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It LS w1shed to- prress the wrltcr deso 9ppPe=
”bc1atlon to Dr'a,R° E; sorby OL the Phys1cs Denﬂrtment for S
'hlS generouo a8s1stance and ﬁnoouregement dUﬁlﬁﬂ the deuq."

';signkand‘construptlon_of;uhe waveform SJnthss;zsrvwhlcn,ls B

the sUbject'offthis.pébéro‘ Hissaid iﬁfthe soiﬁfion‘sf‘prd?'”:m'

'blems attendant to tho develomment aaa fabrlcstlon of such'sffv

a. dev1ee contrlbuted to,and 1s 1urge1y responsible for -any
| degree cf success W%lch th1° brogect may have achieveds

) The aUuhor s thgnks also 1s glvsn to Mr Bengam;nz
Gato ‘of the Physics Department for his 1nteﬂe t ﬁnd ef?ortw‘

in prepsring the OhOuO graphs whloh_arm to Dbe jsundxln:this ’

paper.
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INTRODUGTION

The problem of synthesizing avwaveform>by addingfsihe

waves as indicated by.a FOUPISP analysis is not a new one.

TR

A comb1mat¢0n mechanloal amd Opulcal ar engement!i5~‘e—
scribed by'Jenkins and Whitel whereln a SJSer of mleOfo.
is,ﬁdunted_és shown in~Fig° Qn'vae mirror° are placed on
vibﬁéting_strips of;éome sort of sprlng maﬁgrlal, gn@ the
spﬂinrs set 1nto 090111atlon°- A 11?ht beam is incidemt on
the firs at, mlrror and rellectea to tn@ second and from there
ﬁé a fotatlﬁg mirror. The mirror . ref ects the beam»tp a
scréen, andlbn this~soreen thé beam of_lighﬁrwill»trace'
out a pattern Which is the gfaphical_sum'Qf ghe component,
freohoa01o%°'  |

A comblnatlon mecnanlcal and electrlcal ‘ins trumént
isfévallaole for producing ynthe87zed perlodlc Funct¢onso,
fIn thls 1n trument = iona shaft is arlven bj a small MOtOfo;'
Mounted on the shaft are dlsks, pervﬂnilculaw to Lh@ length .
of the shaft, much 1ike ) caﬁ (See Flgo 1)+ :Placed near
ﬂﬁé*&isk isMa ooi1 5f-wifé ﬁith a»magnet'in'the centef of
itﬁ'gAsithe,disk.épp%daoheéfihe mazﬁet it vﬂ&ﬂFQS Lhe
‘péfmeabilitfﬁof the 1eld SUPPOUHdlﬂ” the magnet, thu
chan k ging the Flux linkage. tznvagcordamce with the*equa~

tion'relatimg'emf pr0duced in a coil,

g 1. Jenkins and whlte, Fuﬁdam-n ls of Optluu, 1950,
pp 213, 214 .
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e = =N dd/at,
this change of field will set up-an emf in the coil. Now if
vthe Shaoe .of the ﬁlsks are Quch thet the Lirst D Sses thé'

. magnet once per sngft rpvolutlon9 Lhe second has two bulgeo -

V”and 50 neafs the mawnot twice per shafL revoluuloa9 and

'f'forth, Lhe effect w111 be to nroduoe &. Lundameatﬂl wave plUD e

' Cer;aln_number o; overuones depGHQ1ﬂy on the number of"
disks ﬁﬁi’ﬁiékups;f Phas may e adgusieﬂ by chﬂn ‘ thé‘
angle of thb mammet pOSlthﬂg as shown- 1n Flg 2
ihe mechamlcalmelectrlcal 1astrument descploed above
"is based on the same princ1pleé:as an e;gctrlc orgam s iﬁ
‘«fWhiéh a tbbthed wheéi'rotateS _the teéth-passing ﬁsér a
plateo The plate and wheel may be con81dered as two plates
1of 8 condenuer wheweln thm C&DEClb nce chnnﬂe°~peéiddicaliy'.
Aas the wheel,rotates°~ hJS and - ‘many 81m¢1ar tyoes of olen— ,
tromagnetlc or electfostatlc‘pickup tone wheels'are,rather
Commo, and’ used eytenSLVGly 1ﬁ commerclﬂl 1notwumentso
. ManV>suca combinations of_elsctrlcal, mechanlcal, andik
optloal systems are in ﬂsey:Dﬁt:howhefe;in'%he 1itefatufé
if,ls mentlon of a dev1ce to accomp]¢sh tﬁe same puruoues bUbE;
foporatlﬂg entir 1y a1eotfonlcally,° -Lhe suogect of thlS
paper.ié such a dev1ceo

Théf;dea for the CODSt”UCthﬂ of ‘this imstrument was’

AV]

o B.K. Lewer, !} 1ectron¢c Bus1c 1 Instruwaﬂus 1948
p 64 R ' - . , :
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jcbncelvea bj Pr. Ro E. Corby of thé Universigy-of‘éfizdﬁam‘
 Drf Coroy felt that it woulq ‘be a951rab]@ to have. an in-
:stfument with whlch Fourler analysis coula be damon tf tedx
'to hlS lectronlﬂs olaSSQQ‘at the same tlme +hat Lhe math—
Aematlcs of %“urler analysi was, beLHr dﬁscu Sed '_In keep§ 
llng with the nature oF the c]aﬂs, it woulﬁ bejwell.to have-
thls~1nstrumenu ope e electwonlcallja. The'instrumént[,
could also be used to demonstrate plctormlly a,beat fre-
'vquency,notegvo’ to dﬂmonstrﬂtm to acouatlfﬂ cla sses the“
fact that th@ phase of component freouenc:Leq of g complex
sound Wave: ha no effect.w1tn regard to the qualluy of'é
»Saund wave to the eﬂro3 |

In ordef to pfoperlj uadefst nd the Op@“ﬁtLOﬂ 1nnerent

-to any waveform syntn651zer, sometning‘must be known of the

0 mathematlcal pr¢nc1ples on whlch Lhe Sjﬂuheolzer ils- basedo

_Thﬂ uuLJect of thls paper is based on ﬁourler ana1y3159
thlk being'a less awkward series for most eﬁgiheéring aﬁblin
oatlons taan 8 powar series. '

Aoco ing 'bb a,theorem»due to Eou?ierg_any.pefiodic
function maJ be rebf k ted as the éum:of a‘ﬁumber of sins
'and/or cosine tevmso -Tbis 15 iﬁx@osﬁ_Caseéitrué; boing-
Nubj ect to certaln reotrlction . It will bé found that
for woqt comwom D@Tlodlc functlonMg the fundammnt l‘and
»1ower numﬂerpa Larmonwcs are of wrestcr 1m00ftanccgvi}e°9"

nave Greater relatlve amhl tude, than the hlﬁher numberea

-39. &1exander Wood; Acoustics, 1941, p 364



: hérmonicé° ’Unlésé with aiéuPVe of unusuel fea+ures the.:

itrlﬂnometrlc PDUbeGﬂtPLIOH 1% nenﬂwally adequ te for.mcst -
:pufbégéé‘llitﬂe series 15 carrl a UD to the tﬁntﬂ hsrm0ﬁ1094‘
?QItﬂﬁéé been deold@d that SlX qarmonlcs w111 be adeahwue for_:j'
 the waveform cynthe°i7er heFOin descrﬂbed
FOUPlef ana1y 1S>157diSCUSSe@ 1n most‘ﬁathématics iéxts;;'.
' :§'k-uhe readep s convenlénce, Appandly A of tq ‘ éb ‘cdn- :

 tains a-discpSSion'ongouriér mnmlvsﬁso he mateflal ig pre—”
T , , _ g

':ifsénted inﬁlikeumaﬁnef tbﬁthét of Peddlok and Mille althouvh

6

’;thé wrlter has drawn material from wOJBﬂSkV «ﬂnd'Wooﬂ T, also.. .

