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Baslw;toµnd 

This thesie has been w.ritten as an outgt>o'Uth of voltage-to-

digitaJ. conve~ter development done by the author for .bis employer. 

The development work was done because commercially available 

converters la.eked the ability to operate in a 70°C temperature 

environment e:nd/or they seemed defioient in temperature and long tar.m 

stability, and because economic considerations appeared to justify 

the design effort. 

Desgription and ~np1iaation gt Yo1tace-to.-Didta1 Cgnverners 

An analog-to-digital. converter is a device which aecepts an 

analog quantity at its input and then provides a digitized output 

that is proportional to or otherwise representative of its input 

quantity. 

The output voltage o:f transducers sueh as tachometers, potentio-

meters, shunts and thermocouples are analog voltage signals that are 

typically, respectively representative of the analog quantities of 

speed, position, torque, and tempel'ature.. These analog quantities 

and ma.iv others are typical of quantities Wiah one might wlsh to 

display aJJil/or record a:nii/or use for references or feedback in 

control systems. 

A common display voltage device is the D'.Arsonval or similar 

meter and a common voltage recording device is the pen recorder.. The 
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meter and recorder present, their information in an analog mF..nner. 

The prevlously mentioned. transducers are frequently used directly 

as references and feedbacks in analog control systems. 

The tot.ally analog instrum.entation, recording, and control 

system can often be outperformed,,o:r at least outpe1"£ormed i'or a 

given cost, by combi.Tled use of analog and digital teclmiques. This 

introduction 'Will not treat systera considerations versus onalog and 

digital techniques versus economics,, but it will s·uggest the role of 

enciJ.og-to-digital conve1~ers in some hybrid applications. In pru.""c.i-

cul.ar, the applications wiLl be related to voltage-to-cligital. 

converters which accept a voltage input, and then output combim~.tions 

of two-state voltage levels that the converter ha.s generated and 

coded to be linearly proportional to its input voltage. 

First, consider applications where volt~ge instr-J~1entation end/ 

or recording is NJquired. Except possibly for go/no-go types of 

instrumentation, a man can usually comprehend only one set of 

numerical. data. at a.vi.y one time, thu.s serial indication is often 

useful indication. For sach applications,, a number of voltages can 

be serially collected wlth a voltage sampler that outputs to a vol-

tage-to-digital converter. '!'he converter•s output can then operate 

lamp indicators ·that are visible at a convenient location. The system's 
.;·,,·. 

equipment consists of one sampler item, perhaps a relay or stepping 

switch interlock for each eystei"lt. analog dPvic~., one voltc•ge-to-digital 
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four digit accuracy and only one piece of accurate equipment, the 

converter, is required. Recording applications can he satisfied with 

the same equipment except that a..~ electrically controlled printc.:L' or 

typewriter 'Will be substituted for the indicator and a pieee of 

serializing equipment might have to be inserted between the converter 

and the printer or typewriter. The sampler of these syste.m..CJ can be 

made to operate sequentiaJ.ly or under ran.dom command of a person 

collecting the system's data. 

Even though they may be basically analog systems, maiw of 

todey•a 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 collec·ting and. distributi11g to the digital equip-

ment system information that has been converted from voltage signals. 

The scanning in these systems may be under a system command or under 

the computing equipment• s command. 

The analog-to-digital converter of an izldieating or recording 

system w.i.11 be about the same kind of device as the converter of a 

control system; however, the control system may require a converter 

that makes conversions mo!·e rapidly than ia necessary for indicating 

and recording purposes. ilso, it may be desirable to use dii'f'erent 

converter output codes for the two purposes. For eX8.'mple, the 

computer may be supplied vi th binary inpttts, whereas iudioating and 

recording equipment often requires an input code that is separated 
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into digits, an example of 'Which is the 1-2-4..S biri..a:ry ooded decimal 

code. 

:Qp:f'ir4tiori.S Q~flP?&tign@:l Pe~f.oil:i:IAn~ Qllaraqtf3rietl&Jl 
The £ollomng definitions p~l."ovide a be.sis for specifying the 

quality of the per.f'ol'lll.$!lce of a voltage .... to•digita.l oo:nver·~er. ;tn 

oi: tentative a..wog•to...a.igita.l convar-ber specifications that has been 

prepared by members of' the AIEE• s COl!lPQnent Specification Qommittee.1 

1. Full scale: the :11\..Uimum vclua or a positive ~ negative input 
or output quantity. 

2. Full range: the maxi.I!rum val:iJe of positive ~ :negative full 
scales. 

3. Code: the rels:tionship betwen the converter's quantized output 
and the value of the continuous input ·they represent. 

4. Gount$ the digital output reading of the converter, one oou..llt 
is one quantum of the output. 

;. Con.version time; the time .required for lllald.ng one voltage-to--> 
digital conversio:u. 

6. Quantization error: ia that part of an output quantum.Cs) that 
is not disee:rmble betooen successive output 
nu.L11bers. The quantization error is at lea.st one ... 
hs.1£ count. (See Figure 1) • 

7. Offset error: a ri:xed voltage offset lllben refe1"red to the 
converter' s input, after col'l."ecrting f'or quantiza-
tion ~rror (see figure 2). 

S. Noise error& variation in conversions due to stray coupling to 
magiietic and electrical signals and due to inherent 
electrical :noise of' components. 

9. Gain error a the discrepancy between ideal and actua.1 full scale 
values after oorreoting for que.ntua.tio:n, o±'fset 
and noise error.s (see figure 3). 
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Figure l. Quantization- Error Figure 2. Offset Error 

Figure 3. Gain Error Figure 4. Linearity Error 
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10. Linearity error: is the difference between the actual input 
q~.ntity e:t which a change in count oeeurs and the 
input quantity that- would have caused the change if 
the ohang~ had occu~:red on a straight line bet-wean 
zero and full scale value ~J.'te!' correcting fol! 
quantization, offset, noise and gs.in errors (see 
figure 4).~ 

11. llevia:hion: is specified separately for various peri'orinan.ee 
it.ems. Deviation states the change in offset,. gain, 
etc., that ioo.y occu.1• because of a eha.nge in 
operating conditions. 

EJ¥1zwool ~aifi.®ious •. &Qr.· Jol#Uiiii:t~§J. 'Jsnmarta.: .f.>ssM;n 

The follomng specifications are applicable to the oonvert$1" to 

be designed• 

l. Input voltages: '-. 20 volts Ml scale (40 volts full.· range) and 
~ 10 volts Ml senle (20 volts full range) 

2. Inpu.·· t impedance: 10,000 ohms, resistive, £or 20 volte full 
(minitmm) som.le and 5,000 olnns, reeisti'Ve, for 10 volts 

full scale 

3. Source impedance: zero oh!:n:e maximum. for specified peJ;formance 

4. Output count: 4,000 £ill scale w-lth 95 over.range 

5. Output~ ood.e1 natural binary for negative input voltages; 21 s 
complement of nat'Ul':!li binary £01" positive i:ri..put 
voltages 

6. fype readoutt parallel for 12 bits plus sign 

7. Voltage levels output: "1" :ts/. 5 to I 12 volts 
"O" is Oto 0.4volts 

s. Environment: a. operating temperature: OOC to ''!(J°C 
b. :rate of change 0£ tempel'ature: 1500 per hour 
c. long tam timet six !1\onths af'ter initial two 

weeks 

9. Conversion tim.et 0.6 millisecond 

10,. Quantization erl"or: /. i count due to dig:ltal resolution 
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11. Offset and noise error: less than i, .005') of full scf);le at 25°0 

12. Qf:f'set dei1.iationt less than .ol$ ot £ull scale in the environ• 
lne:tl:b 0£ speeifica.tion #f! 

13. Gain error• less. than .02% of full scale at 25°0 (gra..i!:). is 
count/volt, vi.th volt as defined hy lfetional l\'W.'eau 
of Standards, Washington, D.C.) , 

u.. Gain deviation• lesa than .02% of f'ttll scale in the environment 
of speoification IS 

15. Linearity error: less ·than .OJ$ of tall scale in the envil'on... 
ment of .speci:f':tcation 11$ 

16. Component type: pr.inoi~ solid state, semiconductors ae to 
'be silicon 

17. Externa.l. power available: a.. J:. 50 volts. ~'fl. 
b. 7 2S volts~ ?l$ 
c. logic power 

(voltage tolerances include line and load 
regul•tion, and deviation due to environment 
per specification /IS.) 
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Three types oi: literature were of impozta:nce for the design wo1·k 

presented in tM s thesis. 

The first concern of the clesigp...er was t.o establish a means of 

accomplishing voltage-to-digital. conve:rsion. At least one book and 

sevez•al magazine art:Loles t.rere available on ·the subject ot: voltage ... 

to-digital conversion techniques.. These $l'e used as refe::renees £01~ 

Seetion III of this ·thesis .. 

'fhe i10xt concern was to design circuits that pat'mitted imple-

menting a selected conversion technique. Circuit design theory ~nd 

com:ponent ope.rating theory fiom. te:xti?ooks, periodicals, a,nd 

:mrurui'acturers• application notea 'ltJere invaluable in this phase oi" <the 

design work. In addition, the cireuit design wrk has required 

liberal use of l!lSll1.2.faoturel'sm speeifica:tions on nu'illerous c01ll.po:nents., 

In tt,"enera.J., spe~ii'ication literatu're has not been referenced in the 

thesis. In rn.aey instances the component chara.cte.t•istics a.re 

sufficiently kno1'm. to maJre referencing urmecessary. In other 

instances component design tolerances $..~ listed in the 'thesis and, 

in some cases, identification of components.? such. as semiconductors, 

by their type m:r,,ibe:r will provide Bn automatic reference to natioll«I" 

elly registered specifications. 
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This section pl'esents se'qe:ra.1 basic voltage .. to-digital 

conversion techniques that r3eem to have been, or seem. to be, popul~ 

methods of accomplishing linear volt!I!ge-to..-d!gital conversions .. 

Variations of these techniques and othal" methods ar~ being used for 

volta.ge-to...aigital conversion. lle:f1e:renaes to some of these 

techniques a.re given in the Literature ~1lmined section of this 

thesis. 

The "Anodige" converter apparently takes its nam.e .f':rom. the prime 

words of its function, ana,log ~ digited. The ao:uver·t.ar t.tas 

developed by the National Durea.u. of $'tand.ardi;,; and publicly doeument~.d. 

by them in 1951, e.ccordi:ng to aueld.nd • .3 1fhe ttAnodige~ block die.gr-am 
"" of figure 5 !s quite sim.il&' to that given by Su.sldnd.;;; 

'l'o understand how the converter operates, assume that an input 

generator to he respectively reset to 21e1~0 ~aunt outpt1t and zet'O 

vol ta.ge output.. :frollowlng the :t"esets., the logic causes o:ne o:r ·the 

gate's inputs to be enabling.. Mses trani. the oscillator are 

a.ceum.ulated in the counter and aimul taneously they c.auee a staircase 

type o:f! voltage incrementing of ·the staircase generator's output 

voltage. tfne:n the staircase vol ta.ge is approximately equal to the 
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input voltage, the comparison circuit's output changes state. Upon 

this change of state, the gate becomes inhibited by logic that senses 

the change of state of the eompuisen circuit and then removes the 

initial enabling logic signal. 

A·§a;rtQgth Qonma.risgn" Qonvevsei£ 
A block diagram ot the •sawtQoth com.~ison• voltaga-to-digitsJ.4 

converter !s given in figure 6. i'his oo:nvertar diff'e.rs from the 

"A:nodige*' in that the latter compares its inpa.t 11olte.ge to a feedback 

voltage quantity to deter»dne its comparison null vhil.e the former 

compares its input 'V'oltage to avoltage-tim.e reference quantity to 

obtain its comparison nuu. !he referenae voltage-tiill.e quantity is a 

voltage that increases linearly. with time. ])uri.."7.g the t:iJne that the 

comparison circuit detects .a. reference tha.t is less than the input 

voltage, osoill.ator pulses of a known frequency a.re gated to, and 

a.ceumula,ted in, the eonvex-te.X"t s eounter. fhe r.nttD.ber 0£ pulses 

acoum'Ul.ated in the counter will ba directly propertionil to the 

oscillator'' s f'l"equency and the time during vhicb. the oscillator 

pulses are gated to the counter. The eot.mter vill cease to reeeive 

pulses when the raf'erenee voltage equals the input vol ta.ge, thus the 

period ot tima that the counter rece.ives pulses is determined b.y the 

input voltage and the time rate of change of the reference voltage. 

With constant oscillat;or frequency and voltage rete:renee, the 

converter's stored data 'Will be proportional to the input voltage 

when a conversion cycle has been execu·bed. 
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Cowt~or ,Deeodi:n~ Gonver,ters 

Whe qonve;rter shown in .figii:re 7 is :$i:m;U.ar to the ttfin.Odigett 

converter. rrlle basic difference is in the method of f'eed;i.ng back to 

the cqmparato:r) a volt,a,~e that hias be~n deri V'Gid tro:m. digital.-~Go• 

"Voltage decodir.i.g. The "Ano<:J.ig~u fed back an an(log voltage that was 

derived i'ren~ digital pulses. The converter of figure 7 f'~eds back a 

vol ta.ga that has. been derived from da:ta that has been a.e¢u:.'m:tla,ted in 

its counter. Quite likely~ the decoder '!fr.ill change the cO'LU"lter•.$ 

data to a propo;rrb:tcnal voltage Vii th a :r;oesi.stive network. 

Wa.:td.5 presents a eonverle;r that is aimilar to the one of .t:igv):*e 

.:;. This conv:-erte~ uses e, resistive network for its digi"\jl3,lwt.Q ... 

voltage decoding. 

l?latzek, Leu:i.$ and. Mie1lm6 prorlde a converter that will contin.-. 

uoi.1s1y track i t,s input. voltage. 'this convet"te:r is ill'llSt:rated in 

figure 8. Its comparison ci)?cuit gates oscillator pulses to a 

revers.ing counter in a ma:nnG'.')l' that ·w:i.11 cause the counter• s data to 

increase or decrea~e; dependi.ng on the ;.rela.ticm,ship e:f the decoder's 

$utput voltage to the convarte;r•s '§,nptl.t voltage. The counter•:s data 

'W:i..11 be increased when the input voltage is greater than the 

decoder• s output, und the cottnter 1 s data 'h'rfl.l be d:ec:eeased VIhen the 

:input vol tag0 :is lower tl"l.:tn the decoder's output voltage. 

nSuccees?-ire, .A:rrroxim.at)-onu .... converlJ%'.t' 

The vo),tage-to.,.d.i.g:i ta1 con:vex·wrs tb.a t hatte been desenbed 111 us 

far for.mulate their dig:t,. tal output one qu,ant.um. at a tim~h Tb.ea$ 



20 

O"c:.' LL.ATOt\ 

f-"TII 

'"'"f I\ - -c.o Ill\ PA" as•" C.OUNT&« V•LTl\t.E 

IJ r C.aAc.11aT 
"'""""" . 

j t 

•• ,~'f' 

r--1 'OlWTA&.-TO· V•LT· ..,_ 
A~ l>liC•O• l'l• -

-~"'·~ 
~T9'1T 

~ C.CUlTllO.;; ·-aTJ<&TA• 

C.••"•ti••· \,OC.aC. .... 
Figure 7. BLoCk Diagram ot a Counter Decoding Convert.er 

I I &9'TC 

o'c.' '-'-ATC»«. 

lMC.U~'I& 
C.O~MT 

f'l"E "$\MC. 
\Mft"T COu•n&IL VOL'U\6.• C6~PRf'al•1' 

C\9',C.u&T 

,.~,. .. 
'DUA'-S• 

COUNT 
Ol 6.lTAL •TO• V•l.T· 
AU OKo0111• 

INYElllfH, 

Pltl'A\.LI L 

" Dac.aT" 
Ou1'HT -

PAtA-
1;.1.1.a. 
OaC.aT"L 
OUTPllT 

Figure 8. Block Diagram of a Continuous Trac1dng Converter 



converters t-till perform o:n.e thousand. 01~.:i:·ations for a i'ull scale 

eo11varsior1 v.lth one-tenth per cent l"esolution.. A convel''t.e!.'.' with ona-

tanth par cent resolutions has ten biri..aJ:'j.' bi ta (1024 combi..n.ations 

including zez·o) of bi:na:ry in.formation., The most .hea.vily 't~eighad bit 

of a ten bit binary numher is the bit nth a 512 veight. All of the 

nine remail'.l'iri..g 1\-i'ts have a ~im.um. combined weight of 5ll., Similarly 

the .:max.i:mum eombL'l'led weight of ~JJ bits of lo'li.'Sr order than any 

particulm:r bit, bn,, of a bil:W.ley' number will be one less than the 

weight of lJn.. This arrangement of weight can be oomrerd.ently used to 

inerease the operating speed 0£ a voltage-to--digital eonvartar,; 

Wa.J.d7 provides a description of a converter that illu.s~rates the 

.ma.'!'lner in ·which the rester eon.version oa."".I. be accomplished. Wald. 

classifies this type of oonirerter as a DdJ.git-at*a-timen converte:r. 

This classification is appropriate enough, but if sales literature is 

used as a guide, a more comm.on name seems to be "successive appro.xi• 

matio11.n 

Figu.t'es 9a.. and 9b accompany the £ollo'Wir..g description of the 

tr successive approx:imationP voltage-to-digital converter. Azsume that 

an input voltage is present at the converter• s input and aesme that 

a "start conversion• COI.1'nand. bas bean given. The •sta;rt eon-version" 

coJmll.a...~ causes the generation of the sel'ies of pulses shown .in figure 

9b.. ·Fust the digital data f'l::tpc-i'lop (hold or storage d~'\rices) ere 

reset and the decoder• s output goes to zero. The compa!'ison 

circuit1 s output ~s a polarity that is er.a.hling to the gata circui'fu:>y 
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when the corrvert.er 1 $ input volt,age exceeds i;he decoder's irol tage. 

Following tht;i r0s,~t pulse, .flip .. :tlop 2n•l13 is set by pulse 2n .... 1T. 

'l'lus energizes the most significant bit of th11::: decoder. If th.is bit 

has a voltage that il3 less th&"l the input voltage, then pu..lse 2n-lT 

decoder voltage t:ti..at is gr•effter than the input voltage, then pulse 

2n-lT passes th.rough the 11 0:1,~ 11 li..'D.t 2n-lo ·t.o resot flip-flop 2n•lB., 

Following 011e of these two operations, 2n-2B is set and the procedure 

is repeated u.ntil flip•flop lB l'k'1S been set (and possibly reset as 

requ.i.red by the output of the comparison a<np.lificr) • By the time. 

that operation is co:mplet.e a;t lB, the dernoder output voltage bas been 

forced to be equal to or not more than t.h~J equ.i valent of one b:t t 

weight of voltage less th811 the inpu.t volt.age. The one bit excees 

of voltage can be red1.wed to one-.half of a bit by biasing the 

decoder1 s outpu.t voltage with one-h.:al! of a bit.' s quota of voltage 

with a :polt•r:i.ty ·~hat is the same as the input voltage. ~'.'he co:mplet~ 

conversion has been made in 10 steps (ll includ.i.ng the in1:~ial reset) 

a.n.d. i.f the circuit time constants a.re low enough, the 11 succeseive 

appro::.ti..mationtt conver~'.r'' s conversion time cs.n be mu.ch less thM that 

'!?' -.. igure 10 :Ulustra:t(;;s a converter that should be £'aster "than th$ 

11 su.c ces~j-ve approxirr.<..'1.tion11 converter, 3 The con'Verler requires a 

oo:rnparioon circu.it,, an an;:Uog switch~ t:'ll'ld a subtractor with a ga.in of 
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two for each of its bits. The switch of each bit eireuit has (-E) 

volts out when the vi into its comparison circuit is greater than 

(...E} and zero volts out otherwise, where the converterts full sea.le 

input voltage• vi'• is selected such that: 

\/~'-=- \-E\(1-""'-1)/'?..""'·I .DI.-\ 

n= number of converter bits 

The converter outputs a "l" when the switch of a bit outputs (-E) 

volte. 

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. 

Voltage to Frequency Converter with Period Counter 

A voltage-te-frequeney converter outputs a digital pulse train 

with a frequency that is directly proportional to its input voltage. 

The digital pulses can be accumulated in a period gated counter to 

provide a digital number, the size or which is determined by the 

frequency that is input to the counter and the length of time (period) 

for which the input was permitted. xr the period is known. then the 

nu.'Itber. stored in the counter can be interpreted in te:rms of counter 

input frequency and thus, converter input voltageo Figure ll provides 

a block diagram of such a .system.. T~e output of the period logic is 

enabling during the periQd timing and inhibiting at other times. 

Figure l2 presents a block diagram of a voltage to frequency 

converter that is manufactured by the Hewlett Packard Compa.ny.9,10 
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The converter• s input voltage is integrated hy an operational ampli ... 

fiar type of integrator anQ. when. th.is integrator :reaches a 

p~edeter.mined level, a pulse gen.$rator feeds a pulse to the 

integrator• a input. This pul$e bas a fixed voltage~time produet and 

a p0larity opposite to tha.t of' the input '\folt~ge.. It the ;integrator 

time constant and the predetermined level el.so t.ve tixed.'ltalues, 

then the convei'ter•s output frequenor ·OM be .determined as follovsa 

{at the end of a f'eedbaek · 
pulse) 

1'1hen V L = constant voltage level 
V~ = input voltage qua:nti ty 
"\"L = fi~ed integrator time ~onstant 
~ =voltage quantity that existed at integra:tor•s output 

at the end of th!';) previous feedback pulse 
tl = time required fo:;.'\ 1ntegrat:1Qn to level Vi, from 

voltage Vx 
v'!- :: v ... -\- (VI_ -Vf) Tr /1-r. 

IP = consta,.nt pttl.se width of £eedba.ck1:1Ulses 
V '- = oonstant tmipli tu.de 0£ teedbaek pulses Iv~ I~ \ v ;_ 1 

-v ... +- V.: t,ic./'r'I :: - Va..- (Vi..-v,JT,./ 1.r 

v'- <.. t" 1- "t'") -:. V ~ \ p 

t ~ \- T9 -: Vf '~ I \/.: 
now ( t ~ + T P) -= > I f where f i$ the fr·equ.ancy at 'Which the :inte.grat... 

ing cycle will repeat$ th(9l'eforea 

:ro. - 2.. 

ine i..11tegrating voltage•to-.frequeney converter can be used in a 

manner that vill give excellent rejection of certain noise 

frequencies that may be $Uperimpoeed on d.c. For example, ~ppose 

that the period over 'Which the oounter i$ s.eoum.ulating has been fixed 
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at one-tenth of a second. Noise 0£ 10,, 20~. 301 40., 50, et~., Qycles-

per•~eeond frequencies "1ill be presented to the converter i"o~ an 

exaet and even number ot positive and negative hBJ.f cycles. The 

output frequency of the converter v.il1 ve:ry with the noise but the 

eonve:rter 'Will accumulate a.a many high frequency pulses as lotr 

frequency pulses and the noise v.t.U be averaged out of th.e.d.e. 

signal~ If the positivo and negative bslf' cycles of noise are 

symmetrical, as might well be the case with 60 cycle poWE!l.' noise,, the 

noise component of an input signal can almost be com.pletely 

elir.Un,a.ted. 

With its single output, t11e voltage to .frequency converter ca."'l 

be easily isolated from digital elements that it might output to. 

If the power suppl.iea of the converter are also isolated, then the 

eo:mplete oonverter is easily isol.tit,ted trom..a system"s comm.on or 

ground. Whe eo.mtn.on mode rejeetion of a voltage to digital converter .. 

is greatly improved by isolating its analog section. High common 

mode rejection is frequ~ntly a neceasity in systems that eolleet 

data. fl-om. remotely loeat.ed souree.s. 

