~EorbE). _Ra T NAv= €o
Ra+Re¢
— Av = steady state, open loop, amplifier gain
Co - _24- |
E¢ =, [ V- R2L +gg R, »..zuu]
' 2,2,; A\O . -
awd £ Ay
€, A «9 | Ve
- -4
B E. [ | - Re (Rir ﬁt)] A
Av R, &¢

The last squation makes evident thal the decoderlg oubput varies
directly as Re. Unfortunately, the gain accurecy and linearity of
the deceder are poorest when the decoder is decoding its most signi-
ficant binary informstion, The gain accuracy and linesrily of the
decoder will deviate with devietions in By, Ry, By, and Rp. The
deviation due to A, and R; is extra in the sense that they are not
pregent on the previously discussed resistive decoders. The gain
rengs of the amplifier and ﬁhe range of the decoder are one and the
same. For wide range decoding, Rp/R; must vary widely. The best
gain accuracy and linearity will be had if Re (B # B;)/Ry R; or most
probebly Rp is mede low; however, for a given amplifier, the minimum
value of Bp is determined by the higher frequency roll offs of the
amplifier if the amplifier is to be non-oscillatory.

Figure 18 provides s decoder that has been used in a "successive
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approximation’ voltage-to~digital converter, > The decoder operates
&s an incremental potentiomeber with éwiﬁch (n-1) being open when
switeh (B-1) is closed; etc. At first glance the circuit appears a
bit complicated but the decodser eutputs voltage and loads the re-
ference supply with a constant de.c. load, and the decoder does this
without an amplifier or double throw‘éwitching, The switching
operétion wafrants further comment. The voltage decoders of figures
13 and 15 reguire either a single pole, double throw switch. or .care~
ful sequencing of normally open and/or normally closed interlocks
if shorting of the reference power supply is to be avoided. Care-
fal sequencing of the highest order switch of the potentiometrie
decoder wiil limit its transient load to a maxiwmum of twice the
normal refersnce loads

An operational disadvantage of the potentiometric decoder is
that output leading causes ihe decoder to be non-linear,

Several decoders have been discussed thus far. FEach contains a
resistive network and a reference voltage supplys The decoders can
be classified by output (voltage or current), output resistance
(constant or variable), load on the referenée supply (constant or
l%ariable), and by switch type (single or double throw). Table 1
sumearizes the decoder study by tabulating the decoderé in accordance

with these characteristics.
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Table 1, Comparison of Decoder Characteristic

Variable
Outpub | Ref, Self
Type Figurs Output Res. |Loading | Heating Switeh
velghted | 13, Ma | volt./cur, | const, | yes yes | Diw®
weighted 1k our, var, yes yes &1
weighted | 15 | eur, | war,. no. ~ no pras
ladder 16 | volt./four. | congb. | yes yes prHe
amplifier 17 volt./cur ¥ congt, | no - yes 5
_|potentios 18 ~ volt. var. yes no 2=~3T
- |metric - - o o ‘ ’ ,

% if resistor is comnected to oubput

*# 2 « gingle throw (S7) can be used bub timing is critical if
shorting of veference supply is to be avoided

There are probably many other types of decoding circulds. 4
daéoding circuit can undoubbedly be degigned with current supplies and
current switching ecireuits; however, good current supplies are fairly
difficuit to design, whereas feedback techniques can be used in the
design of semiconductor woltage supplies to provide a volbage supply
with & low oubput impedance that is nseded to varying degress by the
decoding circuits that have heen preseated thus far. Aceordingly,
the decoders considered for the design of voltage-towdigital
converter will be limited to thosse that have voltags references, and
further decoder study will he limited to the types of table 1 in the
belief that this collection provides a gensral set of design problems.

Bach decoder considered thug far is as inaccurate and unstable
as its reference voltage supply is lnaccurate and unstahle,

Inaccuracy of the supply's volbage cauges converter gain error., For

the most part, the inaccuracy of a supply is caused hy having
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insccurate instrumentation with which to set the supply's voltage
andfor poor resclution in the cireultry that permits the supply to be
set. Devisation of the supyly’é voltage will cause converter gain
devigtion and perhaps some non=linsarity. The supply deviation 1s
generally caused by deviation of the supply's losd and/or internal
reference andfor feedbuck andfor gain andfor d.c. biasing and/or
input line voltage. Selected zener diocdes ean provide internal
reference voltage stabilities that are bebtter than 0023 per thousand
hours with temporature coefficients that are less than ,0005% per
degres ceﬂtigradeclé Controlling the temperature of the zener
reference, feedback elements (generally a resistor network) and a few
gain stages following the zener, shculd give adequate protection
againgt a major portion of the supply's deviation. Deviation dus to
gain,load and line voltage varisbion can be mads low with a feedback
around high gain emplification in the forward locp of the supply.

The dseoding civcultry other than the volbage supply affects
the supplyts accuracy and stabllity only by the quantity of refersnce
voltage and loading that 1% requires. The effect of decoder volitage
quantity on the power supply performsnce is not resdily appraised bub
it is certain that larger, non~constant, kit loading on the supply
will cause larger decoding nonelinearity; howover, supply load
regulation may well cause lesg conversion errors than would cceur il
a converterl!s decoding circuit wag selected on the basis of minimum

supply loading, The blt losding on the supply generslly occurs in



L7

small steps that usually cause accumulative supply loading as the
conversion process is being accompliéhed. Both transient and steady
state leading of the reference voltage supply are important per-
formance factorss . It is difficult td‘evaluate the transient regu«
lation of the supply at this time, but a feel for the steady state
regulation can be had by assﬁming that the output disturbance will be
1/GH of the unregulated disturbance, where GH is the loop de.ce gain
of the voltage supply. For a 1007 current step (current to cause the
supply without c¢losed H loop to drop to zero volts), a GH of 100,000
will cause the supply to have a steady state load regulation of .001%.
& GH of 100,000 is not an unreasonsble design reguirement and with
loading thét ocours in small steps at 50 microsecond intervals, it
would seem reascnable to estimate that a volbage supply can be
designed with transient and steady state line regulation that causes
liﬁtle linearity errors. The specifications require that the decoder
have a gain accuracy, and a gein deviation, each less than .02%, and
a linearity error less than «01%. A voltage supply can probably be
designed to be compabible with these specifications if the design of
the remaining decoder circuit is rezsonable.

The ideal switch for & fast, highly accurate decoder is diffiw
cult tc finds The high open impedance, and low closed impedance that
prevides good aceuracy can be had with relays, but the speed require-
ment of a converter comparison each fifty microseconds is not

compatible with relay operating times The switching speed of
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semiconductor transistors and.diodes is compatible with the convere
terts speed roquirement., By giving careful consideration to the
transistors! and diodes! open ard closed cheracteristies in
conjunction with the dscoderts eircuit, the gsemlconductor switch can
be decently spplied in decoding eircuits. In addition to fast
operation, the semiconductor swiltch can without weardut provide many
more operations than a mechanical switch, This is certainly
degirable gince a Pfast opsrating decoder may be required to provide
many operations during its useful life,

The diode can be considered a high impedance deviee when it is
reverse blased and a low impedance deviee when it is forward biased.
Figure 19 provides equivalent d.c. circuils for a forward and reverse
biased diode.17 |

In general, Rbp of figure 19 can be considered & very high
resistance that represents the leakage resistance of an Wopen?
switche B,y can be considered to be a low resistencs that represents
the resistance of a closed swibteh. Iop and V,; are respectively low
current and voltage sources.

The transistor can be consldered g high iwmpedance device when 1t
is biaged for cub-off operation and & low impedance devies when it is
biased for saturated operation. Figure 20 presents a simplifisd
equivalent circuit for a cut-off transistor and s saturated transistor
with normel emitter~base bias and collector load eurvent., In

eddition, Tigure 20 presents an equivalent circuit for a satureted



&9

Dywmbol Comditism  Equwalewr Civeuil
P Lk okt Re
—h—= | v
Lor
P 4 own + o Ber o
= — —=
+

- & 4 L

Figure 19. Semiconductor Diode with Equivalent Circuits

Yywmwol Cowd i From Etm«n lewt Civeuit
of¢ r Br
St
IO'
L
+“ K off \r-.-{/
+ > ¢
(B
. =
y %-\ ‘g.
e T ——0
o -—> ¢
. f
Ve Qe
. e [
N\ -

Figure 20. Transistor with Equivalent" Circuits



50

transistor that operates with a collector-base current bias and
emitter load current. This comnectlon ig inverted from the normal
connection and the reason for its being shown will be provided later.
The equivalent circuibs of the saturated transistor are given with
the assumption that the base currsnts of the transistor ere constant
for given circult parameters. The effect of base current on the
equivalent circuit will be diseussed later.

The simple equivalent cirveuits of the switched diodeg and
transistor are essentlally alike in figures 19 and 20, but the values
of the electriecal elements in the eircuits will generazlly be
different. Briefly stated, Ryjy and Vo1 of the transistor will be

lower than that of the diods while Ry, and I, of the transistor may

1Y
be higher ‘than thﬁt of the diodes however, the dicde will usually
te able to withstand a higher‘réversé'volﬁage than the transistor.
The squivalent cireuit of the transistor and diode are useful even
without eircuit element values because the equivalent cireult can be
uged to establish that'certain:types of decoder eircuits are not ag
well suited to semiconductor switching as are other decoder circuits,
The semiconductor switches to be stﬁdied'require at leagt one
trangistor or diode per switch pole,'per throw, -

The discussion that follows assumes that Vgy, Roq, IQ?, and RQP
are congbants, thus the discussion is concerned mostly with descoder

aspects that are related to the decoder's initial gain error and

linearity. The stability of Vo1, Ryys Iops and Rop will be treated
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after the previously studied decoder circuibs have been considered
Tor adaptsbility to semiconductor switching,

Some of the decoder circuits ere such that their switches are in
series with their decoding resgistor, If this decoding resigtor iz
approciably greator than Rey of the closed switch, then the effect
of Ryy can be eliminated if the decoding resistance is reduced by an
amount that is equal to the olmle value of R,;. This can be
accomplished if the decoding resgigtor is permansntly reduced hy the
maximum expected value of R,; and then seriesed with a trimmer rheo-
stat that can be varled %o provide any resigtance up to the maximum
expected resistance of Rsje The total deeadiﬁg resistance iz thus
the series registance of the Iixed decoding registor, the switch
Re1s and the trimmer resistance that has been adjusted to provide an
overall series resiastance that is corrsct for the decoding funeiion,
The cirenits of théypotenﬁiametric énd fecdback amplificr do not lend
themgelves to this type of compensation for their gwitches! Ray since
the switches of thsse circudts are in ghunt with their decoding
reslgborse It is likely that double throw gwibching will vequire two
trimmer rheostats for correction of errors due to Ryj.