Nu1t1v1brqtors play en 1mport9nt bart 1n the Lraouency-l'

71 5081lﬂﬁ of the sub}ect of tnlq pa éyo NUlthlbr tor de 1ga  ‘ 
fﬂnﬁ oporation- is cussed in most eleotron*os tehtsa‘_Somea
”of the sall nt leatureO'are QlSCUSaed in Appendlx B of tnls

—.paperg ‘the 1nformatlon beinm much tqe same'as:that presented :

by Reich8 and the Gruft Electfoqlcs stare?,

e z‘{‘o , J'oP HaI"‘nVTell PP]_T]CT Dles of ﬁ'leotlﬂlc lt,y‘ anq “*ag_
netism, 1949 p 629 : ‘ ,

f‘*“-'l5; Reddlek and. Flller, AdVghce&'Méthematics for Engin-
- eers, 1947, pp 191-197 "~ . .. o .
s quangky Introaucuorv Qu?mtum Vechanlcg 1038,
PBAT ) g T ,
'_Fa‘fFQSc ,Toods9 Advfnced ualoulus 1054 DpQ295_30l.

S Sov hoJ Relohg Theory and Appllcatlons of Electron'
;.Tuoesg 19449 PP 362~ 365 -
S Cruft’ ulectronlcs StafszEIectrOhictﬁifdﬁita"and_'
Tubeog 1947, p 855 , Tl ) ST



DEVELOPMENT OF THE FOURIER SYNTHESIZER

Originally it was decided that thfée'mainipfobiémé were
~to be solved in the constfuctlon OL.the waveform syntheolzer,
Vand that bhe reut of the oircult would Qevelop 1tself 8bout

>:rtﬂese three U01ntsb Theso thae pfoblems are (1) a 01rcuit
‘eomnopent whlch could glve comnlete 360° phase control for

. each harmonlc, (2) a.waveform'source.whlch Would.glve'for -

éagh harmonic a sine”wayeform~as;e£act as,poésibleg_aﬁd (3)

SVnChroniziﬁé Ofuwaveform sdﬂrcesﬁso that each_hermonlc

frequen;y would be an @xact mUltlUlD oF Lh@ fundamental

 1requency9 with no drlft 1n Dha a”of onQ.Lrequency w;th re~
spect to}énotherﬁ‘f |
‘Insofaf as the first point”iS‘céncefnéd it was thought
that Seléyhé’would serve satisfaCtOPilyo" The use of. Selsyns
necessit ted a three pnase output from the sine wave genera—‘
tor39 thuu Duttlnp a reutrlctwon on the tybe of waveform . /

.source to be Used 1n the second p01nt above. - In accordanée

jw1th thlS restrlctlons'a three bhase feedback OSClllmuOf was -

‘devolopedo This o8 c¢11ator is shown in- ng,IB;

Oondltlons of - oscillatlon for anv feedback OSClllmtOP

:are that thc feedback 81vnal must feed back in phase w1th’thej;.
OPlFlﬂal 81gnalo In order that oscillatlon be SU%uaand théf

-~ total g?ln around the CLPCU!t must be equel to umlty qaln‘ln

this 01rou“t 15 controlled by placing 2 potentidmeter on the

,grld of each tube, and appronrletgly Varying the grid to-
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' grouﬁd resistance until oscillation is Just susﬁéinedo The
f>phase:changeithféughout the'cirbuii iéicont?oliéd'by the {v
“oouplinv ¢apacitorso‘ In eaoh,sectlon of this. 080111ator,,'

- the grld to plate W111 cnaa*e Lho Dhsﬂe bv aporoxiwatelj 180O |
'aand the couplin, cap831t0r f011ow1nﬁ saoula tben drop the Dhase :
back by 60 mmklng the overall phase change eoua] to 1200 -
Throuah the Lhree uect10n89 then,.the 81cnal w111 change iﬁ'
phase tnree tlmes at 120 uhLTt each 1L:Lme,, thub Dlac1ng tbe
 1nput 51pna1 Uyaotlj in aﬁsse w:th the origlnal signal waen '
»thg total 1oop lS con.s:.der'ed° It may be developea that th

. gain agnd ?reoueﬂcy equations of thls ﬂ1r0u1t are

'K ' __ URy R::
N 5
S RZ
. and_fé ‘ :
2 cqg
where;“'

K lfLS the gain

I is the frequency

u is the amplification faCuOf of the tube
Rl 1Qytne load resistance

Re is the grid resistance

‘Rp is the plate r981qt9nce _

C isithe»capncltnnce of ‘the coupling condenser'
 R_ is the sum ngg - RlRp"” RpRg

" A brbadboard model o: thls 01rcu1t bohaved in a ver y'saﬁ-‘
1sfactory mmﬂnef,_ﬂlving an accebtable waveform, g s;&wetrlcal
threeAphase output,. and cWOSe frequency oonurol° Problems were .

encountered, however, wnen’attempt was made to;extr&ct the sig- "



iﬁal«and,féed'inﬁo Q'Seléyno Sinoeiéll available Seléyﬁs weré
 Y;WOﬁﬁd rather t_mq del*a wound it was”hécessary to;isbiate
3aaoh stage of the 080111ator fwom the ueT%vn w1ndi“i ';The” 
bel 8y wind ng were of extreﬁely low :mpedohce9 maii 1=
Dedanee mat qunw axp\r‘oblem° ‘Tmpedance matthng was accomﬁlishgd‘
by 1ocatin@—a &tep—down‘trahsformer in the plate of‘each |
tﬁbe; the trensformef also actlnw to 1solate the Selsyn
from the osclllatoro however, tho trqnsformer acted Ain-
duotively in the circult, disturbing the original symretry .
with'régard ithhe'iEOg phasershift per Stageo,~At’that

time there was no 1nstrunent avallablc in our laboratory,to
measure the 1navctanoe and,Q of the‘transLormers,‘mgking it'

aiffibult nd.ratnef hzbnazard to caloulauu appropfiate cir-
001t ccmponents to rovaln thls 120 phase shift perjétageq
Further than'th@ @iffioulties already m@ntioned5 it
wa's foaﬁd thét fréduenéylmultipiicafioﬁiwas somewﬁat-of'a'
’?roblemyv fhé,oscillaﬁofé had gréa£ztendéncy'to bpéféte:ap'
a pafticular freQuéncy, this.frequehéy>béing a}fuﬁétion'of;
tube eharactéristich's@ray éépacitahce, and other ﬁinor
factdrg,in”additi@n'to the varlables mentioned in the fre¥;:'
Qﬁency*eqﬁation éboveé_ Within»ceftéihaclose 1imits it was
ﬁossible”to;synohréniZéjbne bScilla£bf with_ahbﬁher{ but
these limits were sbfeiose'ﬁhat minor chance]fiﬁciﬁationSF‘
~in pir¢ﬁit7behgvibhiw9re not,téléﬁéble; fThis»probiem‘was~
~fbmﬁeeh, of:éoursé, being point thréé of the ofiginal maim 