!he conversion time of the anaiog to digital oon;rerter 

illustrated in figure ll is a function e£ the voltage to .frequency 

converter's output frequency~ ·t:.he desired resolutipn of converted 

data and the noise £requencies tb$,·t are to be rejected by the averag-

ing procedm•e previoutlly described. 



fJmwla.p; 
Excluding the naawtootb.P and •caseadedn converters, all 

converte!'s discussed in this section accomplished their .conversion by 

comparing ar1 ill.put quantity to a feed.baek quantity that the converter 

had generated in a preorgam~ed ma.nner. The "sawtooth" and 

•cascaded" converters are open loep devices with a stable 

ref•erence. The converters e;i.coo.mplished their conversion in one of 

the £ollowing manners: 

1. one quantum at $ tiw.e. 

2. about i'ii'ty per cent of' all unt1~ied quantums at a t~e • 

.3. with a voltage-to-frequency intermediate conversion. 
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IV fm:.ECT.ION OF VotT.A.GEo-TO-DIGITAXa 
CONVFJ'tStON TECHNIQUE FOR DESIGU 

The preVious section pI'esented several techniques tha.t have been 

used in voltage ... t.o-digital conversion. The specifications (see 

t'~ction I) for the converter deaign require that a. ,4.000 count cower ... 

sion be made in 600 microseconds.. One cou.."llter increment and on0 

voltage comparison are required each. 0.15 microseconds du.ring the 

conversion when the conversion is mad.a one quantum @:t a time.. It is 

difficult to count, let alone count and compare at th.is spwed, thus 

the 11quantum-at...a. ... tims• technique seems like an impraetic81 me·thod 0£ 

satisfying the converter's speeifieatioris. Yith the voltage ... t°"'" 

frequency conversion technique, the integratol"'s output will have to 

be about seven megacycles per second and this seems to be an 

extremely excessive integrating rate. The « sueaessive app:roxima.tiontfi 

tech..."'lique must achieve its oomrerted output with one flipr.£1op set/ 

reset operation and one voltage oompariso.n each !)O microseconds 

du.ring the eonversion. This seems like a reasonable operating time 

and :l.11 lieu of the elaborateness or the fa.star, •ea.seaded bit" 

converter,; tho "a-11ccessiV'a approximation" conversic.m. teehnique was 

seleeted as the technique to be used for the specified comterter•s 

design. 

The most apparent disadvantages of seleoting the •s...:tccessive 

approldlnation" technique are that it requires more digital logie ·than 

the counting ·~chniques and it does not have the noise removal 
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features of the Tioltage-to ... frequency approach to conversion. If 

necessa1"1J• high frequency noise can be remoyed from the ttsuccessive 

approximation" comrerterts input ·with input filters and low frequency 

noise ca.n be removed from the comrerte·.rts output by digital smoothing 

if the system that the converter is used in has a low enough frequency 

respcnse characteristic. Digita,l smoothing requires additional digi .... 

te,l equipment, but this is frequently available in systems that have 

voltage-t.c•wdigital converters• The design of the "successive a.pproxi-

ma.tionn converter could include an isolated analog section but isola-

tion can probably be more easily a.eeomplished. with an exter-nal isolat.-

ing amplifier.~ 

Besides conversion rate, the "successive approximation" converter 

has a.n.. advantage over the voltage-to-frequency apparatus in that the 

former converter's decoder can be used. as a separate circuit for 

digital-to-analog conversion applications if it is so designed. 
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V ru.ro:c DOOODING, GOMPI1ll)tENTING, AND COMP.WOO 
TECHNIQUES A!m OlRCUITHI 

Introgyetion 

The object of this eeetion is to present an examilw.tion of 

techniques and circuits that can provide the "suecessi'Ve appro:Jd .. -in.a• 

tion• converte.r•s decoding: complementing, hill-count offset and 

comparing functions. An analysis of several decodir..g tochr1iques 

reveals that one type of decoder eireuit c~m he made to decode 'With 

loss gain er.r·o.r and non-linearity than others.. Further analysis 

shows that the output of this decode!' is quito compatible \tlth ra 

'technique that is well suited to the design of the converter's 

coniplementing, offsetting a.~d comparing circuits. 

To some extent, the cause and amount of' errors and deviations in 

a "successive approximation" converter ca11 be analyzed without mucJh 

knowledge of the eonve.rter•s circuitry. Tile results of the analj1sis 

should he an aid in defining the characteristics of the techniques 

and circuits that can best satisfy the requirements of tha converter. 

Thermal emfs and error in the hal£-eoru1t bias are tw sources 

of offsets in the converter. The comparison circuit is essentially 

a bistable, sig?'..al polarity detector. A circuit of this nature 

inherently has some dead.band ari..d. this dead.bar.id can be of'f'se·t fro-Jn a 

desired operating level. The deadband and its undesired offset 

contribute to the converter's offs.et. The decoder can l'i..ave other 

offsets that are not. predictable 'Without fu.rthe1~ knowledge. of the 
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circuit., ~eet:rical noise in either the decoder or comparator will 

have to be overcome hy the converter's input signal as sensed at the 

input of the compa:rato:r. Uri..fil·bered noise ·will have an effect 

similar to an increased com.para.tor•s deadband and filtered noise can 

have an efi'eet similar to offsetti..'lg the com.pars.tor's deadband. 

The decoder oauses pa.!•·6 o:t' the converter• s gain erro:r, a."ld 

inaccurate transfer of the converter's input arid decode1~ signals for 

comparison, cause a the remainder 0£ the gain error. 

Both the decoding a.nd comparison circuitry can cause linearity 

errors in the converter<» The ll..ature of non-linearity in the decoder 

is not predieta.ble vlthout more knowledge of the technique or circuit 

involved. The comparison ei:rcttltry can cause linearity errors by 

failing to recover from large differences between input and decoder 

signals in time to detect a small difference hett.reen the two signals. 

To satisfy a o.6 millisecond conwrsion time. the converter requires 

a comparison operation each 50 microseconds or so. Lack of recovery 

can cause converted outputs such as n2;7" to he oorz•ect, "001~ to be 

correct and "256" to be incorrect. The error occurs because the 

eo.m.pa.rison at 8 256° lacked settling time and the difference in time 

between com.paring n256n against the in.,uu.t and. "25611 plus "001" 

against the iri.pu:t is long enough to perndt the comparator to settle. 

A tenth of one count is .002;~ of a 4000 eount conversion. A .. 0025% 

marlmmu error requires that the comparator deteet the d.if.f'e:renee 

between the converter• s input and decoder sign.al.s to a dii'feran.ae of 
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one part in 40,000 of its :lll.a7..imu.m input. Furthor, the comparator 

must be ahle to detect this difference -within 50 microseconds after 

having sensed up to 20,000 parts of difference between the input B..nd 

decoder. It will be shown later than bipolar converters can have 

inputs to the com.para to.I' t:b...a.t are greater than 20 ,ooo time~ the 

signal it :nmst detect during the next eompa.rison opera.tiQn. If an 

unattenuated il:lput signal is compared. with the decoder sign.cl, the 

eomparator will have to operate properly fl'Olil a signal that is lass 

than 250 microvolts (10 x (J./40000) volts) if the non-linearity is no·!; 

to exceed .0025%. The signal will be less ii' the input signal is 

attenuated before i't is com.pared to the decoder• s signal. 

Even though complementing has hardly been considered, it is 

obvious that thel"e -will be circuit problems in designing a converter 

with .005% offset error,, .o~ gai..71 error and .. OJ$ linearity. 

There 'Will also be problems associated 'tn'°ith maintaining .OJ,$ 

off set deviation and .02% gain deviation with linearity error th.at 

does not exceed .OJ$ during the varying environment and tilll.e spar.l of 

the specification. 

Humidity, temperature change, and :natm"al long term characteris• 

tics affect the chemical and physical properties of the converter's 

components to cause the converter• s deviations.. Tem.pe:rature can be 

assessed in terms of its effect per degree centigrade of cha.rige.. An 

ambient that varies from o0c to 70°0 will require for each i.Ol~ 0£ 

deviation, that the deviating charaoteristic hava a temparat~e 
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coef'£ieient that if! about .oo~ per de~ee centigrade in the 25°CJ to 

70°C ambient and e.. temperature coefficient that is about .ooo~ per 

degree centigrade in the 25°0 to o0Q a.lnbient. Semiconductor device~ 

are not particularly stabl$ in an ambient that varies so vJ.dely, ·thus 

a large part of the specified ofi'set and gain deviation·~ he 

allocated to temperature drift. Even so, the d~~ation sp~cifiee.tions 

are stringent enough that tb.e temperature of some Of the eirctrl.try 

v.tll almost undoubtedly require t~perature eompensa.tion or an 

environment the.t has m.u.oh less than seventr centigrade degrees 0£ 

change. A controlled circuit teJn:Perature oa.n be provided in specia.lly 

designed enclosures. 

nwcpaa,;g 
The function of the decoder is to .accept a digital input a.l1d 

then output an analog quantity that is linearly proportional to the 

digital input. The analog output must have a mQ.gn.ttude and polarity 

such that the full s~ale dece>de:r output ea.n be ®mpa.red w!th the £ull 
scale converter irlput to generate a null thQ.t indicates that the 

conversion baa been made. 

'the specifications :re<rbe ·that the converter• s input be a 

voltage quantity. Without jttstirication, it seems reasoruJ.ble to 

assume th.at the s:bnpliest decoding and. eompuing will be accomplished 

electrically and accordingly energy- conversion techniques a~e 

excluded for the decoder discussion thst .f'ollovs. 

Figure 1.3 illustrates a circuit11 tbat accomplishes decoding of 
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a digi ta.1 number by a voltage di vision 'technique. fhe dig5.tal input 

is from a single pole1 double 'thro·w aw.itch. The two ew.i..tah positions 

are the tWP binary states of the input. Using superposition, the 

cil'cltit can be analyzed as rollowst 

Assume that~= 0 volts• eOlml.\on voltage; e0 a the decoder's 

output voltage: 

where 

eoc... :: t., V-1 
I I (.l ._ ~ ' I I e.; 

2. 1/R..,.: equivalent 1admitta.nco of resistors connected te 
, . voltage Ei . t. .Yt,; : equivalent adnd tta.noe of resistors eo:nnected to 

voltage Bo ('.f\, = 0 for superposition purposes) 

f> /R 

1/e .. -t f.. 1(4; 

1 f ~... t f. 1 / f! j t t_ I/ ft. W\ 

( !. I /(I. "" ) ( 'J (l. .. .. f. I I~; ) 

lmt .m. exists o:al.y for resistors 
connected to E0 

were p = binary numb.er to be 
decoded if r,_ is the "1" or true 
binary inpu·I; coruweti.on v·ol tage. 



Now if e0 h is the decoder's output voltage with Ei = 0 volts 

e.00 ::: Ee ~ 1/R..j 
J/(l..._ -4- E. ·1~.J· +- ~ 'l«.w. 

= ED ( ,_ .... _ I . f") 

~J~ ... T-1."°'-l 

E .. (-l'-1) "'°P(~.-~-=-) 
~!~ ... -\- 2.'W\- I 

Now., e0 will he a ma.:idm.utll when 1\. is infinite a.nd e0 will he 

zero when Ri, is zero. A zero Rz, is not as useless as it might at 

fi'rst appear. It is ob~ious from. the eircuit of figure 13 that if 

E0 is zero 1 then the short circui. t mrtpui:; current oi' the circu:i. t is 

proportional to the digital number being decod.ed by the oircui·t. It 

is also obvious that this current is proportional to the number being 

decoded even if' the Eo voltage :1.s absent_, that is; the S'Y-ritches ca.11 

he made single pole switches.. Suskind.12 points out that the volte.ge 

deviding network Cit> 0) is not accu:rate withov.t a second. vol·tage 

bus. In an 'UllI'estricted sense this is true, however, a voltage...to ... 

digital converter p.ro'U'ides something of a special application or a 

decoder in that decoder needs good accuracy only 'Wh..en the converter's 

input is nulled against the decoder• s output. If' E0 is made either 

common voltage or an open circuit, the col'll.pazison performance of the 

gcyurs l:TJJUa eomon potgntiDrl at the input of the comparison circuit. 

There is a d.i.fferenoe between the oom.pa:risons made 'With and uithout 
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Eo· '.rhe decoder of 'f'igu:re l.4b has an output resistan~~ tha,t varies 
. . · .. · .. 

inversely as :i.ts decoded output while the decoder of figure l4a ha.s 

an output resistance that is constant and independent of the number 

it decodes. The comparison eireuit mey be sensitive to its aoi"i.t'ee 

resists.nee. 

F:tgure 15 provides another example of weighted resistor decoding 

that can be used in a conv.erter• s co111pa.rison operat1.o~ i£ the 

comparison octtiJ.rs at ground potential,. As in figure 14&1 the 

deeoding of figure 15 requires ~ingle pole 1 double tb.t'O'ti' sm tching. 

The decodei~ of figure l4a aeqiti.red a constant output resistance by 

use of the double throw mritehing wblle the decoder of :figu.re 15 

acquires constant powe:r supply loading through use of dQu\ile ·hhrow 

switching. Oonst@t loading of the sllpply has possibilities of 

simplifying the design of a decoder's reference voltage supply. 

Further tha decod.s1~ of figure 15 keeps constant po\i'er on its resis"" 

tors and thus resistance variation due to "self'•heatingtt change 0£ 

teJllPer11.tUI'e of the resistor ~s avoided. 

Figure 16 presents another bi~y voltage clividing decode~. 

The switch nearest 1\ is that of the most heavil$ weighted hitJBJ.'Y 

bit. S.ritches to tne left are successively lower weigh:bed bits. lt 
13 can be sho't>tn by techniques $:1.mil~· to those used in analy~ing the 

decoder of figure 13 that: 
EI f'1.. f Y-3 
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--- C.o""'P~R\S01'4 .....,....___,..,. 
~•-+~ c.' t=t. c:. " rr 

Figure 15. Decoding and Comparing ld.th a Constant Load, 
Current Weighted Resistive Circuit 

R 

sw1 

Figure 16. A ResistiTe "Ladder" Decoder 
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where P is the binary number being decoded and E1 is the voltage 

connected to the input switch when the switch is in its n1u or true 

position. If the decoders of figures 13; 14, 15ii and 16 are to have 

linearities that are a consta.11t percentage of full scale output, then 

the resistors associated. with the lower weigh·~ed bits can be less 

accurate than those of the higher \\reighted bitse If the decoders a.re 

to have linea1"ities that are a constant percentage of each output, 

then the decoder of figure 16 might have a11 economic advantage over 

the others. through quant;ity purchasing of 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 a.re 

more expensive than low ohmie value l."esistors.. The decoders of 

figures 13, 14, and 15 can retSJ,uire some high valued resistors if the 

decoded word has very many bits and if the circuit is not modified 

from that sho•m• 

Figure 17 provides a. decoder circuit with a low output impedance 

that is obtained from an operational a.mplifier.14 The same output 

impedance could be obtained, if needed, by combining the previously 

discussed deooders with an amplifier. The decoder of figure 17a, 

however, loads its reference power supp:Qr with i;i, constance current 

while most of the_ previous decoders do not. The steady state trans-

fer function of an operational amplifier can be derived with the a,id 

of the simplified circuit Of figure 17b1 wherei 

\::: ~" = E.: I IZ.~ I (~I .. I'<;_) 
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.L 

II 

£~ e!..o 

b. ~'""'r\:.:f1•cl c,,c.u1t ~ ... A"'•\'1•'' 

Figure 17. Feedback Ampl.1tier Decoder 

E - .... 
R/;..'"'-i ,. R/1:- :a. 

...[ . 

Figure 18. Potentiometrio Decoder 
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RI'.. : inpu;t resistance ot the amplifier 

[.e..:" - (eo t- t:..:.''). 

= steady state., open loop; amplifier gain 
eo = -~ [ ~' ~.:. ~ ~ ct., ~ It~~~ 1 EI Jt. I I -

g I f2.~ p,,, 

~""'d '°' 
Av~'> I 

eo "" -_!_!_ [ «t 'u<1 .- ~l) l ".SL- 4 -- -E \. ~. l -
A" R, e.: 

The last equation makes evident that the decoder' s ou:''1put varies 

directly as B..r• Unfortunately, th~ ~ accuracy end linearity of 

the decoder are poores·l; ~1hen the deoc:>der is decoding its most signi ... 

f'icant binary information. The gs.in accuraey .and linearity of the 

decoder 'Will deviate with deviations in Atv' RH RJ., and Rf• The 

deviation due to Aq. and 11.J. is extra in the sense that they are not 

present on the preViously disettsaed resistive decoders. The gain 

range of the amplifier ~d the range .of the decode1' are one and the 

same. For wide range deeoding; R_r/l\ must very widely. The best 

gain aeeuraey e.nd linearity will be had ii' a.t (I\ .J 11.t)/lq ~ or most 

probably R_r is l'!lade low; hovever, for a given amplifier, the minimum 

value 0£ R.r is determined hy the higher frequency roll of£s of the 

amplti'ier it the amplifier is to be non""°scillatory. 

Figure 18 provides a decoder that has been used in a "successive 



a.ppro.xirnationrt voltage-to-digital converter.,.15 The decoder operates 

as a..;'1. incremental potentiometer V>r.i.th switch (n-1) being open when 

svtltch '(n-IJ is closed,, etc. At fi1~st glance the circuit appears a 

bit complicated but the decoder outputs voltage and loads the re-

ference supply with a consta,nt d.c. load, and the decoder does this 

without an amplifier or double throw swit.chi11g., The si-tltching 

operation warrants further comment. The voltage decoders of figures 

13 and 15 require 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-

ful sequencing of the highest order switch of the potentiometric 

decoder will limit its transient loa.d to a ma.xim:um. of tvd.ce the 

normal reference loade 

An operational disad-vantage of the ;potentiometric decoder is 

that output loading causes the decoder ·!;o be non.,..linear. 

Several decoders have been discussed thus far. Ea.eh contains a 

resistive network and a reference voltage supply. The decoders can 

be classified by output (voltage or current),, output resistance 

(constant or variable)$ 10a.d on the reference supply (constant or 

variable), and by swltch type (single er double throw). Table l 

summ.arlzes the decoder stud;y' by tabulating the decoders in accord.a.nee 

~tlt.h these characteristics. 
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Table 1,- Compa:rieon cf' Decoder Characteristic 

Variable 
Q11tpu.t Re£. Self 

Type Figure Output Res .. Loading Heating 

weighted 13, 14a V'olt./cur. const• yes yes 
weighted l4b eur .. Vat' .. yes yes 
weighted 15 C1l.!:'. Vat'~ no. no 
ladder 16 volt./cw:,. oonat. yes yes 
amplifier 17 iiolt./r:JJ!!.* const. no yes 
po ten tic- 18 volt .. var .. yes no 
metric 

* if resistor is connected to ou:l;pu.t 

** 2 - single throw ( $T) can be ttsed but timing is ori ti cal if 
shorting of rei'erence supply is to be avoided 

Swlteh 

Dl** 
m 
DT** 
Dr** m; 

2-ST 

Ther~ ~e probably many other types of decoding circuits. A 

decoding circuit can undoubtedly be designed with current supplies and 

current switching circuits; ho~r, good CU!'rent supplies are f'ail'ly 

difficult to design, whereas :f'eedback techniques can. be used in the 

design of semiconductor voltage supplies to provide a voltage supply 

'With a low output impedance that is needed. to varying degttees hy the 

decoding circuits that have 'been presented thus far. !ccordingly~ 

the decoders considered for the design of voltage~to.-digital 

converter will be limited to those that ha.ve voltage references, and 

f'U.rther decoder study 'Will be lim.ited to the types of table 1 in the 

belief that this collection provides a general set of design problems. 

Each decoder considered thus i'ar is as inaccurate and unstable 

a.s its reference voltage supply is inaccurate and: unstable. 

Inaccuracy of the supply's voltage ca-uses convertex< gain error. For 

the most part, the inaccm•aoy of a supply is caused 'by having 



inaccurate instrumentation -wi:hh which to set 'Che supply's voltage 

and/or poor l"esolution in the ei.t'ctlitry th(:!.t permits ·the supply to b6 

set. .Deviation of the supply's voltage will ea.use e6nve.r·ter gain 

deviation and perhaps some non-linearity. Tl:te sv.;pply de.viation is 

generally caused by deviation of the supply's load mi.ii/or internal 

reference and/or feedbsck and/or gain and/or d.c .. biasing fJ.nd/or 

input line voltage. Et-elected zener diodes eau provide inte:t>nal 

reference voltage stabilities th.at at."$ better than .002% per thousand 

hours With tempel'ature coef'ficiarrlis that are less than .0005% per 

degree centigrade.16 Controlling the tempera:ttwe of the zaner 

l"eferenoo, feedback ele.m.en:t;s (gener~y a, resistor network) and. a few 

gain stages £'ollotd.ng the zener; should give adeq'LUlte protection 

against a majOl' portion of the supply• s deviation., llevi~.tion due to 

gain, load and line voltage variation can b0 made low with a £'eedhaek 

around high gain amplifictition in the £or~mrd loop of the supply. 

The decoding cil'cui t:r·y 0th.el' •bhan the V'Ol tage supply af'i'ecrbs 

th.a suppl.y•s aceuraey and stability only hy the quantity of reference 

voltage and loading that it :t'equi:res. $.'he effect of decoder voltage 

quantity on the po·wer Sllpply parf'ormanee i.s not readily appraised hut 

it is certain that larger, non ... constant, bit loading on the supply 

'Will cause larger decoding non ... linearity; however, supply loa.d 

regulation may well cause less e.om1'ers:ion $l'rors than would occur it 

a converter's decoding circv.it Yas selected on the bas.is of minimum. 

supply loading,. The bit loadittg on the supply generally occurs in 
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small steps that usually caus•.?. a.cctmrul~·rtive su.ppl;7 loe,ding as the 

conversion process is being e.ccomplished. Both transient and steady 

state lea.cling of the reference voltage supply are important per-

formance factors1' . It is difficult to ev.tluate the tra\n.sient regu .... 

lat.ion of the supply at this time, but a feel for the steady state 

regulation can be had by assuming that the: output disturbance will be 

l/GH of the unregulated disturbance, where GH is the loop d.c .. gain 

of the voltage supply. For a 100% current step (current to cause the 

supply without closed H loop to drop to zero volts), a GH of 100,000 

will cause t.he supply to have a ste2.dy state load regulation of .001% •. 

A GH of 100,000 is not an unreas.ons.'ble design requirement .and with 

loading that occurs in small steps at 50 microsecond interva,ls, it 

would seem reasons,ble to esti.1Il-1te that a voltage supp1~r ca.11 be 

designed with transient and steady state line regula.tton that causes 

little linearity erroro- The specifications require that the decoder 

have a gain aceu:racy, an.d a gain deviation:J each less than e02%,and 

a linearity error less thP..n .01%. A voltage supply can probably be 

designed to be compatible with these specific~tions if the design of 

the remaining decoder cb·cuit is reasonable. 

The ideal switch for a fast, highly accurate decoder is diffi-

cult to find. The high open impedance• and low closed impedance that 

provides good accuracy can be had with relays, but the speed reciuire-

ment of a converter comparison each fifty microseconds is not 

compatible with relay operating time. The switching speed of 



semiconductor trmisistors tmd diodes is compatible :with ·the conve:r-

ter• s speed requirement. By giving eareftu consideration to the 

transistors• and diodes' open and closed ehexa.cteristies in 

conjunction w.ith 'the decoder's circuit, the semiconductor switch can 

be decently applied in decoding circuits.. In addition to fast 

opera.t:lon, the senU.cond:u.ctor swltc.h can ldtheu.t waarout. p:rovide many 

more operations than a meehaniaal switch. Tr.J.s is cal"ta.inly 

desirable since a fast operating decoder may he required to provide 

many operations during .its useful life. 