The effect of the clossd swilbches Vg can be corrected for with
a voltage in series with the switch if this voltage is equal in
magnitude and opposite in polarity to V,y. In some elrouibs; ¥ 3 ecan
e corrected for by adjusting the rheostat used for correcting the

decoding registance if the ohmic value of the rheostat is propsrly
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selected in conjunchtion with the current through the rheostat. It is
apparent in the weighted registor eireuits of figures 14b and 15 that
such 8 correction can ke made becansge thess cirguits outpub a fixed
"% current for each bit and they output no ¥O" current. In other
clrcuits, an externsl current can be forced through Rsj of the switch
to cause a total sultch drop of zerc volbs. Thié is particularly
trus if Vci must be ecorrected for with zero deéoding current through
the switchj however, if the swilch iz ¢losed with zero current
through it, compensation of R,y is not required. Furbther if the zero
current switch is comnseted to a voltage bus, then‘the current thab
corrects for V.7 can come from ancther bus that is referenced to the
first mentioned bus and the second bus can provide correetion current
for s number of switcheg, The waigﬁted decodexr of figure li4a can
£it the categoriss of bug connected gwiitches, with a fixed "1* current
through one closed switeh with zero 0" current while the other
switch has zero P17 and "0 curvent. If the decoding swiiches are
not connected to a bus, then compensation of Vg3 in s manner similar
to that of the other decoders will probably require that an exbernal
current from an isolabed power supply be foreed through the swilbch,
The potentiometrie and feedback mmplifier decoders require an
isolated external current sinee the swiltches ars in series and both
sides of the switch are comnected to a varying potemtial (except twe
switches of the potenﬁiaﬁetric decoder where one side of the switch

is at a fixed potential), The design of switches for these Hwo
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decoders will probably require an isolabed supply for each switch in
order to obtain the degired swibching anﬂ.perhapé each supply can be
used to provide the current for V,y correction for its switceh,

Racent sdvence in silicon s&micandumtaw_iee&nslogy has nede
pogsible the production of transistors and diodes that have low cubw
off leakage currenbs, but at high tempevaturs thege currents can have
approcishble effect ia some decoding cireuits. In gome cireuits such
as those of figures 14k and 15, the open switch PO® lsaksge current
flows dirvectly out of the deceder ag if it were & "I" current. The
cireuit of figure 15 has an advantage over that of 14b because the
cutwoff switch voltage can be kept low bub oven so, the leakage from
the I, generator and through Rop will affeet the decoderts outpub.
Much of thig effect can be eliminated by rofrigerating the switck
component but refrigerabting is 2 troublesoms design requirenent

The effect of switeh 19akage current can he made emall with
double throw, single pole switching withoubt the aid of refrigeration.
The double pole switeh of figure 21 transfers resistor a/a™t
hetween voltage busses V1 and ¥2 and in periicular Rfa™l ig
connected to V2 in figure 21, The leakage eurrant.IQp of the open
switch will affect the decoding only if part of I

op
reglistor EU%““ls If the resistance between Y1 and V2 is negligible,

pagses through

the current Iy, will be divided betwsen Ry and RR™L, If Rg is
much less than R/28-1, then most of Ioy is shunted thru Ry end Iy
has little effsct on the elreuitis decoding, Likewise most of the
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Figure 21. Single Pole, Double Throw Switch
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current through Rgp goss through Ry . Iop and ch will have less and
less effect on the circuiils decoding as ‘R-’cl approaches zero olms.

The ladder of figure 16 and the weighbed resistor decoder of figure 13
uge double throw switching betwsen voltage buges, thus the effect of
their swibches Iy, and Ry, can be reduced by the shunting effect as
deseribed.

The effect of switch lealkage curront in current decoders such ag
thoge of figures lba, 14k, snd 15 lends itself 't-é sone géneral
evaluation, With a minimws input converter resgistance of 10,000 ohms
at 20 volts input, the maximm current per quantum (J025% of full
scale current) will be one<half of a microampere, The combined
lsakage current through the decoderts switeh resistors should he
small compared to EL/R and E1/R will bs no greater than one-half of a
microamp., Itis difficult 4o be general about the effect of leakage
current in volbtage decoders because the effeet will vary with the
value of the resigtors used and these are not predictable from the
speclflications.

Table 2 eoordinates the previously discussed decoders with the
Rols Vols Iops and Ry, corrections that can be made in the mamners
described., An X indicates that the corrections are spplieable,
Vo1=1 correction is made by adjusting the rheostat that corrects for
switeh resistance; ‘%1'-'2 correction requires an external gource and

Ycl“a is mede with an lsolebed external source for sach switeh,
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Teble 2, Decoder Switch Correchions
Decoder Correetion

Type Figure Bei | Vgpmdl | Ve | V=3 ,Iop RO:
Weighted 13 X X X x| X%
eighted | 13 (V, = const.)| X X X i X
feighted i X X
Welghted 15 X X
Ladder 16 % b4 X X
Amplifier 17 X
Potentio= 12 X
lme"hr:lc

It will be chown later that the second listed decoder requires ons
Ve1-1 and one V =2 corvection for the pair of devices of its double
throw switch.

¥ore detailed kunouledge of the characteristics of diodes and
traungistors is required before giving furthsr considerabion to deceder
switching circulbey.

The junction characteristics of semiconductor dlodes and tranw

sistors have been pubiished‘m The sguation that describes a PN
PV/vT ‘}

(dicde) junction ist L = Ls (€ L -S
where KT/¥ = 026 volbs st 25°C
T = Kelvin temperature
Ty = «I, of figure 19
and if v is somewhat grester than ¢,026 volts:
T= Tset’~ - ba

while & large negative v causes:

Ir = -

squation V=5 can ba solved for v bo yields
Vo %‘: In (T/) V-1



57
from which 1t can be seen that a decreass in roverss leskage current
causes an increage in the forwerd volbage drop and vice verss.
&n gpproximate dynmmic resistence for the diode can be determined

by differentlading equation V-7 with respect %o current, I,
dv _ Krv,_ . ¢ - - ¥-8
R /%I' = dd
The trensistor has two PN junctiouns. When both of thege
Juonctions are forward blauged, the transistor is opsrabing in e
saturated mode and the sum of the junction voltage is ("sf‘ A)« ands

V, s kT p Jorr [Is -Le (M52 SZ‘\*
( C-Q')Ni % CIB— IQ( |_°‘:) }

)
o

‘(Vee)ﬁj = the volbtags from tha collsctor to emitter of a
‘ aoperated transistor ag depictsd in the . O
connection of figure 22a. (¥gely yj of this equation is
solely the vol‘mge dus to diode jlnation voltages and

as guch it excludes real ohmic voltags drops,

Ze Ib and I, are positive when in the dirsction of the solid avrvow
in figure 22a, negative when reversged from the arrows.

3. & normal dece, short circuited cubpub, common base currsnd

gain,
Le 1% inverse deos, short cireuiited ocutpub, common base current
g-ﬂinﬂ

5. Equation V-9 is subject to the following approximationss
a, space change widening effects are negligilile.
. ©he base emitter end base collecbor dicdes each separately
obey equation V=5,
¢ emibtter efficiency iz nob dependent upen emltter current.

6. The £ sign of squation V=9 is spplicable for PRP transistors
while the « sign is appiicsble for an WPY itransisbon.

% Bquation V=9 is a redefined version of work presented in refevence
19.
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Figure 22, Positive Notations for Saturated Transistors



7. P is approximately 1 for germani 35 trangistors ard P is between
1 and 2 for gilicon transistors.

If the transistor is operated in an inverted manner as shown in
figure 22b, equation V-8B can be modified to give the transistoris
collector emitber volbage by exchanging emitter and collector

notabions and normsl and inverse notat ions, shuge

(VCG)I_" =t exv ,L Llur Le (V\-%a)3 ~L-10

c—

% A0 [Tp -1e (‘:;‘)]
and the f sign is applicakle for ¢ PNP trensistor while the - sign is

applicable for an BPY transistor.

The inverted connection is a common collector commection and it
is of perticular inbsrest when I; is opposite to I, of Tiguves 22k
because Ve can become zero with such an I, bias,

The dynamic impedance of the saburated transistor can be
determined by differentiating its collector-emltter voltage with
raspect to the collector or emitter current thalt establishes the

voltage. ¥or the normal connacbed transigtor:

d@)c‘)ﬂi 2 -l—PKT[ - M - Q
Alc % (Tu-NI) (f,+yaT)
Where ™M= (=%w Q = (, -1)
<N
A (Veo)n; -+ vm” 1= 5w
AXe “QEI\,-I(.(:;—‘:-)
|- ot } _ o(k\/e.-_)n, -0
To+ ¢ (V-x1) -

%% It geems liksly that s consbant with the effect of P should appesar
in equaticns V=5 through V-5,
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Similarly: of (Veedre _ . O,((v“):, -+ PrrT I~y
= g =t
4 Te Tl v (e[Te - Te
~r

+ \ — : } 7- 1%
Ibﬁ- (_)~°(u) Te

where the (£) sign preceding equation V~12 is applicable for a FNP
Yransistor while the (-) sign is applicsble for an NFN transistor.
For most transistorse

(l_—_o_(_,.,—) Te ¢ 1y
(N

it Ic is comparable to or less than I, . For switching transistors
it should be reasonably valid to assume thatbs

(l ‘°(1' )I

——_—0{: e << Ib

when I, is comparable to or less than Iy, If so, then:

(VQQ)NJ' = tf_fi_‘:. M op V-13
Vee)rs = + pxr L odn -y
%
d (\/ce.)us Réu ~ -\.( P;(r)[ | - eq:o(,, V-
d I,

d(;/;;::;:‘ - kg1 =~ _t(?:\')[|~e<;-<u] RVAYS

where the (£) signs preceding the equations are applicable to PNP

transistors and the (~) signs are applicable to NFN transistors.
[
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Table 3 lists several valuss of ln x and 85 as a function
of- X . The ratic -.—;“—i is the low frequency current gain of a
transistor operated in the commor emittor or collector configuration.
High values of < are those that might be hypical of =w while low

values might be typical of xx

Table 3. Transistor « Versus In (=« ) and -=_

- .98 095 o9 85 o8 ¥
=/G-=)| 49 19 9 5.7 4 1
1w el 002 0054 01 016 .22 07

The dgta cf Table 3 can be used to comparc the normal common emitter
transistor connection to the inverss comnection. Suppose that a
transistor has an =<y of .98 and an ¢ of 8. The normal connection
has a dynamic resistance that is about 23% less and a (Vgo); that is
about 1100% greater than that of the inverse connection,

In addition to its dynamic resistance, the saturated transistor
has resisbance caused by the resligbtivities of the transistorts
collector and emitter elements. The transistor!s base current
passes through one or the other of the two elements.

