
THE GENERAL R A D I 0 

THE STABILITY OF STANDARD-FREQUENCY 
OSCILLATORS 

Intiif' mcu .... urf'mf'nl of phy.~i('a l quan­
liti(''', til(' dl'ffinncis of S('iCIll"C, indust ry , 
and the military 1111:' for e(lnstant im­
pron'm('nt in lIf'l'Unl(·Y. titandard:; and 
m(,3suring dl'v i('('i\, as a !'('Suit. mllst 
m('('t ('vcr tighter sJX'<,ifieatiolls. This 
tr('lId is w('11 ill w;tral('d by Figure I, 
whi('h "hows tb(' iU{'feiL<;(' ill ul'curacy of 
the t ·. S. Frequcnty Standard O\'cr a 
j)rriod of some 10 yeat'S . 

. \tomi(' fN'qm' Il l'Y ('olltrol, whit-h is 
u&'cl in till' t", S. Fr('(llIelH'Y :;tundnrd, 
provi<i('s both the bciit uecura('y and the 
I)(':-;t long-INm st..'l.bility . . \t prCS<'ll t, 
hOWt'VN, therc il$ litlle indication thllt 
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it wi ll n'piu('c the quartz-crystal os­
('illator lL'S a work ing standard, There 
arc two reasons for this: .Hamie fre­
quency control deviecs at leust those 
t hat havl' i)('{'n avai lable eom mcrcia lly 

not only hu\'c bc<>n n'ry ex pe nsive 
but h:l\'e dcmonstmtl'd !l SC'riou.s lack of 
reliabi lity, 

LONG· TERM STABIlITY 

III til(> I'rystll l osrilblor. the long­
I.<>rm stability of t he- quartz erystul itself 
hag l)C('n t he li miting fador, I\l ost 
stlllldllrd ·frNIUI'!WY osdllators liS(' either 
the ;"j-~ I c or the 2,;"j-~1(' fift h-{)\'erlone 
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~ GE N E RAL RADI O E X PER I MENTER 

c r.y~ta l s I dcveloped by He'll Tckphonc 
Laboratories. Their ultimate aging rates 
are 1('1;." than I in 1010 per day for the 
,-)-:o.1c unit and i('S.'i than 1 in 1011 per day 
for the 2.r)-.\( c. The ,-,hoice betwC('n the 
two fr<'qucncies is gcnerall,Y dictated by 
tost.nnd l'Ollvcnicllce. The 2.fi-.\I(' erys-. 
tal is twice as large us the :)-,\ lc and 
lUut h mOf(' expcn"ivc; in addition, for 
comparable performan('c, it. requires 
I}('ti cr (dynumic) tC'mpcraturc ('ontroL 

Devr-lopmcnt work on quartz cr,Ys-­
tuLs is eontinuing, a nd better units cun 
be ('xpf'ctcd in the future .! Prt'SCnl w(llI­
designed oscillator circ(lits do not COII­
tribute to long-term frNlucll<;Y drift. 
(aging) to any measurable extent, and 
any improvf'mcnt ill the efystal char­
acteristics will be directly reflected in 
the over-aU stabilit.y of the oscillator. 

SHORT-TERM STABILITY 

The short-term stabilit.y of a crystal 
oS('illntor (defined h(' rc as the frcquem'Y 
dcviations for averaging times from 100 
~scc to 10 sec) is, at thf' longrr averaging 
times, predomina.ntly <:on trolled by 
oseillator defects and , for n'ry short. 
averagi ng ti mes, approar hes the limits 
seL by the thermni noise of thr crystal. 
Thermal Noise 

It has becn shown I that. the cqu i\·a­
lent. noise resistance of a quartz crystal 
is the same as lhe rfTerti\'{' serie.s fe­
t' i.st:lIH'c a nd thaL thc frequelH·Y de,·ia­
lion duc to this source can bc cxprcS8('d 

as ~I 2.1'." .\· ( 1) 
I T/. ,~·s 

wherc T = ,'l vcrnging timc. 
I. = osdllalor frequcll t,Y. 

H.\ = noise voltage. 
Hs = .s ignal voltage. 

or, cxpre.ssing I~·.\" and Es by 

/ \.\ = v"lk1'IJH 
and 

then 

~I 2/f , /4kTIJ - ~- V --
I TI. P 

n.nd , with n 1 - iiI., 

(2) 

~/ 211" / 4k T 
f ~ -; \ /'QI. (3) 

where H = effecti"c series rcsish\lIcc. 
T = absolute tcmperat.uf(>. 
H = bandwidth of nct.work. 
P = quartz dri ving 1)Q,,·cr. 
k = Boltzmann's constant. 
Q = s tomge fac tor of quartz. 

E<luation (3) indicates that.: 
1. The observed frequency dev iation is 
im'crscly proportional to the ll\'crnging 
time T. If the mCfl."tt rcd deviat ion d()('s 
not. follow this ruic, the s lnbility is 
not dctf'rmined by the cryst.:d alo ne. 
2. I ncre!lsing the crystal dri\'c impro\'es 
thc stability. 
:I. h H'rcllSing Q impro\'es thc .stn.bility. 
'.~ , \\ , \\ ......... " 1I'Rb.F"" ,,,, ,,~y ('ry .... , Un;'. for 
I'''mar)· ~'''''I"r''~y " ... "da .dll ." "r"" .. d,~~. ~/I~. IRK, 
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A u~nl S,. .. _,~ ...... f·".,..,..ot<"l1 CO!OI.o/, I96J, 1'1' 2~8-
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r- I. Ilighcr o:willator frequenc)' impro\'cs 
stability. 10 '0 

.,I" 
~ For thc:>c pre('i$ion crystals, howcnr, 

stall'mc nt ;i j" dep!'ndf'nt on ..j be('uusl' 
thc maximuill Q i~ inv!'rsdy propor· 
tiOllal to the fl'eqllell(,},' ulld Qr. i,; eon· 
,; tant. 

A;; un l'x:Jmple, if I\'C sull,;titllte these 
typie:1I eryst:d ('oll,~tllnts ill ('qualioll 
(:W 

.f~ "" :, X 10-
o = :!,:, X 10' 

thtn 

/) = 0.7 X )0 & 

'I' = :~,)()o I\: 

,),J aXIO -11 

! ' 
This men liS thut, for a QlIC--:('I'{)nd u\'er· 
aging lime , lh(' fn'qUl'III'Y dn,iuliolls 
duf' to the thNllIal Iloi~e of thl' ('ry"ta l 
do nf)t f'x,'l'cd ;~ X 10 -II, 

Il ow do!'if' do modern ('ry,;tal o:;('illa­
tors Sf't to this figul'c'! ,\ t'tual nwaSILrf'­
Ilwnt 1'i Oil tlw n('w (:('nl'mi Hadio T.rP£' 
III:)-B :-illllldurd-Fn'queIH'Y O:;c illat(Jr:; 
han' ~ho\nl the following rcsults: 

>! f - ..j X 10 I ! for oue-S('('ond ~WN-

aging I i lll(' 

= I X 10 10 for onC'-millis(,tond 
:w{,nlgillg t ime. 