‘problems of circuilt design.
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Nu1t1V¢bratorq have lonﬁ Heen in use in>IquueHCj sculw
,iﬁg; By v1ftue of an ease EHL echtltUde w1t which syn- .
CthﬂlZ&ulOﬂ may be aooompllshe rv;thAmult1v1orators, it.was
felt that~these‘providedfthaﬁsolutioﬁlﬁo the problem of syh¥
chronlzaﬂ - the. various freouenoy nefators@ Fof the con-
'Veﬁience of ﬁhe‘reader‘ there 15 to be found - 1n Appéndlx B
'of'uhis paper 1nf0fA_tlon relatﬂvp to the desi qn;and opera-
tign of mu1t1v1bratorsﬁ |

A sequencé_of mul%ivibyétdﬁ cirouits Was.sét‘up with the
hlﬁheﬁt IP@QU@UOJ be in3 the lowest. number Which may:be factf
ored 1nt0 the desired freqUenéiesb At FTirst it was t%oucﬁt
.ﬁhat a fund&moﬂtal freouency of 60 cycles would be satlsfac—
’tory, and p083101y'the &0 cycle multlvlbrator could be syp—
chrbnized with.the line letagé'avéiléblewin\the_1éboratoryo
This wouid érobab;y iend‘étgértainfaﬁouﬁt>df‘st&bilitY:to
the circﬁit~as:a whélex, This;éqhemegjh§wevér, WOuid'compli%'
cate the;cifcuit cbﬁéid@rablijas'it WOuld require_that all-
higheﬁ~freQUenéies be éxaotly divisible by,lineri’reQuenCy°
The highestwfrequency multlvwbr ator Under Lhese comd1+ﬁoas
;,Would;bé opératihg at 3600 cyclesor If thistmultlvlbrator
were to be syﬂuhronlzed with 11ne volt,? ,vit wdﬁld’havé'
to be” fP@S*TUﬂHinF at pr901sel] &0 tlﬂQS 11ne lrequencvo An ;
extremejy'smwllqs ount | of drlftrwoulasbe tolerable, but the;~
m8x1mum allowaole drlft would have tn be 50 omall 28 to féﬁder_
thls scheme undesiraole for all Jfactlcal purpogvsoi_

”Aﬁcirouit:Was oonstructed W h.a fundamental multivi-

bratgrioperatih at near 60 cycles, ‘and Lt was fqﬁnd that this
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v-mﬁltiVibrath ﬁeﬁded,torldok'in:wiﬁhjline freqﬁeﬁcy-due tQ 
'straj chkup only This LEE éertéiniy a‘disadvaﬁtabeous‘feéf
uura, and ccordlnﬁly tfé writ‘r ﬂlQCbed to chanve thﬂ funda;
heﬂtal freoucncv to 1&0 cy‘i‘f‘*~Th1$ nec@s 1tateq ehanaing |
'tne freduehcy of tha h1¢hest;frgqueﬁcy multlvlbrator,to 7200
eyoles,”thig number being thebléﬁest'number‘divisible_by thé_
Llrsu $ix harmonics of 120 évciege,:The 7EOO‘Cycie:ﬁu1tivi—
brator SJnchfonlzed a mu1t1v1bfotor of 480 cyoies, pnd,also'
Dynoﬂfonlzed ons of )oOO cycle whloh in turn synghronlzed
one'ol 1800 cycles and one. of 1200 cvcles° Therl8CO cydles

mchronlzed 360 cyolesg and the 1?00 cycleq ojnchronizea o
'multivibrators of 120° cycles 240 cycles, and 6OO oycleso
The 3600 0]cle mu1t1v1brator also synchronlzed one of 720
quleso‘ There are avawlable th@n, 381ae from the stepdown
muitivibratbfs, s1~nals of 120, 240, 360, 480, ’600 and 720
l éﬁcles theso 81¢na1° beﬁng,the funqamenuUl and des:red har—-
Aﬁoﬁics} he 1hterned1ate mu1t1v1brator 'wefe 'ﬂcluded as a

feny factor,so that at no lee w@s Lhﬂ freauency d1VISlOD
‘toc greatﬁ | | | | ‘

It nbw_femaﬁﬁed io oOnstrﬁCt~signal‘géneraﬁofsﬂwhich

wwou1d.be loQKed in Lrequency by the mult1v1oré£ofs?filﬁjWas

"

attempted to use he cohstfuotlon sbown 1n Fig. 4,‘Wherefa

three pbase ou ut iﬁ obt ine by a chain. of anee amnl fi ers;'
"eacb on@ of whlch.qrop° the phase back bv 120 in the same
m%nner au prov*ousLJ dlucussad Two q1f¢icu1t195 were en-

coumtered in this circuita. First,;there was some tcnuency

-for a signal to be reflected from .the Selsyn baclk t%“ou h
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‘the transform@r and uhélplaté of‘a fﬁbep iéeCondﬁ éénsiderable‘
dlffTCultj was ﬂet in arféméﬂha‘thé'ampiifiebs so'that ex%
aotlj 120 ph@se Sblit wa.s eyperlanced by the g1 @nal in go—;
":i g'throuch ﬂaoh ampllflero{ This DPO%le Uaa somewhat plm—'
jDllfled in the case OL tho éscll]ator, wnere the. only signal
‘th&t‘sustaimed oscillatlon was tnat onﬂ wh Jh_ég@é}iémééd
7 120 pnase shlft Der qtag@ 1n order to come oﬂck infphaSe
,iw1thf1tself 2. b the utarulnv DOlﬂtw | o
C Tt armeereq at thls ulme that é"priqafy,Soﬁrcéiqf
‘ dllfiCUlt] lay in thc fact tht 8. three phase OUtDUtawéS’
reou1red in order to Feod correctlv phaoea 31nna]s into
‘J:the“celsyna:Jﬁnothergmstbpd of phase control*spggeste@;it;
'fselffiﬁ'the.fdrm of tﬁe ﬁhése shifter;éapaciﬁor; Thié de-
vice reou1pes Por 1ts operﬂtlon four'signais, each 90° out
of Dh ge w1tn anotherOJ,' | | ) |
The phase shlfter canacltor conulstu éf:tﬁo 51&%65 sep-
“ fernLed oy a ulelectrlo° The dielﬂctrlc 1s dlbk Qhabpd and
is mounted perbendloular -to a Sh&it but plﬁced in an of1~
fvcenter manneﬂ w1th.the shaft a+ tba edﬂe of the dwsk  One}_
:EOI tn9 plates is a. solld CLTCUI&W dlsk w1th.a nolu 1n_thél;
center o@ 1t to accomodatp Lhn qbaFtQ ’?h@_otber§plateziSZZA
'div1ded iqto four 1solated ou drants,~wiﬁh_a 1ead'cémimg;£oi
eﬂch of tho quadrnntS,; Thls platé ¢1oo has a nolm in the |
 center OT 1t to aCCOPOdqu tnﬂ Sh?Lt »Vh@n the three_oom~
w‘poheh}té are 1bsemh1ed .w1th th@ dL@lectrlc 1y1nﬂ'oetweeq the—
~ﬁwé-piétesi~1t ma.y be cons d as four Cﬂoa01to“5141th one“