Figure 22 ¢ arnd d provide an equivalent civenit for the sature
ated transistor operation that has been pregented. The registors,
:c' and ref ave the vesistances of the transistor's collector and
emitter olements, The circuit is limited by the assumpbions pre=
sented for equations V=9 through V=16 but various work has showm

that ths cirenit is reasonably valid with selected operating currents

for the PNP and NPN germaniwm alloy 21, 22, PEP silicon alloy 23 ’
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some silicon planar and planar ep‘ﬁaxsul 24 trunu1Qﬁors.

The equations that determine the cut~g£f pr-oLen transistor
performence are the same for nOTmal and invefted transistor con=
nections but the output cufreﬁt of iﬁtereéﬁ“isldifferenﬁ. _?he usual

.

output current of a normally connected transistor is it ollector

.

current while the output curreat of an inverted'traﬁs‘stor.is its
eritter current. Assuming that bpth transistor junctions sre reverse
biased by more than e few tenths of a volt and neélectln» lzskege

reszstance acrose the transistor 253

Is = Teo (V~=x) - 11
I—O(“d: .
ITe = Xco (1-<r) N -18

(1= o)

where I, = leakage cu“rent of the emlttpr*base diode

ico = leakage currvent of the eollector=base QlOde

Usually n ana Ar wmll.be V@rm low when the translstor is cub

25, 26

off thus:

Te ¥ Teo - X
Tc & Teo | AL -2e
In general, I of low level switehing transistor 15 less than ICO.
The value of Rep is n@tvpredmetable by equationy bub it has
been determinedv27 for a silicon FNP alloy 202185, a traﬁsistcv of
the type that might be used ﬁor an‘inxersely cperated switehe. A%
259G, the transistor’s.leakage resistance ig 2x10 1L otms.  Fow
compafison, Rvp of the same transistor is 10 times greater when the

transistor is operated with normal bias.
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Table 4 presents data that igs useful in compaering the swibching
characteristics of a diode and téansistor that could be used in a
decoderts switch, The date is typical (except as noted), 25°C data

published by the device manufacturer. Vey, Rey, I023 and R, are

Rop
defined in Figures 19 and 20, The diode data has beern spproximated
by gbtraight lines imposed upon a typical dicde charaeteristic in
its zero to two milliampere region. The iransistor data is for
inverted operation and it can be referenced to Figure 22 as followss
Ve, =

Rey =

(Vce.)I:) + Typre
Rax + < + 7]

‘E’é‘p is the vollage across an open switche

Table 4. Diocde and Inverted Transistor Swuiiching Gharscteristies
Deviee Maﬁ;zi‘?ctn £V, | Re Iop 4 ,‘}’/Rop Vop | Comments
(Mv) | (Olms) | €10"9 Amps) |(Volts)
184574 | Bughes 590 60 .8 50 Low Leaksage
Diode
2N2185 | Phileo 1.2 4 1.0 (Mex.) | 10 [Ty = 1 M4,
' PNP elloy

It is easily concluded t?x,at functionally, the transistor is a

better "olosed® switch than the diode at 25 0.

Equa'hions V=7 and V=14 show that the absolute voltage veariation

as a function of temperaturs is much less for the trangistor than

‘for the diode when the current through the devices is much larger than

109 amperes and the current of & decoder switch will generslly be
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larger than 10-7 anperese
For a given current, I, the diodes dynamic resistance varies
as its amtient's Kelven temperature varies (see V-8). The dynamic

resistance of a transistor may vary more or less percentage-wise

than the dicde since:

Rar = €rI | - KXy
1%, o 1
~ r\}r '/ﬁ.:] Where By = ¢ /0 -«r) -2d
bie )

where 4, 1s the inverse current ga.in of the tvransistor. @, 1is
temporature sensitive. At any rate, if the current I through the
diode is near the same. value as Ip, the absolute resistance veria-
tion of the transistor'!s dynamic resistance will be less than that
of the diode. The data of Table ! reveals that much of Ry may be
bulk rather than dynamic resistence and this part of the resistance
will have the temperature coefficlent of resistance of silicon
material.

The current Iop r V/Rop of the diode and transistor probably
changes with temperature in similar maagners since the current in the
transistor is a diode current.

Unfortunately, the effect of aging on Vcl, Hcl, Iop, and Rbp
is not generally well documented by manufacuurers of diodes and
transistors,

As explained previouzly, the effect that the switch has on
accuracy can in some circuits, be corrected for with a series utrimmer
but the trimming must be kept small if the resolution oi the trimmer

1s to provide acceptable adjustment. The resolutlon of the trimmer
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for V.3 and R,y compensation should probably give a decoder oubpub
resolution of a few thousandths of a per cent, and accomplishing this
with commonly used rheogtate could limit series rheogtat resistance
to a few tenths of a per cent of the decoding resistance, To correct
for £ one hundred millivolts of initial switeh drop variation, as
might well be reguired for the dlode, would push the reference
voltage to a hundred volts end this is not a very practical woltage
for semiconductor reference voltags supplies.

It would seem that the transistor switch is more practical
than the diode switch for the performance required. A double throw
switch that uses a palr of transistors with inverse transistor con-
nection heg been used in decoding functions.28 This gwitch is
illugtrated in Figure 23.

When the PP transistor iz saturated, as in Figure 23a, one side
of R is connected to bus EQ and the NPN transistor is cut off., The
NPN transistor is saturated while the PNP #ransistor is cut off in
Figure 23b. The switch efficiently utilizes the transistorts ability
to withstand cutoff voltage. Most transistors can withstand higher
reverse bilas on thelir base~collector junction than on their emibier~-
base junction and the eircult of Figurs 23 limibts the emitter-bage
veverse bias to the voltage of a Fforwerd blased diode {emitter-base
of the saturated transistor) while bthe collector-base junction
withstands (EL = Bo f V) volbs, where Vep is the forward base-

collector voltage of the saturated transistor.
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Figure 23. Single Pole, Double Throw Transistor Switch
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A study of the decoder analysis thus far presented would seem
to indicate that "che decoder of Figure 13, with a switch similar to
that of Figure 23, usedvin %hé converting mammer of Figure‘lha;
offers better performance or pcssibilities of better pgrfgfmance
than any of the other decoders. ,Eigure‘13fs resistor network is asg
simple as any. Considering its performence, the switch of Figure
23 is quite simple and the nature of the decoder and current summing
into a point of common potential permits %he use of minimum compern=
sating components, Figure 2k provides a circuiﬁ that has a wp e |
output current (QL inversely satufated) that can be adjusted to a
desired value by setting the resistance of KL such that (B £ Vo11)/
(R 4 R?i1a£ RL) gives a desived outpubt current into an output poink
that is at common potential. R2 provides current from reference
voltage E to cause a drop‘acrpés Reie that cancels Vg2 when Q2 is
inversely saturated (“0“ outpub), i conversion error can be caused
by Rayp if current flows in R when QQ‘is saturated because (Rgyp # B
# Bl) is not equal to (Reyy £ R £ El), but the error diminishes as
. the comparison circuit's input pbtential approaches canmon poteh%ialp
As previously explained, the double throw switch greatly reduces the
conversion errars due to transister 1Qp and ch' The apparent dis=
advantages of this decoder are that it loads its 3@wer supply and
it has variable self-heating of its vesistors. If required, the
latter disadvantage can be minimized by ueing a resistor with a low

temperature coefficient and high thermel dissipation and by operating
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the resistor at low power. ¥or sinm p Qub opera'blon, the base current
of the NPN transistor of this switch loads inte the ref crence volte
age sup‘pl . This loading is the cost of impllcv 'tj and .L.w" he
supplyts :f'e&,u.atn.on warranted, the loading could be olmmna’bed ‘oy
riving each switch of the decoder with an isel:ated 'pow_ezr' SuPPLY «
Actually the loading that the switch causes on the gotézer :supply- can
he used to good advartage :Ln reducing the overall ]@ea:mb on the
supply., The base curcent of the NPN :E‘lows‘ infoo ‘the Supply while
the ‘decoder's output current flows out of the sﬁpply‘a thus the two
currents tend to ‘cancel sach othes:e;.' Section VI provides a de:cod.ing
circuit that wtilizes the concept of current cancelling to redice
the loading on the rofereqce voltage’ supply» |
. Aosuma; then i va’c self-heating cmd supply 1oad._ng are not

serious problems with the current Qu’r;pu%, Weighted resistor decociér,
then ﬁs would seem that this decoder should Qe used in the 3 converter
1L .w is compatible with the converter‘s conmamng 3 comoleﬁentmg
~and half=count mfset bmbmo func‘blonu with dual, » b:.polar 1npm‘;

_ voltages (;1 10 volts and £ 20 volts).

Gox;x;g lementing and Gong__:gmg

An equivalent c:.rcuii, of the wei whiied‘ resistor decoder of Plgure
13, is given in Figure 25. Rg of this cirmﬁt._is; the equivalent
parallel resi’sﬁancé of all véaistoz‘s of ’che‘daépder*,/ (2M-1) ig the .
£v11 seale cowrb of uhe decoder,., Pis the welght of the number being

decoded (0 < P < an-.-.l),- and (&) is the decader"s reference volbage.
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If the converter's input voliege has a polarity opposite to
that of (¥), then the converter's qomparing. ftmcti-ons can be
achieved in the mamner illustrated 1n Pigure 26, The comverter's

C‘

ag -Vy in Figure 26, The converter's com-

B’

input voltage is shown
parison funciion is accomplished wivh the ald of a hig’n sensitivity,
volLi tage eﬂﬂ'ﬂll er. Negleclting any WJ.’wge drops through Ry and Ey
caused by Iz the amplifier's output voltage has two distinguishable
states; one of which is assoclated with each polarity of Vg with
respect to common. If I, is other thanvzero for D-C biasing, then
the amplifier detects the polerity of a voltage such as Vv, aboubt
some =0 level other than common. A constant source impedance makes
this effset operetion consistend witvhoult regard »1':*0 the value of P,

% will be shown later that the effect of I, {1a = f(vi )] is te reduce
V5 and cause & small couversion error beeauae the converter's switch

Re12 # Reype The circuit of Figure 26 should be designed such thate

_.g_ = |"Vg"
Ra R

where ~V] 1s the full seale input wltage of the converter. If the
amplifier's output voltage and the converter's logic cause a P such

that the conversion is correct when V, is approximately zero volls

thens PE ) .
Shen s N a |-V Y-22
2L Ra LTZ’;‘
A=Vl dovel
an-1 W R |
ov £~ _\ﬁ.‘:-' ¥ -23
L") V':

which is the degired proportionality for a normal conversion.
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The specifications require that the converter's digital output
be the 2's complement of its input voltage when the input voltage
ig positive. By definition, the 2's complement of P is (2R.P).
Pigure 27 provides a circuilt that gives a normal conversion when
Vi is negative by closing SW to common and a complemented coanversion
when V, is positive by closing 54 to (-E) (Where |E| = |-E)). The
amplifier's initial output can ke used to determine the necessary
position oflSw. The circult of Figure 27 should be designed such

_E_ = l‘\'l

ed &L

thate

In normal operation with V, at approximately zero voltis:

P
' (=) = _____——L"'zf Y -24

.