This flhows tlmt, fo r a one-:,;{'('oncl 
l\\,l'ruging t ime, til(' o";l'illutor ei l't'uit 
('(Jlltrihllt('~ jll:;t OV('r onc order of mng­
lIitlldl' more thun tht· rr\'sta i. For Oil£, 

milli"cl'ol1d, t h(' cfT{'{'t:; of" 11(' "in'uit a r£' 
nhnosl negligible, as the mcaHLrl'd ~lu­

hil it} .. is only a.)r~ 11'01'8(' thull thai of 
t ile I'rystll l n IOIl('. Figure Z shows t h(' 
th('oretil'lil stl tbility as wdl as ~om(' 

Illeur.u red data. 
From Ihl' di.~('u!;,.;iol1 noo\'1' it !IPpNIn. 

t hat p re;;('tl l o~w illator dl'sign8 arl' stlti~­
fudory for vcry IOllg :I\'C'mgillg tim('s 
([Igi!!g) and \'cry !ihort [lveraging times. 
In hetween, say from tenths of sccollds 

• ~ 

! ~ "r' " 
T,,(~.u.l 

'" -........ Sf( rn. 
~~ 

, f'.-

" )00._ 1-. 0- 0-

fig .. ,. 2 , TI, . o, . , lcol ond m. o . .... d .Iobl lll y .f 0 

«y.lol ... 111 .10' , 

to hUlldn:'(lli of :;{'(:ond"" the stnbili ty po­
tl'ntial of tIl(' ('ry .. ~ltll i:; not fully utili zed. 
Thi" i.~ only pnnitllly ('orrl'!'!. howewr, 
as t1ll'r(' i" tc mperuture disturbance 
I'IHI${'d b.\· tht, er.v:;tnl. \\h it'h is ,..;igniii­
{'!lnl fnr ll\'l'mgi llg timt·,..; of tf'n:; to 
hundred!' of ,.;(>('ond". 

Temperalure Gro dienls 

<- 'rys lal units g('nernll," s how gre;lt 
&'n .. ili \'ity 10 lem p('nttun' gradil'lll!<. In 
a \':H'll\llll-mOuIlIN] erysl:tl. Iwut is ('011-

dlll'1('(1 to the quar1? mo,.;tly through 
th!' win' ;;UppoI'tS, lind rapid tl'mpenl­
lurf' fhll'ilLatioml tan I~rodll(,c !'pot 
tl'mlll'ralu r(' difTcrrlll'l's, treat ing 11 {cm­
p('raturl' gradil'lIl in t he (' ry!<I~IL Tim:". 
if til(' tf'mper;tlurr of t h(' 0\,(,11 fiu('twllI's 
hilt littil' , ,11(' fr('<tu(' ney efTc('I:; lire 
mul'll larj.\rr than thoi'{' d ue to tilt' 
\('mpl'ratttr(' t'oI' U'i{'i('nl liionc. 'i'C' mpl:'m­
turl'-('ontrol {'irtllit:;, like [lny other (·i r­
('Hit , nrc :<w'('C'ptihlC' to !loiS(" lind :;OTll e 

tl'mpl'r:tl Urt' fluctuation!; 111'(' ine\'itahle, 
T f' mpcrature rat('~ uf clUlngt· m: loll' !IS 

10 millionths of II degre(' pN !'I'{'ond 
(2X 10 -.0(, l'('e) arl' suflicicnt to cau:<£' 
frequent'," ehang{''' huger than those 
illditat('(] by I I\(' !itcady-8tate t('mpera-
1 urI:' eo('ffi(' il'lIt of th,' erystaP 
• A , \\ \\ &Fn~r, : ' n ... ,,,n and f' ..,.lorm."r~ "r ~ ,; :'>1 0 
9""'" ('''-.... 1 l m \J', ' HSTJ , " 0/ XXXIX , :0. 0. J , 
,..." ,embO', I!".o. 1>1' 11113 1~I7, 
• Contrul I) \ 301-0.1'1 :«, 73078, - .\n ntr. ,,1ft .... SIOOt!_ 
.,,' ul F"' l"r ... )· ... I?I, ... ~/h h i"'''' /I,,,.., Hd l T il,_ 
"JoG"' , ... boo,a /",,,.l, ).), 33 37 , AI",I ~J, l\l:'y , 
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The limiting factor in the l{'nlh~~to- , / i«'('ond)i nlllV;f' is til(' 1,J !loiS<' of the ,; 
mwillator !lnd \cn'i-f'Qnlroi (· irc:uib. For '" EFFECTS OF 

~rvE.LEV£L NOISE-!.:.j 
higher frC'qucllei(':'\ (n]x)\'e I ke ) the ... noi"f' figurr of the ;,(' micon{hl(,tors is 

'" / Ijuitr ;;;ml1.11, :<!ly [l f{'w db, but. u>- WI' go 
to lower freqlu'llf'il'R, beyond the low­
fI'<'fjuCIl('Y noi~ corner. the spot lloii'lC 
figurr g('b Illlll'h larger. [t is not ens,\' to 
d('cidr \d lf'Ihcr Ihi;; ('ff{'ct. is dlle to 
lIonlill('aritic~ ill t he ostilla lor ('iJ'('uit or 
to th(' 1(>\"('] l'{,lI"itivity of the ('rystn\. 

Drivt! leyel 

At the' normal opcrating l)Qint of iO 
mirroampf'!,(,l'. til{' ,-... ).Ie {'rysin] !ohow:> 
nbout 1 X 10 ' dh for lew] "{'n,,iti vity,' 
Thi" ~n"iti\'iIY inrrf':l"f''' with il1('r(':l~ 

iug ('rystal ('url"{'llt tlnd for rnooer;lU' 
clri\"(, 1(' \"(- ]" is tlppw:\imutcl .... : 

( I) 

wh('f(> f. = frc<ju('lwy fit zero driving 
pow('f, 

I) "" a eOllst[l nt drk rmined by 
t il(' Iyp<' of ery:;tl11 [l nd i~ 

IIhout 1 for thc ;)-:\Jc rrys­
tal. 

i = crystal ('Urr(,lIt. 