The diode can be considered a high. inlpedan.ee device when it is 

reverse biased and a lov impedance deviee when it is forward biaeed. 

Figure 19 prov'ides equivalent d.011 circuits for a forward and :reverse 

biased diode.17 

In general, R0P of .figure lt) enn be oor..sldered. a VG'!;y high 

resistance that i•ep.rese.,"'l.ts the lea.kage resili!tanee of' an tfopen" 

switch. R01 can be conside:t"ed to be s lo't<r resistance that represents 

the reaists.nee of a. closed switch. I0P and Vcl are respectively low 

current and voltage sources. 

The transistor can he conside.rec1 a high ~pedance device won it 

is biased for cut-off oper.ation and s. low ill!pede..nce devie.e when it is 

biased for sa:hUJ:'ated oper~tion. Figw.~e 2G presents a. siln.plified 

equivalent circuit for a <mt-off transistor and a saturated transistor 

'With nol"'?M\l. mdtter-base bias and collector load cUI'l"ent. In 

addition, figure 20 presents an equivalent circuit for a saturated 
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Figure 19. Semiconductor Diode with Equiyalent Circuits 

ti.. o~ 

tx· o~ 

... , 
_e._'97..... . ~ (. 

.L.r 

v.., -'c.• -:--it-D-
~ ....... 

.I&. 

"'' ~"' •1--D-: 
~ c. ..... x.. 

Figure 20. Transistor with Equivalent Circuits 
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transistor that operates ·with a. collector.:..ba.se current bias and 

emitter load current. This connection is inverted from the normal 

connection and the :reason for its being show 'Will be provided later. 

The equivalent circuits of the satv.ra.ted transistor are given <wi.th 

the assumption that the base currents of the transistor ere constant 

for given circuit parameters* The effec·& of base current on the 

equivalent circuit \tlll be discussed la.tel'• 

The simple equivalent circuits.of the switched diodes and 

transistor a.re essentially alike in figures 19 and 20, but the values 

of the electl'ica.1 elements in the circuits will generally be 

different. Briefly stated, Rei and V01 of ·the transistor will ho 

lover than th~t of the diode while Rep and.· I 0P of ·!;ha transistor may 

be higher ·than '.blla.t of· the diode; however, the diode will usually 

he able to 'Withstand a higher re-verse voltage than the trf;Ulsistor. 

The equivalent circuit of. the transistor and diode are tisef'ul even 

'"without circuit element values beeause the equivalent circuit can 'be 

used to establish that.certain types of decoder circuits are not as 

~rell suited to sem.ioonducto:r: switching as are other decoder ci:rcuitso 

The semiconductor switches to be studied :require at lea.st one 

transistor or diode per switch pole, per throv. · 

The discussion tha:t follows assumes that V01 1 Rel' I 0p, and R0 p 

are cons·tants, thus the discussion is concerned. mostly with decoder 

aspects that n:i'e related to the decoder's i:riiti~ gain error and 

linearity. The stability of Vcl, Rel' I 0p, andR0p 'W'ill he treated 
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after the previously stttdied decode:r circuits have been cor1sidered 

for adaptability to ae:micondueto.r switching. 

Some of the decoder circuits are such that their sw:ttches tU'G in 

series mth their decodi.."lg :resistor. If this decoding resistor is 

appreciably greator than Re,1 of the closed awii;ch, then the e:f'fec·b 

of Rel can be eliminated if the decoding resistance is reduced by an 

amount that is equal to the oblnic value of' Rei. This can be 

accomplished if the decoding resisto~ is per.manantly reduced by the 

:maxim.um expected vE!J.ue of Rel and then seriesed with. .!;!. tr:i..ml'ller rheo• 

stat that can 'be varied to provide atry resis:tlince up ·!;o the IMJcilhum 

expected resistance of P-cl• The ·t;otal decoding resistance is thus 

the series resistance of' the fixed deeodi:ng resistor, the mdtoh 

ac1, and the trilmner resistance that has been adjusted to provide ·an 

overall series resistance that is correct for the d.ecoding £unction. 

The circuits of the pote:ntiometrie and feedback amplifier do not lend 

themselves to this type of oo.m.pensation fo:c their sm:tches• :Rel s.i.nce 

the switches of these circuits are in shunt with their decoding 

resistorss It is likely that double throw eurltcb.ing u:tll l"eq:u;ire tm 

trimmer rheostats f'or aorreotion of errors due to Rel• 
The effect of ·the closed m1itehes V0 1 can be corrected for with 

a voltage in series with the wlteh i£ this volta.ge is eq:ual in 

magnitude and opposite in polerity to Vcl• In some cireu:i:ts, Vcl. can 

be corrected for hy adj'usting the rheostat usecl :for correcting the 

decoding !'esistanee if the ohmic 11alue of ·the :rheostat is properly 
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selected in eonju.netion with the current through the rheostat. It is 

apparen·t in too wighted resistor eireuits of figures 14b and 15 that 

such a eorreotion ca.l'l be :made because these cireuits output a fixed 

n1u current for each 'bit and they output no lfQ'lt current. ln other 

circuits, an external current ea,,.'t'l be foreed through. iel oi' the switch 

to ea.use a total switch drop of zero volts. This is particularly 

true if Vel must be corrected £or 'With ~ero decoding curr<?int through 

the switch; however, if the switch :i.a closed t~ith zero eurrent 

through it, compensation of R.01 is not required. Fu:rthe:r it the zero 

current switch is connected to a voltage bus, then the current that 

corrects for V cl can eOllle from another btis that is referenced to the 

first mentioned hua and the seeo.nd bus can provide correction current 

for a number of swltcnes. 'lthe weighted decoder of figure l4a can 

fit the categories of bus connaeted switches, 1.dt.h a fixed "l" eurre11t 

through one closed .switch \.'1th zero ftQn ourrell'I:; while the other 

switch has zero •1~ and t11ow current. If the decoding switehes a:re 

not connected to a bus, then eompansation of V01 in a manner similar 

to that of the other decoders will probably require that an external 

cur.rent from an isolated power supply be forced through the switch. 

The potentiometrie and feedback amplifier decoders require an 

isolated external eurrent since the switches ara in series and both 

sides 0£ tile swi teh a.re connected to a varyL1.g potentiil {except t"tVO 

md tohes of the potentiometrie d~eod.e".e where one side of' the switch 

is at a fixed potential). The design of m.ritehes for these tuo 
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decoders ·will probably require an i~olated supply for ea.ch svitah in 

orde:r to obtain th,g desired awl tching and perhaps esi.ch supply aan be 

used to prov:i.da the current fo.r Vcl oo:rrection for its sw.t teh. 

Recent adve.nee in silicon semiconduator teohnolorot has made 

pos~ihle the p;r;:oduetion of ·cransistors and diodes that have lo'W' cu~ 

o:f£ leakage currents,, bu.t ~t high te:mpera.ture these currents can ~ve 

appreciable effect in some decoding oil'ouits. 1.n so.me circuits such 

as those of figures 14h and. 15, the open s1d tch 1108 leamgo current 

fl<YtJs directly out of the decoder t:ts if it \le.re a •1n cu't'rent. The 

circuit ¢f figure 15 has an advantage o'fe:r that of l4b because the 

cut-off switch voltage can he kept low bu.t even so, the leakage frOJri 

the lop generator ~nd through nop will affect the decoder's output. 

Much of this e.ffe.et e~ be elim:l.nated by :refrigerating the sl.oiite.h 

component hut refrigerating is a troublesome design reqttireme!r',., 

The effect 0£ ~rwi tch leakage current can be lllB.de small W. th 

double thl'ol-1, single pole switching wlthou.t th.e sid 0£ ref'rigeratio:no 

The double pole switch of figure 21 transfers reeistor R/an-l 
between voltage lm.$~es Vl and V2 and in par"i.iieular ll/2n""l is 

connected t-0 '\rn. in figure 21. The leakage c.ut'rEtnt Iop 0£ the open 

s"Ni tch ~Jill affect the decocling only if p!:U"t of lop passes t.hrough 

resis·~or R/211""1., If the !'esistanee b-etwaen Vl and V2 is negligible, 

the cm'rent I 0p 'Will be di ttided between Rei and rt./zn·l. If Rel is 

much less than R./2.!'11-1, then most of Iop is shunted tb.ru ie1 and I0 p 

has little eff'eet on the cirouiti s d.eeodi...'l'lgl' J:,ilrewise most of the 
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current through Bop goe.s through lla1• I 0P and R0p \!ill have less and 

less effect on the cirou.it• s decoding as I.t01 a.p-pro$Chee ~ero obmf;l. 

IJ.'he ladder or figure 16 and ·th,e weighted resisto.r ®coder 0£ figure 1.3 

use double throw sidtoldng hetween voltage buses, thus tha effect of 

their svitehes .I0p and l\.p can he reduced by the shunting eff'eot $.S 

described. 

The effect of .$1! teh leakage current in current decoders such as 

th<n~e 0£ :f.'igures l4a, 14h1 and 15 lends itself to so14e gel'..eral 

evaluation. With a ll\inimtD!t .input converter resist$.Uce of l0,000 ohm~ 

at 20 volts inpu.t, the.~ current pel.4 quantUll\ (.02~ of full 

scale current) v.ill be one-hdt of a. 3niqroa.tnpere. The combined 

leakage current through the decoder• s switch resistors should be 

staall compa.red to El./! $nd. !.i./R v.Ul be no e;reater than one-half of a 

microamp. It :is difficult to ·he gen$%'al about the effeet of leakage 

current in voltage decoders because the effec;t w.Ul var1 vi.th the 

value of the resistors used. and these are not predictable f'rom the 

specifications. 

table 2 coordinate$ the previously discussed decoders '4th the 

Bc11 Ve1; lopi and !\,p eorreetiona that oan be ma.de in the inalllW:t's 

described. An X indicates that the corrections are appli~ble. 

Vc1-l eorreetion S.s lnade by adjueting the rheostat that corrects for 

switch resistance; Vel -2 eorreation .requires an extel'nal source and 

V01•3 ie made with an isolated external source for each switch. 
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Table 2~ Decodel' St.."itch Corrections 

Decoder Oor.reetion 

Type Figure Rel Vor·l 1tar·2 Vc1-.3 lop .Rop 

Weighted 13 x lC :x x x 
Weig.h:ted 13 (V : eonst.) x ·x x x x 0 Weighted u. x I 
Weighted 15 l'. ! 
:Ladder 16 ;;.: l'. x x 
Amplifier 17 x 
Potenti°"" 18 "t<;' 

.l!. 

~!letric 

It 'Will be sh.own later that the second listed decoder requix"es one 

V01-l and one V el""2 eorrect:i.on foa.• the pa.tr or devices of its dou'ble 

throw switch. 

Mor\? detailed knovledge of the charaeteristics o:f' di.od.es &nd. 

transistors is required before giving further consideration to d~cOd.er 

sidtchi:ng circuitry .. 

1.'he jt.u""lCtio:n eha.racteri$tics of semico:ndueto-r di.odes and tz.'~ 

sistors have been ptibli$hed.18 The equation that describes a FN 
""/\('\ ) 

(diode) junction ist .L ::. r .s ( e - 1 y ~ s 
\'\i /t -:: .026 volts at 25°c 

T = Kel Vin te>npal'ature 
I$ =- •I0 of figure 19 

and if v is somewhat greater than /..026 voltst 
I = .r. .s e 'vi i<-r 

equation v .... 5 can be solved £or v to yield: 
V-=- '< ' )A,.. ( r:: Ir~) 

't 
)L -7 
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from which it can oo seen that a decre$.se irJ reverse leakage current 

causes an increase in the forward voltage drop and vice versa. 

An approximate dynamic resista.11ce £or tb.e di.ode can he determi:r..ed 

by dit:f'erentiating eqwation V-7 with respect to cl.l!'X'ent, I. 
cJ.v __ Kt'"' 0 u_ 8 

I~ r .,._ f'.d, cl. ..l£. 
ol I 

saturated mode and the sum 0£ the junction vol~ge is (Vce>j and: 

(V c..c.),_,.i -:. ± E5I, )-. { o< .c [.tc - .r~ (. ~) ] SL- ~-'IC' 
1, [.I:i..- Ic. ( 1-0<.r) 

l., (V ce>Nj = the vol tag~ .from th•~ oolle<.rtor to. emitter of a nomdk 
. oper~rhed transisto1~ 3.S depict ad. :tn the Q011Wfil% fJn;'f;t~ 

conneetion of i'ig1:1re 22&. (V00 l1llj of ·this equation if:l 
solely the voltage due to diode J3fb~9ti91* voltages and 
as such. it excludes !'eal ohmic voltage drops@ 

2. Ib and Ic a:r·e positive when in the direction of the solid a.rrow 
i11 figure 22a, negative when .ttevarsed f:.ro.m the arrows .. 

3. c<":; normal d.c .. ; short cil'cuited output, c011lmon base CU!"rent 
gain. 

4. o< 't.; inverse d. e., short circui"ted output 9 common ba.S1;-; cu:r:rant 
gain .. 

5.. Equaticm y,.,.9 is suhject to the £ollow.i.ng a:pprox.blationss 
a. s~ee cruw,ge Widening effects are negligible. 
b., the ~se emi tte:t, and base collector died.es each separately 

obey equa:ticn. v ... 5. 
c. emitter efficiency is not dependent upon endtter cur.rent. 

6. The /. sign of eque,tion v ... 9 iis applicable for PN.P t:r:ansistors 
while the .... sigt.1. is applicable for an NPN ·~raru:iisto:r.. 

* Equation V-9 is a. redefined version of work presented in :reference 
19 .. 
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-. 

.... 

! 
' " . ::c.._ '\tr.+ r"e. .I:;.....G._ e--D-i . , c re 

(d) 

Figure 22. PositiYe Notations tor Saturated Transistors 
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7. P is appro~tely l :f.'01• garmani!ffi . transistors and '.!? is between 
l and 2 for s:i..1.icon tran~isto!'s;,, · ** 

If the transistor is ope.r<;i:l;;ed in (:U1 inverted manner as sh.oim. in 

figure 22b, equation V-9 can. be modified to give the t:ransistor•a 

oolleotor emit·!;e:r 1101 tage ~ e.xobang:i.:ng emitter and oolleeto:t• 

nota.tio:ns and no.t'lll.al and inverse nott;'t.tions, ·(;huat. 

( V c.& h.l = ~ ~ _i. f (. I. Ii. t- I:c ( I - o<-' ) 'J 1 :;r_ - I o 
't d\"' ( r b -I~ ( '....:.:'..!.)) 

-<.r 
and the .J sign is appl:taa.ble for ¢!.. rtTP· ·cziansistor 'While the - sign :ts 

applicable fo1• an NPM transistor .. 

T'he inve,rted connection ia a comm.on collector co!mection and i'I:; 

is of particular in.tares·(; when ~ is opposite to le of figures 22b 

be~use Vee ean become zero with woh an ·Ia bias. 

The dynamic impedance of the satura:ted transistor can be 

determined by differentiating its eollector-em:ttte.r voltage with 

respect to t.he collector or e.mitter ou:rrent that establishes the 

voltage. For ·the normal connected. transistor• 
cl (~.)c e) , · ~ + PKT f - M - ~ ] 

d Ic. ""·J T l ( 't1:o - "'rd < .t:i. ~ o. Ic.) 

W~crC.. M : \~ ~ -:: ( 1 - o<.i:.) 
0(,., 

+ 

I - O{r ] = _y_-11 

ff It seem.s likely that a eonsta.11t with t,he effect o:f' l' should appear 
in equaticms v .... 5 through v...s .. 
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-:::. - o.( ( "· c:.) .c .. ; = 
&r ... 

3£ - I '"L 

where the (f) sign preceding equation v ... 12 is applicable for a PNP 

transistor while the (-) sign is applicable for a.n Npjl1 transistor .. 

For most transistors: 

if I 0 is comparable to or less than Ib. For switching transistors 

it should be reasonably valid to assul'lle that: 
(I -o<r )r < I 

o<x e < la 

when 18 is comparable to or less thM !b• If so$ then: 

Jl- 1,3 

d. ( Vc4L) iJJ R.,h• ~ :!::(-PK r) [ \ - o<ro<..,] 
&. I: c. ~ o<w 

d (Vee ) r:..i ~dI ""' ~ ( f ~ •) [ I - ;: -<N J ':::. -
a.( :x: E. 

JZ:. \.S 

~-\C. 

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

t.ransistors and the (-) signs are arrolicable to NPM 'transistors. 
~ -· 
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Table · 3 l~sts several values of ln ~ and ~ as a fu..notion 

o.f· o< • The ratio .~~ is the low frequency current gain 0£ a 

transistor operated in the common em.itter or collector configuration. 

High values of' o<. a:re those ·!;hat might be ·typical of c<.i.i while low 

values might be typical of o<.:x: .. 

Table 3. Transistor o< Versus ln ( oe. ) and ~ 1- ..... 

o(, .98 095 .9 -.e; .s .5 
o</(1-.t) 49 19 9 5.7 4 l 

\ ..... ol .02 .054 .l .16 .22 .7 

The data of Ta'ble 3 can be used to compare the nom.al comm.on emitter 

transistor connee'Gion to the inverse connection. Suppose that a 

transistor has an o<M 0£ .98 a..nd an o<x: o:r .s.. The normal connection 

has a dynamic resistance that is about 23% less and a (Vce>j that is 

about 1100% gt'eater than that oi' the inverse connection. 

In addition to its dyrumda resistance, the st.tturated transistor 

has resista.nae caused by the resistivities of the ·transistor's 

collector and emitter elements. The transistor's base current 

passes through one or the other of the two eli3ll'l.Onts. 

Figure 22 c and d provide an equivalent circuit for the satur-

ated transistor operation that has been presented~ . The resistors, 

r,0 1 and re t are thG :r·esista:nees of the transistor• s collector and 

emitter elements~ The circuit is limited hy 'Ghe assumptions pre-

sented tor equations V-9 through V-16 but various work has show 

thnt the oi!'cui t is reasonably valid 'With selected operating currents 

for the PNP and NP?1 germanium: alloy 21• 22, l3NP silicon alloy 23, 
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some s~_l:i.con pl~mar a .. '1.d plaD.~r ep:i.ta:r.:'L<:.tl 24 t:r.ansistors. 

The cqtw..tions that determine the cnt•off o:r open transistor 

performance a:re the se.mn for normz;U and invert.eo. transistor con-

nections but t,he output current of int,e:i:est is different. . The usual 

output current of a normally coP..nected t:rans:Lstor is i"bs collect-01• 

current while the output cttrrent o.f an invel'ted tran.si$tor is its 

err.titter current. Asmun.:l.ng -bh~t both trEtn:;dstor jt1nctiorn3 are reverse 

biased by more the.n a few t{'.)11t.hs of a volt and neglecting lea.kage 

resistance a.cross the tra:nsisto;t> 25: 

Ic.o ( l -o<r) 
( I - o<N CC',t) 

Y- ,, 

~ - 18 

wl1ere !eo = leakage current o! the emitter.,..ba[;;e diode 
+co = leal~age cu.r:ren .. v of the, collecfar•base diode 

Usually o(l\I and o<r will be '"'?.ry low when the transistor is c\1t 

off 25, 26 thus: 

~ -2.0 

In general, Ieo of low level switching transistor is less than lco• 

The value of R0P is not predictable by equationJ but :5~t has 

been dete:rl):tl.ned 2Y for a silicol). :PNP alloy 2N218$, a transist.or of 

the type that mtght be used .:for art invevsely operated sw:"Ltch.. At 

25°C, the transist.a:r•s leakage resistance is 2xl:O 11 ohms. For 

comparison, R0 p o:f the sai.'1'.le transistor i.s 10 times· grea"cer when fu e 

transistor is operated with no:rmal, bias. 



Table 4 presents de.ta that is u,eeful i:o. eompering the switching 

characteristics of a diode and transistor that cotlld be used in a 

decoders s switch. The data is typical (except as noted), 2;00 data 

published by the device manu.taoturer. Vci, 1'el, lop a.nd R0 p s:re 

defined in Figures 19 and 20. The diode data. has been approx:t:ma·ted 

by straight lines imposed upon a typi¢al diode characteristie in 

its zero to two milliampere region. The transistor data is for 

inverted operation a:.t'J.d it can 'be refereneed to Figure 22 as follows: 

v C.. \ -= ( v 'c..) :I:. l + J: b y c:'.. 

R 0 , ) 
c.1 = I"' ol: +- r '- +' 1";... 

V0p is the voltage across an open switch. 

Table 4. Diode and lnv~ted Tran$istar Svti t~hing Qha.racteristies 

Device Me.llufact- i_ Ve, ltc.1 lop /.V/'Bop Vop Gomm.ents 
ur~r 

(Mv) (OlJl'ls) '(lo-9 Amps) (Volts) 

ll\t457A Hllghes 590 60 .s ;o Low Leakage 
Diode 

21f2185 Philco 1.2 14 1.0 (Max.) 10 lb: l MA, 
Pm>elloy 

It is easily eoneluded t~t functionally, the transistor is a 
·. . . . . . G 

better "closed" mdtch t.b:itn the diode at 25 a. 
. . 

~uat:tons V-7 and v .... 14 sho·w that the :ahaolv.te vol taga varia:tion 

as a k'llction of telnperatt1l'a is much less :for the transistor than 
·for the diode when the c'l:tt'l'ent through the devices is much larger than 

10-9 amperes and the cm:·rent of $decoder ewitoh vUl generally be 
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larger than 10-9 amperes. 

For a given current, I, the diodes dynanti.c resistance varies 

as its ambi.ent 1 s Kel ven te.:'!J;)erature varies (see V-8). The dynamic 

resistance of a transistor m.a;'.,r vary more or less percentage-wise 

than the diode since= 

R~.r '!" t' K.r [ ' - o<.r""<.i 1 
'\ t:.,. O< r: 

"' 19"'T' [ '/ ] w-... ... c.IJr::. -<r/(J--<r) Y-'l..I 
~ 11.r 

where ~ is the inverse current gain of' the ·::.ransist,or. ~r. is 

temperature sensitive. At any rate, ii' the current I through the 

diode is near the sa..11e. value as Ib, the absolute resistance varia-

tion of the transistor's dynamic resistance will be less than that 

of the diode. The data of Table 4 reveals that much of Rel mn.y be 

bulk rather than dynamic resistance and this pa.rt of the resistance 

if.i.11 have the temperature coefficient of l"esistance of silicon 

material. 

'l'he current I 0 p f V/R0 p of the diode and transistor probably 

changes with temperature in s:i.m:iJ..a.r manners :=l"'lnco the current in the 

transistor is a diode current. 

Unfortunately, the effect of ~cing on Vcl, Rel, Iop, and Rop 

is ~1ot generally well documented by manul'act1~u·ers of diodes and 

t:cunsistors. 

As explfilnGd previ.ouzly, the ef feet t.hat the ~·witch has on 

accuracy can i!l some circuiti:l_, he co:;.1 :rected for with a s0ries ·iri.71'llller 

but the trimming must be kept small if the resolution oi" the t,rimmer 

ls to provide acceptable adjustment. The rnsolution of the tr-lunner 



f'or V01 .and Rei compense.tion should probably give a. decoder output 

resolution of a fev thousandths of a per aent, and accomplishing this 

'With commonly used rheostats could limit series rheostat resistance 

to a few tenths of a per cent of the de~oding resistance. To correct 

f'or i, one hundred millivolts of initial ewitcb. drop Vaa'iation, as 

might 11ell be requil'ed for the diode, woUld push the reference 

voltage to a Jnmdred volts ,,m this is not a. very practical volt$ge 

£or semiconductor .reference voltaf,\S' supplies. 