I A ~ V¢ as be Gex

In complement operation with V, at approximately zero volts:

E P . _E )~ w
Ra =~ 2™ Ra (27- 1) l . BYARE A
1‘\
\EL f-2" ) \ ~ Y , awd
Ra U2~ RL

AN ~ Vg‘
—_— = I - 27
a1 \/\" Y

thus the circuit complements as expected. It is worth noting that
the cost of complementing as compared to the non-complementing cir-
culit has been to add a switch and another refercnce voltage. In

addition the value of V, that results from a given difference between



72

V;/R; and FB/Ry is reduced since By of Figure 27 looks into a lower
.ciréuitf resis_’oans:_e_.; In 3‘@”@#@1 the quplém‘enting}cir’cuit hasg ',b,een 4
doubled the full scele caﬁvemien -abili‘oy of the converterawhjle
providing the convez"oex' mth a 7ui).l range voltage n.nput Umt m
cea'bered aboult common. A P ;
Fa.gure 28 affers a smpler cemplemsntmf" seheme because its
: cemplemenmng switeh is l:.ke that of the decoder. ‘T-h.:.rs compl.emgnfcing »
cireuit attenuates Vy more than that of Figure 27+
The effeet of I, is much the same as that of adding another .
summing resistor to the network. If I causes a voltage drop Ve
with respect to common (Vy ® I (1/(1/By £ 1/Bg £ = -)) and if ‘the
anplifier is adjusted so that its mi‘,"e?"'t 'changes' state as Vy changes
polarity abjc;iut, Vx rather than co'mman, the complementing and comparing
operation is still aceurates U.gmg I":.gure 28 as an example with
negative V and an I, thatis into the ampgfier and an amplifiey

adjustment such that P is stopped when V, equels Vs

PpE
= _ 4V
2o o EfVa _(E -w) _ VeV -Ta = ©
R a (ke QN Ry [
N ™"
PE E _
{(1."\43&4 ’U."-\) R4 (& T T:L ¥ Zrz—,,_ *
(A ™
v v ' o
o PR
1™) e A('L ~1) ke e ) S
- lL“\
Pe = W& awd P = Ve . ¥X-z8

@*") R R @*-1) q."
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‘Figure 29. Comparing and Complementing Without a Second
Reference Supply -
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which is the proper operation for a negatvive Vi. Similarly, it
can be ghowmn that the circuit operates properly ﬁith positive Vie

By postulate, the amplifier's input resistance is high, thus
I, is low. The imput signal altenuation effect of I, can be con-
sidered as being due to a reduction of the resistance that loads the
converter's inout resistance. If Iy is independent of Vg, then Ig
does not reduce the signal to the amplifier; however, the cmall sig-
nal input currvent of the amplifier will probably do so.

The converter's half count offset can be obtained by commecting
a resistor from (-E) to the input of the amplifier. 1hic cifcet
technique biases the decodsr in the same manner as the corplementing
tecimique,

In conclusion, the circuit of Figures 27 or 28 with an added
half count Eias will provide the comparing and complementing functions
of the voltage-to~digital converter that is to be designed. For this
converberst

0 £ F < Lhogs

thus n = 12 & number of decoding bits witioub
complementing bit

201 = ful1 scale = L4095
20121 = full range = 8191
and if R is the value in ohms of the converter's “1" bit

#(Full scale of 4095 has been redefined somewhat from that speci=
fied in Section I. The full scale input voltages of the converter
Just defined will be £_20 x L095/L000 or £ 10 x LO95/L000 volts).



75

R/(2%-1) = R/20L8 = resistance of highest order bit
(excluding complementing bit)

Rﬁ(anfl)/zn) = R/an = resistance of complementing resistor
2R = resistange of half-count offset resistor
 The greatest disadvantage of the converter circuitry just proe-
ﬁosed is that the (-E) voltage supply is reguired. This supply can
be eliminated frqﬁ the converter with a cirgﬁit such as that of
‘Figure 29, but the added amplifier will iﬁcrease the converter's
initial comparison settling time and its circuit is.probably as
complicated, or more so, than that of the (~E) voltage supply.
FigureIBOﬂoutlines_a less complicated method of eliminating
the (~E) voltage supply. The transistors shown in Figure 30 are
the first stage transistors of aa amplifier fhaﬁ compares the con-
verter's input with the decoding and complementing signalss 'Thg
voltage difference between the two transistor collectors is essen=
tially proportional to the voltage difference at the’base'of the"
two transistors if the colleetor»vnltagés have been made equal when
the base voltages are equals For normﬂl»conmersibnsg‘the comple=
menting switch pole is connected to cmmmon,and Vs is positive, With

balance collector voltage, (Vo4 is zero)s

KPE - B . ¥ -29
V- R)+R2

and at full scale

L N | ‘ ST - 3oa
L7 '

VARV - e
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and if the circuit is designed such that

KE = R va - 3)
R) +R2%
then :S—. - = _\\/;_.7 which is the desired relationship for

normal conversions. For complemented operation, the complementing

switch pole is comnected to (fE) and Vout Will be zero when:

E -~ (erxrVv) R . wPE ~ -
( ) Ri+r20 (a_u_|) M 33
£ - YeRr _ XPE
Rl+ RL Ri1+ 2 @~
R\ . M . _P < - 3
K (R)1+2) ve! 2" -

Now if the circuit is designed such thats

) - 7P - L“—'
K (R +2L) (-0 ™)
R _ Y
or = “
KR +RL) )

then 211_\-_{’ = \.(_lz Y-%¢  ywhich is the desired relationship
for complemented conversions. A converter with comparing and com-
plementing as in the circuit of Figure 30 has several disadvantages.
One is that the decoder must be accurate for a wide range of output
voltage thus switch compensation is complicated. FProbably a greater
problem is that the transient response of the differentially con-

nected transistors will not be good for large input voltage levels.

The collector of the transistors remains at a relatively constant
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D-C level regardless of input voltage level, but the emitter of
the transistor changes with iuput voltage lével, and thus the
power in the ‘transistor can vary appreciably. Unless the input
voltage and the complenmentiing signal’ can be made to continuously
track at the %ransisto ‘bases, the power in & s transist ors can
differ appreciab1y and<sel£~haating‘ei the transistors can cause
a conversion error. This tracking is not natural in a "succesSivé
approximation® converters Typically, 1/L0C of a degree centigrade
change in a tranSistor tase temperature will cause about 20 micro-
volts of input volbage change and 1/100 of degree temperature change
will result from 10 to 20 wicrowatts of power change in transistors
of‘the type that would generally be used for the differentvial opera-
tion, Reducing the transistor power change y redueing the input
voltage fange reduces the input signal by a CO”“&prﬂdln? amount,
and reducing the power chapge by reducing the tronsistor current
reduces the frequency response of the transisbor and increases the
conversion errcrs bhat the Ico's of the transisteors cause. The
wide vcltagg range at the amplifiar’s input will most likely cause
satur tien of the urauSLQLor» during various conversica operations
and saturation will appreciably slow down lhe operating speed ef
the ampdifier,

It will e ShOWL in the next section that a dicde clamp irowm
the output cof an amplifier to its inpuv can liwmiit the change of

input veltege e & small value when the comparing and complementing
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of a converter arc done at ome junction point as in the circuitls

of Figures 26, 27 and 28,
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Vi  CIRCUIT DESIGN

Iotroduckion

The circulis examined in this section are for a voltage=ios
digital converter with a current output, weighted resisztor decoder
of a typs showm in figure l4a, section ¥. The complementing and
decoding swibches are the single pole, double throw types shown in
Pigures 23 and 24. The decoderts output is swmed with an inpub
registor snd complementing network as shown in figure 28, section V.,
The comparison amplifier of the converter is a high gain, high inpud
resistance amplifier wibth an input potential near zero volts with

regpect to the converterts input common potential.

Degoder and Comnlementer

The wire wound resistor is one of the more ascourate and stable
electronic componsnts, Resistors with a £.00025% per degres conbi-
grade, temperature coefficient are availlahle, but 45°C of ambienb
ehange {25°C to 70°G) will cause up to £.01% change in the current of
each guch resgistor uged for decoding, complementing and iupub
re.éistors. Since the total currents of the descoding and complemente
ing resistors are up to thrice that of the input current, a full
scale conversion error of £.044% cen result if all temperature
coefficients contribube thelr maximm detrimental effect. At a
premiuvm cost, registors with Pmatched® temperature coeificioents can

cause the resigtors to track one another within é.OOGl% per degree
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centigrade of temperature chauge. This temperature coefficient can
cause 00 much conversion error, thus the temperature of at least
part of the converter's decoding, complementing and summing resisiors
should be controlled. In addition; the controlled temperature can be
applied to the converter's suitch transistors to eliminate 8e1 &nd
Vo1 changes if the controlled temperature does not cause errors
assoclated with I, and Rap; HErrors due o Ry and ¥,y variations
can be reduced if the decoderts reference volitage is high enough bub
high reference voltege has several disadvantages that will he
digcussed later.

Resistors are available with good emough accuracy to satisfy the
converterts gain error and linesrity without trimming in a 259
controlled ambient, A 25°C ambient would be ideal from the stande
point of usling untrimmed resisbors while maintaining an atmosphere
conducive to near opbimum relisbility.

It has been previocusly shown that the resigtance trimming used
for adjusting the converter's switched regisbtors cau also be used for
correcting for swibteh trangistor errors. It will ke showm that
silicon swibch transistors require this correction, thus trimming
circuils will be required regerdless of the temperaturs of the
controlled ambient.

The reliability of silicon transistors snd wire wound resigtors
is good in an environment somewhat akbove 70°C, and the cost and space

requirements of a heated chamber are appreciably less than that of a
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heated/refrigerated chamber, Accordingly the following approach has
heen used in designing the converterts decoding and complementing
cirevitst

1. Provide the mogh significéhﬁ switches and resistors with an

environment that is temperature coatrolled somewhat above
70°C. “

2, Use regigtors of relatively low accuracy.

3¢ Use resistors of relatively high temperabure cosfficients.

4he Tse relatively low volitage switch transistors.