Figurt, :-1 f:how,;; how, II~ the dri\'ing 
pf)wer is illl'rrn!<f'd, til(' rr lati \'c {Jril'(' 

A II, 11· .. 'n~', 'f"_'·OIal l·"H 1 " .. ,"" f,,' l· .. in .. (;,,,uo.1 
:O;UUIO" F ..... Il!"M)" :;I.n<l.,,/ 1·" .. · .. d,~fIO.{ I~~ IfII~ 
,h~w .. I.~~ ... P"<, .. "' .... "·"9"'~" ('~nIJ'1Jl, 19.'>';. 1'1' 1\10-
' 00. 

., 
T 

,.' 

ro .. 

f igu,. 3, Drlv.-I.v.1 u n lili .. ily of S. Mc c,y"al: 

. 
" 

EfFECTS OF / Y 
: f- Tl![~IMA L NOr 0< t / '" 
. 
" 
., 
" -
Fig",. 4 , ( ffU Ii of cr ys 'a l ."". nl on s ha,I _It, m 

lIabllily. 

le\'el I)('('om('s mor(' Ulld more (,l"ilicl1l. 
For n I-db change in le\'eI , 

J.J = O.~ Di~. C'-)) 
f. 

Thi$ ('{Tcrl is in the oPPo!'ilC dir(,(,tion 
from Ihe efle(' t of dri ve le\'el on thNITIal 
noi.;(' (~('(.' equat ion (:1) and statemen t 
~ l. .\ s 11. result, t hc drivc It:'\'cl elln be in­
crca,,{'(l only up to a certain point. For 
highl'r 1('\'(' ls, tll(' fluctuations (i.('" 
110i5(» from thc Ic\'rl-controJ circuit be­
come pre(\omimlJlt, and the over-all per­
fo rmancc is poor<' r, 

Figurc 1 shows a typical rt'btion for 
T = on(' sc('ond. As th(' ICI'('I-eontrol 
(' ircuitry is imp rowd, higot'r and higher 
driw' lewis t:ln 1)(' used. The thermal 
noi"c d<'erc[l "C:; :IS I 'i, but the dis­
turbance due to ICI'cl i'cnsiti l'it,\' in­
{'rcuses as i' , Toe b\'st eompromise is 
dktuted by the performance of the 
IC\'{'I-('ontrol ('i r(,l1 itI"Y, For the j-).] c 

er .... ;;tu l, operuting at onc-mic rowu t t 
drive, level ,'ul·iations must be less than 
O.O] (c to keep the rcsultant freq ucncy 
disturbUIlCC'S to 1c."S thun I X 10- 12• 

This calls for a dri\'c-lcI'('1 stability of 
ubout 1 X lO-lg watt. The fact thnt 
this sln.bility has to be achieved at high 
frequencies docs not muke the t:lsk lilly 

cuslcr. 
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ADDITIONAL STABILITY PARAMETERS 

Other fadors nffccting the short,..tcrm 
stabili ty nrc tempprnture, lo:\d cJl:\llges, 
vibration, and power-supply effects. In 
generul , they (In) ~p('('ilied 5C1>ll rately 
from the short-term st:l bili t.r data. 

Temperature Control 

The ('fleets of temperature cu n be re­
du('ed to acceptable a moUnt,. depending 
only on economics of ('ost, weight, find 
POWN conilu mption. The mo,.t, difficult 
fll cLor is dynamic s tabilit y, i.e., the 
eli minatiOll of trnnsient temperature 
('hangC's much Inrgcr than steady-state 
cha nges for the sn m(' ambient mngc. 
Present-day instru illents shol\' ovcr-nll 
tempcrature ('oeftirient$ as lOll" as a few 
parts in \O!~ pcr dcgf(~ C. l' udcr labora­
tory cond it ions Ihis ca n be considered 
negligible !x>f':lllS(! i t. is masked by either 
therlllal noise o r aging, except possibly 
ill the r!U1ge of r "" 0. 1 to r "" 1000 
seconds, H t he refluirements of the 
contemplated nppliclltiollS lI'urrant. the 
expensc, temperature control cu n be 
improv(.'(1. Thi.ij will be necessary if 311d 
when aclivc dev ices wilh 10w('( I/f 
noise and crystals wit h lower nging 
rates arc Rva ila l.M . While t wo-stage 
ovens ar£' morc popular, singk'-sblge 
ovens cnn Ix> fl'lllde to f}l'rform qu ite 
well, Hcdur lion of (lmbieut. cha nges 
as !\Cell by the cryst:!! is not limit('d by 
the stahilizutiotl fac·t.or of t he oven con­
tl'Ol but hy t(>mpcralul'C grndic·nts be­
tween the cryst.al llnd the tcmpernturc­
sensing cJf'meut. Although two-stage 
ovens fir(' {'nsicr to design for low gradi­
ents und sinhility of the f'cm lrol ~ysteUl , 

single-st age ovens c'an be huilt wilh 
sta bilization facton; ul'l'r .10,000 and 
grad ients of less Ihan 10 millidegf('('s 
Centigrade. They have l ile mJvantngcs 
of lower cost und lower complexity, 11Ild, 

JUtH . 196<1 ~ 

ftll " " S, V. dot 
di .. I1" .... sh .. wl"l1 
ph.... shiH d". e 

to .. utp" t. ¥ 
to slro y <OUpU"1I L " ' 

-'-7~--"> 

Qften most importa nt , they require less 
power or less I'o\um(>, 

looding 

Frequcnry \":lriationf; due to changes 
in t.he 10:ldi ng at the output of t he os­
eillator hlwe 1)('C1l a ,'cry serious prob­
h,'m for nil laboratory IIl>Pliclltions, 
Loading effects are l'allsed primnrily by 
pi ckup of outpu t ('utTent in the oscilla­
tor circuit. Let us a~ume t hnt II SI1l!lll 
ntnou ll t of output signn l is introdueed 
into the oscillntor lovp, Figure ;, 8huwij 
this case in exaggt'r:ltcd form, From t he 
\'ector diagram ill l; igur(! .\ 

E ~...j (1\'.11 + /\'.\ ('osO)t + (H.\ sin Op (ij) 

und 

fl in 0 tnu q, = -~!.!.-
E" - +cosO 
/ \'.\ ' 

(7) 

where I~'$ = the fl ignnl in the ' oop with­
out pickup. 

H" . = the pi(·knp. 
J~' = lhe su m of bot h, 

J 1. is obvious thul, regard leAS of the 
m!lgnitudc of /\'.\', q, is zt' ro if fJ is zero, 
nnd a mnxi mUIIl of cp ~CC ll ri'! fo r 

• 8 ~ d::2 (n - I) - . 