It would seem that the transistor switch is more pra¢tica.l 

than the diode switch for the performande 1'equired. A double throw 

switch that uses a'; pa;1r of transistors 'W:i:t;h inverse transistor eon• 

nection hits been used in decoding tunctions.28 This switch is 

illustrated in Figure 23. 

When the m transistor is saturated, as in Figure 2.3a., one side 

of it is oonneeted to bus EO and the NPN transistor is eut o£f. The 

NPN transistor is saturated while the PNJ> tro.nsistor is cut off in 

Figure 2.3b. '?he switch ei'.ficiently utilizes the transistor• s ability 

to withstand cutoff voltage. Most transistors can Withstand higher 

reverse bias on their base-collector junction trum on their emitter• 

'base junction and the e.ireu!t of Jigu.ra 23 limits the emitter-base 

reverse bias to the voltage of a forward hiaeed CU.ode ;(einitter•basa 

ot the saturated tl"ansiator) 'While the collector-base junction 

v.J.thstands (El - lib /. V0b) volts, where Veb is the forward base~ 

collector voltage of the saturated traJ.'ls.iator. 
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.v 

__ ..., __ .:o 

Figure 23. Single Pole, Double Throw Transistor Switch 

Ii 

1---0 o~T 
C. to C0...,.'1#\0"" f'o\.c. .... t.\ ... \) 

Figure 24. Compensation tor Switch when Outputting to 
a Junction at Common Potential 
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. . 
A stuoy of· the decoder analysis thus far. presented wot!l.d 13~elll . . 

to indicate that the deqodel:' Qf Fi!lJ.· .L'.re :t.3, with. a ~dtch sindla:r to . . . . . . 

•' 

offe;rs better p~r.f'ormanea o.r pose;ibilitief;.1 of better p~r.f!ormance 

than airy 0£ th~ other decoder:?. Fl,gttr$ 11r s resistor l'letwdrk is as . 
simpie as fi.i."1.Y• Q:onsi<ierin~ its per-i'ormance; the switch of Figl'll:'e 

· 2.3 is quite simple and the na.tu:re o:f.' the deco<a.er and current su.nnrdri.g 

into a point of common ·potential. penni tf:! .th.e m:ie of. minilw.m compen• 

$ating ce>:rllpOnentrs. Figu.re 24 provicl.ele a circuit truat ha.is a 111n 

outpUt, current (Q1 inversely satµrated) that can be adjuste,d to a 

desired value by s.ett:i.ll$ t® resistance.~£ Rl. such that (Er VQU)/ 

(R f .Rc.J.4 /,; RJ;) gives a de~??ed C?Utpu'b GW?rent into an output pQint 

that is at common i;iotentia.1~ R2 proVides. current from reference 

voltage ~· to c~us¢ a 4z-op. across Ite:t.2 that ca.ncel.s V c12 when Q2 is. 

inverselY saturated (1i0Jr output)~ A Qonversion e~ror qan be caused 

by Re;12 i;f.' cur.rent tl9W$ in R ~~hen Q2. i.'s satUlt'ated becattse (Rel.~ t R 

f Bl) is not equal to {Reu f a I- R.f.), but the e:rro:r diminish¢s a.a 

t:he co1nparison cir.etdt1s input potential approaches eommon potential. 

As previously ~xplai.ned;;- the doubl.e tlli79'W $t'1'l tch greatly reduce~ the 

comre;rsion eJ;'rors Q:u.e to trantliswr l~p and R0:p • 1'he apparent dia-

advantam~$ of tb;ts decoder .a,rt} that i.t ;toads :t ts power suppiy and 

it has va.:C'iable self•hea.tin;g et its ~s1$1:.ors~ J:! :re9uired; the 

latter disadvantage can 'Pe minimized 'by :usi1~{l; ~· resistor Wi.th a. low 

temperature coe:t:fic;l.ent a.nd h:igh tjierma,l dia~ip$:bion and, by operating 
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the resistor at low power. For simplef,3t1 operation., the base cu.r:rent 

of the W"f'N transistor of this sw:1.tch loads in.to t,he reference volt ... 

age st11Jply,,. \rhis loading is the cost of s:tn~plicity .and if the 

supply 1 s regulation warranted_, i_;he ];pa.cling couJ.d be eliminated by 

dri.ving each Svf1.tch of the dccod.e:r with an isolatetl power' supply". 

Act.ually the loading· that the switch ca:ast:s on the pm,!er su.i."')ply can 

he used to good advm~tag13 in reducing the ov-e.rall loading on the 

supply. 'Ehe base cur:cent of the WPN' flows into the supply wbile 

the decoder 1 s output current flows put of.' the. supplyl thus the two 

cti.rrents tend to c<'.li.J.¢el ea.eh othe:r. S~ctio11. VI provides a decoding 

ci;rcui t thE1.t a·tilizos the concept of current. cancelling to reduce 

the loading on the i 0 ef orence voltage· supply. 

Assun±11g then t11at sel:f' .. heati1ig and $U.pply loading are not 

serious problems 't-ti. th the cui"rent output~ weighted resistor d,ecoder,, 

then it would seem that this decoder should be used in the.converter . . ' ' . . . . - - - . . . ' ' . ' . 

if ii:, J,..~ compatible wit,h the converter'' s comparing,,, com-plementin.g 

g:hd haJ.f-cou.nt; offset biasing· fUn¢-Pions with dual, bipolar input 

CoNJ2lementing ~nd_Comeann.e; 

.An equivalent circ¢i:b of the weighted resistor decoder of l1'1.gure 

13, is given in Figure 25. Ra. ot thi~ cirt:ruit is, the equivale..7lt 

parallel resi$ta.nce of all rei:;j.sto:rs of the de'coder,. (2141) is the 

fuJ.1 scale count of -~he decoder; P is the weight of the nu.inber being 

decoded (0 ~ p ~ 211 .... J..) .i and (111) is the decode.r•s :reference voltage. 
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Figure 25. Equivalent Circuit ot Weighted Resistor 
Decoder 

+!!.. 
:a."'\. ' v .. 
.--------,¥ ." ..L 

-v,~ 

Figure 26. Comparing Operation 

l· ·. :. 
"!\/:.---

Figure 27. A Comparing and Two's Complbenting Circuit 
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Ii' the comrerter 1 s :input val.~liage has a polal'i ty opposite t~ 

that ot. (I~)., then tho GOl'l.Verter's qompari.P.g_ ;functions can be 

The converter's co1n.'."" 
I 

parison .function is acco1nplishe4 'I'D.th the aid of a. h:Lgh sensitivit~t, 

volt.a~e ar11plifie1~~ Neglecting any vol i.--.age drops through Rd and F"i 

caused by la1 the ampli;f.'ier•·e output voltage .has t1'10 diatingµisha.ble 

atates.; one of which is associated w:t. th ea.ch pol.ari t.y of Va 1·rl. th 

respect t.o co~JTIO;:i,. If Ia is othe1~ than zero :for J)..;C biasing,. them 

the amplifier detects th$ pol?.ri ty o! a vol t.ngt':l BUCh as Va about 

some :P...C level other tr.tan common. A constant sourqe impedance mal<:.e$ 

tr.Lis off set o~re.tion cons:i.ste:nt Wi"..:.bowt. rega:r·d to the value 0£ P" 

;rt will be shown la:~eli' that the ~f.fect 0£ la. {;ra. = .f(Vi )) is to red.u.ce 

I - v.: I\ 

p~ I 
~ l - V;. \ ""' ~.a "l.. ""~I IE:~ 

_f_ A. \- v~ I ~ \ - \/.:. \ 
R.:. ;l. "'·I «..~ 

L ,.,_ v.:. 
'2. "'-I - -, V· 

~ 

whieh is the d.ei;si:red p~pcrrtionali ty .for a. normal oonversior1;• 
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The specj_fications require that the converter's digital output 

be the 2 1 s complement of its input voltage when the input voltage 

is positive. By definition~ the 2 1s complement of Pis (2n~P). 

Figure 27 provides a circu.i.. i:. that gives a normal convsrsion when 

Vi is negative by closing b11 to common and a complemented conversion 

when vi is positive by closing SW to (-E) (Where IE\ = \-El). The 

amplifier 1 s initial output can be used t.o detenn.ino the necessary 

position of ~·w. The circuit of Figure 27 should be designed such 

that: 
::: -Vi..'\ 

In normal operation with Va at appro::d.mately zero volts: 

1h.. ( ~:.I ) \ - V.: l y - 1..4\ 
te.~ 

p 
:L"" - I 

In complement operation wi"l;h Va at approximately zero volts: 

_ .. _ J(-- -) \:' '° E' I 
~.. :l.. ... -1 ft.& <. 'L"" - ') 

1.."' 

' ~., ~ f- 2"' ) \ ~ V..:. 
2.."". I R'.. 

'l. ""- p ,..,, v.:. 
l. ... - I v,· 

thus the circuit complements as e:h."Pected. It is worth noting that 

the cost of complementing as compared to the non-complementing cir-

cuit has been to add a switch and another reference voltage. In 

addition the value of Va that results from a given difference between 
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V:i/Jli and PE/Ra if.l red,uc~d s;i.nce Ri oi' Figu1--e 2Y l.ools:s .into a .low~:r 

circuit l;'e$istance. Ill r~tum, the complementing circuit has }:)aen 

doubied the full see.le con'il'ersion. a'bil:i.ty of th~ conve:rterwm.le 

p:rov:Ming the converle:i:; wlth . .a full range voltage input that is 

centered about common. 

Figu.re 28 9ff.ers a. simpler complementing 9oheme beca:t:~se its 

. c0mpleme11ting s:wltch is. like tlw:b of the Cl,ecoder.. This co!llplel'!lm.tbing 

circJlit. attenuates Va more tnan that o:f P'igure 27 • 

. The ei'f ect of Ia is lllU.Gh the sarae as that of adding MQ·ther 

summing resistor to the network~ !.f Ia ci:iu.seis avolta;ge drop Vx 

w:i. t,h respect to common (Vx ·;;· Ia (l/(1/RJ. f 1/1\i r .......... ) ) and if' the 

ampli:fier is adjus"taed s<:i that it:s output chru1ges state as Va change$ 

polarity about Vx ra:the.r t.han commr,m, the comple:m~:mting and comparln.g 

operation. is still aecuratf:l•· Using Figure 28 as an example with 

v"' 
tl "t. I) (l..i 

~ 

"l.." 

"E" :::. 
(?-"'-1) ~ 

t- __ E_--::--
( 1.""· I) ~4 

'l. .... 

\/( 
(1-""•l)fl.4 

'J,."' 

vc.: ...... J 
It~ 

t-~ 
' j(.~ 

_f_ 
~l. "- I) 

- (I:: - ""') 
(l."'-1) ft .. 

'L"' 

- l:o. J 
:. \).:. 

V.:.' 

+ 

: I:) 

y.;. 48' 
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ftE a.. 
t'-1 

~--·> ~ "· -+E ...... --;; 
j_ 

~ (\."-•>" VL -"T- vi( - ~ __c---· • _, 
. 

+'W_' li, -" 

fiigure 28. Moditied Comparing and Two's Compl•menting Circuit 

""'e --0 

Figure 29. Comparing and Complementing Without a Second 
Reterence Supply 
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which is the proper oporation for u negati-ire Vi. Similarly, it 

can be shOlm that the circuit operates properly with positive Vi• 

By postulate_, the anrplii'ier1 s input resista."1.c~ is high~ thus 

Ia is low. The ini~ut signal attenuation effect of I 3, can be con-

sidered as being due to a reduction of the resistance t.ha:li loads the 

convert,er 1 s input resist.anco. If Ia. i~ independent of Vx, then Ia 

does not reduce the signal to tho amplifier; however, the small sig-

na.l inp11t current of the amplifier will probably do so. 

The converter's hal.f count oi'fset can be obtained by connecting 

a resj_stor f'.rom ( •E) to tho inpu·C. 0£ the amplifier. 'l"i1i.:; Gff ;.}Gt 

tecrJ.J."1.iqu.e biases the decoder in the same manner as the complementing 

technique. 

In conclusion, the circuit of Figures 27 or 28 ~ith an added 

half count b?-as will provide the comparing and complementing .functions 

of the voltag~-to•di&ital converter that is to be designed. .For this 

convrarter:* 

thus 

0 ~ p < 4095 -
n : 12 = number o:f decoding bits witlDut 

complementing bit 
2n..1 : full scale = 4095 
2nfl-1 = full range : 8191 

and if R is the value in ohms of the converter's 111" bit 

*(Full scale of 4095 has been redefined somewhat from that speci-
fied in Section I. The full sea.le input vol ta.ges of the converter 
just defined will be f _20 x 4095/4000 or f _10 x 4095/4000 vol ta}. 
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R/(2n_l) :: R/2048 = resistance of highest order bit 
(excluding complementing bi·l'.) 

%_(2l'.l-1)/2n) :; R/2n : resisJ.anc19 of col)lplementing resistor 

2R = resistance of half-count of';f':;:;et resistor 

The. greatest disadvantage of ·t.he <;:omrerter circuitry jtis+.. p:ro ... 

posed is that the .( ... E) voltage supply is :required, ~his supply can 

be eliminated f:rqm the conve:rte:r. with a c;lrQuit such as that of 

Fie,'1ll'e 29, but the added §UU:plii'ier lvil.1 increase the converter•s 

initial comparison settling time and its circuit is probably as 

comp1ica.ted, o:r more so: than that of the ( ... E) voltage supply., 

Figure 30 outlines a less complicat.ed method o;f eliminating 

the ( ·E) voltage supply. The transistors shmm in Figttre 3fJ are 

the .first stage transistors of an antplifie:r that compares t:tie CQn-. -

verter•s input with the decoding and complementing si~als. Th~ 

voltage difference bebteen th~ two transistor collecto:rs i.s a13sen ... 

tiaJ.ly prowrtional to the iTOl.tage dif'!erence at the ba.se of tbe 

two transistors if the collector voltages have bef::!n :m<;i.de equal when 

the base voltages are equal_.. For nor'lJlal conversions, thE; compiJ.(e• 

menting $ldtch pole is connected t.o common and Vi :i.s positive. With 

balanee collector voltage, CV-out is ze:ro): 

l~ \'=' E 
1""- I 

and at full scale 
p -'l.. ""- I 

~ l 

v.:. =Ve:. 
I 
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and if the circuit is designed such that 

K t: : 12,_ V.:.' 
R, I +- tt. '2. 

then fe 
'l .... _ J 

which is the desired relationship for 

normal conversions. For compla~ented operation, the complementing 

suitch pole is connected to (fE) and Vout will be zero when: 

E ~ ( i: '\- v.:.) th ::. K ~E ~ - 3 ~ 
Rl..-12.1.. (l-"-•) 

~\ 

y.:. tl. 1. 
CZ.1+ -..1. 

.Yi_ 
V.: I 

:. l'S PE! 
~1. -- ,, 

p 

lfoi-1 if the circuit is designed such tha.ta 
Rl P -:. 2."'-f 

K\~1+-IZ..l..) l"l.""'-11 c.""-l 

R1 or = 
K <. Cl.. I +-R-1..) 

then - v..: 
- \/.:I 

2:,-\ c. which is the desired relationship 

for complemented conversions. A converter with comparing a71d com-

plementing as in the circuit of Figure JO has several d:isadw.ntages. 

One is that the decoder must be accurate .for a wide range of output. 

voltage thus switch compensation is complicated.. Probably a greatel." 

problem is that the transient response of -Che 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 regardles:;; of input voltage level~ but the emitter of 

the transistor changes With input vol·tage level, and th:us the 

povrer in the ·transistor can vary appreciably~ Unless the input 

voltage and the complenont.5.ng ,;;igt1al can be: r.Jade to continuously 
' ' 

track at. the transintor bases~ the powm:> in tho transistors can 

diffe1~ appreciably and self-heating of tl.1e transistors can cause 

a cm1version error. This tracking is not natural in a n~mccessive 

a.pp1~0.ximation~~ conve:z'0cer. Typica.l.J.;y ~ l/100 o.f a degree centigrade 

change iii a tra..risistor l;ase t.emperature wil.l co,:u.se about 20 micro-

volts of input voltage change and l/100 of ciogree tempera.t,ure change 

'>'Ifill result f1·om 10 to ~;o J;d.cr'owa·~ts oi' power change in transistors 

of °Gh'2: ·type that would gene: rally be u.sod for the diff erent,ial opera-

t.ion_. Reducing the t.:i:a11sisi::.or pov.re.r change by redu.cing the input 

voltage ra..."':!ge :ceduces -Che input signal by a corresponding a.ttKnmt, 

and reducing the :power change by reducing t;he ·t;1"unsistor current 

reduces the freq-u.ency response of the transistor an.d increases t.he 

conversion e::crcrs t.hat the I ts of ·the transistors cause.. The co ' 

-~iido voltug0 range e.t. the amplifie1~t s input. i-.d.ll most liks.J.s- ca.use 

satur«1tion of the tra.n.sistors dw."ing various conversion operations 

and saturation 1trlll a.ppi"ecio.bJ..y slow down the operating speed of 

the amplifier"' 

It vrlll bi;; showI:t in the next section that a diode cla.m.p il'Oill 

the ou:t.put of an amplifier -to its input can lJJ.rdt the change of 

input voltage ·to a sn~ll value when t.h0 comparing and complemeirG.ing 
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of a converter arc done at one junction poi:at as in the cirCLtl ts 

of Figures 26,, 2? and 28 ~· 
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The circuits exam.ined in this section. ai'.'e i'or a 'f!ol·cage-t.o-

digital converter with a ev..rrent output, weighted resistor decodel' 

of a type shown in figure 14a1 section V. The complementing and 

decoding S\olitches are the single pole, double throw types shown in 

figures 23 and 24,. The decoder• s output is summed 'tir.i.th an input 

.resistor s.nd complementing network e.s shown in figure 281 section V. 

The comparison amplifier of the comrerter is a. high gain, high i11pu·~ 

resistance amplifier with an input potential near zero volts with 

:respect to the convertel'•s input comm.on potential .. 

The w.i..re wound resistor is one o.ff the :moro accurate a11d stable 

electronic components. Resistors wlth a i.00025'fo par degree centi-

grade, temperature coefficient &~e available, hut 45°0 of ambient 

change (25°0 to 70°0) ·w-111 cause up to J!.,OJ.% change in the current of 

each such resistor used foi: decoding,; complernonting and i:aput 

resistors. Since the total currents of the decoding and complement-

ing resistors are -up to thrice that of ·!;he input cu:trent, a full 

scale conversion error of J,..04/{/c cen result i£ all temperature 

coefficients contribute their maxil!lt'!.m detrimental effect.. At a 

premium cost, resis·bors with "matched" tempera.tu.re coefficients can 

cause the :resistors to track one another within _t.,000)$ per degree 



centigra<.le of temperature elw..uge.. This tempa:t"at~e coefficient can 

cause too much coni.rersion error, thus the ta:nrpe.ratu.re of at least 

part 0£ the converter• s decoding, complf'Ji'lenting and su.mtning resistors 

should be controlled.. In addi·l;ion, the controlled temperature can be 

applied to the converterW s s'Witch. transistor;s to eliminate F-c1 and 

Vel changes if the controlled temperature does not cause errors 

associated-with lop and Rc,p• ]lrrors due to Ital e.nd. Vcl VIU'iations 

can be reduced if the decoder's refel'snce voltage is high enough but 

high :rai'erenca -o·oltage has several disadvantage~ that will be 

discussed later. 

Resistors are available with good enough accuracy to satisfy the 

converter• s gai..Tt er:ror and li:n.earity wi:~hout trimm:lng in a 25°0 

controlled ambient. A 25°0 amb:i.ent 'WOuld be ideal i'ro.m the stand-

point of using u:n:tr:i:mmed .resistors while in.aintE'..ining an at..mosphe;ee 

conducive to near optimum reliability. 

It has been :previously show.n that the :resistance trimming used 

for adjusting the converter's sll.tl.tohed resistors ean al.so be used for 

correctin.g for ewiteh transistor e1•1•ors" It will 'be shown tr..8.t 

silicon switch transistors require this correction, thus trimming 

circuits 'Will be required. :rega:rdless of' the 'temperature of the 

controlled ambient. 

The reliability of silicon transistors and wire •ro1ind resistors 

is good. i11 an environment somewhat above ?<:PG, and the cost and space 

requirements of a heated ehamber are app1•eciably less than that of a 
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heated/refrigerated ehamhe1•. Accordingly the following a.pproaeh has 

hee:n used in desigi1.ing the converter• s decoding and complementing 

cil·ou.itst 

1. Provide the. moat significant switches and resistors tv'lth an 

envll'onment that is temperature eontrolled somewhat above 

70°c. 
2. Use resistors of relatively loy accuracy • 

.3. Use resistors 0£ rela:M:vely high tampera:bure coefficients .. 

4. Use rel~tivel~t low voltagE'i aw.itch t:ra:n.sisto1~s. 

5. Correct for the errors o:f the more significant s'Witchea and. 

resistors with ·~rimm.er rheostats a.E; ahown in figure 24. 

Tb.is design approach will 'be considered in ±'u:r·bher detail .• 

F1gure 31 presents data talf.en from. one of .33 Spra.gu.e JID..ectric 

Company, silicon precision alloy l??W 2N2163 transistors. .Fis"Ut'e .32 

presents data talmn f'ro:rn one of 101 passivated epita:xlal pla.nill", N.PN 

transistors that vere selected £0'!! high normal. gain fro:rn General 

Electric Company transistors similar to the 2N271.3-14. Both. figures 

present da:ha talren at 23°0 from avera;ge inversely operated 

transistors.. 'l'he invers$1y saturated, equivalent circuit character-

istics (see £:tgure 22) of the trans:ts·bors can be !l,pproximately 

determined !'!'om n'Uflle:L'ical solutions of the following equations (see 

figure 31 £or nomenclature); 
rr_' ~ (Vt.-V1) ~-J 

.r:1o ..... - .I:.bl 

+- \V<:..e.):I:J ~ ( v,- .I:D, ("(..'): (Vi,- rb .... r~) 'Y[ - 2-. 



.. • I ' I 

Figure 31. Saturated PNP Characteristics 



Figll.N .32. Saturated NPN Characteristics 
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{< c.~ f<c:.1 ~d-r.t-<"~ 
, ....... c~Vc~J ~o.v ea. d, .r. b 

~ -:. -+re 
A -r-. ~-3 

~ V\.~ ~dr::. r c •1rb) Tl. v~ \e~ ~ ::. Vie. /Ii:. 

~'C"\ i'c..' V,cjL, 
I :slC -~ ~ :: Re._ - le:, 

Equation VI-4 is an equation with two unknowns, Vx and :rJ. Solving 

this equation with the d;..:i.ta from two cur\tes such as that of Itn. and 

Ib2 ·Hill provide values for V.x and r~· 'l'he inverse saturated 

parameters, (Vec)Ij, Rel and r~ are easily determined .from a few 

points of measured data as neoded for solving equations \/T-1 through 

men:ts taken on the prevlously mentioned 33 silicon, HH' 2W216,3 1s 

and 101 silico~ NPlJ ·transistors. 