" plate QommGn'to'all fours . T lines of electw1c'P1UX will
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ﬁemd to‘concenfrate in the region dfvthe dielecﬁfico &cchfq—
ingly that capacitor which is the dominant one will be that
5hé ﬁhidh inc1udeé thé dieléctricrﬁeﬁween itsiplateso nIf the -
1ectrlo is shared by, two adwacenu auadrants ‘eaéhAWill_COnﬁ
:Jrlbute £0- the Oprut SLﬂﬂalo - | |
That th@ amplltude Shoula be a&ﬁ“Oxlmatvjj constﬂat w1th

"ig .. 60; By apbroé

1

e

'pmase shift may be seen DJ 1nsnﬂct10 of
f ate calcuT tlon the maﬂnltude of the voltagejoH each quad~-

»Pant 1°e°9‘point3 1, 2, j and 4 oL,F13°’6, was mgdewequal

by mpklng the 01rcu1£ Symmetrloal and requ1rinr thet the iﬁf

pedance,ol tbe cquoltorq be “of +b agnlt d as‘@he fe~

sistance of the resistors. It may be notlced tﬁﬂu since ‘the

dielectric diemeter 1s equal to one complet& oued ront length, -

ct

LerpOSlthH of the dielecﬁrio atfany~one time will be suCh'
that only'one quadrsnt df enough 5fftwo adjaceﬁt duadramts 
Lto comprlse one drsmt 1enmth,.cgn be oovered D] Lho dlele§~v'
ithC and thuo contrlhute to the O”u Ut151qnalo %ccordln,lyg_
he s 'gnal ovtpvt is necessawllj ah woylmatelv 1lna9ro ~This
‘ Dresentat¢on,@abes-a few_broadrassﬁmnuiohggregarding the
i_shape of thevaleotfloal lelQ conf figura t¢onm;Af%_boﬁpléte
"mathematiéai éxamihaulqnjﬂi,uhe beha?ibr of the_phasé shifter
:.gapacitor §s n§£’pertinéﬁt Ld1the theory»necéssaryifor'ﬁndéf—g
éﬁandiné the wavéform'éﬁéiyzér,'and ié-£huS beyond'thé-séoﬁéii
aqf>this paper ;» For morg comnlete Ainft ormmtionlsééraadié Neﬁ$ '
(Eng. Fditlon) for Jqu, 1947, |
Tbe 01rcu1t in Whlch such a éaﬁécitdr is'pi%ﬂed is shown .

Cin Flge 6o Tts operaulon may bQ anaiyﬂed in the LOllOWlH
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ménﬁeff ‘The‘centér—tapped-ﬁransfdfmer ié groﬁndgd:oﬁ the;f
cenﬁef;%abA'»Volt ge at ohé end of’thé +ransforﬁé? iS'18OQ"
oufvéfgphaée.wit% the Voltaae au thﬂ ota@r endaA_Thereforé :
’ ﬁhe*#cifégos et DOlntu i"wna 3 on Lhe Dha e o if ey oapaol—'
tor schematlo ﬂlaqraw ovai;o_6 are 180°‘arart§  Now of
fcourse the VOlu&?QS on tho lower plate of 01/0£;%h? gpper "‘
Dlate of O LOllOW exactly the voltapes*ox théupoiﬁts 3 and “
110_ Tne voltages on the other plateq of tﬁese capacitors, |
‘however, aré a function of the time requiredffbr ihe capacﬁé
ftorg to charge, o“ dischargeg_aq the case may bes tﬂrough

the resvstors Ry and R CLIf the 1mpedance of the eana01b0r;

2°
is rade eouql to the reolstanca of the r651stor POP .the par= -

' ttloular frequency range uSed the volteoe at the DOlnt 4

 w1l1rbe 90° .OUu of pnaso w1th that of p01nts 1 ena 3,~and
 the voltage of p01nt 2 w111 be 180 out of Dhase w1th the -
‘voltage at p01nt 4, | The output signalAwillbbe,takén with‘  
‘respect +o ground° o BT
‘i‘mhe 1mpedance of Lh¢~ CBDﬂOlﬁOP‘lS of thé-gfdel of 50

megohms° Accordlnwly the wnput 1mpedance to. the n@xt stage

.of ambllxlcatlon 10]10V1n .such.a C%UQCLUOT mu t be eXureme—“"

o

1

LU

high, Pnd ver y 11ttle stwnv camacity can be toleratede
rlvfhe phase shlftor 622 citor was empIOJed in thﬂ flﬂal o
oerUJt asg shown 1n Fi ; 5;;;Th1) LyD@ clrcu1L proved to ben
most sstlsfaotowy from uhP staﬁd001nt o; isolatlon of ff@— R
quenﬁy‘ aneratOfo, sLabllltv of frecuemcy @enereto , and
provi81on of a con L2 nt aroiltudm outbut w1th pﬂPSﬂ cqangeo;v:

The eomplete c¢rcu1t is: ubovm in vlock dlavram LOPﬂle FLgaf
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A

_7; end uhe comple*e scbemuulc of the ClPCUlt is shown in Flg.
8; Fino 5, to which we have oreviouglj made‘r F'r nce, ghovs
the path of: one pﬂrtlcule frequency compornent; e%efﬁing:with.
 ,the multivibrator of that frequency; The eompleﬁe eifeuiﬁ;
apert ffomfthersynchronizing mulﬁivibraﬁdfs, is essentielly

o

six clircuilts similar’tO'Fin 5, cb circuit supp ljih one’