" If a phase ~ hif1. o(,('lIrs inside the os­
cillator circuit, t he frequPIH:y must 
shift to produc'c pha>;c shift of cq u:l1 
nlllgnitudc bu t. of oppo,.;ilc sig!! in 1111' 
('rystal ne1.work , The freq uency shift 
due to s nch ph:tSc ,~ hi ft is 

~f 

f 
tu n q, 
2Q 

( ) 
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6 

= 

il/ld , ns a functlOll 01 O. 

sin () 

'QI':-,+ 
-1_' COS (I , , 

I 'f' ,~f I I':, . mit, I cs» /:. "'-=-Q-SII1 8 (9) 
f 'L Hs 

Obviously, the 1)('151 soilltion would i.X' 
t(l cnsurt' that I:'s is s mall enougb to I}C 
w>gligiblc. This is quite diffi nilt, bc­
t.:illl:;e ('\'£'I} whl'n 1-:,\> is \'~ry small , it 
!ltill hus COllsiderablc e!Tect. For ex­
ample. if 

H.v = , X JQ-l, I':.~ = 1 X 10-' , 
and Q = 2.5 X 1()6 

tbell 
Of • . f=2X 10- 1 ~1Il(J 

To keep E, w'low as I X IO-~ requires 
well o\"Cr 100 db of isol:\tion lUlc! shil'ld­
ing bctw~n output stage fi nd osdJlldor, 
:lnd I~·.\' is OftE'1I larger. So fur, it hus 
brcn "hOII'll only tha t t he f!,£,qucncy is 
ofi'S(>t owing la pick-up if () is not eQual 
to zero o r 1800

, As soon as 1:',\ changes 
(owing tl) a ChflllgC in outP llt current), 
this frc(lllcncy of'f~ct ('hil llgcS lIllle'sf) I) is 
zero or 1800

• 

If it could be ensured lhut 8 is zero or 
1800 for all conditions of loading, no 
frequ('llcy chunge!; would ncc·ur. As long 
11S the load is strictly rcsistke, this i;,; 
possible. Figll re (j is fl. blo!'k diagram of 
::In oscillator \\-i th nmplificr stages. 

The condilions to makc 8 = 0 nrc 
1/11 = q,3, which requires t,t;!>! + t,q,~ = 0 
for any ret<is ti\'t~~ load. 

The phaS{."-shiftcr shown in Figure (j 

cun be t he tank circuit of one of thll 

'''''''' f''''"",--, STAGE R. 

l OAO 

Figure 6. T.,.pica l 
btoc~ dt"g."m I ... 
a p. e cll; on ou;l-

ta la •. 

u mplifiCl' stages, whi ch ('an he (\ctuned 
"'ligh tly to eompen.:;atc foJ' whfl tcvcr 
phfl ~e shif t:~ may exist in all a mplifier 
stagc~i. L-ndel' these conditions, any re­
sisti\'c load changc will atTcct the mag­
Hitudc of E., but not t he phase. Changes 
in Illn gnitude arc not vcry impol'l !lnt, 
sim'c the) rcpl'cscttt no more than a 
(·hangc in ga in in the ostilhtor loop, 
which is tuken cn re of b) the Ic\'cl­
('ontrol circuit. 

This c(,mlit ion ca nnot btl met if either 
t he out pu t impedn nce 0 1' t he load im­
pedance is lIot strictly resistive .. "-ny 
reu t;t ivc lnnd causes II phase shift as 
long us Us is not zero, lind , if the source 
impedtll1Ce is rcncti\'c, resistive. load 
(·hnngcs result in variations of 8. The 
Lest compromise is 10 mnke Us us s mall 
as possible , so thal modcralely react ive 
loode are ac·ccpt nblc. 

It is not likely that lOad changes are 
reflected through the {·hai n of nmpliHCt' 
stag('s. Expl't' illlcnlS have shown thn t as 
few as 1.11'0 or three Stllgcs [lfter the os­
eillntor will provide all 1 he isolation 
needed, but a larger number of stages is 
usually required to obtnin enough gai n. 

Vibrolion 

r.ystal units nre quite 8ellsitj\,c to 
\' ibrntioll, fl ud, while t his problem is 
most severe for missile Of' airborne ap­
plic'ations, it Cannot be ignored for 
laborntory applications. C rent efforts 
have been mllde to dC\'elop crysl.:i ls 
with low sensitivity to accelcru t ioll .7 

1 ('o"tr.~t DA 3B-03U 8C 73tJ18 ... . ~ n l·h.a I'roci ... S •• nd ­
.. rd (If .""'!lucnoy." J.'i~al Ii."",! (Boll r<l.p/09~c [.(lINn-a, 
I~" .. ). tl""~rnhc. 100() . 
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jJrf'cision l'ry;;;tals bu\'c frequency-t's­
[l.('celcrutiIJII ('oeffieicntl' of I X IO-~ to 
I X 10-1" per g (grrn·itnt.ionnl ('011-
stant). and efforts have been COIH'CIl­

trated in the direc rioll of elimiuating 
re!<Onaucej:; in rhe frf'([lH'nt,Y range of 
int.erest, Once the cry:;till de~ig ll ell­
.sures freedom from reson:HI('es. littlc 
more efln 1)(' done in the Wily of mount­
ing it in rJH'instrument at le:lst not 
for low frC'quf'llcies, 

Power Supply 

Powcr-supply "lIl'iat ions CUll be held 
to (t few pftr!s in 1011 as oscillntor vollr 
age coefficients of Ie;:;:; tha n 5 X 10- ' 
per volt a re usuaL 

STABILITY SPECIFICATIONS 

~o uN'rpt.ed standards ex if't tor t he 
specifirntiull of shorlrtenll s tability, 
Thcse data I1rt' obtained for constant 
operating ronditioll", i.e" constunt am­
bient, load, line, Nt., find the eiff'cts 
of variations ill thes{' quanti tics !I re 
listed sepal'atrly. The method most 
suitable for t he evaluation of the oscil­
lator pcrforml1llcc in systems applica­
lions is to "pccify the "stnndard devia­
tion," 11, for n specified confidellce limit, 
This is. of COli rsp, the sa me as the " nus 
de\'iation," Sometimes nns phase de.vil~4 
lion is listed liS 1t mellsure of shorlrterm 
stability, This phase de\·iation ('fill be 
computed from the frequency: 

!1! 
•• ~ (2./) f T (lO) 

where l' is the averaging time, 

If the vulue of ; is ill terms of rm!! 