5. Correct for the errorg of the move significant switches and

registors with brimmer rheostabts as shown in figure 24.
This design approach will’ﬁe congideved in further detail,

Figure 31 pregents date taken from one of 33 Spragus Hlecitric
Gompany, silicon precision alloy PNP 2N2163 transistors. PFigure 32
presents data taken from one of 101 passivated epitaxlial planar, NPN
transistors that were selected for high normal gain from General
Blectric Gompany transistors similar to the 2W2713-14. Both figures
present data taken at 23°C from average inversely operated
transgisztors. The inversely saturated, equivalent civcuit character-
istics (see figure 22) of the transisbtors can be approximately
determined from pumerical solutions of the following equations (see

figure 31 for nomenclature)$

e = _(Ve-vy) -
o= Iy

4
= Vee)ry = (w- T ) = (Vo-Toure) YL-2
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T

Figure 31. Saturated PNP Characteristics




Figure 32, Saturated NPN Characteristics

. "
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Ree = Ray = Rarrfe +fe = [A____.v“- fov eacl I,
ATe T -3

O

and zdr

L) Hows Veb R = Ve /I

[}

Hhen M

r

VU /Ia = Rce- f YL -4

Equation VIl is an equation with two unknowns, Vy and ri. Solving
thig equation with the data from two curves such as thet of Iy and
Ipp will provide values for Vy and rl. The inverse saturated
paraneters, (Voe)1j, By 2nd v} are easily determined from & few
points of measured data as needed for solving equations Viel through
VI-3. Table 5 Lists 23°C values of (Veg)yj, Rey and r§ fron measure-
ments taken on the previously mentioned 33 silicon, FHF oN2163s

and 101 silicon, NPH transistors.

Table 5. Inversely Saturated Transistor Paremeters

Transistor] Para- | N¥o. Samd Ip Iy Hin, | Max. ive.
meter
TEEN Re1 93 | 3.0MA | 1MA-2MA | L.le| 7.5a| 2,0m
NFH Re1 12 | 3.0HA | TMA-2MA | luls| 7o | 2.6
WPN Ret 12 | 1.OMA | 1MA-PMA | 2,08 [10.85| 4.5~
WPN rl 101 - | 1MA-2MA | J0Bs| loh;| IS5
WEY (vec.)xj 101 - | 1MA-2¥A | LOBMV| L20MU| L13MV
PNP Rey 33 | 3.OMA | 1MA-2MA | 3.2a| 6,04 L.5a
FiP Roq 8 | 3.0MA| 1MA-2MA | 3.2n| 6.0s| L.Ba
FP Ry 8 | 1.0MA| 1MA-2MA | 6.1a|10.3a | 8.54
NP v} 33 - | IMA-2MA | L30s| L80a| JLb:
PP (Vo)1 33 - | 1Ma-z¥A | JOOMV] 1.7MV]|  LB6MV

The transistor that provided the maximum Ry of 7.5 obms for the NPN
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transistors was not particularly typical. For exsmple, its resise
tance varied by Pifty per cent depending upon the direction of load
current through the transistor, while the resistance of the other NPW
samples was not dependent upon direction of current through the
transistor., The NPV sample with n.eitﬁ to the highest resigbance had
an R4 of 3.6 obms. The takle gives da'ba. to compare R,y as a
funetion of Iy for an Iy of one and three milliamperes. With three
milliamperes of base current, about 60% of the NPN transistors and
50% of the PNP iransistors R,y is due to rl, r{ leads, etc. This
relationship of R,y to Iy is essentially true for each individual
transistor of the small sample lot (excluding the 7.5 ohm WPW) as
well as for the average of the transgistors tested,

Valuss of (Vec)lj and R, depend upon the current gain of the
transistor, The cuwrrent gain is a funebion of I, and data given in
Table 5 is for an I, of one to %wo millismperes but the table data
should be reasonable valid for I,'s from a few tenths %o tem or so
nilliamperes.

The effect of temperature on the parsmeters of the saturated
transistores was determined from a limited sawple of the availsble
transistors. Fozf the NPN trangistor, an increasge in temperature from
0°¢ o 8006 caused a 109 to 30% increase in its three milliampere
Ryj's, a 40% to 50% decrease in (Vee)yj'e and a 15% to 25% increase
in rets, For the PNP transistor, a liks change in temperature caused

about 15% increase in its three millismpere R, 's, less than 103
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decrease in (vec)l'j"s and 10% to 15% increase in r,ls.

The comversion errors and deviations caused by the switch
transistors will be reducsed as the couverisr®gs reference voltage is
increased, It should be noted that the selection of reference
volbage in conjunction with the already speeified converter inpub
voltage per eount establishes the voltage that is input to the
comparison amplifier per count of difference between the converter's
input and decoder signals, The amplifier input voltage, V,/count,
can be easily determined. Assume that the amplifier has infinite
input impedance andt

R' = registance of each complementing resistor, and
thus R'is very nearly equal to the parailel
equivalent resistance of the decoding resistors

E = reference voltage with respect to common

V. % converter input voltage

v

V. = converter input voltage per count ((20/4000) or
(10/4000) volts per count)

€. = converter input resistance

' ‘
Voo . VC-RIZ _ Rwe"

CoonNT m T OR'y 3RL

R. = RVe/E ( siggg‘)squation following equation
Ve - E WM T -5

QouNT I VL +e

The valne of Vg/count is dependent only on E and Vi'and vi’ and V,/
count approaches a meximum as E approaches infinity. In general,

transigtors with the degired saturated switch characteristies are
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chopper transistors. Chopper transistors are usuelly spplied in low
voltage circuits and thus they are ggﬁ availakls with high voltage
ratings or else they are high priced in conjunction with a high
voltage rating, High refersnce voitage can create reference voltage
supply design problems, and high refe:ence voltage hag the further
disadvantage of causing increased eonverﬁer non=-linsarity because of
increased self=heating of the converter’s decoding, and complementing
resigtors unless the resistance velus of these resistors is increased
as the square of the reference voltage increase. Increasing the
registance of the switched resistors reduces the conversion errors
and deviations caused by swifich R.q, bul increasing the value of a
wire wound fesistor increases ite cost and frequently decreases its
reliability because the resistance inerease is obtained by winding
the rosistor with move tuwrns snd/or smaller dismeter wire. Higher
decoding, complementing, and input resistances slso increases the
converter deviation caused by input current drift of the comparison
amplifier,

The NPN %transistor of table § has an 18 volt Vogo rating and the
PNP transistor has a 15 volt Vio. rating. If for no reason other
than economics, these voltage ratings were used as the criterion for
selecting s maximum reference voltage and the transigtors of takle 5
were used for the converter's switch transistors. Thers is little
point in selecting a lower reference with the intent of reducing the

registance of the converter!s recistors to reduce amplifier drifi
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becauge the minimum amplifier drift has been sstablished by ths
meximum converber inpubt current of two milliamperses. Accordingly,
the converterts reference voltages were made 12 volts, positive and
negative, with respect to the converter!s input common,

If Vo3 of the PNP transistor is no higher than indieated by
table 5, it can be as high as 1.7 ﬁiilivolts plus Iyr! volis and 1.7
millivelts alone is appreciably more Vyy than is desired with a 12
volt refersnce voltage, thus the PHP transistor of the most gignifie
cant converter switchss should be trimmed as shown in figure 24,

To some extent, the error of WPN transistorts V,; is cancelled
by its R,y, and the NPN transisbor will cause no error if

(Ve )i + Tor. = T Re, Vi-¢
where I is the current through the decoding or complementing resistor
in series with Ry A voltage difference of two~tenths of a
millivolt or so, between the itwo equated values of VI~6 will provide
satisfactory converiter operation bulb the differenca is not likely to
remain this low without trimming since (Vee)yj varies two-tenths of a
millivolt and r§, I, and Rbl also vary. Trimming is required for the
WPE transistors of the converters most significant bibs.

The converteris most significant swiitch and resistor circults
should be designed for minimum converter dsviation if the errorg
assocliated with the switeh and resistor are to be eliminated by
trimming.

The major conversion deviations that the converterls swiich
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01

brapsisbors and resietor clrouits offeet will be due to I%rg ‘
varistion, Rey variation in cepjunctlon with the wrimmesr {PNF) or
Ticed resistor (WPM) with which it is in serics, amd input eurvend
drift of the ci:qm;m?iﬁen*amplﬁfiem’ ﬁpﬁwfw pwfcm&amé denands
corpromises since large I, contwibuies to largs I v’ variation whils
smell Z’E incrsases Foy, and most Likely, vardstion in Rs":l“ Mini~
mizing the elfect of R el © variation by immas;igg the resistance iz;
pexics »afi‘i;h' 5‘.1 is nrited by ssplifier drift for the WRU transgis-

tor and by (Ve

)14 st least for the PWF trancistérs Other coupro-
mlsing wight be necessary because of cost, reliability, and self-
heating problems sssociated with the eonverterts reslstorg. Ig-
noving vhesc latter problene for the present, the cireuit desien ean
be gsomewhat optimized on the basis of minimising the .:iajoz}’ oONVST-
sion deviations with due regard being given to civewit desizn prob-
lens thab might resulbt from the mindmization,

The olwic variat:im;. in Ry likely depends upen the ohmie value.
There are several ways in which R Raa might be chomer

A fireh method of selecting R,y for min“}.mm aviation ig’”zu B
to drive B, to a mimmm by switching the Lransistor with 8 high Iy,
thuss

Ry = abaviube mindwun VI-T

This approach to selecting Ry way provide a less stable swlieh than
that of the optimum i I, is eppreelsbly diffevent than I because

variations in r} can cause spprecisble V,y varlstione 4&lso I
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changes can causs appreféi;g}zle Vo1 Variatioiil Another factor in
operating with high Iy ié that providing a high I, may cause problems
with the design of the eircuit providing Ib’ High Ia alsc increagesg
the gelf-heating of the switch itransistor and this is not as negligie-
ble as the equivalent circuit irndicates because the base current
flows through the trensistor's base eircuit, and the base-émitter or
base-collector voltage drops of silicon transistors will generally
exceed six=tenths of a volt.

Another method of selsching Rel is to select I such that the
voltage variabion across the trangistor will be a minimum when Iy
varies. Optimum I, for this condition can be found as followst

Vee = T (rd s re' & VA/L)- Ty - (Ve)zi
wheet T = ewitter covved -

OLVQ.{ = ._\/KI _ (_,g' ~ A\/ge
ok T IB’L AIb

now if the cirecuit providing I is designed such that ATy = Kiy,
thens

AVee = -\_/:‘_?‘; ..(';.E;.)K
Iu

and minimm AV,, for changes in I, will result whens

(Ty) = (Vx‘:I: Vo T 8o

oPY
or if the eircuit is designed such that ATy = K, then minimum AV,
will result when:

(To),,, = @ L -ee

orT
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Still another way to geleet Rnl would be %o cause nominals
TLAfR = I DR, - XE-s
and thus minimize the switch voltage error that occurs across the
transistor due to variation in r} and R,y (Ar} and AR;).