 ~OL the harnonie frequencles in wnloh we are 1ntereqted

It would be well %o trace throuﬁh tHe ClFCUlu of Fig. 8

U8

ih some detall.' The multivibrator action ;s descrlbed else~
Where in'thie:papefo In actual donétruptioh>ofeﬁhe multivi-~
\ﬁfeﬁors; 1t. was eccesiohaliy found desirable to edd7eebigh'
‘Aresietance”in parallel ﬁiib‘the place capaeitersgvin‘efder to
gid in draining of f ihe chargevon tﬁe cabacitors; The multi—‘
&1brators were wade as symmetrlcﬂl as “OSle]e orlﬁlnallys
but 1n tmelr flnal allgnmeﬁu 1o partlcplar care vas exerc1sed
towards absolute symmetryo It'was Iurther foundrde31rable to
add. decoupllng by~ passed feSlstors end ‘B pluso‘ This was done
ih order to minimize any,sharp ilUCuUaulonS in BibluS’which
might abbear clsewhere in the ClPCUlt Dnd tend to SJncnronlze
'someiother multivibratora The Slgnals developed by the mul-
tivibratore_wefe quiteieiﬁilar inrebape to_those,shown else~.
.WhereAiﬁvtbis“ﬁaper,ae typieal multivibrater siqnale« A 65N7
«double,triode was used inlthe multivibratefo Tne 51rna1 taken
from the plate of ome of'the"multivibrators wag fed through a
>coupiing cahacitor to the ﬂrid of an- ambliiicatlon st? o

The tube used here was a 6SN7o In the Dlate of thls amoll—
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fier.wes p;aeed adstedeoWh %rensfefﬁer; pardileled by-éA
.’joapecitor; The. velﬁehof capacitance was‘vafied so ae te
o achieve;reeOHahce; The rGSOﬁanﬁiebint was dlifl ult. to
dentify, as ae transformere Used were ex tremelj low Qo
Iﬂ was’ necessary to use tqe nlgh m1nqln* 51de of the trsns—
foeme“'ln this plnte ;oad in oraer to the a high enovbh |
Qimpedaneegtofdevelopwa signalo The Tow sideAhad very smali
impe daneev"fhis gide ﬁesfeleo #ithout a center‘tepq‘ The
:phaee shifter cépeciterfrequires a.éeﬁtér tapped iaput as
kdfshowblin-Figo.é'for D}oper operaﬁion;. Thus'it was necessary
~:to use a Steeeup transformer with a center tapped output .
-One des1rab1e LGQLUP of uslng such 8, douele treneformef‘

Iy Iy

arrangement:ls the complete isolation afforded to the multiv

P

orateforlé Secoﬁd deéirable feature is the Sﬁoothinglaptioﬁ-
of the:inductanées on the.wav formol A very acceptable sinus-
01da1 waveLomw was obtnlned at thls DOlnto | ~
The operatlon of the phase shlfter CchuLt ‘has been
previpuely discussed° he outp gnAl frqﬁ'the‘phase
»ehifter wae Wed to the 2r1d of GABT/I tﬁbea iA é idl<
resigtor of}severel megoams wa.s uéed here, for reasous al?'
'feadv mehtidned;ﬁ5§nother “eqoneqt tank was used on*the
"*plate oP thlu Bube,‘ nd tke OUupUL fwom tﬂe traqsformef usod
‘1n tdle tank was placed on a- potent¢oxeter; .ThlS potentlo—

meter afforded the'final amplitude oontroi or the Qi nal.

o rrom.here the 81gnal wa.s added to the 81gnals from the other

_chainsg nu the resulbpnt 51Qn37 fed 1nto a cathoue ray os=

cilliscppeo
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:AIt'%a§ fonnd ﬁeceSSary to use sﬁiéidé@Ccabie_frém ﬁhe -
16utputH0f‘thé bhésé éhiftef'cép 01tor to'thé_griﬁAbfiﬁhé péh;:
’tode ampllfler follow1ng thls Cnp301tor ”invdfderztéfﬁihimize
“.anv oomortunltj for thAs‘gf d to, recelve stray pick ﬁﬁféiﬂﬁalso'

;;é‘w>, furtger founa ukBt tho 120 cycle and 240 cycle 51gnals
;ﬁgre‘so weduced 1n awnlltudo after comlnw tbrouwb the phasé'
Shifter‘capacltor metwork, that an anltlonal staqe uf am-
 p1ifibé;ivﬁ wa's - q931rablo hereo
| & voltage regulwtad power oUDplj conotfucteu by ‘ahe_~~
- author wa.s used in congunctlon Vlth tne gynthesizer, amd_ib
,was found in a Panqe of SUODlJ voltave from 260 volts to'
- 310 volts the aJnth651zer wa.s qu,te qtablee A 1ar5ef;?ahge'
'01o sunbly Voltaue Vas not ava?lable, and . 1L is notrknown‘
what tﬂe crltioal llmlts of* SUUDl’ voltage mlvbt be wwth re~A
igard to the‘sy;t esi, r Stab11¢uyo

It was ﬁoted thnt fllamanu suppl] voltame d“oppeﬂ from
6 5 volts to )oO VOltS mhen tlw synuh981zer i men t 1096 wa
‘ﬁplacod on - the Supplye) Tnls PDD&FQOtLJ Qld not sarlouslv alter

tﬂe tube oneratvonn-

Lhe result of operatlon ol,this3deviéeAafe to be seen

o

- 1n Lhe photonrwphs comprising the final pages Of-ﬂhisipapar,; .;‘”"

ftog@ther_w1th‘the phouograph’of ﬁheffiniShed ins trﬁﬁéﬁﬁ?f"![f,
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APPENDIX A

 FOURIER ANALYSIS -

A ﬁP@ﬂCthﬂ nomed,Jopeph nourler announced in 1807
‘that any recurrent eurve may be anﬂly7ed into g: Unlaue .
.‘serles of- Slleu harmonlc comboments° Since that tlme thel
statement héi been referred to as. Fourler s Theoremclo.;lt»
18 thls menerﬁ] &tatement whjoh we snall now unaertake to R:
,‘proveo' Statﬂd in more’ preciﬂe tefms, the_theorem;lsjas-
;Egiven below° | | o |

If the %er?es

. a ) : :
';wg +'al cos X +‘a2 cos 9X4—‘°°,ﬁ—an cos mx~+goo

4Pb1 sin x +—b2 sin 2x-+-°°°-+bn sin nx s ‘-  (1)
 '18 unlformly oonvergent 1n “the closed interval -

Tc£4p§0-+2w.,amimm mwsmnf(),anfm=?‘
co : e -1 e+ 29U ¥
O 1, 2 Soo WE have-an‘: w-f /
) \ . . :
o 1 c+2’T S - e . » .
by =5 . ‘x).sin g,dxo' , N -0 I