units, the Ac/J is a lso in rms un its. 
The lCl'm "shurt.-tcl'm stability" is 

not grllerully used for uveraging times 

JUNE, 196.4 ~ 

o\'CI' 10 f'c('oll(18; to fill the gap between 
10 set'onds :lnd Ihe n"f'l'uging times fol' 
3ging or drift, tbe tf'I'IU "fluctUlltious" 
has been used, For inC'N'flsing :wer:iging 
limc.$, the rms nilucs lM'CUIll(> 1t'8~ and 
less lls('ful bcculisc thc freqllcl1('Y flud.u­
ates around a mcun \'Iilue that is cha ng­
ing \'cry ~lowly as a ]'(~sult of lIgiug. To 
statc :\ me:lllingful I'm" value, it. is 
ncccssary to subtrllct. the agiug slopc_ 
Such It regrcMion analysis cu n easily be 
accomplished. Thc data so obt:l.ined 
1)I'rome more and mol'(' impol'UlIlt. il S 

the aging mte dCt'refll>CS with time and 
mny ultimntcly dctt'l'millC thc l1~ahlc 

stability Qn a duy-to-day ba:oifl, 

SPECTRUM 

SpcciJ'all)I1l'ity is pal'ficuillfly impor­
tant fo!' mil'l'OlI'an'-spe('\ro,;copy and 
fol' ntllt'J' applications J'equiring high 
multipli~'ation rati~, The f'pct/r'u m of 
all mwil1:ltOl' pro\'ides infOl'lliution I)(>~ 

yond that gi\'en by long-term 1111(1 short­
term stabilitie!';. II shows the pr(''';(,llcc 
of discrclt' sidebands Hlld tlte distribu­
tioll of noiSf'. To ('omparc II\I.! flpcr tm 
of t.1I'0 oscillators, it. is ncrCNiary to 
know thp frequency and the flnalyzer 
bund-width, Fig.lre 7 show!> a t),pir'ul 
spel' tJ'um. which I:; obtained by the 

fl gu.e 7, Sped.um ~howin9 dlu<tle 1_ •• s ide _ 
bands 01 10 G c wirh 10 . ...,.<1e bandw Idt h In 

onol.,.18 •• 

7 
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muilipliC'lltifJU of the fN'ljuC'llI'iC'l'. of two 
osdllaton. \I) 10 (;c. The~(' ff'{'qw.'lwiC's 

Urt' udjusl{'d 10 1)(' ubout ~~ X 10 -1 npurl 
{!:<ligI111r OVN :~ k(" at 10 (:1'). The 
{'('utt'I' linC' of t he "peclrum il'J :Hljustcd 
for 0 db. The first sideuands u rc just 
"i,,;iI11(' at zli>out -·10 db, di,.C'rcl(> !<ide­
bUilds of -:17 db (U'(' at ± I kc from t he 
tnrl'it'l', lind the 110i,,;(' IX'dcstai i.s llhout. 
-70 dh. Suell tl "fX'('trum elUl IX' u,;(·d 
to !In.'dic,t til(> J}<'rfOrrn311Ce at allY other 
fr<'([uC'II('Y lind for diff('f(')lt II..'l ndwidth!<. 

To obtain til(' rutio of !lobe to !<ignal 
III other frcqut'lIt"ies, the following lll)­
pr<lximnlion may be u",('d liS long as the 
lloisl'-lo-!<ignni rutios nrc at Il'lIlit - :20 
db, i.('., if lIl{' noise is bcUN than :..>() db 
dowlI : 

'
" "~ I U,) ," . ~ = .:;v og -- +. I 

!. 
(duJ ( II) 

where .\"2 i." the noisc-to-8iglllll ratio 
at f! :lnd X I at /1, in db. 

1'hi~ mCUIli; that multiplying the frc· 
quency to timcs incre:ls('s t he Iloit'l"-lo­
Sigilli 1 mlio by fl factor of 10. To e\'nlu· 

ate the noi~ for a di!fl'r('lIt allalyzer 
bandwidth, it is ('Oll\'('ni('nt to express 
til{' noiSf' ill It' rlll" of rooH'Ycic b1lnd · 
wid t h. This if; the Iloi.st ... w·:<igna l ratio 
fM!l Olll"-(',n:le bUIl t\\\'ilhh. 

Suo",. = X! - 10 log 13 (12) 

wher(' fj = bandwidth. 

The reln li \'(' amplitude of di.~{'rete side· 
'-mllds is not u!fel'ird hy nny ('hunge of 
b .. 'lmlwidlh. L-~illg th('Sf' rr-Iatiolls to 
refer t he spel'truin j,lhown in Figure i to 
.j :0. 1(', \\'e have 

it = 10 Gc f~ = .j :\Ic 
nllalyzer bnndwidth ,.. 10 cps 
.\' I = -37 db fo r t he ± J·kc side· 

bands. 
XI = -70 dh for t he noise pedest:l l. 

Theil, from ( II ) 
S! = -103 db fo r sidebands. 
X! = - I:!U db for noise in JO·cycJc 

ba nd widt h 
nnd from ( 12) 

X! = - 1·16 db for Ilo i:;(' in onc·cyc\c 
bandwidth. 

TYPE 1115-B STANDARD-FREQUENCY OSCIllATOR 

('1\1'('£111 l'mJuntion of the b:ISic o,,,,il· 
Jntor p:lf(lml'tCl'S, a!' olltiin<,d IIhov(', htli'l 
\<'d to till' d~igll of this IICW ()!O('ilitltor 
unit. From the Iwginll ing i t WII'" agr('(>(1 
that the un it should use t he ;}-;\ ]c, ,'j th· 

overtolle ('ry:<taJ, include fl'{'qucllcy 
dh·id('('!,! to 1 :0. 1(' and 100 h, a nd htl\·c 
sc]f·conlniucd ('I1l('rgelwy powcr for at 
least 2-1 hours. The ('hotte of the ,).-:o.Ie 
(' ryslill was di('tatcd by the belief that 
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-
this unit could meet the requirements 
for working stundards of the mlljority 
of users at II cost substantially lower 
than that of 2 .. )-\ le units. Except for 
aging of thc crystal, the GH. TyPF; 

II ].'j-B shows a pcrformflll('c com­
purable to or exceeding that of Ilny 
2.;j-~lc oscillator. 

Figure JO is a block diagram of this 
unit. The crysta l, oscillator, and AGe 

ci rcuits arc housed in a single-stagc 
proportional-control oven. Two stuges 
of isolation amplifiers and the output 
amplifier follow. Hegeneralive div iders 
arc lIsed to divide to I 1'[c and 100 ke. 

r------------, 
I I 
I 
I I 
I I 
L _ __ ______ J 

00---, 

BATTERY 
CfiARGER 

"'" 
I----r-~ REGULATOR 

T 

JUNE , 1964 ~ 

Flgu •• 9. View of 
01C1ll010. wllh coyer 

ra moyed. 

The power supply consists of an auto­
matic bat.tery charger, explosion-proof 
battery, and regulator. 