The data of table 5 related to the NPN transictor indicatss that
for an Iy of three milliemperes Iy should be an average of about
twelve times greaiter than I for minimum error. This probably implies
a rather high Iy and certainly satisfaction of equetions VI-7 and
VI-8b implies a high I;, but doubling Iy from three milliamperes to
six milliamperes will only reduce R,y by about twenty-five percent
and an Ib groater than threc milliamperes may not be justified when
consideration is given to the ecircuit that must provide the current,
To invegtigate the valus of inereasing Iy, the overall conversion
problem can be considered with an Iy of O thru three or more
rilliamperss.

The switch and resistor circuits of the converter can be
designed to provide minimum conversion deviations due %o Ryy and
amplifier input current variations, to the extent that the variations
ars known. Conversion deviations due to variation of the emplifieris
input voltage and the PNP's V,3 are a function of the converter!s
Va/count and not its resistive cireuitry and if the comparison
amplifierts input raéistance is sufficiently high, the variation of
the PNP's R,y will not cause & conversion devistion that is related

%o the converter's resistive circuitry. Accordingly the conversion
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devistions caused by the amplifiselg inpubt voltage level and PHP
trangistors are not considered in the minimization procedure,
Further, it is assumed that r} of the NPN trangistor is low enough
that variations in Vg due to A(Iy=I)rl do not cause a conversion
error that ig large enough to warrant increasing R,y by decrsasing
Y. If the minimlzabion analysis results in a complementing current
or full scale decoder current that is appreciably different then Ip,
the error due to ré should be given consideration,

Let R = vesistance of cach complementing resistor then R~
parallel equivalent resistence of all decoding
resistors.

R; = input reeistor of converter.
E = reforence voltage with regpect to common,
I, & comparison amplifierfgs input bias current.

Vs

~converterts input voltage.

V, = voltage at the comparison amplifierts input due %o
¥y with infirite amplifier input impedance.

Vg = voltage drift at summing junction due to Al

[}
Ve = V' 213 Yi-10
. & &3
Vi = 28T, RcxRls -1
i+ Ry

vhere the factor 2 is included to refer the imput bias change of
the non=-input transistor of a diffevential iwnput pair to the
amplifierts input (see comparison amplifier discuseion of this
section). The transistors of the amplifier are in a temperature

controlled chamber,
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1A T @0 B3 Ve RIs

R

denahin due %o ATa

R: v R/3 RL + R/3
~ AT Ri T - 1o
— V'
dc\uv\‘lo'\\ doe *b AR, = K AR, . NT - 13
Rl

where K = complementing (that is, NPN switch to complementing
resistor is not used).

K = 2 when naturally converting

and for esorrecht conversions:

V&' - E YT - W
r: R’ |
total error ® error dus to A I, £ ervor due to A Rclz
n vz JIBTaRe  kope, v YL - 1%
w' E &

differentiating with respect %e R; and equating the deviation %o zero

yieldss
/ ]
(R, = W (‘f__‘\__eﬂ-) ¢ 9T - \n
AQev . 2e DNYa

The values of NI, and AR, ere not eapily determined. Variaw
tions of I, and R,y with temperature ave not particulerly important
because the temperature of the amplifier's input transistor and the
switch transistors under study are controlled. The amplifier's inputb
trangistorts current gain and d.c. bias and leakage current
establishes I, and the switeh transistorfs inverse current gain is
directly related to sboubt half of Byye I it assumed that the
current gains have long term sbabilibies that are similar and that

the amplifier's leakege current deviation is small compared to its
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bias current deviation, then it might be reasonsble to assume thats
.7 AR, /R, = AT./Ia AAREY
where the 0.7 factor reduced the effect of instability of ARy
tecause part of Ry, rl and rl, should have bebter stabllity than the
registance determined by current gain, It ig shown labter in this
section that a typical I is about 1.3 microamperes. Resistor Rgy
will typically be about two ohms with an I of three milliamperes.
Solving equations VI=16 and VI-17 for 2 K of 1 and a Vy of 10 volts
yields an optimue R; of 3000 ohms and with a K of 2, the optimum Ry
will be 4200 ohms. An input volitage of 20 volis requires that Bs
have twice the resistance as that of the 10 volb, V;%\ To satisfy the
specifications, E, should be 5000 ohms minimum for 10 wvolt sources
and 10,000 ohms minimum for 20 volt sources. The converterls
resistive circuitry will not be far from opbtimum if these values are
used for B;. If R; is 5000 ohms, then R will be about 6000 oms. If
R is 6000 ohms and Iy is thres milliamperes end Ry; is two ohms
averags, a one per cent change in all 13 of the converter's Egitls can
cause a conversion error of about .000W. Thiaz error per per cent
change in two ohm Rp3¥s secems small encugh for a safe design even for
higher R ;. Reducing Ryy by increasing Ip, does not seem worthwhile
sinee the majority of the conwversion errvor iz determined by the.
minimm Ry and the smplifier drift, and since the fixed part of R,
is sufficiently lerge that I canmot efficiently reduce Foj.

The current bias of the trimmed PNP switch transistor is
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selected for minimum nominai'vbmtage déép with winimum voliage
variation due te variation in Ip. hccordinglys
oo = (2™ (i

Ve)gj v Turl = Te(e v rl + Va/m)  SL-)8
and satisfying both equations yieldst

Te= (Vedzi /Cre. ) ﬂ-;q
~ which gives an Iy of 439 mll;*amperes aﬁd an Iy of 2. h milliamperes
if x) A v} is 2.25 ohms and Uy is 2.25 x 3 x 10-3 volts (see Table 5).

The effect of Ly, and Ryp can be inves stigated at this time.

The ¥PY transistor.has highey leakage current than the P and the
PUP has higher Rgy. The HEW has a specified mezimm Ly, of fifteen
microamperes with eighteen volts of collector voltage at 100°C. In
an arbient below 80°C, the Igpe should be less than four microamperes.
If all 13 of the converter's FNP trensistors have six ohms of Rgy and
all 13 of the NBN iebo's change two microampores, the conversion
deviation caused by the change will be aboutz

2 % ]_0"'5 amws ¥ 6 ohms
12 volts

It seems safe to assume that & combrolled temperature up to §0°9C will

% 100% = .0001%

not canse appreciable conversion deviations because of switch
transistor leakage current,

The conversion errors dus to self-heating of the converbter's
switeh transistors can be investigated with the design choices thus

far made,
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The power loss in the swileh transistorts R,y 1s negligible
compared to that of the transistor's base. The NPN transistor has a
power derating factor of 2.6 millivatts per degree centigrade and a
base eollector voltage drop that iz about sevenwtenths of a wolt.

The change on temperature of the transistors due to self-heabting will
be

Atewp. = (3053 7)) waks « 1 /2.0 x1e2waks = 0.8°C
The PHP transister has a power derating factory of 1.3 milliwatts per
degree centigrade and & base colléctor voltage thatis about one volt.
The change in temperature of the PNP transistor will be

A\:ew\p‘z (L4 x V) wabs 2\ /\.3 XiodweWs = 104%¢
The transistor temperature data following table 5 can be uged in
calculating the change in the switech transisiorts equivalent circuit
parvameters dus to gelfwheating. The errors caused by this gelf=
heating is not very largs.

The circult of figure 33 shows a trimmed switch with its base
current drivérg Whea Q3 is cubt off, current flows from refsrence
common through the collector-base junction of Q2 to the =50 wvoli
supply. This base current causes Q2 to saturate. The current is
about ((59 volts = Tpen)/18.2) milliamperes or about 2.7 milliamperes,
The base~emitter junciion of Q1 is reverse biaged by the forward
biased base=smitter junction of QR, thus QL ig cubt off. QL becomes
saturated when Q3 saturates. While Q3 is saturated, the base
current of Q1 is about I2 £ (Il - I4) «I3., The emitter of Q3 is
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clemped to #12 volts by the base-collector diode of G and the
gaturated drop of Q3 is about one~benth of a wolt, thus the bhase
current to Q1 will be about three millizmperes.

The loglc of the switch and driver is NAND logic with a %one®
being dofined as #5.5 to £12 wolts, With Pones® on IN /A and IN #2,
Q is saturated; Q3 is cub off and QR is saturated. With a Wgero® on
IN # or 1IN #, QL will be satursted.

Diodes D7 and D8 limit the baéeaemitter voltage of @4 and @3 %o
prevent voltage hreakdowm of their basewemitier junctions, The NPR
transistor used in the switeh has fairly poor carrier storage charace
teristice and if Q2 begins to conduct oo quickly after QL has been
condueting, a high transient cuvrent will flow from the £12 reference
bug through Q1 and Q2 to common., OCapacitors €1 and €2 glow down the
transfer action of QL and Q2 to prevent the high transient currer;t.

The sultch and driver have bsen degigned for light loading of
the #12 volt reference supply. When Q1 is saburated, the £12 volt
current will be about 3 milliamperss lsss the decoding or complemente
ing ourrent, Ip, (M4 >Ip>0). The eurrent thru the Rl end R2
branches will be small when QL is ssbursted. A resistor, e.g. By,
can cauge the total load on the 12 volt bus to bs zero if IB plag the
eurrent through Ry is three millismperes. When Q3 cuts off, I2 and
Ip become zero and a current flows from #50 thru Bl to the 412 volt
reforence bus. Also ourvent flows from the £l2 volt reference bus

thru R2 to common, If the current thru Ry and R2 equsls the current
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thry Rl, then the loading on the reference‘power supply is about
‘zer0, A nominel velue of current through 2 is assﬁmed feor the
purpose of selecting HL in vcor;mmé'i:iom with K2 and the By thal

hags been selected in eenjunchicn_ﬁith Gl's base curremt and curpent
Ig. Host cirecult packaging has some pxéblem with IR drop in leads %o
the cirenit. If K and the 50,000 olm rheostat in series with B2
and the £12 volt lead to Q1 are each comnected to & main bus, then
the effect of QL's lead IR dreop on current Ip can be corrseted for
by adjusting RHL sinee current will flow in the lead Yo QL only when
Q1 is saturated. Similarly IR drvop in the lead to G2 can be corvected
for by adjusting RH2 becauss éurreni flows in this lead énly-When Q2
is saturated, | |

The stability of the base current to (L and G2 is controlled by
netal film resistors in the paths of I1, 12, I3 and Ik and by the
gtability of the positive and negative 50 volt supplies. These
supplies are designed for .25% stability under conditions: of loading
and input line variations that are worse than typical of the systems
in which the voltage~to-digitel converter is used.