Table 5. Inversely Saturated Transistor Parameters 

Transis·tor Para- No. Bara. IB IE Hin. Hax. Ave. 
meter 

HH~ Rel 93 3.0MA 11'1A-21'1fi. l.l.t'- 7.5.n. 2.0~ 
NPN Rel 12 j.OHfi iw" ... 2l'1A 1.1 S\. 

7 ·'"'" 
2.6$\-

HPN Rel 12 l.OWt H'.!A.-2MA 2.0&1. 10.8 r-.. 4.5 .,._ 
HPN r' 101 ... HJA ... 211A .0,5.£1.. 1.4.n .15)> c 
NHJ (V e$)Ij 101 - lil/fA,.. 2i1A .o8HV .2$M\l .l)MV 
PNP Rel 33 3.0£irn. 1¥Jf\.·2i"!A. 3.2~ 6.o.n. 4. 5.ti-
FNP 11.cl 8 3.0MA urn ... eMA 3~2.n 6.o~ 4.8A 
PNP Rel 8 1.0MA Ulf.1. .. 2MA 6.1~ 10.3!'. 8.5.n. 
H'iP r' 33 - l}W.-2MA oJOsi. .son. .!~6.n c 
J?lifP (Vec)I.i 33 ... 1Mf\.,.21'1l-\.. • 80H:\.i 1. Tff'l .83MV 

The transistor that provided the Jll11X.imum. Rel of 7 .5 oh1no for the NPN 
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transistors was not particularly typical. For example, its resis ... 

tanoe varied hy fifty per cent depending upon the direction of load 

current through the transistor, \Vhile the resistance of the other NPN 

samples -was not dependent upon direction of current through the 

transistor. The NPN sample with n.~xt ·to the highest z·esistanee had 

an Rel of 3.6 ohms.. The ta.ble g'lVes data to corripare Rei as a 

function ot' Ih fol.' an In of one a.nd three milliamperes. With three 

milliamperes of base cu.t'rent, about ~ 0£ the NPN transistors and 

50% of the PNP transistors Rel is due to r~, r~ leads, etc. This 

relationship of Rel to I0 is essentially true for e€1,~h. individu.al 

transistor of the small sample lot (excluding tha 7. 5 ohm NP!O as 

well as for the average of the ·t;ra..llsistors tested. 

Values of (Vea>Ij and I\i depend upon the current gain of the 

transistor. The eur1•ent gaj .. n is a function of I0 and data g~ ven in 

Table 5 is for an le of one to 'ti.ro milliamperes but the table data 

should be reasonable valid for le's from a fell tenths to tan or so 

milliamperes. 

The ef'fect of tempera.tu.re on the perameters of the sa.ti.'ll"ated 

transistors was determined from a limited sample o:f M1e availe.ble 

transistors. For the KPN transistor, an increase in tempera.tu.re from 

0 ° C to 80 ° C caused a l~ 'bo .'.30% increase in H~s three m.illiempe1,e 

.R.01' s /1 a 4C$ to 50% decrease in (Vee> Ij • s and a 1$% to 2~ increase 

in re• a,. For the PNP transistor, a like change in tenrperature caused 

a'hout 15% increase in its three mill~pere Rel~· s, less than 10% 



decrease in (V60):i:j's and 1~ to 15% increase in r 0 •s. 

The conversion e~ors and deviations caused by the stdtch 

transistors will be reduead as the conv'erter' s reference voltage is 

inoreasedo It should be noted that the selection of rei'erence 

voltage in conjunction with the already speci:f.'ied converter input 

voltage per count estahlishes the voltage that is input to the 

comparison amplifier per count of difference b-et"WSen the converter's 

input and decoder signals. The amplifier input voltage 1 Va/count, 

can be· easily de:ter.rdned. Assume that the amplifier ha$ infinite 

input impedance a.~d: 

0. -
'~" -

R' • resistance of each complementing resistor, and 
thus R'is very nearly equal to the parallel 
equivalent resistance of the decoding resistors 

E • re£erenoe voltage 'With respect to common 

v;,,_' e converter inpu.t voltage 

v/ :: converter input volta.g& per oount ( (20/4000) or 
(10/4000) volts per count) 

lZ~ * converter input resistance 
} I 

e- \.Ii:, • ~ (3 

l<. ..: \- fe. I I '3 
I I 

p.V.:, /~ 

E \/.'II -::. -=---=---
3 \./.:., t-' E:.. 

g'v.:.'' 
(<'+- ~ .e..:. 

(see equation following equation 
V~2) 

SIT. -s 
I I 

The value of Va/ count is dependant only on .E and Vi and Vi and Va/ 

count approaches a. maximum ;.i.a, E approaohes infinity., In general, 

t.ransistors with the desired saturated m.titch characteristics a.re 
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chopper transistors. Chopper transistors are usu.ally applied in low 

voltage circuits and thus they are not available 'With high voltage 

ratings or else they a.re high priced in conjunction 'lrrlth a high 

volta.ge rating. High refe~ence voltage can c:rea.te refarenoe voltage 

supply design problems, and high reference voltage has the i'urther 

disadvantage of cau.sing increased converter non-linearity because of 

increased self-heating of the conveI'te;r's decod.ing, and complementing 

resistors u."ll.eas the resistance value of these resistors is increased 

as the square of the :reference voltage increase. Increasing the 

resistance of the switched resistors reduces the conversion errors 

and deviations caused by S'Witeh Rep but i..11crea.aing the value of a 

,.n.re iround resistor increases its cost and frequently decreases its 

reliability because the l'eaistanee increase is obtained by winding 

the resistor 'With more turns an.d/oJ! smaller diameter vlre. · Higher 

decoding, complementing, and input :resistances al.so increases the 

converter deviation ea.used by iri.put ctirrent drift 0£ ·the comparison 

amplifier. 

The NPN transistor of table 5 has an lS volt Vceo rating and the 

PNP transistor has a 15 volt Veex rating. If £or no reason other 

than economics~ these vol ta.ge ratings were used as the criterion for 

selecting a maxim.um reference v0ltage and the transistors of table ; 

were used for the converter's switch transistors. There is little 

point .in selecting a lower reference with the intent of reducing the 

reeist.an.ce of the converter• s :resistors to :reduce amplifier drif't 



because the min:im.um. e.mpli£iet' drift has been established hy the 

maximum converter input current of t'tro milliamperes. Accordingly, 

the oonverter•s reference voltages vere made 12 volts, positive and 

negative, v.I.th respect to the oonve:rtel''s input comm.on. 

If' V01 of ·i;he P?iP transistoo: is no higher ·than indicated by 

table 5, it can be as high as 1.7 millivolts plus Ibr~ volts a.i"'ld 1.7 

millivolts al.one is appreeiably more Vcl than is desired 'ftlith a 12 

volt reference voltage, thus the .PNP transistor of .. ,he most sigirl.fi-

cant converter switches should he trimmed as show in figure 24. 

To some extent, the error of NPN transistor•s V01 is cancelled 

by its R01, and the NPN transistor 'Will cause no error i£: 

where I is the Ct.ll"l'en:t; through the decoding or complementing resistor 

in series with Rel. A voltage difference of too-tenths of a 

millivolt or so, between the two equated values of VI-6 'Will provide 

satisfactory converter operation but the difference is not likely to 

remain this low without trimming since (Vee>Ij varies two ... tenths or a 

lllillivolt and r~, I, and R01 &so ve:ry. Trilmn.ing is required f'or ·!.;he 

NPN transistors of the converters :most significant bits. 

The conve.rtert s most significant stdtch and resistor circuits 

should be designed for minimum converter de~ia.tion if the errors 

Qssociated with the switch and resistor a.re to be eliminated by 

trimming. 

The major conversion deviations that tha convertars s switch 



tre.t16l~to:t\s ~d rosietcP ¢ix>ottiJ,$ 'ttf'f~et. wijl. be due t.<? It:lr& · 
·vad~t:!on~ Rel. variation. u· c~w;eti.on with the ~!¢4:< ffflP) or 

f:br.~d · :reeis·colr" (11ra1) with ''Which it ;ts· in $*'-I"i$$~ $.\nd inptit · ~u."IJ"rent 

.:i'!"i. ,tt.t, ""'•'""· 4>-h·~ ,....;..,,,hq.~.; ,;.,..n· · · "'""''•"'"";:; f'Azi,;,,,,.;. . t).n.4 J..,,,;.,~ ..... ""'"rr-0~""'"'0~ demP.~de 'a-="~Jt t,;.o Vi.. \.>.~~ ~V~~•.t;Jl4it . ~",r),J;.li .. ..-.Jf.~ . .,. ~ ~b"~j.~ ~·if ~il.P~.t.. ~ ... ·~~-.;,;,. .·. 

ao111prO!ldoo$ ld.n~e l~rge l:b c9nt:ribu:~e:a ·tG l.a:r-ge I;_i""! va;r:; •. at;,~ t'lthil~ 

emall l·b inm .. ~ttrea ~l• and moat lik~l.Ji~, ,-~¥'.~tJ.<;m in I~.;;lit< t'1ni ... 

nd~zir..f.; Ml~ ~tfe;ct ot .n01 ,,.~dat.:um b1 ino:t"Gaad .. n.g t~e ~ei$tanee in 

f.7(;1rie.u 'Tu'it!1. t.,1 i,e: l.i,ll'lJ.~ hy ~p.li!~i$r lilntt .tor the l~PN t~$:i.S ... 

tor a.nd ·w.r flf ee.>Ij at least~ ;fo~ the fNP tr1maifito.r. Other ¢0r.apro ... 

mir-ir,g r.tight; he necressax·~ beca'U.~ Qf cos;l:.i ~liabi.lit,7~ &"1.d ~eu: .... 

hea·~ p1"¢ble.Jn$ aaS()ciat.ed wt·tt1 thf:i ¢Qnve1J't.ert$ ~~iet-o:r~h Ig""· 

no:i; .. ~~ t.hets-o la/'°·ie.a~ pvobl~ .:€<>,.. the pre:!ant5 ·Ml~ eircu:tt deid.sn ~an. 

be $0ti.tet'lilat opt;.indiied <'il'l tbe· basi$ ot mil'limi~g t.he rc.a.jor Q('}nve~ 

s:ion deviatiol'is ltitll dl:le regard. beil'l..3 zp~ven t.o e:t:rc\'l;ii~ de~en 1-r~eib

l~m$ that, ltd.grit. :rea.ut fr¢ll't the rntrd:.mi!llat:ton. 

the ohm:\Q va.rie.tion itl ~l likel,y (:l~;pen~JJ llPQ:l the obrrJ.e v~ltte. 

The1"e a:t~ · ~"'eral ~ il'J; which ~l ~J;..~t be ehtlse11~ 

A i'irst meth~d p£ ~l~e.tin{({ R(i;l, f~r m~1~ dO"tt:i.~tie!l ttj.gh~ ht~ 

to dri.ve IieJ. to a ~~t ·'by swtt:hchi.'le th.e t~td.$-to~ with ~ high lut 

Rei . .., absolu:he mitdmi;m Vl-7 

'lhi,s ap~o,b to s~~.¢;ti4,~ :N.ci ·~ prov5.de a. l~f>\$ mta;hl~ $d teh thali 

tha-t ttf the opt:bnum if lb is a.~eds.bly d.ti'f.~rent. th~ i he~~"'~ 
vartatione .in l"i qam <?a.u.se appi-~cial:Jie Vcl ~~1&'.tion• Aleo t.b 
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changes can cause appre~~f,thla V cl variation'.~ ~llnother .factor in 

operating ·with high I 0 is that providing a high ! 0 may ca.use prohlems 

with the design of ·the circuit providing \_· High lb. also increases 

the self-heating of the switch transistor and this is not as negligi• 

ble as the equivalent eireuit indicates because the base C11.!"ren·~ 

flows through the transistor's base circuit, and the base-emitter or 

base-collector vol ta.ge drops of silicon transistors :t-r.ill generally 

e~ceed six•tenths of a volt • 

.Another method. of' selecting Rel is to select Ih such that the 

voltage variation across the transistor 'Will be a minim:um. when Ih 

Val'ies. Optim'Vl.il lb for this condition can be found as follows: 

Vc.e. =- I.(_ r~ ~ 1 .... ' +- v,,./ .Ci..J - I~ r..: - < vc. ... ) :J:.~ 
Wh(!,..c.. I.-=. CC.""-irte" C..\.\V"V'c.-J-

now if' the circuit providing Ih is designed such that .6Ib = Kib, 

then: 

and minimum A V08 for changes in Ib -will result 'Wheni 

(~)OPT -;: (Vi<;:- ) l/'2.. .2I' - s 0... 

or if the eircvit is designed such that A ! 0 : K, then minim.um AV ce 

w.i.11 result when: 
ill.- -81o 
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Still another way to select R01 wo1lld he to cause nominal: 

and thus min:bnize the switch voltage error that ooaut's across the 

transistor due to variation in r~ and. Rel (.A r~ antl A Reil. 

The da.ta of table 5 related to the .NPN transistor ind~cates that 

f!or an Ib of three milliamperes 10 should be an avet"age of about~ 

twelv~ times greater than I.for mini.mum. error. This probably implies 

a rather high Ib and certailily satisfaetion ot equations VI-7 and 

VI-Sb implies a high lb, but doubling In from three 1nilliamperes to 

six milliamperes will only reduce R01 by about twenty-1'1.ve p.erGent 

and an I 0 greater than three milliamperes 1na.y not he justified when 

consideration is given to the circuit that .must provide the current~ 

To inveetigate the value of inci .. easing Ib~ the overall conversion 

problem can be .considered with a.r1 lh of 0 thru. three or :m-0re 

milliamperes. 

The switch aml resistol" circuits of the converter ean be 

designed to provide minimtUn. conversion deviations due to Rel a.nd 

amplifier input current variations,, to the extent that the variations 

a.re known. Conversion de·d~.tions due to variation of the emplifiar1 s 

input voltage and the PNP's V01 a.re a function of the converter's 

Va/co1.tnt and not its resis·~ive circuitry and if the comparison 

amplifier's input resistanc® is sufficiently high$ the variation of 

the ~1P1 s Rel will not ca.use a conversion deviation that; is related 

to th18 converter• s resistive circuitry,. .Accordingly the conversion 
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deviations caused by the amplifier's input voltage level and PJi!P 

'transistors a.re not considered in the :mS.nindzation procedure,, 

Further, it; is a.ssum.ed that ri of the NPN transistor is low enough 

that variations in Vel due to A (Ib""l)r~ do not cause a conversion 

error that is large enough to mu·rant increasing Rei by decreasing 

lb• If the minimization analysis results in a. complementing cru:rrent 

or full scale decoder 0t1l'!"ent that is appreciably difi'e1°ent than lt, 

the error due to r~ should be giver1 consideration. 

Let 

where 

I I 
R = resistance oi' ea.oh complementing resisto!' then R z 

parallel equivalent resistance of a.11 deaoding 
.resistors .. 

R:i_ = i~..put resistor of eonverter. 

E = ref'erence '110lta.ge ·with respect to eollllJton. 

Ia • co.mpa.rison $1pli.fiert s inp.at bias currant .. 

vi = converte~ts input voltage. 

Va= voltage at the comparison ardplifierts input due to 
Vi' with infitdte amplifier input impedance~ 

Vd : voltage d:rif't at summing j1.U1o'tion due to .A Ia.• 
I 

v~'· e13 
rz~· + ~·1~ 

'-A Io.· '2.~ "'2.113 
tt. i. ~ fl'/:!> 

fil.-10 

..sz:r..- I\ 

the .f'ae"l;or 2 is included to refer the i~ut bias change of' 

the non~inpu.t tranaist01• of a differential ixl.pUt pair to the 

a:mplii'ier's input (sea comparison ampli£ier discussion of this 

sea·l;ion). The transistors of the amplifier are in a. temperature 

controlled chamberv 
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' 
devu~Ti~"' d..,. ~ .0..1:0.. ~ 2 A L. e..:. ' '-13 j 

(~ ~ RiJ. 

I I 

\/~. ~/~ 

re: i.. + ta/3 

""' ' A .l. a.. IC..i. - :£r.. - \ 1.... 
v~ I 

de. .. ' ~.\ 10\.,, clue.. ~ .6. R-c:., -::: \<\ c. ~ ,, 3iI - 13 

"' where K = complementing (that is, NPN mdi;ch. to complementing 
resistor is not used). 

K = 2 ~hen naturally converting 

and for correct conversions: 

vt' - E 
rt.: - (' 

total error• error due to Ala~ error due to A Rc1: 

" = ~-IS 

differentiating 'With :respect to .~ and equating the deviation to zero 

yieldsi 

SIT - \1. 

The values of A la and .A :R.01 are not eaa1.ly determined. Varia .. 

tions of Ia and Rel 'With temperature a.re not particularly importarrt 

because the temperature of the amplif'ier•s input transistor and the 

switch transistors under study are controlled. The amplifier's input 

transistor•s current gain and d.c. bias and leakage CU!'rent 

establishes Ia and the switeh transistor's inverse CUl"rent gain is 

directly related to about half' of Rel• I:f.' it assum.ad that the 

our.rent gains have long term stahili'bies that a.!'e similar and that 

the amplifier's leakage cur.rent de·viat.ion is small compared to its 
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bias current deviation, then it might be raasonahle to assume thats 

• 7 At<(.,/ R.c., '::. A r ... / I.o.. 

where the 0.7 factor reduced the effect of instability of .6 Rel 

because part of Rc11 rt and r~, should have better stability than the 

i·esistance deter.mined hy current gain. !t is shoim later in this 

section that a typical Ia is about l.3 microamperea. Resistor Rel 
'Will typically be about two ohms with an Ib of three milliamperes. 

Solving equations VJ: .... 16 and. VI-17 £or ~-JC of 1 and a Vi of 10 volts 

yields an optimum Rj_ of 3000 ohms and with a K of 21 the optimum Rj_ 

will be 4200 ohms. An input voltage of 20 volts :requires that Rj_ 

have twice the resistance as that of the 10 volt, V{. Wo satisfy the 

specifications, Ri should be 5000 ohms minimum for 10 volt sources 

and 101000 ohms mi:nim:um i'o:t• 20 volt sources. The converter• s 

resistive circuitry will not he far from optimum if these values are 

used for ~· If' Rj_ is 5000 ohms, then R 1v-lll be about 6000 ohms. If 

R. is 6000 ohms and Ih is three lllilllamperes a..'l'!d Rel is two ohm.a 

average, a one per cent cb,ange in all l.; of the aonverter•s llc1's can 

cause a conversion error of about .0009%. Thia error per per cent 

change in two obln. Rc1's seems sma.11 enough for a safe design even for 

higher :a.el• Reducing Ra1 hy inoreasing Ih does not seem worthwhile 

since the majority of the conve1•sion error is determined by ·the . 

minimum ~ and the amplifier drift, and since the fixed pa!'t of Rel 

is sufficiently large that Ib cannot efficiently ~educe Rel• 
The cur.rent bias of the trimmed PNP switch transistor is 
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selected tor .miriiinum nominal voltage drop with ra:tn~mum volt.age 

vanation due tQ ·variation in :rb. .Acco;rd.ingly: 

(.Ii:.)oiPr -= 

(Ve'-) .rj \-

( v ~ ~c.) 'h. \. s .. <-~ - a a.. ) 
... A .I:.r.. : I< .I:. 'b 

Lb"< .: I~ ( r-e' +- r-:_ ~ VJ(.j r:. .. ) 
and satisfying both eq11ations yields; 

.I..~=- (Vec..)l:j /(re..' t<"~·) 

~-\8 

which gi·ves an ! 8 of .39 mill:l.<.\mperes and an !b of 2.4 :milliamperes 

if r~ t r~ is 2.25 oruns and Vx is 2.25 x 3 x 10"'.3 volti:s (see T.~ble 5). 

The .e.ffect of I 0 p a1id ~p can be i..n.vastig:ated r1.t ti-'J.s t:l!ne. 

1fhe NPN t;ra:i:rnis·tor has higher lea.L::age c1UTent than the I..;~D? and the 

PlJP has higher Rel. The NIW has a specified m2.::.;imum !cbo o:t f-1....fteen 

m::i.croe..mperes with eighteen volts of oolle.ctoI' voltage at ioo0 c. In 

an ambient below .ec0c, ·the !ebo should be less than four rnicro~eres. 

If all 13 of the corrverter's Pl\JP tra..ns:tstors have six ob!il..s of Rel and 

deviation cau.se.d. by the c.h..a.nge w"lll be about: 

2 x io-6 amDs x 6 0hms , - OO't :: OO""lc' 12 vol ta .x J. / · • v ~· 

It seems safe to 0.SSUllle that a cont.rolled temperature up to ao0c will 

not cause appreciable con.version deviations because of switch 

transistor leakage current. 

The conversion ~rrors due to self-hee.tin.g of the oonver·te:r' s 

switch transistors ca.i1 be i..rivest:lgated with the design. choiees th® 
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The power loss in the stdtch transistor• s Rei is negligible 

compared to that of the transistor• s base. The }JPN transistor has a 

power d.erating factor of 2 .6 millivatts per degree centigrade and ~ 

base collector voltage drop that is about seven-tenths of a volt. 

The change on temper~ture of the transistors due to self-heating w.ill 

be 
= 

The P1ij> transistor has a po"tt.re:r de.rating factory of 1.3 mi.lliua.tts per 

degree centigrade and a hase collector voltage that is about one volt. 

The change in temperature of the P?t.P transistor will be 

.Ate"Ylf'.'::. ('1.,'fi< \)~•~S ~ \.'C.. J\·3 XIC).JVJ•l,\s ::: \,, 0 c.. 

The transistor temperature data following table 5 can be uaed in 

calculating the change in the switch transistor's equivalent circuit 

parameters due to seli' .. heating.. The errors caused by this self'• 

heating is not very large. 

The circuit of figure 3.3 sho·ws a trimmed Sirr.iteh with its base 

current driver. 'When QJ is cut off, current flows from reference 

col!lmon through the collecto:t".,..,.base junction of Q2. to the -50 volt 

supply. This base ell!'rent ea.uses Q:a· to saturate. '.fhe current is 

about ((5? volts - Vb62)/18.2) milliamperes or about 2.7 :milliamperes.· 

The base....amitter junction of Ql is reverse biased by the forward 

biased base"'"emitter junction of Qa, thus Ql is cut ott. Q1 becomes 

saturated wb.en Q3 sattll'a.tes.. While Q,3 is saturated, the base 

current o.f' Ql is about I2 .J (ll • I4) •I3. The emitter of Q.3 is 
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clamped to /.12 volts by the base-collector diode of Q1 and the 

aa:bu.rated drop of Q3 is about on&-o'tenth of a volt, thu~ the base 

current to Ql \Till be about three ln.illie®pei'ei:;i. 

!the logic of the svltoh ta.n.d driver is mD logic with a 0one't 

being defined a.s .f;.5 to /oll volts,. 'With 11ones" on D fl! $.J.ld :m #2, 

Q4 is saturated; Q3 is cut off and Q2 it:i sa.turated. With a "zerou on 

IN Ill or nt #2, Ql 'Will be saturated. 

l).iodes D7 .and DS limit the base-emitter voltage of Q4 and Q3 ·to 

prevent voltage brealm.own of their base-emitter junctions. '?he N'.Pl 

tr8llsist0l' used in the mdteh has fairly poor cm:t'rier stora,g$ ehara~ 

teristics and if Q.2 begins to eonduct too quickly af'ter Ql h9.e been 

conducting, a bigh t~ansient current u:tll flow from the /.12 i-eference 

bus through Ql and Q2 to common~ Capacitors 01 Ql1d 02 slow down the 

tl!"ansfer action 0£ Q1 .and Q2 to prevent ·the high transient ctWrent. 