The crystal is a gettered lInit. ;\0 

long-term aging data urcavailab1cnt this 
time, but a record of several months' 
aging shows some improvement over 
the aging characteristics of ungettered 
units. One important advantage or the 
gettered units is a better restarting 
characteristic, i.e., if the oscillator has 
been off and is turned all again, these 
units settle down much faster than do 
the ungettered ones. 

'", 

'", 

IOOk~ 

Figu,. 10. Bloc. dlogrom of Slondord F .. quu<y-Ouillolor . 
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OSCILLATOR AND AGe 

Thr cITect!! of compollent ti1allg{'s on 
the freqUt'n{'Y of a c'rystal ol'ltillfltor 
htlS" 1'\('('11 analyzed in the PZl~t. 8 Figure 
11 ~b()\\':; 1 ht' btl~it nrr!l.ngclnrHi of the 
"f." lS ta! nf'tw(lrk und o.')I'il[atOl' l'il'l'uit. 
For Ih(' ,jwl\i l', 5th-()vcrtouc trystul, U 

I-pf challge of ('lor C! (O .:{{i~ ) amounts 
to It fr('quelle), nHinliOIl of about 
:) X 10- 1°, The "hunt t"upac'itances ('t 
alHJ (' ~ arc about aao pf cath, ami this 
nr twOI'k (('(11IiN's a tr:'IlH'ondILetancc of 
Ii) milliampl'N'''; )WI" \'olt to sustllin 
QlStillation". SIH' h a tralls(·ond udun<.'c 
would IX' diffi.' ult to lu~hi(!\'c with 
Vlt('Ullll1 luhcs of stahle long-tenn Pl'r­

formulll'(' but eau be obtained with 
Imnsistor circuits. 

'" 

I'illun 11. B ... l, o lci llato, network. 

The id('al , (H't i\'(' de\'icl' fo r } "r has 
high input find output r(,1<ist3I1('e and 
no inpm I,r output cflpatitfl ll (·C. In ad­
dition , the mugnitucic of Yr must be 
rOil trolled by the " GI' rircuit to hold the 
amplitude constant. The ga in of trnn­
sistl)rs is uswlily controlled by variation 
of the- de current. Th is method , ho\\,­
('WI', is uHdcsirable, bct'alL5C the cm-rent 
variation dw,ngl's the capacil1lJH'eS of 
the tnHlsistors. Hettel' per·formanee is 
obtained if only the fiC gain, and not the 
de operating point, is \'aried. The cir­
cuit shown ill Figure 12 meets these 
requirements. 
Trau~istors Ql and Q~ ill'(' in a cir·(·\lit 

configuration thnt flpplirs 100% fccd-

il~ 0 
" J J t· 

~ 

f l(lU' ," 12. B .. . I< .. . cl lI .. , .. , d rcuil . 

back from the oll tl)ll t to the emitter 
of the input stage QI. The voltage gailt 
from the base of Ql to t he outpu t 
terminul is very Ileurly \t ui ty. If we ns­
slime that. H is t he only impedance 
from th is point. to ground, thc cu rrent 

through R will be very 
e. nearly _. Be­
II 

calise this sli me current flows through 
Q3 (wilh the except ion of small amounts 
lost t hrough the bases of Q\ and Q~) , tho 
transconductance. of this circuit is pre­
dominantly controlled by R. This re­
sistance. can be varied with 110 change 
in tbc de operating point of any of t he 
transistors. The circu it has un input. 
impedance of ov('r 30 kiloluus shunted 
by less than 2 pf und nn output. im­
peda nce of severa l h undred kilohms 
shun ted by less tlllIn 2 pf. A trunseoll­
ductanre of l ,j milliamperes per volt is 
rcnd ily obtained when R is about, 65 
ohms. I3ccausc of these high input a nd 
output impedances, \"[1I·iations of tran­
sistor pnmmctcl'S nrc of little eo nse­
quente. As the eollector-to-bllse cnpaci­
tanccs of modeTtl pbnar transistors arc 
t.ypicn lly stahle to beller than 10% per 
JO,OOO hOUTS at cOlls tnnt temperatu re 
a nd ,·oltllge, the re8ultnnt change of 

'Eo I'. Feleh and J. O. b rael, .. A Simple Cir~";\ rOt 
. r •• wtncy Slftnd. "l, ElO/,loyinK O"etlo"~ ("ry.",'-" 
l'r«wJ, "g.~!I ~' INf:. \"0 43, No. ~.l>l' bOO-lI()3 M':y 
IM5. • 
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FRO M .-r--
OSCILLATOR 0, ~ Rc 
OUTPUT 

• I 
0, 

I I 
0, 

F;lIurt 13. 8uj~ AGe <i,ul,. 

frequency is 1('55 thun I X IO- 'Q per 
year. This is negligible compHl'cd wilh 
the aging of ~)-l\ l c rryst:lls, which is 
orders of magnilude gl't'utCI'. 

Electron ic. rontral of the trt]llscotl­
ductallCC is obtilincd by variation of 
I,he de bias current through 11 puir' of 
diodes (l~igurc [3). The rf output of the 
oscilla tor is a mplified by n. t.wo-stage 
amplifier and rectified by V a. Ar- long as 
there is no rf voltage, It ~ is biased on 
(saturated) to pass a maximum of cur­
rent. through the ,\ GC d iodes, D , :lIlU D~, 

for maximum LI':lllsconductancc to st:lrt 
the oscillut.ions. As the amplitude in­
creuses, D, reduces the t urn-on dri ve 
or Q. (from R,,) until Q~ gets out of 
saturation. Any furt her inercnsc in rf 
amplitude reduces the cu rren t through 
DI amI D2• which reduces the gain . Ho 
adju::;ts the poi nL where Q~ gets 1I1l­

saturated and thus sets the rf level. 
A va riable capacit:lIl ce diode (vu­

rac lor) is used to adjust. the freque ncy 
of the oscilliltor. The bias for I his diode 
is varied by a potentiometer Oloun ted 
Oli the panel. A digitnl rend-out indi­
tutel; frequelley in(' rements of I X 10- 10 

per digit. The total mngc of th is e lcc­
tronie tuning is :noo X lO- iU• Ca reful 

~ investigation has shO\\"II no measurable 
nging due to the " :lractor. The series 
rcsis lnnce of the mractor used is negli-

JUN~ , 1964 ~ 

gible compare(i wi th the resistance of 
the cryslll.l. Excellellt linea ri ty of tu ning 
i£ ensured by II va riable load on the nrm 
of the potentiometer (11 soc·ond rc­
sist nncf' clemellt. ou the same s.haft) . 
Sec Figure 1-1. The linenrity of th is ar­
r:lI!gcmcnt is typically better I.han 
± 7 X IO - IU (out. of 2700 X 10- 10) or 
ilbout ±O.2J%. J;jgure 15 shows 11 

typiCli l curve for the tracking error. The 
resolut ioll of the potentiometer is such 
tha t the oseillator can be adjusted to 
within 2 X 10- 11 of ally freq uency in­
side the r:Ulgc. 