£(x) cos nxAdxg ﬁ

Now 1t is notlced the serlos (1) 1s unlformly coaver at

iln the indlcﬂted closed interval and because of the per10d~ o

101ty of the functiems sin nx - and cos ny (1) is unlformly

- converqent over every real X lntﬂrvalo

The following theorem LS presented w1thout proof°

Let tﬂe qerles of contlnuous functlons'f

10, »H,L Tajlor Physics, p 142, 1941



L o e Agi‘-:,; "f_'.‘~ :
D) = ) e w0 ey ()€ ()
ﬁ4=31 : Sl E : R

v.converge un¢form1y to 8 functﬁons s(x )'in a.
closed 1ntervw1 a_é X‘Qﬁb Tnen 1f Xl and xq are any two ;:
'numbers between a and b the serle may be 1nter€rated term;v
;by term. betwecn Lhe llmltS of xl‘and ng and the” serles of
»Llntergrals is representable by an 1ntergral of s(x) over

these 11m1ts;'*-i

The folloWan two eyp n81onc are al@o now employed

Ceszw T e L
g Si'ﬂ 'DX dX ‘(‘e--- [eXe):) nx) o ";-.*=-09;Y1 i‘J. O . (4) .
c . SRR o  ‘, N ‘“V*‘ A o
K ‘eos mx dx = (F osinmax) =20, n§ O - (5)

fat i

Jo o

Ve may now ruprebent the saf¢eq (1) in the form

c - 2'\ e

‘;“f Cﬁs2ﬁ’. »‘ ',\,;' c-fgw‘ t[:. R o
1*{; ;~'ah cos ﬂx dk'i[ : bl Sln % 1K:4_;;°

o o Te

pc+2W ) N@ c+ET cH+ 2w - ' o
ﬁ £ =ﬁ . C.tx_elﬁ\ . al COSX dX ’+o-9 o’o o

~¢§-3QA’b‘ 51n ny dx 4—080

ma W, T gy
a, is given by setting n = o,

-Let

;Sﬁgx),:-

: lu-l @

+.aq cos x Tasy cos 2x T e
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ey CTOS_ nx +'b; sin x

+'b,\ sin 2x7 +b sin hxo e S (7)_
By c‘lef’lnl lOﬂ’OL unlforr'v COHVGI‘Q‘GT‘C ‘v‘fhere? |

Rf‘(x) 8, (X) H(CE | g
ff:for anJ X w1ta a! suf‘flclently 13rgeo . quatlon (1) is also'

‘unlform"y converrent when mul’m plled bv COS NX. ,‘Tl’ll‘S' g

’-’_j‘follows, D:Lnoe : [)oos nX Bg 1,

ﬂf(‘i) OGS nx - S'n-(‘s.c) cos mc]] <
) - el | <€ SR o
Accordlnrfly ‘the SSI’.LCS (7-') “mély' be 'in‘tegr‘aftedi_terfm, by
’c,erm° This bl.ves - | ' ' | e o
_.0'-@—2?(«»., ; ' cr2wW R

% r,f(x)' cos: nx@ dx =g> e i cos 1;1x ax

T 2

CA2W . e
= a| cos x-cos nx dx + ..

+ ;

L opeF2W L
S A cos8” nx AxX St s.o

R

C < 2"0“
i 'ﬂ'ﬁ sin- ¥ cog nx dx 4+ wes
‘ «n-‘a sinAnXu COS NX AX ~ ooo
= anW “o (8)



e

e

Thls ecuﬂllt iz seen .when it 1s recalleo that
J.

' cﬂ-Qﬂ'
i ﬁ 7 sin mx cos nx dx

C?QW
- L ) . :
f-27ﬂ . ~31n(m=n)x +ooln(m-wn) X dxﬂf
Ve , .
cH2Ww ,
E . cos8 mx cos mx dx .
= ﬁg- cos(m-n)x . cos(m+n) x dx
=0, o (0)
"-aﬁd":ﬂfgg s
' ’KCOS' nx dx -
e ‘
o 0927 T
= “B‘Aﬁv (1—6—005 2 nx dax) -
) ¢ _ R
' _?f’ s _,:;. SR - ' LT v ,(1l>

Now hnd (1) ‘been multlplled by 31n'nx, by the same
- evaluatlon prooedures 1t ooulq e shorn thatf.- | -
e : I ; o
_&ﬂ S f(x) sin nx dx = bhﬁfa‘ T (1e)
J e ’ : R ST
»_.Now it is;hot_trUe'that ail_Coﬁtinuous‘functioné-a?e

reﬁfeéentéble by their Fourief'serieqo 'Usually-bnly bighij

dﬁééoﬁtihu6U57funrtionﬁ'whiéh.do'h0u satlsfj “the Dirlchlet -

"f'conditions cannot be exopnded 1nto a Fourier ser;eso' A

.general rule is Lhau the fun0uion beisingleevalueﬂ, fihite,
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, and contlnuous exceot ior iinlte dlocont¢nU1tles snd.has o

not an 1nf1n1+e number of mwx1ma or mlnlﬁao'

most‘function

this‘rﬁle;

FUfbhef 1n¢orm9ulon on thﬂ conaltlohc

ﬂOftUﬂltely
DDlTCBble to enmlneerlng pwoblems satlsfy

un @e r

B whichvm functlon is rbmreqentable b] 1ts Fourler sefles is -

-Lo be Foumd in "Mathematlcal Analyalu , Vol. I, by Coursat—

"Hedrlcko

A few examples of Fourier developments are shown in

Fig. 9.
~ For Fig.
Fig.
Fig.

Pig.

=

It is of

Awith‘ohly'Six‘

in‘ﬁhe

harhonies éré%enty_

sawtooth wavelorn oLAF o

-The. corresponding functions are given below.

9 (a) fx) = = - sin(2n+1)x%
: A ' neO W (2n+1) R
9 (b) %) = j>: : _ %2_(_-1)11 51{1(21’1 ;{!-,1)X7 o
- 1 "'-‘-‘O;': ﬂ_. 1(21’1_—6517 |
— s 9 e
9 (e} f(x) = 1 gin nx
9 (a) f(x) :‘g,“”%' o> 8inn® o4 nx
o ," '».;h”=f0
(o =8 &2 > (sin ne
9.”(,'8) £(x) == *Zo- Z : ( ) cos nx
S n = C Tl
T (8) e(x) w L1 S; ‘ a+l
9:.(1”.? f(y) ""“,{,:f"“g' cos X‘*’”" 1) cos 2ny
SR o w i | ,
- - B sl € ooynel o
9 (8) £(x) =2 ;,—';E L
o o T Te TEn? oy cos 2nx
intérést to,éﬁaminéfthe»qualityvoan_waveformA

'ThiS»iS'ShQWh'gFaphically-.

10. The harmonic émplitude'

and pha e were selected 51mD1y by-applicationqu the fore-



FIG. 9



goling theory. The functlon was secen to be defined by

f(x) = x, -W<x LW,
In this case,
™ w
a, = 1 .f f(x) dx = 1 ~[ ¥ dx = O
s
"r .‘i‘r "’ _i‘p
¥ w »
ap = L .I £(x) cos nx dx = X J‘ ¥ cos nx dx
W w
- -w
= O,
w 1 g
b = %_ I f(x) sin nx dx = = ¥ sin nx dx
- v -
2
= -5 cosuwW ,

. fron which

\ 1
f(x) = 2(sin x - 7 sin 2 x +-% Sin 3 X = e.e)e
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' APPENDIX B

MULT TVIERATORS | 5
. ihe multlvibrator is a self~ trlpp timiﬁg circuit .
;ILG role 1G7é‘11ttleranalogous tO‘a self'drifén émD1ifiér~
'racting aswan~oéoﬁlla£ow Nultlvvbrator 01rou1try 1s devel-
“oped from the b881c T?c:c_"Les-wmf*cfien trlﬁgef clrbU1t whlché*;
}laS~a maﬁter’of fact,,iszthe«basig!for mosp trigger circuitsi
| The'Eccles-Jofdaﬁ circﬁit ié shown'ih Pig. 113"SUDDbse_