The sv!tah and dri.vet> have been designed tor light loa.ding of 

the ,t12 volt :reference tmPply.. When Ql is satura.tedp the 7'12 volt 

current will be about ~ milliamperes less the decoding or complement.-. 

ing current, Il,b (00 /IB>O). Th.a current thru the m. l!md !ta. 

branches 'Will be $!M1l When Ql :t.s saturated. A resistor, e.g. Rs, 
can cauae the total load on the J2 volt bus ·to be ~ero i.£ :!B plus the 

cu:rrent through i 8 is tbl'ee milliampe1"e$• 'When Q:3 cu.ts off, :I2 ~ 

I:s become ~ero and a e~rent t'lowa fl'om .J.50 thru m. to the ,£12 volt 

reference bus. Also OU't"rent flows from the /:12 volt weference bus 

tbru ·J12· to common. lf' the current thru, P41:1 and n2 equals the current 
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thr~ m, then the loading on the r<si'erence power supply i.s apou.t 

zero~ A nominal v.slue of c'U.J'.':E'(:mt through R2 :i,s assumed ror the 

purpose of selecting m. in conjuuction: w:ttb. R2 and the Rs t,h.at 

has been selected .in ccmjunction with (;!l' s base. <;.Ul"rent and current 

I:a• Most tircmit packaging has so1-ne problem ~tl.th IR drop in leads to 

the circuit. Ii' 1il a.11d the 50,.;000 ohm rheostat in series w.i-th H2 

and the fl2 volt lead to Ql a.re each connected to a maiti. bu:s,, then 

the e±'f'eet o:r Ql 1 s lead IR drop on current I13 ean be corrected :ror 

by adjuating Rlil since current ·will flow i..'il the lead to Ql only when 

Ql is satm"ated. Similarly IR drop in the lead to Q2 can be correct,ed 

for 'Qy adjusting RE2 because current flot-rs in tbis lead orily when Q2 

is saturated, 

The stability cf the base current to Ql and Q2 is controlled by 

metal tilm resistors in the path$ of :U, :r.2, 13 and·I4 anc,i by· ;the 

stabili ... cy of the posi tiv¢i and nega.·t&ve 50 vql t sttpplies. These 

supplies are designed for • 25% ~tabili ty under conditions of lot:>.ding 

and input line variations ·tha.t are worse than typical of the S".f,stems 

in which the voltagc .... to-digital convel"'ter is used. 

The resistor network of the decode:c :ts sh:;n·m in F-lguz-e 34. The 

contilnuous doubli..11g of resistors as the. bit 01·der of the res:ts·oor 

decreases has been li..'lf:lited to four or .f:i:ve bits and then repeated. 

The continuous doubling proce.ss soon leads to very large vtlued 

re~ist;;J.nces that are ;t:mp::racticaJ. to -use and. the repeated us.e oi' sams 

valued resistors has decent economical advd.ntages. That the circuit 
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is ·workable can be readi'iy seen from figure 13 'lft.Jhere the de~ivat:ton 

shows tha.t e0 is proportional. to the number be,ing decoded• lf e0 is 

proportional to the number being decoded~ then the current through Rt 

is proportional to the number bei:ng decoded6. The same eircl.l.it 

principals are app.lica,ble to the groups of resistors with "scaling'' 

:t•esisto:rs connected betweell. their output and the fixed potential a.t 

-the anrpli.fierls input~ and thus the current out of the groupts resis ... 

torlS is proportional to t.he number be:ing decoded by the group's 

:,inputs~ The ma.in disadvantage of a sQ~led eirc,mit is that the cir-

cuit is a vol.tag'? <U,vider on the input s:i.d$ of the sea.ling resistor:; 

and swi:t.ch errors cannot easily 'be cori·ected fo:c.. ;tn the a.pplica.• 

tian shown in figure 31+, these errors are not par·Uc1.'!.larly important 

because the total. decoding co:r1tributio:n of the uncorrected switch 

is oriJzy· 8. small part, about s:l..x perce:rrt, of the teta.1 1+095 count 

decoding signal. The switch a.nd dri ve.r used. w-:i th the 1 through 128 

bit resistors is the same a.s tP,at of figu.re 33 without the rheostats 

and controlled ·temperature,. A more opt:i.mu.m base bias current of Ql 

and Q2 could be selected but it was not done because el"rors contri-

buted .by not doing so a.re smell enough tha.t a different design did 

not seem worthwhile.., 

'.Fne converter"' s ten volt inpv,t co:r.i.neetion is with the input 

voltage connected to 11~ and 2Ri of figure 34 41· The t~renty volt input 

connect.ion is with the ;input voltage connected to lRl_ (or 2R1) ·while 

2Iti(or lRj_) is connected to comm.on.. Connecting ono of the input 
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resistors to common lr-..eeps the comparison amplifier• s source resis-

tance constant as desired, hut the amplifier's .input voltage will be 

som.ewhat less tha..11 calculated by equation v1 ... 5 when the twenty volt 

input is used. 

The resistors used. for the converter's input, complementing and 

decoding .functions are for the most part half' tfatt, .0)$ accurate 

resistors "With a .OOO?'/ofJ centigrade maximum tempera·tU!"e coefficient. 

These resistors have a specil"ied one yea:r: stability of .005% when 

ope1·ated at 5~ power in the enviro!llllenta.1 co!l..ditions stated in the 

converter's specifications. The resistors that scale the eight least 

significant bi·ts are someuhat less accurate and stable .. 

The temperatut'e confa.•olled chamber used f'or maintaining the 

temperature of eomponents so noted in .figures 33 ancl 34 is capable of 

holding '1°c or so when its ambient varies from 25°0 to 70°0 or from 

25°c to o0o. The thermal properties of the .01% resistors are such 

that their temperature rises 100°0 pei~ watt cf applied po·wer. The 

uorst er:ror due to self'•hea.ting of the switched resistors 'Will be due 

to switching of' the complementing resistor. This error will be: 

.w.l_2 -watts x :r,oo0c ~ 5:xl0-~ :: .0012% ma:ximum 
6000 watt ~a 

The 204$ bit resistor can change .006% maximum., etc., thus the 

m.a:dmmn cha....'l'lge of• ·!;he total decoder and eomplero.enting curi•ent u:i.ll he 

about .0012%. Other conversion errors and deviations, due to resis-

ta.nee characteristics, can be readily ealcul.ated from. the resistor 

specifications just given. 



A pair of 1.2 volt stippl:ies is reqcl~ed for referencing ·the 

conve1->ter•s d~coder and compl~mel:lting circuits.. The sup:p'.f,iefl: 

designed for· the refe~rence ftlnctior1 a·re shunt ;regulated ci.J?cui ts, 
.' , '. 

·with the ":J.2 vol,t supply designed to track the f.1'2 v.o~~ ~i,ipply~. 

Positive. and negatill'e ~O Vbl'i; su.pplies provide :the bulk'..ti.:nregu-

lated VQlta.ge for the 1~f:e:r.ence $1J.pplie·s. The slTv.n.t; regiJ.1.a.tor 

design: kee;p.s 101,1 voltage e,cross the refaJ;>ertce ~UJ;>plies• output 

trans5..stors and Sin¢E; t,he. ·cm:-r~nt o:f the positive ref"e:rer1ce v61tage 

flows in a:nd out, o:f the supply) the ei'f:l.ciency of this supply c~ 

be as grea·~ ~s that cf a sex>:iel3 ret:;"ulated s:upply. . ThE? ·tracking 

due to· .reference 13upp!y deviatio11 by··e,bQut one..,thir.d. It ca.11 be 

shm.m also th;:;i.t · tne m:a.x:i,r!l'tll\1 c;onver;sion deviation due to pcit~er supply 

de'Viation with '.traeldng reference supplies is no grea,ter fer a tvo 

branch compl~m.enti:qe; o:i.rccuit, as in Figi.ires 35 and 27:J th.an fo·r a 

one 1Jt<anch co!llplemonting circuit as in Figure 26. (The one and tw9 

b=i?ant:h circ1~i·ts ha1re a w;.ixi.l:ml!t1 erro~ of (.6 E R:t f A (•E) J:1:i)/Rc 

when P is zero anO. both s111,-plie:;; vary where~s the two branch circuit 

has more error than the one hraneh if the :reference st'tp:pJ,.ies arc 

n0n-t1~aclctng (see tables 6 a.nd 7}. A f'l1rther ad:vant~ge of the 

tracking power supp1;y· :i.s that. it.s rof ¢rehce can be reslsti ve ar:d 

thus the cost and the :r.ef:erence devic+t:ton of the supply should be 

less than that of. an ::lnd~pendently r$f e:renced supply. 

A schew..a.tic of the reference supplies is e;iven by Fi.gt.tr$ 36. 
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· Table ti:· Input Voltage Deviation Versus Converter 
Operating state With Tracking Re.f erenr.e Supplies 

v 
-Max. 
-Min. 
,lJ&. 
/Max. 
-Max. 
-Min. 
~. 

ax. 

Table 7. 

K p 
1 ]. 
1 0 
0 ~-1 
0 0 
1 211-1 
l 0 
0 211-1 
0 0 

0 
AERiX_ <ltc-RciYRcRd '.:::: 0 
tiE.Ri/Rc 
~~i/Rc 

n 

" n 

Input Voltage Deviation Versus Converter 
Operating State With Nontracking Re.ference Supplies 

Vi I K p Dev. Sup. Vi Deviation 
-Max. 'l 2"-1 .f.E AERi(l/Rci f l/Rc) 
-Min. l 0 IE AERi/Rc • 
/.I.fut. 0 2'1-1 ~E AERi./fld 
,LMax. 0 0 ./-E 0 
-Max. 1 ~-1 -E ~/Re 
-Min. 1 0 ..;.E n 

,oo.n. 0 211-1 -E II 

JM.ax. 0 0 -E II 
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These supplies are designed for fyo m1..lliamperes of out.put 

current. This current is ~ppreciably i'llbre t.han require.cl for the 

comrerler, but. it J'iermii;$ brcade:r .::ipplica·t;:tons of the supplies .. 

The operation of '0he fl2 volt supply can be eX}:llained with 

the aid of Figures 37 and ,38. Fi.gur-e 37 :Ls a simplif':i.~dblock dia"". 

gram that prel"'ents the b;o.sic elemen"t13 O·f a cloRed loop cii¢uit ~b!tt 

is typica.1 of i:.he refcronee volt.age supply circui:t.. The reference 

and feedbEck of t.his diagram ~1"e voltage elements~ The ga:i.n hGt'Gween 

the ou:tput of ·r,he l'eferEm.co/i;eedbe.clc su:m.nd.ng junction ancl the out-

put be~i.ns with a volta.ge to cu.r:tent convers:i.on~ 'J!his stae;e is 

:f'ol1011ed 'b;{ cu!'J;'ent g<1::'Ln elements tfl.at, include a major stabilizing 

t:i.me constant TJ. · The output d' the cm.rrent g::i.in element is s1Ull.t11ed 

with output current ,and this sum. feeds a. RG elemei1t t}la,;b prov:td.es 

cu.rren·~. to Yol t<:i.ge con"9~ersio11 a.nd system stabilization. The output 

o:f the RC ne·'ciwork is the powo:r tmpply's. JfJ.tput voU,age and thi~:':.i;s . ' ·:· .• :-,.· 

bridge of. clem.ent H. Time constant Tl prov.ides the supply1 s lowos·l; 

10;,1 frequency !,'oll off. This brealc is terminated when the internal 

:resistance in capacitor C ii'J equal to the capad·t,ive reactancR .pf 

c. Tne ternrinatd.on occurs a.t ll> • l/T2. Tim¢ constant T3 provides 

a second roll off which ca.uses GH of the power $ltpply to cross the 

unity gain a"JC'i.s. '.fhe suppJ.y•s .frequ.ency response ehari:l.cteristic 

is designed to cross the unity gain a:xis at. a frequency that is 

saf'ely lower than the break frequencies of the circiii t transistoJ;'S 



108 

+r -· L 

'REF. 
u Vo 

J·~ -e. Gr\ (i>-p./ u•H) ~(a~/.,WI .. P, ( \+-ll. P) - -v· .. (! tisP) -- , 
I.. j (1 t Tl f') 

~u~\T/ • .,...,) 

\-\ lvoH f volT) 
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Power Supply 
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d.iagX'2.!H ClD.c1 scl1ero.~'-ti.c 

the flZ vol 'G b'1.J..G of thf.:~ :..~upply. 

voltage af 12 volts, ~:ho cur:rent cU.ffo:renco i3hould 1)e about 
So-\ l.. 

(&.I Ir~~ ± IL 
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·vvhere I :reg : bias cur'.!."'ent to the eloments of G, zen.er, etc. 

IL = load current. 

Potentiometer Pl i8 adjusted to off set the collector bias 

currents of QlA and Q.lB to satisfy the above equation and cause me 
supply's O•J.tput to be 12 volts. 

With fixed resistors in the output stage, the current from G 

must change by an araoun·t exactly equal -to any I J.J change if the power 

supplies output voltage is to be um1ffected by IL changes. The 

supply is by design a t.ype zero ret;ulator and a.s such it does not 

have an output voltage t.lmt is completely independent. of I 1 bu.t ihe 

supply regulates well eaov.gh that the output voltage is e.lmost 

independent of I1• '.L'he reg1.D.ation is achieved as follows:.: Notice 

that the base volt.age of CUB changes when the out.put voltage changes. 

This changes the base, 0mi tte:r, and collecto:c currents of CUB. The 

cha.11ge in QlB 1 s ernittei1 current changes the voltage at the slider 

of Jfl, '£he "b2 . .s0 oi ca~L is a.ii; a fixed potential and the change of 

voltaf,e ~;t ·the slider of ll causes tho emj_-i;te:r cu1'rer:d::. of ltlA to 

cha.ngG in an opposite ma.1111e·r to the 1.-jlB emittex.' cu1°r0nt. change. To 

take an example: 

1. I 1 decreases (less cu..-r:rent out, of the supply). 

2. V out in<:~reases (goes positive}. 

3. Iase voltage of QlB increases. 

4. Emitter and collector currents of QlB increase. 

,5. 1.)1 slider voltage increases., 
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and QJ.B collector currents. The supply ir;i desigµeO. such ths.t. an 

output voltage change of less tha.n one-tent.h of a millivolt will 

be a:mplified ·tea compensate ior a 50 rriilliairrp change in I1~ Lin~ 

vol ta.ge changes are im:i.ch "the same t.s IL changes since a change in 

fV has tho e.ff'eot of chang:i.11.g th$ voltago across Rl and tJ1:Ls cl1anges 

·the c-urrent siunm,ing at the ou·tput jlmc"l;,ion. 

'J:he output. voltag0: also ch&.J.ig~!3 whenever a compon<;mt in the 

;:mpp;I.y chanf5es in va:Lue, gain, operating bias; qtc. i'Cr' ·the most 
. . 

part, ~.:.he output voltage :chan~e occµrs when the supply's reference 

or fee.dback or smrmtl.ng junction bias ChCJ,nges. The latter of theae 

i tents 3-.s the least obvious. · ':!.'he summing :Ju.ri.ction bi~s11~ill c.ha:qge 

·11hen Q.J..A a."'ld. QJ.B change th~ir reJ.<:.tive opq:r.·a:ting point,,s. 'l'he· major 

causes of the operating point 9hanges ar~ tre.nsisto;i.1 gain. change., 

those -transisto.r v.:.~ria:l:.i0ns, QJ...ii. and qiB are pl.;.:rchased a::; c:: pair of 

base voltages a.."l.d ba.so voltage tcmporature coef.ficien·~s. Transistor 

parmrJoter3 are particu,larly :;5cnf;i tive ·to terirpo,;cature va::.:.Lai;ion. To 

reduce the effect 01' "temperature variations~ QlA, QlB and 2 of G1s 

transistors a:re packaged in an environment the;t is maintained at 

Booe. (Tl1c use of d:i.i'ie:i:•r<.mtial transistors for J..ow levol amplifi ... 

cation is given further cmJsJ.deration in the comparison amplifiet'. 



discus.sion of this section). The r$i'erence z.ener, feedback and a 

calibrating bridge (see neA."t paragraph) network are al.so packc:tged. 

in this. controlled enviromnent. 

The accuracy of the volte,ge supply is established by comparing 

the reference voltage to a voltage that is taken from an un.1oaded 

resisto)? bridge-? Rx, that is sinti.lar to the feedback bridge. The 

zener diode that provides the reference voltage i.s an aged device 

tha:t is selected for good expected stability. The calibrating 

resistor bridge_, Rx" is designed in co~iunction w::'L th the selected 

zener to have an output voltage that is the same as that of the 

zener ·when 12 f...,.~00.5% volts are applied across the bridge and the 

zener with its series bias resistor" Th$ voltage of the fl2 ~v:olt 

supply is set by adjusting Pl until there is no voltage between the . . 

zene:r and bridge out.puts. ',rh~ resolution of the adjustment is abou.t 

.0005%. The calibrating technique just. described permi:ts adjusting 

the fX2 volt reference supply1s voltage without a voltage standard 

other th..an the supplies reference zenew~ This makes possible 

0 in use0 adjur;rtanent of the supply wher~ laboratocy si;andard;s are 

not avc>.ilable. The adjustment will eliminat.e practically all devla"!" 

tions of the power supply except tbose of ·the :?Jener and ceii bra·ting 

bridge. The zener and calibrating br-ldges are specified .i.,;o track 

with not more than .00.5% per year correction of the f12 volts. 

The .resistor bridge is designed to provide an output voltage 

equal to the zener voltage when the l~ volt supply has 12 f _.oo5% 
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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 d:.."'Op of the wires leading from the 

output to the reference col:j.prating and feedback circuits are 

canceled by bias currents into or out of the exact point at which 

the reference and feedback voltages were measured when the ~ircuit 

was manufactured. In the fl2 volt supply, cancelling current enters 

the fl2 volt junction through a 6.8 volt zener di.ode. An almost 

equal current lcave3 the net"t':ork through 470 oll!Tls to -6.8 volts and 

through the 3 !' 21K ohm bridge between fl8. 8 and fl2 vol ts a.'rld through 

the sum.ming stage (see Figure 36). 

The -12 volt supply is very similar to the f12 volt supply. 

The major diff crences are in ·t;he reference, feedback and summ.i..ng 

stage. The summing stage of the supplies a.re not as difftrent as 

it migat seem. The lOK ohm resistors in the -12· volt supply's 

sum.ming stage give the differential. transistors (Q2A - Q2B) about 

the same current bias as that of the diif erentic:iJ.. transistors of 

the fl2 volt supply. The reference and feedback swnming function 

of the .. 12 volt supply is accomplished by tald.ng the difference of 
,. ,. 

voltage tha,~ exists between common and a resistor bridge output 

(with :<."espect to com.'llOn), that is, about 50% of the algebraic 

difference of the fl2 volt and -12 volt bus voltages. The -12 

volt supply's output is adjusted "tti.th a potentimnet~r in its 

summing stage until the -12 volt output is such that a null voltage 



e::d.sts betwe'(~n the common bus and a:.'1. iJ.nloaded ;50% tapped resis.tor 

bridge between fl2 and ""'12 vnl ts. The initial accuracy of the 

bridge tap is ~003% and tl1e de,t:Lation of the bridge is speci:fi~d to 

be less than ,001% p~r year•. The ... 1~ volt supply has its xefereneia, 

cal.;i.br~:bing and .f eedbacl~ line drops canceled i."i a manne.r s:im.U~tr to 

that o.f th~ f12 yo:J. t sup1)ly • The. re~olu;tion of the voltia.ge adj1.i::rt;.o. 

ment is about .0005%. 

The ~l2 volt $U.ppl;y ta;l{es b:lq,s C'l.U'Pent fJ:"ora the ... 5() vo:tt a,upply 

through 450 ohm$ and tfl..e 6.8V zen~r network tb..at is bia:;:;ed :t:ro:nt· -..50 

-rrolts~ The cuJ:'l'.'t:mt provid~d. by these two paths it3 about the Sa.me 

as would be obta.:tned from one 350 oh.m path as was done f.'or the f,'.1.2 

volt sup.ply. 

The f_12 volt su.pp;Lies ¢an be ehorted .i'ron:. output bu.~es to 

common o:r output bus to bus (f12 tc. ""l2h wnen this lw.ppens.; cur.rent 

from t,h13 5o yql t buses bYJ_'.)asses tl'ie · reguJ.atine parts o.f' the power 

supply and the regulator collaps<:1~ for lack of bias. fifteen vol·t 

zener diodes are co:rL11.ected across t:he ot1i:,pu.ts of the po~ter supplies. 

These zener,s limit the .output vo:ttage to ab.cmt 15 volts if the 

supply's ret;,'Ulato:r ope~. In addition, the fo:r·ward bicrsed zeners 

keep the output bruz;c~s w:tthin a volt or so from com1n,c>n when the fl2 

and ... 12 volt buses become shorted. 

The loacl reg1}.1G.tion, servo stability and temper4ture dr#'.t of 

t.he reference supply are aspects of' the design that requ.ire i'urther 

explanaticin. 
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It was stc::.ted in Section V that a GE up to 100 ,ooo is re ... 

quired for .OOl~b voltt~ge regu.lation. Figure 37 can be used to 

verify the llGed, of a GH of 100 ,ooo.. )?urthe:r the gains required of 

Figure 37: 

= I/\. G. t <. 1. !3, 
l r t.I (:."2. R. 

V: I - - 1..'R... YI- 2. '-
\-} 

nnd if V is to va.r-J no nore than • 001%, l f Gl G2B.H must c:e 100,, 0')0 
0 

r:rl.rd.mun. 

for .001% 01? bette::r.· load reguJ.,a tion: 

< -~ . \ c.. )( I 0 \JO \ h 
-\- G.I (.?.~\-\ 

~ ..... ~ ~ffro/C. I'll\/\'-~: 

:C\...i" ~ .l"l.l( 10-3 uot+~ 
<..\(.1_\?.\4 

. oS 
-.} '.S )( , \ l. JC. II) 

= 

it is sbovm in Appendix A that. Ql .(see appendix for definition 

of companents of Gl) he..s .<J. m:i..nimum ga.in that is about (1/125) o,mperes 



116 

per volt for the fl2 v0l t supp.ly; therefore G2 um.st have a. ::rd.nirm.m1 

gain o.f ;:.bout 104,000 axaps per eJ!Ip. It can bs verified with sQ:me 

no load GH 0£ -the ref~·ence supply i$; 

'H ~II O'-U•l.1-c "".'""'. > (.., ~ t. i. R. '"' > 82.'2..X \3t.J'.,S 

') 5 s, 000 

t1hen H is shown t-o be 1;36 ohras in l~ppend;,i..::~ B. '.i:he GH: of 55 ,,OOO ii;; 

adequate for .co1;t regulc:.tion bec.av.$e the .05 ampere load cm the 

supply must be well control.led u.,ntil the lugh frequency loop gain 

(G(w) H(.U))} i$ less ·~r.:an mrl.:ty with .1:1v.fficient phase ruargin :for 

the supply ·t,o .remain .$table .fol:" var;y:ir1g componerrt Yalueil. The con-

trolled freq,u.ency response of the ti"Upply must be 'LU1i ty td·th the 

de-sired phase margin at some frequency that is less than the uncon-

trolled roll o:tf or lead frequet1Cies of the various com:p-.)nents and 

wires of the supply. Good ·ti·an.sient re.spon.se, however, requires 

that the unity gain frequency be mgli. 