The Ild vantagl's of c\cdrOllic tuning 
Me obv iow;. The vnractors arc 8ml.ll 
a lld do not. require a shnft. through the 
oven wall as is req uired for mechnn ic:l lly 
vnricd capacitors. 

FIIII/. e 14. l l neo d r · 
inll nelwo. k fo, va· 

. odo •• 

TO VARACTOR 

l 
1 

In addition, lhe 1I0e of "'"tractor tun­
ing permits ('on/rol of frcquc LII'Y, by dc 
voit:'ge, from ft remote loctl tion n nd 
phaS<'·locking of the oscillalor by means 
of an external phase deteetor. External 
cOlI ll'ol volt:.lge cun, be applied through 
a COlillector on the rear skil'l of the in­
st I" UIlU'll t. SC'llsitidt.y is of t he order of 

111'10
10 

«0 

o~ ________ ~~ ______ ~ 

DIlt,l DIVISIONS 

Filll/, e 15. Tro~klnll .. ro r of v a,acla, lunlnll . 
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Figure 16. VI ..... of the 1" ..... ,m . '01 < .. s tillg ' " which 
'he .. yolo' ,,"d II I ...... eiol.d ci,cuil .L . ... . n' . .. ,. 

mounted. 

1,.) millivolts for:l. fr<'quclll:Y change of 
I X 10- 1°. 

OVEN 

.\ ~ingll'-... tag{' 0\'('11 with proportional 
{'Oulrol holds the tcmpcrut.urc of critic'al 
~'ompolll'nl ... wilhill ]e;;$ lhun 10 milli­
degn'cs C. Power C'o ll sumplioll uf this 
OW'II wus {'Qllsidered important u(>(':}usw 
of buttery o]X'rntioll in ('use of li ne fail­
ure. The powel' consllmption i", only 
about 500 milliwntt." for operation lit 
!'Oom temperature. The insutution of tIl(' 
0\,(,11 is fI l'ombinatioll of fl Dewar flask 
and po!)'u,"('thanc fo:ull. ill \\"hid, the 
Husk is completely embedded. This as­
sembly has survived shock tests of 50 
g's, II mH'C', in any diredioo (~I I L 
:-;'1'1) 202 :\lcthod :?fl;1 Condi tion C) . 
The Ovell ('hamlx-r is a copper invest.­
ment ('asting (Figure I ti). Plug-in cir­
cuit bourd.. provide easy aecp,,5 to 
components. 

EMERGENCY POWER 

A nickel cadm ium lJaUery of <I am­
perc-hour:'! is flouted across the dc sup­
ply. The l'l' ll~ of this baUery nre of th~ 
prc$.'!ure-rl'iid type and cannot explode. 
In cibC' of power-line failure, operation 

for 3.j hoUl'll is cn::;ured at room lcmperu­
lurl' and up to 1·' hours at OcC. An 
external de ~upply of 21 to :~;! "olt:! C:UI 

Illsa be uS/..'d. If nc po\\'er, external dc, 
und iutl'rnal buttery are cO lmcetNI, the 
power will lx- drnwl\ from the sou rce 
that provides the highest voltage to t be 
rl'guiutor circuit. The chMlge-over is 
made by diudes and is completely con­
tinuous. 

The batlCl"y is recharged by t\ cur­
rent-li mi ted voltage source. As IOHg IlS 
the b:lltcry "oltage is significuntly 
10wcI" than the tloal voltage, the limit 
CUlTl'llt Hows. As the ("lit-OtT voltage is 
appro:whl'd, t he currcnt rapid ly de­
('rcase.~. This met hod ensures rapid re­
thnrging after pOWCI' failure and muill­
tains the blltit'I'Y nt optimu m charge 
conditions. The float.. or trickle-c·hargc, 
volt:lge is tcmpcruture compen5u.ted to 
var'y approximHtcly -2 millh-olts per 
dcgr('e c.: pe r cell to rorrcct for changes 
in the em f of the buttery O\'('r the full 
tcmpcrutul"e mngc. 

PERFORMANCE 
Agil"lg 

T ypical aging rat.es arc It few parts 
in 1010 per day ufter 30 days of opera­
tion and are down 1.0 about 1 in 101 ~ per 
dHY after 12 months. 

Short-Term Stobility 

hgure 18 is a block diagram of the 
measuring "ys\cm used. The .:;"\ Ic out­
puts of the o,.wiJlalors arc multiplk-d 
::WOO times each (cfT{'cti"ely to X-band) , 

" 
~r-----_ • a 
~ 

~ FLOAT VOLTAGE 

BATTERY VOLTAGE 

Fig " ,. 17. BcHer f re cl .... ge .horccleri.tl • . 
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1131 .... 
OlTA 

PRINTER 

Fill"'. II. 810<. dl"I1'''''' of m .. o ... ,inll sy.I .... . 

and tilt' period of t he bent no Ie is meas~ 

tired by digilu l tcchniqlH's. T he n~>l ult 

is pro('('~~ed hy nn I B'\ I 1620 computer 
to obt:lin stnti"t icili dlllil. For short 
uv{'raging times (less thun 10 mi1li ~ 
seconds) the rms ded:llion is alSt! 
mrMlllrcU dircetly by dnt.'l cOlwerted 
from digihll t.o ulluiog form, which is fed 
into nn rms mder. Thil! meier is nl' 
eflupk'd and responds only tu 1 he dc" i:I~ 

Hons from the mean. The deviatiun 
indicnlcd by this meter ngl'ces to better 
thlill 10% with the dtlta fro m the 
computer. 