The resistor network of the decoder is shown in Figure 3k The
coniiﬁuousvdoubling of resistors as the bil order of the resistor
decreases has been limited to four or five bits and then repeated.
‘The céntinuous doubling process soon leads to very large velued
resistances that are impracticél to use and the repsated use of zams

valued resistors had decent economical advantages. That the cireult
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is workable ean be readily seen from figure 13 where the derivation
jshows that ep is proportional to the numbesr being decodede I e, is
proporiional to the number being decoded, then the current through Ry
is proportional to the number being decodeds The same eircuib
principals are applicable te the groupé of resistors with "scaling
kresistors connected between their output and the fixed potential at
the amplifier?s input, and thus the current out of the groupts resis-
tors is proportioaal to the number being decoded by the group's
inputs. The main disadvantage of a sealed circuit is that the cire
cuit is a voltage divider on the input side of the scaling resistor,
and switeh errors camnot casily be corvested fors In the applicas
tlon shown in figure 34, these errors are not particularly important
because the tetal decoding contribution of the uncorrected switch

is only & small part, about six perceat, of the tetal 4095 count
decoding signals The switch and drivef used with the 1 through 128
bit resistors is the same as that of figure 33 without the_rheostats
and controlled temperature. A more optimum base bias current of GL
and Q2 could be selected but it was not done hecauss errors contri-
buted by not doing so are smell enough that a different design did
not seem worthwhile,

The convertert?s ten volt input connection ie with the input

voltage connected to 1Ry and 2Ry of figure 34s The twenty volt input
connection is with the input voltage connected to 1Ry {or 251) while

2R; {or 1R;) is connected to common. GConnecting ene of the inmput
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regigtorsg to common keeps the comparison amplifier‘sbsourea regige
tance congtant as desired, but the amplifierls inpub voltage will ke
somewbat less than caleulated by equation V=5 when the twenty volt
input is used.

The resistors used for the converter's inpub, complementing and
decoding functions are for the most part half watt, .0l accurate
resigtors with a .0005%/° eentigrade maximum temperature coefficient,
These resistors have a specified one year stability of 0053 when
operated at 50% power in the envirommental conditions stated in the
converter!s specificabions. The resietors thal scals the eight least
significant tils are somewhat less accurate and stable.

The temperature controlled chamber used for mainbaining the
temperature of components so noted in figures 33 and 34 is capable of
holding #£1°C or so when its smbient varies from 25°C to 70°C or from
25°C 4o 0°C. The thermal properties of the .01% resistors are such
that their temperature riseg 100°¢ per wabt of applied power. The
worgh error due to gelfeheating of the switched resistors will be due

to switching of the complementing resistor. This error will bes

{12)? vatts x ;gg_g ﬁxl ‘fﬁ = ,0012% maximum
6000 wath (&

The 2048 bit resisbor cen change .006% meximm, ebe., thus the
maximm change of the total decoder and complementing current will he
about .0012%. Other conversion errors and deviabtions, ‘due to resise
tance characteristics, can bs readily calculated from the resistor

gpecifications just given.
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| £ pair of 12 volt supplies~is reguired for're:e&énping‘the

convex'ber‘s: decoder amd‘ complemnting cireudts. The Sjpplw es
designed for the reference function ave shunt regula te d ircui'bs
with the ~12 vol wpﬂy des.l.gred to. track the A12 vol*r, uuppl
Pos;'x.’fsiv_e, and negative 5O m’l + svpn“ :Les pr'om.de 'UQP Lulk TnTeLH-
lated vol’cagé for the mfrerence su_ppl:;_es, | The slmn'b f‘@{;,U'u'bOI‘
design keeps lov voltazgé across the ref e.cance suppli ec' ouuput
transistors and since whe curren*b of the nositiifé- reference vol"i;agé.
flows in and out of the supply, ‘the effi o:.mcy of thm éug,ial:? don :
be as great as vthat of a series regulated L»Lprly.. The ’Erac;king: ‘
feature of the -12 voll reference supply g'educes COI!V@I“Si(;’)I;‘ erroré
due to reference Suppl:} deviation by about one~third. | it éan be
shown also thet the maximm conversion deviation due to power supply
deviation with tracking fe,herence smpl:z.es is no grester for a

ranch complementing cireuit, as in Flgures 35 and 27, than for &
one branch complementing cirenlt as im Figure 26, (The one and two
branch cireuits have a maximm error of (A B By A O(-E) Ry)/R,

when P is zero and both supplies vary whereas the two bramch circuit

0

has more error than the one Ifanch if the reference supplies arc
non-tracking (see tables 6 and 7). A further adventage of the
traciking power supply is that its reference can be resistive av"d
thus the cost and the rei_‘.erencg deviation of the supply should be

less than that of an independently referenced supply.

& schematic of the refervence supplies iz given by Flgure 36.
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1Table 6. Input Voltage Deviation Versus Converter
Operating State With Tracking Reference Supplies

.V K P | Dev. Sup. V; Deviation
Max, | 1 |21 | A& AER; /Rq

pn. | o |2 v X (R

.| o |2 E AER; X (Ro-RiYReRg =0

Max.| o] O JE | aERyfR.. TR
Max, | 1 |2m1 | -E 2BRj /R,

Min. | 1| 0 -E n

Atin,| 0 |201 | -E n

Max,| O] O -E "

Table 7. Input Voltage Deviation Versus Converter
Operating State With Nontracking Reference Supplies

Vi . K P | Dev, Sup, V3 Deviation
Max, | 1 [2-1 ¥ 0ER3 (1/Rq £ 1/R¢)
-Min, 1l o} /E AER; /Re *
Ain, | 0 |22 #E AERj /Rq
Max.| O 0 /E 0
Max, | 1 |2Ra1 -E MBR; /R
~Min, 1 2n.0 <E :

AMin, (o] 1 -E

_AMax. 0 0 | <E "
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These supplies ave designed for £ 50 milliamperes of output
current. This current is appreciably more “than requifed‘fprrthg
convc%ter, but it perrits broader applieations of ﬁhe supplies.

The ¢ hcratlon of the A12 volt supply cen be explained with
the aid of Figuves 37 and 38. Figure 37 is = simplifj.eca:@;gpck dia-
gran that pre -ents-the basic clements of & closed loop Qi?éuit‘@ﬁ§%~
is typical of the refcrénce Vbltageﬂsupply circuiﬁ. The reference
and feedback of this éiagram are §o1tag¢ elements. The ﬁaib batween
the output of ¥he feJQVGﬂCG/lee’ cle sgmmiag juncﬁicn,and~hhe oute=
put begins;with vol vage to enrrent conversion, This stage\ié
followed by current gain elemerts that 1nclude a mago% stabilizing
time constant TB;' The outpu% of the current galn element is summed
with output current ard this sun feeds a RG element thab provides
curranb to vdltafe Poxver51on and srsten stabilization. The output
of the EC veowork is Lbe novervguxply’ eutpvt voltage and thls"xw
fed back to the “eference/feedback sumnlng gunculon by a reSJstor
bridge of elennnz H _Elmevcoﬁs§§nt.fl-provldes the supplyts lowest
low frequency roll off. This break is terminated when the internal
resistance in capacitor C is equal to the capacitivé reachtance of
C. The vermination occurs atWw ﬂ~1/?2. Time coﬁstanﬁ T3 provides
a second roll off which causes GH of the power supply to cross the
unity gain axis. The éupply?s frequency rvesponse characteristic
is designed to cross the unity gaia axis at a frequency that is

safely lower than the break frequencies of the cirecult transistors
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and mizcellaneous civeunil elements,
Pignre 30 provides & dlagram that is something of a block

diasgrem and schematic bybrid of the A12 wolt suprlye The relerence

fan

he #12 wolt bus of the supply.

supply is very stalle, it would be JL€Licdt 4o inprove the pers
rommnce ol the st"‘ Fowith oend e:rf:-e'l reference power, There is

some interplay between the relfevence and cirewlt power funcitlonsg

of the £12 voli reference supply, but the effect is of seccrdary

LrL P UL, S - PR RO POL. [ 5 arn i g ] A e AeTe

The dynartic impedarnce of this zeuner is low compared to the
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cnat blases it, thus in seibe of 12 wolt bus variations, the zsner:s
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8
2
=
<
QO
£
&
e}
[xn
©
&3
-
oF
%,
2
o)
g

Tapped resistor By feeds part of the oubput woltage back to tie base

esigned such that its tapped output voltiage

is equal, f Jdp, to the zeney tage when R and the zener bridge

are conneched across hase voliages of (14 ond

s P
LS

U1B are almost equal. Gein element G amplifies the diffevence of

current that evists bebweenn the ecollector current of (14 and the

collector current of (1B, Tor the powsr gupply to have an outy
voltage of 12 volis, the current difference should
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Where I reg T bilas curvent to the elemenis of G, zener, etc.
Iy = load current.

Potertiometer F1 is adjusted to offset the collector bias
currents of Q14 and Q1B o satisfy the abové equation and cause the
supply's output to be 12 volts.

With fixed resistors in the owtput stage, the current from G
must change by an amount exactly equal to any Iy change if the power
supplies output voltage is to be unaffected by Iy, changes. The
supply is by design a type zero veguwlator and as such it does nob
have an oubput voltage that is completely independent of Ij tut the
supply regulates well enough that the output volitage is almost

independent of Iy. TYhe regulation is achieved as follows: lNotice
that the base velitage of (13 changes when the oubtput voltage changes.
This changes the base, emitter and colleclor currents of QlB. The

1

change in (1B's emitter current changes the voltage a2t the slidew
of ¥l, ZThe basc of W14 is at a fiwmed pobtential and the change of
vollage at bhe slider of Yl causes the emiivter current of WA to
change in an opposite menner w the YLB emitter current change. To
KPS oy |
bake an example

1. Iy decreases (Leas current out of the supply).

2. V out increases (goes positive).

voltage of €lB increases.

-«
i

3
L. Emitter and collector currents of QLB increasce

-

5. Pl slider voltage increases.



fe Emitier =nd gollector currents of QlAldécregso.