As usual. in power supply design, the output capa.c:Ltor of the 

supply p:ro'\t"ides ~i:,he lowest freq11ency roll off of the cii."Cui t,. 'l'he 

characteristics of capa.oi tor m"'e such that the roll off frequency 

vtlll be. relatively consta.nt iYtlt tho character-lst4.cs 0£ form:1.rd 

gain transistors are such that the gain at which the .roll of!.' 

occurs can be quite varj.able., Higher gains at roll of£ reqi.ti.re 
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lower roll off .frequencies if the gain is to be unity at a 

frequency that is near to that of the uncontrolled freq_uency 

respo11se eleme11ts of the supply e It is not unco:m.rnon to have a. 

seven to one gain spread for a singJ.e type of transistor that is 

Si.J,1Jjected t.o an ambient that var-les :from o<:>o to 7ooc. For the most 

part, gain variation in the refeT.en:ce supply is minimized with 

localized D-C em.i. tter and collector fe.edback. The 01>.tptrt filter 

has the no;..load transfer functionde:civedin .,Appendix B: 

R. ( I +- I ?.o !( 14)...:" P ) 

\I +- <11\ooo ~14)-<. RP) 

1·Jhere wi-J:,hout load, R is about 1.36 ohms, thus; 

v'o I~'- (1.i-. \'-e>.1(1,-.1.p) 

(1• ,SYP) 
R can vary appreciably with load changes but the effect. of changes · 

in R on the unity gain freque11c~r of the supply is sma1l becaupe 

both the ge,in at roll off and the roll off fr(~quency vary directly 

as R. The lead and lag of thr0 output filter are about 1600:l 

apart and ii' GH is 501000 or more, the output f'il ter of the supply 

does not cause the high frequency gF,1;in Of the si,1pply to be tlnity. 

A lag a~round trarrsistors en and q4 attenuates the high frequency 

gain of the supply to cause ~ v.rtl ty loop gain at about lS0,000 

:radians. The transfer furtct:i..ons of the QJ ... Oli. stage will be about 

29 • :::. 
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Both the rrain and J.ar; tiI•1e constant cf QJ-Q}..i. stace v2r:~ directly 

0.3 the: open loop D-C cu:tTcnt gai::-1 AiJ-4 .;:nd thu~, variation in 

J_iJ-4 will ::1.nt ::.ffer.-t ·Lhr: .f:c2r.'.ucncy at 1-rhich tho supply app:coaches 

un.i.:l; i.:,ain. T:i10 nati..i.re of the high frequency stab:iJ.ization is such 

that D-C stabiliz~ltion is not required for QJ-antl QL., accordingly 

these two transistors are operated at alr:1ost full ga.in to improve 

the D-C recr,ula-0ion of the ~mpply. 

Tho d5.:ff e:r.?ntial base vol tace drift of trm1sistors QlA and 

QlB is about 15 microvolts per degree centigrade_, Dnd QlA and QlB 

have minimum cur.cent c;ains of about 30 at 2;;0c end a train ratio 

'lA/#lB that is greater ·Lhan 80% if QlA is the lowest gain transistor 

of the pair. Transi.::tors with better charnct.cristics for tempera.-

ture ntab:Llity .::re c:.vailable and certain circuit tochniqu.es are 

vY.:::dl2ble for rcducinE t:r1.e temperature cU:'i.f'.; of c1i ff e:rcntic:.l pairn 

o.f tr.:msistors. QlA and QlB h~vc been plD.ced in the temperature 

chamber that conta.ins the rcfcr~mcc in lieu of :i.r.tpr::>vcd tr2ndsto:r 

01· nore complicated circuit techniques. J.,jJww:i.se Q2 3.nd QJ were 

placed in the ch~"l!ber. TJ.'l...e need for tcmpcraturG control of Q2 and 

QJ can be studied c:;.s follows. It can be slx:i1m in a manner s5.r.d.lar 

to that used for calculation the effect of a load disturbance on 

tho po~wr s1Jpply th.D.t a i~mp0r::d;ure disturbance current I 1-iill 

effect a supply's output voltage such t!>...at: 
A Vo ~ A .r '-~ - :Y:[ -2.S 

\ t- (.. r- <.r, \-t 
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Where 

G.B ~ gain belrl.)J.d A I 

If A I occurs between •:'.J2 and Q.3 at the base of Qj" then .from equa.., 

tion iJl;;,.25: 
/::;.Vo '= \AI x ti.s) /. S 

and a. !l I of one mioroarap will cause about .. 002;:; output voltage 

change. 

bias it has a mW.ti.mum hlff: of about, thirty. Th€! Ic:0 ot Q3 is about, 

.01 nrl.croampe:rE!$ rr1.a:dmtu11 at 25°C. It the temperature oi Q.3 is 

increased from 2$0 0 to 70°0, the C\J.J:'rent into the ba~e of '13 can 

be ei"Pected to decrease by something like a. half of a rnicr9a.mpere 

and tho voltage supply's output volt..agb will change about .001%. 

An .001.% 'Voltage cha11ge :in i;.he :i:<eference supply is toler~ble; but 

-will qau.se les$ out,pu:t voltage deviation thal1 Q.3 becau$e o! temper~ 

Co:112ari,sop. Aniplif~e:r 

The co.niparlson a,mp1ii'ier is e~r;ientiaJ...1.y a. voltage polarity 

detector. The arn.plifier must detect 'Voltage polarity ·with a mnall 

input s:i.g..YJ.al a:'1d :t t must recover quieldy .fl?Om having sensed a 

large input signal. the m;3.g:ni tucte of an :tnpu.t s:i.gnaJ. pe:r count, i;;'tf 

di££erenoe bet-ween the converter's L11put and tlecode:r 1 s 01,1."tput is 
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calculat.ad as follows~ 
Vo.. 

«c : compl~rn.enting :resistance • 6K ohms 
~ : para11~1 equi"\talen-~ decoder re.s:tstance 

6K ohms 
f . ;: COmre1·te1~ IS :Ll.!•:>ttt resistance 
~ . ' ·~ 

VQ. 1· =- 5 ~ tc.-J .)( 
Cc.l)..:>T II,: :: 2o V' 

,, c..J 

)LI.I 

= 

'£he m.~:rm.irr1 signal to ,c;he co:m;parison ar.rplifiex' can be 8000 ·UI11es 

that of a B:L.'lgJ_e coi:,.nt ertor if the decoding, coli1pl.ement:L."1g and 

input curre:i.1ts have certain values 'i:J.1at can occur, for e;;rarnp1c, if 

·the ~onve1-ter• .s. decoc.1.ing anu switched c0.&n.p:Le:m.et1ting curren-t is zero 

from a previous conversion and tho convGr-(j;,n"s input voltage is.· 

n0g.ative by a l"vll scale ar.1ount. It i5 desirable that the corapari-

son a:rnplifier detect tho pola..:r:lty oi" a signal that is .fiV$ to ten 

pe1~ cerrc or less of a co1m·t;e lf the compa:dson ainplifier· has full 

scale output i'o;r ten per eGff(, of a count, its rna;.dmu.m. input; 1.-Ji.ll 

be 80 ,ooo times greater t!k.1.r1 -th.at i·oqu:i.red for f·v.11 scale. 'l'he 

am.plifier must have good transient i·esponse ·to recover from maxi.mum. 

input in tiint;} to detect ten pe1· cent. of a count. The time pe:.i.'l.lli.tted 



fo-:..n .::. co;riparisou can be :;:iadc 10~1ger for cor~.p() ::.-1.sons with l"'dghar 

order c:ocoder.· bit.s b·1~t tl"J:!.3 cm,i[.licates the logic 2nG. t:i.m.int; 

circ11i ts of th:;. converter. It td.ll be sholm later t.hat the l·Jgic 

o.nd timing of the designed converter provides 90 microseconds fo;;. .. 

con1paris~ns with its cOlllplementing bit and 40 mcroscconds for 

conversions i.d th other bi ts. 

ility if' it if! to op-3rn:lie f:t•om "=. fifty :i'd.crovol t or so signal. The 

v.sua.1 teclrtlqu.e for providi~1g D-0 ea:ln stabi-1:tty i.:1 un .;:inpli)?icr is 

for the opor.. loop a:;·iplif:ler to have excc.::;s gain thn.t is dccroa.sed 

rednces the D-C drift o:i~ a linear ;.JJaplif:i.er 'vjr the se .. me al:-tount ,->_3 

ou.t;,:mt voJ.ta.ge and ·b:mu .t;scd'ba.cl~ is of no obvl.:n~.s va.lu~ in raducin.g 

Figure 39 sho!·7S the circuit nscd for thl'J can·%:r.t~r' s comparison 

reason::; ·C.hat 1-rlll 1~c c:.'Cplain0d J.ate:::. Host of the a'7lp1i.fie.:>1 s drift 

·:·.r:Ul be d.,,;.e to dl~J.ft i.n th~ fi.r;.:rl:. or fir:.>t a.J1d second ste2cs of ·l:.he 

a;.:plifior. D:U'.f'cre;1tiaJ. t.re.nsi;;tor packnces o.s used :1.n tho fir::it 

stage of the c..J;·,1par:tson amplifier are being strongly advocated as 

8. means of ayo:i.ding i;~-ic tr2.n::;ient a:.1d noise problems a.ssochd~cd with 

low level D-C ampli.fiers ·~:.hat. use chopper tech.lli.ques .fo!' acl:t-i.e~,>ing 
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low drift operation 3o, 3l. The differential transistor circuit 

is partieularly well known for its temperature st.ability, bnt these 

transistors .. are not temperature stable enough for the comparison 

amplifier unless temperature compensation or ter.iperature control 

is provided !or the tran~istor pair. A self ... contpensating, low 

frequency a.:--nplifier that utilizes the base-emitter diode's tempera-

ture coefficients of oii'f erential transist.ors has been built with 

an equivaJ.ent input drift of .05 microvolts per degree centigrade .32. 

This circuit a.~d probably most other temperature compensated 

circui ta of good quality require that the co11ipe.i.--isation be ad-

justed while the transistor pair is subjected to a vary.ing ambient. 

The comparison amplifier uses temperature control in lieu of com-

pensation as a means 0£ providing a circuit wit.h low drift in a 

varying ambient. In spi:te of decreased need for stable temperature 

operation because of temperature cont::"Ol, the ctaracter:tst1.cs of 

differential transistors: are still desirable in the comparison ampli-

fier. The r.iatched gain -Oharacteristic of the pair of transistors 

reduces a:raplii'ier deviation due to line voltage variations and the 

matched gain cornbi.YJ.ed -.;:Lth matched ba.se-emi tter 1;ol tages make it 

possible to adjust the :0:-C bias of an amplifier ·with a simple adjust• 

me:nt ;lihat has good resol.ution. Al.Do differential transis-t.ors have 

inherent reliability; low leakage currents, low noise nnd high 

gain ·with lo"ft D. c. bias currents 33. The h:i.gh gain a.nd lou leakage 

characteristics permit the transistors to have low D. c. base, emittsr 
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anq collector c1.1rrent b:tasss. · Low bias makes the transi$tor's 

out1'mt voltage less r-;.ensitive to changes in i·ts. D-C cttr!'Emt, gain~. 

thus a major cause of drift can be reduced. 

The innut t,ransistors (QlA and Q1B} of the co:rrrom'1.son a1'iml:i.fie:r 
-~ - ' . . - ' . ' - ' ' :. . ,J_ ' - -

are a pair of passivated planar tra-i.sistors-in a sirigl;e package• 

T.he !1.FE•s of 'the. trans:Lstcr a:re 1n,11·~ched :withd .. n 20%, the ba.se~em:t tter 

voltages 11:r.e ma'~ched witttj.n .ffi.ve irrtll:ivol t.s and, the relative cha.i.1ge 

between 1;>ase wltages is less tha.n .20 microwlt.s per degree cent.i• 

grade o.f. d:Lfferenc.e in teT1Iperature of .the t:ra.nsistors. The transis .. 

tors have a minimum 25oc gain o.f 100 i-rt.th 100 mic:roanipe:rGS o:E 

c:oll.~ctor curren·t and the marlmmn Icbo :i.s .01 ~ 10'"'6 ampere at h5 

The in,put dif.f'erenM .. al t.raneistors of the compa:!":i.son amplifier 

of Figure 39 are biased with a. collector current of 200 mi.cmamperes 

and an emit ter .. coll ector vol~ tage of f ou.t' vol ts. Thi.'3 bias, co:mb:Lned. 

with temperature control and. 'the above mentioned ehara.ctt'ilr:i.st:i.cs 

:makes a decent input stage tot· thei com;patiscm. amJ;li.fier ... The effect 

of input stage hm changes on the con1(epsion is readily caJ.cula.ted. 

The transistors are in 8000 control.led ambient, ·t;hus thei:t" hFE•s 

t·iill be about 1.50 minimu.m.. The amplifier input current bias will 

be about 1.3 microa:mps into the base of each transistor~ The eon-

verter19 inpti/G, decoding, and complementing resistors have about 

1420 ohms of pa:raJ.lel equivale11.t. resistance, thu.s. the amplifier's 

input bias voltage is about two millivolts. Two milliirol·!;s :ts 
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equivalent to the voltage of .) counts of eigna:L. Tb.e ci:rc1ut ie 

designed with 11.~0 ohms at the base of the tra..1'l.sistor opposite to 

the input base, t.hua, a 1% change in gain of the t:r&"l::'iistor'' s rela• 

ti'V'e to each other will oause a .0007% offset error. 

The compar1.son a.ffi??lifier is dasigned ·to operate as follows. 

The circuit is essenJ..;ially a series chain of four differentially 

operated pairs oi' tran~ist,ors an.d t.wo outpu.t transis·tors q6 and c.27. 
Initially, the amplifier's 100 ohm potentiometer and 5000 oh.T!l 

rhe.o~va.t arc adju.sted until the vol ta.ges a;l; the a.mi tters of C>.3 and 

Q3 • are at cow.men potentia:t.. A clamp co11sist:i.ng of d:iodes CR14, 

cra.5, CHJ.6, and CIU8 prevent -~hese entl.:tte:rs from changing :more than 

i l.S vol ts with respect to com.mo11. Transistor5 Qlµ\ and QhB are 

each biased at o. 75 m:i.J.liampere~•, thus, their collector voltages are 

about 8.5 vol ts posi ti1re with respect to common a.nd t.heir' base 

potential. Assu."lle tr.at the signal to Ql.i,A is poai ti ve going and th. 'Lis 

tending ·t.o saturate QLA. The signal w Q4B will tend to cut off 

QhB. The collector of Q4B goes pos:tti ve 3.~ volts and the tran"' 

sistor cuts off. Q4Ji.•s base colle 1~to:r bias is now about 5.0 volts. 

When Q4B cuts off, the gain of Q4A shifted from h,750/300 to 

4, 750/7800, thus QJ..i.A can.Ylot possibly saturate with a base signal 

that goes to a. positive 1.~ volts. The cha.nge of gain prevents 

saturation of QhA a.rid thus imp1·oves the transient perform• 

a.nee of the a..rnplifier. The transistor stage,s with Q;) and Q$ 1 

avoid saturation in much the sar~e manner) although gain non~ 
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linearl ties due to diodes CR8, CR9 a,11d C.RlO Md the base ... emi ttel" 

diode of Q6 have a.11 e1.'iect ot1 the operation. 

The. transient response of the amplific!' is largely deternti.ned 

by the amplifier ci:roui t between the input te:rmi11a.1 and diode.s 

CPJ_4 through 18. Ignore the function of H-37, R39 and R57 ;for the 

present. The emitter of Q3 is at cmun10n potential when the input 

signal is zero, thus no current flows through CFJ.4, ORJ.5,, CF-16 anct 

C:Rl8 ~ a.i1d current will not. flow 9hrbu.gh these ~odes when the ampl:i• 

fi$r senses small input, signals, therefore, tl1e ci:ccu:i,t has full gain 

fo:i," small input, signals. As the input signai becomes larger, the 

diodes conduct and tend tq :('educe the signal at QJ.A' s base. Tli.iE! 

provides ~ clamping action t.hat, limits the -voltage change of Q,3 and 

cu• emitters t9 abou.t one a,nd one .. half v-ol.ts ea.ch for a.n i~ut sig• 

na..1 that is as large as twice ·tihe d~coder•s .full ~cfile signal. 

Derivations L'l Ap];>endix G show th'3.t the small signal,, low 

frequency, double ended output ga.i.n of ~the amplifier ci;rcui t through 

QJ and Q,J' is one hu..r1dred and i'0u.r ii' the diode clamp is open,, while 

the gain is seven hundred and eighty ii' the clamp and pa:ir of 121100 

ohm feedback :ces:tstors are open. Th.e .001 11licrof arad capaoi tor of 

Qlf.. and QlB causes these ·t.raneistors to roll off with a twenty micro-

second time constant., thus the open clamp, o~ loop roll off 

frequency is about; fi,fty thousand radians per seacmd and the open 

diode~ closed loop roll pff is a.bou·ll three hundr.ed and seventy-five 

thousand ra.c;1:i.ans per second or sixty thousand cycles per s.e1cond. 



The gain of the ai11plifier :tro:r.1 its input to tho outpu.t of Q.) is 

a.1xntt fi.fty ... tr,10,,, thue, the 'unity gain c:r·ossove:r frequency due to 

"the ixi.put tra,nsi sto:e ts lag will. 'be near tr.iree megacycleP. The four 

FNP t;r-ansistors have 111..li.'"'liraum ~a.in bandwidth prodn .. f..rts of· 300 .ri+egao;o 

cycles (at 20 nrl.lliam.peres of ! 9 ) and r11,ro::i.nru.m output cal'.~ac:i:b&.."l'lc.~s 

of 4 X 10'""12 farads• These t:ra..'1.sistors should not contribute 

appreciable to tb.e fre<:J,uency response of the Ctl!~lifier at frequencies 

les$ than. three mega.cycles, thus, the amplifier will bo stable "t/ith a 

diode clamp that provides nearly tu:ii ty gau1 operation. 

In op9ratio1'i:, a positj_ve th.res vo.lt equivalent decod."i:.ng, qom;.. 

pJ.et<tenting, and input $ignal t-a).11 caus~ the emi. tter of Q3 to b.e 

negative by one ar"1.d. one ... hati' volts. lf the coliq)arison a.mpl:lf'ie;r 

is to settle p;roperly, an input, voltage change to a negat.i ve i'i:f'ty 

microvolts should cause the amplifier to change states in about 

forty-five microseconds or less. I.f the ariiplifier can JJ ... c switch 

ov.tpl.J..t states with a Si:h.rty mier{)vcl t d*adband (f JO :roi.erov-ol ts), 

the emitter of Q.3 must sett.J.e t.o a.positi'\l'e one and one""htt1.f milli• 

fifty rnicrovolt input signal, the emitter 1nu.st sett.le to w:i.thin 

one .millivolt of its final value, (that is.; to 'Within 1 :ic 10·:3 x 

100%/1.5 :! ( .067% of its final ~ll'al"tie). The time elapsed :for linear 

settling ·t,o .06?% requires the t:tme of about 7 .3 tirae constants. 

With the d."lod0 clamp not condn.eting_, the anrplif'ier1 s time constant 

due to the .001 :micro.farad capacitor i~ about 1 second/ (375 .x 103} 
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qr about 2. 7 mic;f<)seco.nds. Since the diode doe,s speed t.he ampli.-

f:ler•·s change of state.; t.he a.TI1l~ntior should always be. able\ to 

chan~ output states in l$ss than twenty rdcro:seconda p1·t2S t.he 

se:~tliµg -tirae of the transi~rc.Ors that £oliow Q3 and Q3t if the 

a.-upli.fie:r ha,s ~1 input :U-0 de~dba:l;'icl pi sbr~y or less lrd.cA'ovel 1:.$ 

and if the input sign.al it is to' ~etee·b is ,fi:tty or J~ore nacrovolts. 

It is .slX>wn in Appendi4 C t.hat the e.mpli.fier•s gai:i.1 is pr-0bably in 

excess of 7 x J.06 volts pe.]' volt and thurp the amplifier has more 

than ad.equa:te gain for the reqili.I'(,,}d deadbq.nd. It is actually ne.ces~1 

sa:ry though that the input sigru1l of the Brll.Plii'ier be la.rge en9µgh 

to satisfy the deadba.nd requi:reinent$ .of the ampli:fier over ru:1.d above 

·che internal ·noise of: the aniplifie:r as :t>eferred t.c ·the amplifier's 

input• It is stated in Section VII that a measured D.o.C inpu:b signal 

required to $witch the arl!fili.;t'ier fror~ on.e output state to the othew 

was twenty miorovoJ.t$ in a t(ast w,ig and fort-.r microvol,ts when the 

airrplifier was operated in ·t.he convert.el.", ·thus th~ l'lOise is sui'fic:i.ent-

ly J.ow to permit the an1plifier to ope~ate as calc1ilat.ed. 

The 100 ohm trimm,er and two 51.•l ohm. resistors in serie~ i-rl. th 

the emitters of QlA and ('flB increas(3 the P.mplifie1"' s :1.npu."0 resist-

a.nce and p1"0vlde "" means Qf can.cel:l.ng the (l).:f'fect of: tmoal.a.nced 

is made :fairly higll to reduce the csffeot of drift in Q2 a.nd Q21 

and then feedbe.ck through the two 12,100 ohm. resis·tors ir;:; u.sed to 

decrease the mun and increape the 'bandwidth of the amplifier loop 
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inside of the diodE) reedl;ack clamp. The iri..crea.~ed ba..11.Q:width !s 

neee1;3sary to permit the runpli:tier to settle ~e it comee 01J.t ot 

clamped operation. 9.'b:e i'e(;.ldba<Zk th.t-ottgh the lf ,100 ohm rel'I.listo1•s 

aJ.~o inc:in·~ases the amplii':l.er• s :o? c. and dynamic inpt1t resistance. 

Feedback i~ i).sed in th$ emitters oi' QLµi. $,nd Q4B to reduce the 

loading on Q,3 and Q,3• and toproVid¢ a controlled gain fo'S' tha non• 
saturating Qpera.tion prev:lously described.. 

Resistors RJ9 _. R41.1 .··and. R51 ptovide the converter's half count 

offset. The compa.ris:>n amp).ifier is adju.stad to hav13 an uncertain 

output when aU decod.er bi·bs are 11 011..1 the input vol ta.g<t: is zero 

vol ts, the co;mpleinen:\:.:tng resistors ha:ve equal and oppo~ite ·currents~ 

;md the amplii'ier•s nadju:st" terrnin.al is ¢onnecte:d to common. The 

comm.on to 11adjust11 connection :is ope11ed af'ter the ~pli.f1.er i$ 

adjt1.~t.ed and 362 rnic:t'ovolta is caui.:;ed, across R.31 and R,32. 'l'hia 

voltage cau.;3es a.bout (')ne ... ha.l:t' count offsErt with pola~ity that is 

the seJ!le as that of the input. voltage during a.. normal conversion. 
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VII VOLTJl,.GE-'1'0.-DI GITAL cmm...:rtTER CIRCUITRY 

O;e.eration 

The decoding,. co:mplementi..Ylg, and comparing operation. of. the 

successive approximation converter have been given enough consider- .. 
. . 

atio.n that the circuit connections associated .trl.th these.,91ferations 

should require only minor· explanation. These connections are sho~ 

in Figure 40. 
The logic Qf the converter ha$ thus far been given only the 

brief treatment in .Section III. Figure 4l p:rov.i..des a logic diagram 

for the converter. The follotdng n:>ta,tions are used on the logic 

diagram: 

1. Type logic is slnwn by abbreviation in the center of each 

logic symbol (bo~) • 

a. SR is shift regtster. 

b. FF is flip flop (storage .functiop.). 

c. BS is single shot. (:monostable vibrator or one.,~hot). 

d. OR is inclusive nor" logic for true inputs. 

e. Af'q'D is 11anci11 logic f'or tl:'Ue i:nputs. 

f • INV is inverter {neg$. tor). 

g. DELA.Y ;is propagation ·t;ype delay that is used for 

logic purposes. 