'“that at the inltlaL tlre oL'our conolderatlon of the ClPCth

ﬂ?{;the two. - tubes 1 and 2 are carrylng the same am0unt of'plate‘

-currento In any tuoe conductlnv current there will be Elnor ,

o

fluetuatlonq in this current, usua¢1y pallea.”hlss noiserv
»Tth 1sf" easonuble sztuatLon,laq it ié iﬁcoﬁCeivahle tﬁaﬂ 
 each_cUrrent should hava pre01soly the same electron dens ty
at all tLLUMD, Let us suppose.tnat the Lube 1 at some iHSUant
'f‘deparus frombthe 1nit1 1 condltlon of equal:plate currents
fand &tarts to conduct 4 sllﬁhtly l%rger curwﬂnt than . tube 2.

ore curreqt through Lh1 Dlate weslstor w111 cause DOlnt A

:fuo dwop sllﬂhtly in potentlal abovG ground . Thﬂs causes

i_}3p01nt B to drop e]sog tnus temdlnw to 11m1L tﬁe curremt

 ' through:tube 2, which acts to increqse DOlnt G Ln poteatiaT
':Tﬂls brlngs up the grld D wh¢ch cgumes more ﬁuwrent to zlow :
Ain uube lof The efiect lu seen to be oumulatlve, and the re-
'sult is thzf the tube 1 will ukyroohet to a otate of maximum

'aconductﬂon, and tube 2 w1ll drop: to near CUtOLf or possibly



FIG. ||

FIG. 12
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'béiow éUtOffp; This new condvctioh stdte is'stabie untilfsoﬁé
‘;siénai is appllod to eltner tube whlcn.woulq tend to roven
'the-situation; for example a positivevpulse“at qud B. Tnen
‘the tubes- ziil reﬁerqe:roles in arlik manner to that dec~
crlbed above . Thp ClTPU¢t will then aggln be st%%le untll
-’triggered by an apnr ate Slznal

| The ba51c multlvvbrator 01Pcu1t is uhe Save as the
¥;chlms Jorq wWilth the‘o;as_supply removed and.ooupllng

”Capacitors'replacing th@vplate~t0'QPid PeSiStOPSs The

".Lj

circult 1is shown in igo,lze Whereq the Eccles~-Jordan cir-
’éuit wasfseén to flip only when ex .iﬁldlby a Signal,vthe
@ﬂiﬁivibraﬁor is free runninﬁoi Qual ltatively iﬁ operatLon
méy‘be’examiﬁed with reference o Fi; 12, If tube 1 is o
'Qriginally cénductinv‘ﬁhe?saﬁé amouht as»ﬁube 2‘ and a
agsmall'ch nge 1n opervtlnv condltlows causes tuoe 1 to ooq—-
:dvou a qlJ htly.larger aﬁount it will gtart Lo behave in:
bthe same mahnaw a desobeed for tae Tecles- JOﬂdPH 01rcu1toz
AThe point‘é falls in pOuent]al immeaiptolj, as does the poinp
Bi;'This"fedﬁces the,plate Qurrent‘df tubev2;.ﬁhi¢h'reflééts
Abaék thfoﬁ@h;£6‘further imqrease_plate oﬁrrentrih_tube lQ
'All‘this‘happens‘almosi‘instagtlf°-f‘ |
-:In ordef‘to'éut off’ﬁlété cﬁrfémtgin.tubegE,.the grid -

’of'ﬁhat tube must be driven beWow cutof“g Th Q‘WaS'écéﬁm#
‘piished through the faot that for a.quiCKAsurgé of current
 a,capacitor‘aéﬁS ag a gbprt oiréuitff Now, hoWéver; th@‘capaéif”;

" tor om the plate of tube 1 starts to dlscharge, thus bringing
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up the potentla] on - gria 2, point EqriAé.SOOHAQS'the_poteﬁ;
al at B feaches cutoff; tube 2 ﬁeginsftd conduct; and now
the CUPTth in tube 2 riseéltb a maXimum value immedia- el.,
ineP:&‘DeTiOd~Qf'tiﬁé; howevef; the caﬁgéitpf‘gn'the piéte75f
7tube 2 Nlll djsonarwg aﬁ&_the s@meﬁéiﬁuaﬁiqn ekists wiﬁh tube
1 as ﬁr4v1ouUlJ exi ste w1th tube 20“This may bé ﬁaée éomé—:u'i
what clearcr by aﬁ exemlnﬂtlon of Fig. 13, Which shows thé
veforms of a by pLC?l free~ fUﬂﬂJn? balnmced mulplv orator. .
It ﬁﬂd be seén that the‘frequency'igfcpntrolled by theVRQ¥
| 7d1s0ﬂar fc tlme of tne re 1stof aﬁdroahaéitor om'ééch-zridnix
'jThe asymreurlcal waveLorm of an. unbalaﬂced mvlt1v1brauor LS
Showniln Flgc 14°, Here 1t may be noted tha as oefore bhe-:
réspebﬁiﬁerRC discharge times governjthe frequency, and this
'pérticuiér,waveform was achieved by making fhe résisﬁofs'and
Ca0801t0fs of dlifement valUés'fbr fubeé l'ahd'2> sp ectively. -
Fult1v1brators pronerly vncbronized prﬂv1de sn oxact
;methoa of freouency lelSlono 'Wltner 51ne waves or oulses-

be used for SJncnron n urpo es, and tqe synchron121ng

'éigﬂal j be apolled to cauhodc or ?P¢d of the tUDu'tO be

’—;synohronﬁzedo -Essentlally, the met ho& of- SJnchr0n7zau10ﬁ is

; to-apply the pulue at the time wheﬁ the gfld beln@ vulsed is
ﬁéaring cutoxf from belom If tne pulsﬂ i pf;sufflclent'
magmltude to cause the tuoe to coniuct Cit will immediatéif.
start conductlna max imum CUTantoh, h1s>magimum’current-is
'limited_only‘by the,resisiaﬁée’offthébtube ét_saturatioﬁ and

the plate load resistance. From this point the ﬁult vwbrator
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oehaves exacu]j as before ,untl the uJﬂChPO ized grid again

T

=]

nears cu OLL from belowy in whlch case 1t w131 bhe caused to.

rise_abovegcutoff by a SMPll DOSLthe synchroniz:nw pﬂls s

fodo

This is ina cate d gfaphloally in Flg 15, ,it may be notlced ‘

'tﬁat’fow best frequency control the lreqvéhcv of ‘the free
)ruﬁning mult3v1brﬁt®r should: %e JUOL Sll“htlj legs t%fn'ﬂ,e
’ d951rmd freduency whan the ﬂU1t1v1brator 15 syvcnronize A
| Dependenu on the sha rnness of . the synchronl g pulse
éﬂd the care and ccuracx in tne d9810n and bu11i1n¢ of th
’ multivibrator, 1t 1is p0551bla to obtalﬂ securate Irﬂouencv

divieion. as high a8 twenty_or thirty, although~usually dilvi-

=3

sion by ten ‘or less is used.