Tnereawer, G amplifies the current diffevence of the Qlﬁ
and 1B collector currents; The supply L& u(&igned_such that‘an
output voliage change of lms than ens~tenth of a millivolt Il_Ll
be amplified to compensawbe for a 5'0 milliamp change u Tre Ziila
‘vdlt&ge chaub 5 are mich the same as lb gaquCV since a change in
#V has the.effect of changing the vqltage across Rl and tnas changes
the current swaing at the outnui junctione

- The output voltags a2lso changes wxenpver a component in the

$u9p1§ chaﬁées in value, gain, cpcrating bias, etes For the mst
'part s the om,pm, volm = ch angs c:ccurs when the supply's reiference
or’feedback.or'smmming juaction bias chenges. The latber of these
f:\] -

he Summing Junc 1on b&ds wmli Cn&ﬂ&%

&

1temo is thv least ol v1ous.f

vhen LA and WU1B change their réhxulvw opcﬂauw ng ¥ is Th najor
causes of Lhc operatlng pod nt changbp are tr@na or gal Chduge,

’,

leakage current change and em:tue cage voltage 7hange. To minimize
these. transistor variations, QL4 and QLB are purchas d 8 & p&ir‘qfv
transistors in & single pauxape with nat h 5d \morc or less) gain,
base voltages and base voltage temperapure COef’icientS. Transigtor
parameters are particularly sonsitive to teﬁpc"a R vafiutlon. To
reduce the effect of Temperature variations, Ql4, GLB and 2 of G’s
trangistors are packaged in an‘enviréngent that is mainbained atv
80°C, (The use of diiferential itransistors for Low level emplifi-

cation is given further cnnsLdera*ﬁon in the comparison amplifier
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iscussion of this section). The reference zener, feedback and a
calibrating bridge {see next paragraph) netwbrk are also packaged
in this controlled environment.

The accuracy of the voltage supply is established by comparing
the reference voltage to a voltage that is taken fron. an wnloaded
resistor bridge, Ry, that is similar to the feedback bridge. The
zener diode that provides the reference voltage 1s an aged device
that is selected for good expected stability. The calibrating
resistor bridge, Ry, is designed in conjunction with the selected
zener to have an oulpul voltage that is the same as that of the
zener when 12 f*,OOS% volts are applied across the bridge and the
zener with its series bias resistor. The voltage of the #12 volt
supply is set by adjusting FL until there is no voltage between the
zener and bridge outputs. The resolution of the adjustment is about
.0005%. The calibrating technique just described permits adjusting
the AY2 volt reference supply’s voltage without a voltage stendard
other ihan the suoplies reference zener. This makes possible
#in use” adjustment of the supply where laborstory standards are
not available. The adjustment will eliminate practically all devia-
tions of the power supply except those of the zener and calibrating
bridge. The gzener and calibrating bridges are specified bo track
with not more than ,005% per year correction of the £12 volis.

The resistor bridge is designed to provide an outpul voliage

squal to the zener volisge when the 12 volt supply has 12 %_,005%
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volts output. These voltages are made equal when the resistor
bridge and the zener are at temperature in the temperature con=-
trolled environment. The IR drop of the wires leading from the
output to the reference calibrating and feedvack circuits are
canceled by bias currents into or out of the exact point at which
the rceference and feedback voliages were measured when the circuit
was manufactured. In the #12 volt supply, cancelling curreni enters
the #12 volt junction through a 6.8 volt zencr diode. An almost
equal current lecaves the network through LT0 olms to ~6.8 volts and
through the 3,21K ohm bridge between £18.8 and $12 volts and through
the summing stage (see Figure 36).

The =12 volt supply is very similar to the $12 volt supply.
The major differences are in the referencé, feedback and summing
stage. The summing stage of the suppligs are not as different as
it migat seem. The 10K ohm resistors in the -12 volt supply's
summing stage give the differential transistors (Q24 - 02B) about
the same current bias as that of the differential transistors of
the £12 volt supbly. The reference and feedback suming function
of the =12 volt supply is accomplished by taking the difference of
voltage that exists betuween common and ; resistor bridge outpub
(with respect to common), that is, about 50% of the &l gebraic
difference of the £12 wvoli and =12 volt bus voltages. The -12
volt supply's output is adjusted with a potentiomsﬁgr in its

surming stage until the =12 volt output is such that a null voltage



exists between the ccmmon bus and an unloaded S0% tapped rési‘.ér‘wr
bridge between F12 and =12 volts. Tl"e izl-itiai‘ accuracy of 't“e
bridge tap is ;.003% énd the dexdation of the bridge is specified to
be less than .001% per year. The =12 volt supply has i‘cs :g’éférence s
caiibrat'ing and feedback line drops canceled in a manner sa.mﬂarto ;
that of the 12 volt supplys The resolution of the volitage adjust-
ment is about «0005%. | |

The =12 volt supply takes blas current from the ~-50 volt supply
through L50 ohms and the 6.8V zener network that is biased from =50
volts.  The current provided by these two paths ig about the same
as would be oblained from oné 350 ohm path as was done for the £12
volt supplye

The £ 12 volt supplles can be shorted £rom output buses to
common or output bus to bus (12 tc =12). When this hoppens, current
from the Y0 volt buses bypasses the regulating parts of the pover
supply and the regulator collspses for lack of bias. Fifteen volbt
zener diodes are commected across the ouvtpuls of the power supplies.
- These zeners limit the oubput voltage to about 15 woltis if the
supply's regulator opens. In additicon, the forward biased zeners
keep the output buses within a volt or so from common when the £12
and =12 volt buses become shorted.

The load reguletion, servo stability and temperature drift of
the reference supply are aspects of the design that require further

explanation.
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it wae stated in Section V that a CH up o 100,000 is re=

quired for .QOLE voltkage regulation. Figure 37 can be used to

t

verify the need of a G of 100,000. Further the gains required of

61, G2 and H cen be established from Figures 36,

3

>

7 and 38, Fronm

3:_}

-
igure 3

c = \/;“ \/o\-\
Yo = €(Gi6R) ¥ IR
= (Vi -VoH) (Gre2R) + IR

VEGrer® 4, TR YT - 2|
L+ 6162 R I+ ClCL B H

and if Vo is to very no more thsn JO0L%, 1 # GLOZRE must be 100,000
riniEnm.

For .001% or betiter lead regiation:

___;_‘-_5___. < ,\'Lx)o‘3 velts
\ + Gl —

awd \99!6)‘ \W\\.'\:J‘\ '

TR ¢ 12X 10 ol
Ll RRY -

Civew, X = .o5S Awnp s

Grer > _-OS = 832 amps/uvslt
'S X AL A

it is showm in Appendix A that GL {see appendix for definition

of components of Gl) has z minimum gain that is about (1/125) amperes
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per volt for the #12 volt supply; thercofore have a rdnirum
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gain of about 104,000 amps per amp. Ib can

Y 4

gffort, that the gain of U

o

is greater than 104,000. The minimm

ro load GH of the reference supply is:
6H S 6YLL RHE
> 822 x \3CA.S
> §S,000

2llowable \v\'m.

when B ig shown bto be 136 chms in Appendix B, The GH of 55,000 is
adequate for 0016 regulation because the 05 ampere load on the

I

supply is aboubt 508 of the supply's total output currvent.

St

The frequency responsc characteristics of a ldgh zain, vollage

supply must be well controlled until the idgh frequency loop gain

(CG(w) H(w) )} is less than wity with sufficient phase margin for

the supply to remain stable for varying component velues. The cone

trolled frequency response of the supply must e wnity with the
deslred phage nargin at some Ifrequency that is less than the uncon~

trolled roll off or lead frequencies of the various components and
wires of the supply. UGcod transient response, however, requirves
that the unity gain frequency be high.

As usual in power svpply design, the output capacitor of the
supply provides the iowest frequency roll off of the cireuit. The
characheristics of capacitor are such that the roll oif Ifrequency
will be wrelatively constant but the characteristics of forward
gain transistors are such that the gain ab which the roll off

oceurs can be guite variable., Higher gains at roll off require
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lower w11 off frequencies if the gain is to be unity at 2

¥

frequency that is near to that of the uncontralled fretuency
response elements of the supply. It is not uncommon izo have a
seven to one gain spread for a single type of "orahsi‘stor' thet is
 subjected to an ambient that '_va‘ries from O9C to 700¢, For the most
part, gain variation in “o‘h.é reference supply is .minimzed w:.th
localized D-G emitter and collector feedback. The output filter

‘has the no~load transfer function derived in Appendix B

._Y—°_ = R (,H' lZ°~‘l°;"?) . YT -3
o (1 4000 18R P)

where without load, R is aboutb 136 ohms, thuss

v _ "
Vo = 13% (1 + 1wex1v P)
[N (s .s4P) |

R can vary apprecisbly with load changes bub the effect of chenges

in R on the unity gain frequency of the supply is small because
both the gain at roll off and the roll off frequency vary directly
s B. The lead and lag of the output filter are about 1600:1

apart and if GH is ’50 ,000 or more, the output filter of the supply
does nol cause the high frequency gain of the supply to be unity.

A lag around transistors Q3 and Ql; atf,enuai;és the high frequency
gain of the supply to cause a unity loop gain at ahout 180,000

rediens. The transfer functions of the Q3~Ch stage will be about

4, Lou AWy ‘ - Ria-y
C B . 3 e
L 1y Aa-y(2/2¢) 4 Riy.q XISKISSK 2204 18 P

Y1 -24
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Both the gain and lag time conctant of 03-QL stage varr directly
as the open Jcop D=C current gain Ai}-h znd thus, variation in
1_.‘3 N will not zffect the frecvency at which the supply approaches
wni?y gaine. The nature of the high frequency stabilization is such
that D-C stabilization is nct required for (3-and Qli, scecordingly
these two transistors are operated at almost full gain to improve

D-C regulation of the supply.

The differzntial base voltage drift of transistors (LA and
(1B is about 15 microvolts per degree centigrade, ond Q1£ and Q1B
have minimum current gains of about 30 at 25°C end 2 gain ratio
B1A/P1B that is greater than 80% if QLA is the lowest gain transis
of the pair. Transictors with bebter characteristics for tempera-
ture stability are available and certain circult techniques are
asvailable for reducing the temperature drifv of differentisl paiwrs
of troensistors. QLA and Q1B have been placed in the temperature

9,

chamber that contains the reference in licu of irmproved transistor
or rore complicated circuit techniques. Liliewige (G2 and Q3 were
placed in the chamber. The need for temperature control of €2 and
;3 can be swvudied as follows. t can be shorm.in & nmammer sinilar
to that used for calculation the effect of a load disturbance on

the power swpply that a temperature disturbance current I will

offect a supply's ovtput voltage such that:

A\/o - A.f QC ~ AI ﬂ_zs
\+ G Gp¥ Gg ¥

tox
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Where Gg = gain foyward of AX
Gp= gain benind AT
If AT occurs between 92 and ¢3 at the base of G3, then from equa

tion V1-25:
AVo = (AT x 12s)/.§ =~ 2S50ATX

Whervre GB < l//‘).s ‘C\vo\v\ APPENOIX A

and 2 AL of one microamp will caunse about .002% output veoltage
chainge.

Iransistor Q3 is bissed et thirty microamperss and at this
bias it has a minimum hyy of abous thixty. The L,5 of G3 is about
.01 microamperes maximun at 25°C. 1f the temperature of 43 is
inereased from 25°C to 70°C, the current into ﬁi’l@ base of Q3 can
be expected to decrvease by someihing like a half of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>