2. Inputs are to the left top,, or bottom., of a. logic s;ynibol. 

3. Outputs a.re to the right of a logic s:ymbol. 
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Figure 40. Analog Circuitry of the Converter 
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4,. A cir•cle at an input il'ldica.tes that ·~he desired logic is 

performed for a "0" rather than a "lQJ input.. A eil•ele input 

is ofllled an inverse input, e. non ... ciz-ole input is called a 

norm.al input. 

5. A circle at an output indiea:tas that the logic is true for 

"0" at the circle output. A circle oirtput is called an 

inverse output11 a non .. circle ot1:bput is called a nol'.nlal 

output. 

6. A "l" at a shift register or flip flop eet temii."l!il 'tal"ill 

ca.use the normal output of the unit to asstll!!fl a 111" state. 

A "l" at the reset ·terminal will cause the normal outpu:b to 

assume a nou state .. 

The logic of the complementing and decoding switch.es is su.a.h 

that the a"'Witch ou.tpu-i;e a n1tt eu:rrent with "()ft .QB non at their t"t-ro 

inputs.. One input of the m.ost significant switch (com.ple.me11·i;ing 

switch) is connected to shift register bit l.2$ and tile other input of 

this std tch is conneeted to flip flop 12H. The in.pi.its of the 204$ 

gwj.tch m~e connected to 11'$ and ll:t!, etc. 

The 13 bit shift register 0£ the logic .is operated as e. ring 

cou:nter to cause trial operation of su.ooeedin.gly lower order 

converter bits. !f the comparison amplifier indicates that the 

total decoder and complementing signal 1 . inaluding signal i'ro;m. the 

trial hit, is less tha.n the 5.nput sigrual, the flip f'lop eor1iesponding 

to the trial bit is set and ·the decoder bit remains s, "181 until a 
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now conversion is made. 

The logic operates as outlined by the following steps: 

1. 'fhe converter receives a 111 11 start conversion signal. 

2. lT outputs a normal and inverse fifty microsecond pulse. 

The inverse pulse ca.uses lJA Ji:,o have 11 011 out. 2TD 

de:~b.JG the nonnal pulse for a few microseconds and then 

resets aJ..l i1ip flop and shift register bits except 12S. 

12S is set by l''I'D. 

3. The pulse from lT ceases. 

4. 1'he normal input of 2T goes to a 111 11 since 12S causes lR 

to output a 111 11 , and 13A thus outputs a 111 11 because lR 

AED inverse lT are 111111 s. 

5. 2T outputs a forty microsecond pulse. 

6. Jl' outputs a ten microsecond pulse ·i;hat follows the trailing 
/ 

edge of the pulse from 2T. 

7. The ten microsecond pulse fror:i JT :Ls 11Ai'!D 11 ed with an 

i.-riverted si0nal from the comparison amplifier, CA, at 

logic 1L'l'lit 14A.. If CA im.lica.tes that the d.Jcodcr signal 

is small, then t!.1s output of J)JA. becomes enabling -to the 

13 11AffD11 uni ts tbat sorv3 as gates to th8 set terI:rtncl of 

the 13 flip fl.ops. The 11AND11 unit associated with 12iI' s 

set terrri.nal w:ill output a 111 11 since 120 o"-.ltputs a one. 

12H becomes set. If CA indicates that t:e decoder s:Lg::w.J. 

is large, ll1A i·Jill inhibit th::: setting of 12h. Notice that 
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the comparison ampJ.ifier has had at J.east forty ra:tcro ... 

seconds or settling tir11e i':rom the bc~ginning of t111;} pulse 

from 21' and ninety or so m:lcroseconcts from the bcigLtming 

of the conversion. 

8. 4T outputp a ten mi.cX'Osecond pulse that follows the trailing 

edge of the pvl se :trom )T. 

9. The "l" o£'. l2S is shifted to llS by the lead.:i..ng edge 0£ 

the pulse trom hT. 
10. The 20L.8 decoder bit outputs a n1u signal fo1~ trial P~"" 

poses. 

11. The cu.tpltt of lH becomes 11otr when 128 becama O. The 

output ot 2R became n1u when llS becai'11e 1. 

12. The inverse input of' 2'1' goes to uou and 2T again outputs 

a. .foi'ty in:tcrosecond pulse. ~'he u.se of two inputs to 2'l' 

is 1•equired because the inputs to the single shot circu:i t 

are internally capacitively cou:pled to the monost.able 

circuit oi' the i.m.i t. 

lJ. The 0111 in th~ shift regis~i.;er is now in a cyclic mode 

that, continues until OOS has been :ma.de tt111 and then 

finally left as a "0 11 by a shift pulse from. 4T. 

14. The norrnal cu.tpu-ts of 12H through OOH provide the output 

Q.ata, of the co1werler. The state of 12H pi-'o'v'ides sign 

information for the data. 



136 

In summary, the l.ogio provides ninety nderoGeoonds for the 

comparison amplifier to detendne the polarity of the converter's 

input voltage and than it sequentially enables each sueceedingly 

lo'Wer order decoder bit for forty miCJ:oeeco:nds. The compa:t'ison 

amplifier detects the dif'ferenee betwen the converter's input 

signal and the decoder's sign.al du.ring this time. If at the end 

of the forty microseconds, the COiilpa.riso:n amplitier1 s output 

indicates that the input signal is :.i.n excess of the deeoder' s 

signaJ., the logic .of the converter ea.tises the enabled. decoder bit 

to remain enabled. for the remainder of the conversion. 'lable 8 

illustrates the conversion proeed1tre vi.th a ten volt f'u11 sea.le 

converter that has •l.6ol input volte,, Wha digital equivala:nt of 

-1.601 volts is correctly ab.own to be ...640 counts., 

Th.0 logic of' :Uigure 42 is ~bolic only. The actual logic 

used in the conve:t"her vas "NANDft type 'With special eircu..i. t prov-lsiona 

:f o:r shift register and single shot logic. 
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TiWL.E 8. G 011JVEU'l1EH OP:FJi:.ll..TION CHL1HT 

Trial Inp'\J.t O:f fset COlilpl./ Comparison :11n .51ts 
liumbe1· Sign.at Signal Decode:'!' Input 

(Counts) (Counts) ~3ig:r.aJ. (Courrts) 
(Ccu.nts) 

0 -640 .. h -.5 -h096 -1~736.9 
1 -640.4 .... ;; 0 - 640.9 -n, .... 
2 -640.h .... 5 f1024 f 383.6 c 102h ' 3 -640.4 5 f 512 128.4 c 512 ... - ' 4 -6l~OJ.i. -.5 f. 768 f ,,'i,. c, 512, 256 · _.J_._, vO 

5 -64o.4 ... 5 :;. 640 - .9 c 512, 128 ' 6 -6L!O.h -.5 f 70!~ ~ 63.1 c, 512, 128Jl 64 
7 -640.h .... 5 ~ 6?2 31.1 c $1.2, 128, 32 ' 8 -6ho.h .... 5 656 f 14.1 c 512, 128; 16 I ' 9 -640.4 .... 5 t 648 I 7.1 c, 512, 128, 8 ,. 

10 ;..640.4 ~.> f 61:11. t 3.1 c, 512, 128, 1~ 
11 -640.4 .... 5 f 642 ~ 1.1 c 512, 128, 2 ' 12 -611.0.4 .;.. .5 f 6hl ~l c, 512, 128, 1 
13 ... 640.4 .,, 

f 640 .9 c, C'! 2 128 -.;> - :.>- ' 
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VIII RESUil1'i:,~ OF CIRCUIT MID oor~ EVALUATION 

.In,troduyt;J.sm 

It is generally desirable 'to verify extensive c~cuit, eJ.1.alysis 

or synthesis lrlth operating circu:J:ts. 

The comparison amplifier, reference power supply, and deeoder 

switch with driver were :lnitiolly buil·l; in a breadboard fashion and 

evaluated. These ci.!'mtlts trere than pae:knged on epoxy base, etched 

circuit boards and evalti..ated again. fhe effect of 1..dre routing and 

lengths was 0£ particular interest at ·that stage of development .. 

The comparison amplif'i<:i:r,, rei'ere:rme supply and 13 switching bits 

were then assembled ·with digital logic to make a voltage-to-digital 

converter.. The converter's performance was then evaluated. 

'l'he object (,,)£ this section is to briefly present so.me of the 

results obtained during the circuit and con'l(erter ev~uation. It is 

to be expected that the pe:rforma.:t1ee of the eirc.ntlts will not usually 

approach the li"'llits allo11ed by the spee:U'ioo.tions. l'.n cases where 

several circuits are designed to contribute a smal.l amount of a 

single conversion errol' or deviation,, ·the instrumentation Tlsed in 

evaluatipg the circuits wa.1;:1 marg:ln..t:tl.1 but for overall performance 

maa.su.rem.ents ths instrumentation saew.ed satisfactory. Voltage 

measurements vere made by comparing a divided referenee voltage 

against the voltage quantity to be lilf:%tsured. The meaSm"ing equipment, 

and its specified perfor.mru1ee is listed below. 



139 

1) Voltage asrerenee 

a. Voltage I ta 50 volts 

b. Aocu.raey1 i£.oo5% absolute, long term 

i.002% absolu·fie, short ter.m 

i .. 002% relative 

c. Temperature coei"f'icienti .0002$/'C 

2) Voltage Divider (Kslvin•Varley) 

a. Accuracy: i.001%; 15°C to 35°0 

h. Input resistanee: lOObOOO ohm.a ~.o~ 

c. Type: VDB 105 

d. Ma.nufa.cttll"er: J'ulie llesearcb.1 Inc. 

3) Nina-series Resistors (to reduce range of Vlll'U05) 

a. I..'l'li tial relative a.c<..'Ul'acy compared to VDRl.05 input 

resistance: .0001$ 

b. Ratio sta.bility1 .oo'Jl,/yeaz 
e. Tei11perature eoefficients .0002,%/0 0 

d. Manufacturer: Julia Research, Inc. 

4) Null Detector 

a. Scales: 100 x 10.-6, 300 x 10...6, l :x 10-3 - 103 volts 

'h. Input impedance t 10 x 106 obm.s on 100 x io-6 V. scale 
. 6 ~ . .30 x 10 ohms on 300 x 10 V. scale 

100 ~ 106 ohm.s on all othez· 
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c. ~ccuraeya J;J$ 
d.. :tsolationt battery oper$tion 

D@goder . anc1, Qpmplementv 

An initial switch and ctriver design did not have ~pacitors Cl 
and 02 (:see figure :;,;),. and instead, it had a 220 l'!iicro-microfa:rad 

capacitor around the 221000 obJn resistQl' at the base of QS, thus the 

initial circuit was appreciably taster than th.e final circuit. The 

faster eircuit tended ta short ths sw.ttches reference busses when a 

saturated liPN S'hi.teh condition was ol,la.nged to a saturated PNP 

condition. The shorting action would $eem. · to be ea.used by Ce.i'rier 

storage in the m- transistor. Whe Nllf unit with the worst storage 

charaeteristie wa.s selected .tran.100 a.v~ble smnples. A circuit 

was breadboarded e.s shown in :Figure 33; and the capacitors Gl and 02 

were seleeted to give sate non-shorting 1?wltcbing 'With the worst 

transistor in $.n so0c $!lbient. P.rior to e.dd.i.."lg Cl and 02, the mtltch 

OUl'rent was as high aa 40 milliamperes in the so0o ambient. fhe time 

required for the mtch to change froxn. one output to another was 

measured and found to he about three ll\icroseconds wen Cl a.nd C2 we~e 

in the circuit, and the in,.1'llt rise or tall tme was 0.3 microsecond.$ 

and the lt'iBasured switching time was measured :f'rom the beginning Qf 

the input pulse to the t3Jn.e that the output was five per cent away 
from its final value. 

The effect of $.lllbient tempe't'ature on driver input voltage to 

cause a one m:Ulivol t olttulge in the S"Vt.itches output "Wa.a u..easured end 
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.found to be quite goodo The output ~1101 tage ·transfer f'rori1 a millivolt 

change to the opposite state i:n eithei• direction ws maintained 

m thin an input voltage band bet-ween l. 5 and 2 .l volts in an ambient 

that varied :from o0a to 7<Pcli! Tb.is band -was maintained for 13 cir ... 

cuits. 

Most of the odcula.ble mdtch a.'ll.d resistoI' performance as 

outlined in Section V! 'Was verified by measurements. 

An attempt via.a made to check the ei'f'ect of ambient temperature 

on the i,12 v-ol t ref'erence suppl.y. The measured deviation of the ./.12 

volt supply ·was found to he one-ten.th of' a millivolt for a o0 to 75°0 

ambient ch-ange on the unheated components of the supply. A sim.il&' 

:measurement indicated two-tenths of· a millivolt variation £or the -12 

volt supplyw ~hese deviations are smaller than could be reliably 

mea.sv..red with the test equipment, but they are probably a.ecru.rate 

'Within 50$ OI' so. 

The transient response of the sttpply W'as evaluated by applying 

step loads to the supply's output while varying Cl (see figure 36). 

For large values of Cl, the supp:cy is a f3GOond. order system &"'ld the 

phase :m.argin can be determined .from tables t;b..at a.re available in 1ueey 

servomec:hanisri1 textbooks. The phase lll:.al'gin fol' lol-r val:u.es 0£ Ol is 

of more interest but more difficult to analytically appraise or 

measure. The step response on the supplies output should cause 

transient voltage surges due to current chang,'Els in the ou·t;put 

eapacito!'a ESR, w.lre inductance, 'Wire and connection resists.nee, etc .. 
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A step 50 mj l l iampere load t.ras applied to the supply output by a 

mercury vetted rela\Yi s interlock. A fiV'e millivolt per centimeter 

oscilloscope with a ten megacycle band.pass and a 200 microvolt per 

centimeter oaoilloacope 'With a 100 ldlocycle bandpass 1.fe~e used to 

ma$.sure the step i-esponse of the supply. As near as could 'be 

determined with the av$ilable scopes, the output volta;ge jumped up 

one millivolt and decayed ·with an eig~t l!licrosecond time constant 

'When Cl vas 220 micro""1Uicrofua.ds (final v~ue of Gl). Similar 

performance was obtained for both referenae supplies \11th bread.boa.rd 

and final packaging, All tour supplies ~re stable with Cl reduced 

to 22 ndcro-mierofarads. 

Qom9si§S?n pP1ifi.E 

A t.re11 filtered, battery supply was used to measure the input 

voltage required for D.O. switching 0£ the final packaged, comparison 

amplifier. This voltage was found to be a.bout 20 microvolts (~O 

microvolts) vi.th the aio.plifier in a test rig $lld about 40 microvolts 

(i,20 microvolts) at the eon.verter~:s input when the comparison 

amplifier input was varied in an operating converter• the measured 

switching signal was about co.rre~t for overeomi..'l'lg noise that vas 

mea8¢t'ed in linear stages of the amplifier. 

!the dynamic switching ti.ma 't-18.s £oun.d to be f.a.irly consistent 

vi.th that calculated in Section VI• Fifty microvolts of reverse 

input caused the two bread.board e.nd the final. packaged amplifier to 
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recover from tvr.Lce th.e decoder's full scale output in .35 ~croseconds. 

Vg1tage .... ]9•DiSiUtg1 Converte.& 

For the Jll.Gst part, the converter perf'om.ed as expected.; hol-ieVer; 

the evaluation t.Jas somewhat rushed beoause the converter wa,s needed 

for a syatem. prototype. 

The converter va.s first operated with 1,t.~eh slower eingle-shot 

than those 0£ Figure ,,U. This provided pari'ormanca info:rma.tion 

esS1ential1y equivalent to J>.Q. oper111.tion except for sel£•heating 

errors. The converter• s gai.n,, offset, noise and linearity errors 

were in total better than .oo- of full scale when the con'\'/erter•s 

reference supplies were adjusted against the measuring reference 

voltage and the <tt'..antisation error was assumed to be one-lull£ of a 

eount. At rated speed, the total erro~s approached .Gl$. ihe worst 

conversion error oceurzaed at 4095 counts of complemented output (a 

positive l count eqW.v$lent. input). 

The stability of the converter w~s qu.ite good. The total dev;ta-. 

tion seemed to be less than .oo,3% 01" so for e. period of one wek. 
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AF?ENDIX A. TR.Al'i!SFER. FUNCTION OF THE .P..EFE.RENCE SUPPLY 
DIFFE..~~TIAL STAGE 

The derivation of this appendix provides the smo.11. signal, low 

frequency, gain of the reference voltage supplies• differential 

input stage. Unless otherwise noted, ell voltage, current, and /3 

notations are sm.all signal notations. Refer to figure Al: 

i..( V1oc.1 < < v-' 

w ~ ~'" ~ : t ~ 1 -=: c..""' : \-\ • ..- t'""e. ~ 1 ) t-a"' c:... D f Q l ::. \< / ..Ce. 1 

Lei:.. d.c... €,"M.;i-\-e....- 6;a.~ o~ Q\ . 
L c..1 = le.1 

~ \ S• 

A ~ ~ \J w.. , ""<\ l::: ""~ t R ~ < < re., / fJ, / w h <.Y - •• 

("c.1 = C..c.llec..\-.:.V"' f"c.'b1 ~-t~-c:..c... .:>~ QI 

L c.3 ,..., . 
l.. C.. I 

C"'-d ,· ( 

( c.~ A,, 

L. c:. i 

L D -::. 

. 
(. c. ... = Le.i..x lc_"l../rJL 

rz '- +- r:. -a.. / /3 ~ 

VI.'. i - v' 
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. 
LC) - r .... 3 /f3~ 

P. '- t- re. 3 //!.~ 

lc..1.-/t3t 

The assumptions made thus far are raasonably valid for the cir-

cuit of figure 36. Further: 

12 ~I ': ~·51. :. \2 ~ 

v ~I = 0 ( o.- Vt.. L = Q b<t C:..~"~ C. u\ 'S \-~ \-c \4~~ ... ~c..c..) 

•e..1 -:::: l"c...i.. ,...., ,,._s /. S :: So..n. ( ,s1.,~ """~~'""'"'"") 

d "I\ c\ ~ \ ·U~ '. /3 -::, t31 -::,: /t1 ,i_ ~ .t./ () W\ I "'\ \ 'W\ V ""' 

It should not cause too much error to assume that K = (1-K), 

and that rc.w;/f!>,.>> R'- and rc..-a./l!>L'>:? t<.. .. , then: 

- v.:..2. 
rz. h.. """ s o t- fl-.~ I {3 

For the positive 12 volt supply: 

Lo - I - I 
I 'l. S 

d.wr / uoH-

( ~ ,· ...... ' """'W'\ ~ 
~ C• fe.111~1-;,,;} 
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':" 

R' Rll 

~3 

ii.~, - Lc.3 ~ t" 

i:.~" t ~ Lo -. 
"~-o Q1 ~ 1. "i.1-

1s, Le.1 R .,i. 
'-lt-Ktl) .n.. 

Figure Al. Differential Amplifier with Single-Ended Output 



APPENDLX: B. TRANSFER FUNCTION OF THE REFEREJ.liCE SUPPLY 
OUTOUT FILTER 

This appendix derives the transfer function of the refere.11ce 

supplies' output filter. The filter is shown in figure Bl. 

Resistor, R, is the open loop output resistance 0£ th0 supply 

and Re is the internal ESR of capacitor C. Capacitor C is 

recognizable in figure 36 as a 4000 microfarad capacitor. From 

the circuit of figure Bl: 

r/. = t!c .;. ~c. 
IZ -r Re +. l/JPc.. 

r; /C ( /~ £c Cr') 
c_'G • [' j -f- ( ~ -f- ;e;) C.;:' J 

Re of a typical capacitor is about .0.3 ohm. Given that the reg-

ulator and bridge circuits of the supplies take about .02 amperes 

each, the no load R of the supply can be found: 

;: I 3 G:. 6h'-' ~"" J .) 

Vo. -::. I 3 (., ~ 4- l?..o X {O -c.. e L vc.lt-.l.. 
\ ( <... ~ f- .S\.ff') 

P.l"\.P 
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Figure Bl. Output Circuit of Reference Power Supply 
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APPENDIX C. COMPARISON' AMPLIFIER GAIN 

The small signal, low frequency gain of the comparison amplifier 

is derived in this appendix. Equations l tr..rough 15 are used in 

the derivation·of the circuit gain through the first six trans-

isrors with feedback to the emitters of the differential trans-

istors. The remainder of the amplifier's gain is derived there-

after. Unless otherwise noted, all voltage, current and ;& 

notations are small signal notations. A simplified small signal 

circuit for the circuit with the amplifier's first six transistors 

is given in_ figure Cl. 
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~ a,~ R;<:J 

te,.,, ;. IZAP 
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~\..I j, t\,. 4 

1"2 ... I +I\ '1.. 
L.c, \ 

e.. o~ -::. ( &, lb• p 12.1.., - V'') R '-"'-
~ "Z.. 

L. !:>1 - ( e.,. .?> ~ i.. + v" 12. ... "1.-.l ' s) 

'3, c.:.~. t'Z.l 
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~r-.s 
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eo ~ f2.-i.. +- v ., rz ..... ( IZ s I -rd, ~, -r /3, t( R) + eo} l<R = 
/3, Ii! I.. ~~ z IZ. t:. ) 

,D v' I.-.:. 1 -

Assuming that primed and unprimed circuit components are ident-

ical and operating 180° out of phase: 
I 

a-.-0 K -=- • 5 ~ ( l - K) ::. . S 
vJ • 

e o ~ -= I - e.o~ \ (. e o = e o~- e. ~ 3' 
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e 0 f2. '!....- ( fs, ~ (5' r <.I -+ f4J, ~ J!.) + e 9 \"< R ""' 

6 I (( "- 12. .. l. e F-.3 

Fo.,. t~<- c,,.. "··"'· t of f, , u,-c.. ~., : 

R .. -: ~ e .. , ,, re., ~ 1so ~ 

13, ~ I so ,,,,;,,-"'1 ~M d L i"o•'-

l '2...o ':=: · \ O'\ T"Y\1"". (I~) 

I + .J 54 ~ \C!>, .\-<:> \. e r"t'O...-~ 
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(1>/ 
Ref er to figure 39 for the circuit and nomenclature of the gain 

derivation of the remaining stages of the amplifier. 
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Figure Cl. Low Level Amplification ot Comparison Amplifier 



This thesis treats b!'oad aspects of voltage-to-digital converter 

desig11~ Particular emphasis is placed on material related to design-

ing a converter to satisfy a set of convertel' specifications that is 

given in the intl'.•oduction of the thesis. 

The converter design is i'irst considered in terms of basic 

conversion techniques. One technique, known as "successive approxi-

mation,~ seems best to satisfy the requirements of the design 

specifications. The tt successi ve-appro:ximation" voltage-to-digital 

converter requires that its input voltage be compared to a voltage 

that is systematically generated within the converter. The voltage 

generated wlt.hin the converter is derived £rom digital information. 

When the internal voltage equals the external applied voltage, a. 

conversion is accQtnplishe.d and the converter can output its digital 

information as the num.erical equivaJ.ent of its input voltage. A 

major part of the thesis is concerned with basic approaches that 

might be used in generating a voltage from digital information in a 

manner that is fast, accurate, stable, and compatible 'With a fast, 

accurate, stable comparison ope~ation. Another major part of the 

thesis presents analysis of specific circuits that are used in the 

construction of a converter designed to satisfy the introduetion•s 

specifications. A report on tha peri'o:ruia..?ice of a converter huilt 

'With the just mentioned circuits is i1'lcluded .. 
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