Eith@f p0Q1tvve or negatlve pulﬂes ma qué ﬁsei-fbr
szq0ﬁronlzat Lon prboses° k pOolthe trl fzpulée:apniied
to a conductind tube of a multlvwhfator hau no eufect on bhe’
action of tho multhJbraLor, and if apolled to a nonconduct—
Aipg tube can cause sw1tching actlon onlv‘ £ the pul ié
1arge enough to rmlue th@ ~f1d above the cutoff. voltanc° 
Slmilafllj9 a- nematlve trlvﬂew pulﬁe applled +0 a, noncon?‘
"¢uct1nw tume of a mult1v1bpatow has n6 effect on the onera—b
~tion of the mult1v1bratora If a n» ive  pulse 1is anpllea'

-to a conduotlnr tube 1t w111 %vnchronlzo brov-ded that when
Qiu 1s arolifled througq the Lube'the re$ultanu,posiﬁive
pulse is ¢arge-enougnruo ralse_the gfid'of the nonconduct-

ing tube up to cutoff.

Multivibrator design is approached by considering the
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circuit filrst as an Eccles- Tordan c1rcu1t workinq,out»a sat~

'1 cto“y ae81@n, and. then 1n Sertlnm a copac¢tor in the pla te

to grid line. The Luhe to be uabd 1n +he_multivibr&tor'

might well be a 6C5 triode,"t% plate” cha cteristic - curves.
6. Assumé a vaidé of plate re-

of which are shown in Wl. -1

‘sistor for the circult, and then draw in the losd line as

41

shown' in this same figure. Counsider firSt the tube on the
left.: Remove the r631x1 or- from th@ plate ,of;this tube;-and”
R

assume some plate voltage £ Assume some vaiu@ of ragls_

-tor network from plate to grid and grid to grouﬂdu Cons de%,
each slde of the circult to have the same value of circuit.
components Gbmputefthe‘voltawe on theﬁgriﬁ of‘tube'Q,'Eﬂn;

. g

~and then from uhe 1oad 1line drawn in the ch&racterlstlc curveo,

Cfinds the va]ue oP plate voltaﬁe on this tube, Epgo

_cowpuue the Uoﬁcntlaj of the_grid;of the.firstAtube,;

Frbm thisgi
81"
~‘F om the oha acterlstwo curves, noL USIHC the 1o@d 11ne how-
;ever, read the plate ourfenu Iplo Repeat‘this whole[proqeé
 dure.using'a second assumed value of plate voltag -on‘tubef
flg'wnd repeat MLth.several such.a sumed values untilrenOQgh
iﬁiormation ls'obtained to plot‘a-curve:such-as<is‘SEOWH, .
superimposed over Lho loa llne and onawactewlstlc curves
;of F150,16gﬁ | .
From one con81deratlon; the uvrrenu—voltawe fwlatlon—'
ship of‘tuhe one would be 1ndloated bJ tq1 mewly crawn
1cufvé;' But we know taet also tne 1oad 11ne musU feofeseqt

7;the current- voltpge rul tlonuhlp of uhls tubeo Accordingly
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~is seen t that Lhe re are only thPGQ‘OOlﬂtb Lhat' ati faotOlev 7

].—k
= R

- re re sent condltloas at tha plate of thig téb . the thwee o
 po1nts belng?the Uo ntu oxflﬂter ectlon of the 1oad 1ine and;i7
uhe oTottﬁd curveo- Theoe p01nts erarlndlcateq in;Figo‘16 as

pointﬁ;é, Biaﬁdﬂga P01nt maj e’ shown to-oe shown-to be un-

- stabl 9'and Lhus the plate of Luoe 1 maj be'ﬂtvulthe“ 901nt

& or p01qt C. Due to Lhc symmetrv of ‘the c1r0u¢t pOWQt G
must P@pfeqPﬂt the FOHstlOQS at the . plute oP tuoe 2 wheﬂ
oelnt A 1ndlcﬁtes the condﬂtions‘on the plque oF tbe flr t
tube anﬂfv1sa versaav- - o o
The PUPVG o“ F100'1€ waq plottpa bv assﬁmln” thau the

1??118 were connectod to a OOlnt 30 JOltS below crouna that -
the DlP e to'g 1d’r981stance Wa, s O;;A emohms and Lhnt ‘the
qud to grld biag r881gbance was 0. 1 merrohme A.locd re81st§r

‘25000 ohms was selecteaoi'mne follow1nw table.wag ‘made out'

under those COEdltiOUSo,f“AH

B o0, 10 40 70 100 200
U Egpy  -27 -26 0 -1 20 g T
By . 300 300 . 200 285 280 190
Byl 0 0 B2 1 =8
Hlﬁl o o 6kméj212ﬂma" 13 ma, :f3g5:ma‘€§ :
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. CONCLUSION

The number of harmonics contained 1n this particular
synthesizer 1limits phe.smoothness'of-the manufactured wave-
form, but for the purpbses~to which this device was té be
adapted it 1s the author's féeling‘tﬁat the quality of the
;waveform is adequate.

For use in 1éctures on Fonier analysis this appara-
tus should pro&ide the lecturer With a satisfactory plece
of demonstration equipmsnt. Further ﬁhan this it could be
used to demonstrate certain phenomena'having to dé with
acoustiés, suéh as beat ffeoﬁency'tones-ow the audible~é‘fect
of a ohan e of bhase of componQnt frpouen01es of a complex
wavefornﬁo = o .l |

Gomplete'calibrationrof the'instfument:is yet_td_be;-'
accomplished. Because of the haphazard order in which the
éhain of multivibrators may chance to lock in with each

other when the instrument is turned on, the phase controls

require 2 résetting each time the instrument is used. The

o wrilter sees no simple method whersby tﬂlS condition might

be correcﬁeda

For‘an electrdﬁic Synthesizer9 the de51gn eLp10jeq in
the chstruction of this 1nstrument is aoparentlv most qat~
isfactory. it wiil be free from drift off frequency9 and the
phase lock—in'will,be_stableo Not being aware of the ax-~
isbance of other wholly electronic synthesizers, theiwriter

is not in a p051tjon t.o oompare the results of operation of
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this one with the results of other investigators.
From the standpoint of practicability, it is doubtful
that;thig'instrumentkis aniimprovément on exiétant types
 of- méchanical-electrical ﬁaveform synthesizers due to its
weight, dost, and the detéiis of its design, cocnstruction,
and alignment in cémpariSOn tovthesersamé factors in other

types of synthesizers.
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(a) The Fourier waveform synthesizer
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;h) Sou-'re wave from first,third, end fifth
harmonics

PLATE OEE Photographs by B.Cato



(a) Sawtooth wave from first six harmonics

(h) Pulse wave from first six harmonics

PLATE TWO Photographs hy B.Cato



(a) Pulse wave from first three harmonics

(h) Addition of two adjacent harmonics

PLATA THREE Photographs hy B.Cato