Figure 10 shows t be dnla for I)nt'-
8(>('ond averaging time as they a rc pro­
ducl'{l by the computer. The data were 
lakrll uta lime witcn Serial Xo. 1':;·, was 
s till :tging rapidly (3 few days ort er 
initial tllr ll ~on), il nd u la rge amou nt of 
drift is noticeu ble, T his drift was then 
removed fl'om the datn, T ho results lu'e 
ill part:; ill lOIS for t he mean .'Iud fo l' 
sigm:l. T IH' skew f:ldor [Iud the pellk 
factor lire parametcrs that proddc an 
c~timatc of how nearly uorllllti the dis~ 
triblltiOIi i~. The skew fnetor ill 0 and 
the pcuk factor :to for n perfect ly 
lIormnl distribution, T he maxi mum 
sigma !It n,i% confiden('e is for two os~ 

dilator;: \'omplll'('d with ('11th ollll'r aud, 
to ubtain Ill(' sigma fol' flUC o;:.eiJlu1or, 

should be dividcd hy ...;:; T h(' maximum 
sigmn for OIU' 01'lcillntor i~ .j X 1O- 1!. 
Duta for olh('r :tvl'rngiug limes nre 
\ist('d in Table t aud plolt<'ti ill Figur<' 
:..1(J. Thl' incf('use uf dC\'intioll from one­
$C('f)lld to 100~f'oltd :Ivt'rnging timl' 
is due to a mbit' llt jl'mpl'rnlure varia­
tiol), The tO~SC<'() lId dat :1 \\'I're rN'orded 
over :~ 2.)..miIl1lt.c tilll!' interva l. " 'ilh 

11 ~ )(~.Y.Ll!i ".-LMCSMI. u.. 3l 6.l6.!...­

QAI-'!'!..lli.. 11t 10 TO T ... t llrOf 

1FT COCIRECTI ON 

StO H t'«l'! Of: ","lit l!. SHI 
ill"!. 11$ . Z$06 
STO---L'!RQ'! OF $ IC"'A 10.2.-906 
!inw tra CT OR -.U III 
PEA l( F~C TOR 1 . 0'., 

"'-.~ SfGioo. AT . 9$ CO~'~'"I~D.'.'."'_'~I~'~.~I~'~'~'C _ OIUL.LPJR 100 l 'f f E'!VIl .J 61 . U211 

P A'IAME!EIl S CORPECTEQ F"oot ORln"==== 

Mf-'It 
STo-EPROR OF ME!" 
$ IG" A_ 
S TO ERROl! OF S I G",A 
SO:;E W F AC TOOl 
P£Ai"" F _ crOCI 
-"IU_S-' G"~ IT .ct$ CONFI!)!'NC!' 

f ill ... . 19, 
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,. 
,.r..""!!'""~~~~r-""7-:!. .. .. .1' , .. _ .',.' -.-, .... ~ -
n typical tcmP<'rature cO('flicieut. of 
.') X IO-n :"C, it is obviolls that. tem­
perature fluctuations of a fraction of a 
dcgr('(' account for this increase .. \180 
shown is the theorC'ticai stabi lity re­
sUlting from the thermal noise of the 
crystal rcsistau('C't fU! ('n lcutated from 
formula (:l ) 011 pag!' 2. 

Phase deviation can be comput~1 
from the frequency dc\,jation by menns 
of equation (10). 

For ,j :-'Ie, 

tJ.j = " X 10-11 nnd T = olle S('cond. 
f 

14 

.l ¢ = 125 X 10-- radians. 

- TABLE I SHORT-TERM STABllITIES­

SlgmQ 0' 9Src COIIfid..,u 

A~ravitlfl Tim( 

1U~ 
I K< 

0.1 sec 
JO uUlee 
Im~ 

300_ 

Sigmo 

5.5 X 10-11 

" X 10-11 

I X 10-11 

i.3 X 10-11 

39 X lO-u 
SO X 10-1.1 

SPEO RAL PURITY 

The measuring system shown in Fig­
ure 18 was also used to obwin spectrum 
dllta. The beat frequency between the 
two oscillators, multiplied 2000 times, 
is analyzed with a Tnt: \OOO-A Wuvc 
Analyzer, 1*'t for IO-eycle bandwidth, 
and recorded with a Type 1321 Graphic 

Level Heeorder. The exceptional dy­
namic I'finge of this combination makes 
it. pOl'.sible to p~sent the spectrum in 11 

p:uticu larly useful form. The oscill:itors 
are adjustoo to have a beat frequelle)' 
of about.:l k{' (3000 X 10- 1°). Figure 21 
is a spect rum obtainM by th is method. 
Th(' first visiblc sidebands appellr about 
13 db down from the main liu(', and the 
noise p<.>d('stal is iO db down. There arc 
no di!'tinct sidebands visible. As th is 
sp('('trum WIlS taken lifter multiplication 
to th(' equivalent of X-ba nd, it follows 
from formula (i I) from page 8 that 
this corresponds to - I II db for the 
first visible noise near the ma in line and 
to -136 db for the noise pe<iest:li, re­
fe rred to the 5-.\lc output of the oscil­
lator, For oue oscillator, another :1 db 
should IX' subtracted; 10 db should be 
subtracted to rcl'er the noise to I-cycle 
bundwidth . T he two !lumbers are - 12·1 

db/~ fo r the noise near the main 

line and about - 149 db/~ for the 
noise pedestal. 

Sometimes a figure is givell for line 
"width." This is, of course, strictly I l 

oollO<Juiulism. as a line cannot havc any 
width. What i.s meant is: how fllr from 
the carrier nrc the sidebund!l3 db down'? 
Figure 2'2 shows the center part of the 

" , 

"~~~~--~~T~--~--~ 

.., ill 

-r= 
O-!-

. I 

.::)- .. "i, .. j. 
--~ 

- i . - . - b 
~ 

fi' .... 2 1. X. b.nd p.w • • ,p.d . .. ," of Iw o Typ. 
111 5_ 1 SI"nd".d · F •• q".n<.,. Ouill"1,, .. . ... ""1.,1,,, 

b"nd wld, t. I, 10 ' p' , 

-
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spectru m plotted with an analyzer 
bandwidth of 0 .. ')4 cps (by usc of a spe­
cial tlIutlyzer filter) , and Fig\lrc 23 
shows the response of the filter. As 
J 'igurc 22 shows no broadclling of the 
response of the filter, it can be stated 
that the line "width" is less than 0.25 
cps at X-bullti. 

OTHER FACTORS AFFECTING TH E 
FREQUENCY 

Temperature 

Temperatu re control of the crys tal 
and other critical ('omponcnts kccps the 
O\'er-a ll tempcrat.\lI'C coefficicnt Lypi­
cally less than 5 X 1O- 11rC. Transient 
response is s lIch that frequency exeur­
sion~ stuy within the specified steady­
stute limits for sudden changes in tcm­
pera ture o\'cr the range of 0 to w"e. 
load 

Loading effect.s have bcc.n reduced to 
negligible amounts by careful urrange­
ment of ground loops. Very little out­
Pllt is fed baek into the oscillator, as 
m'ideJlccd by the fa d that tUlling of the 
output circu it docs lIot uffcct the fre­
qucney to ally measurable extent, i.e., 
less than 2 X 10- 11 . In audition to re­
sistive londs, reactive loads CU ll be 
to lerated. A 1'f'3ctive load of .')0 ohms 
((;20 pO causes. typically, 3 X 1O-u 
frequency sh ift. 

Vibrcrlion 

The only componen t. signifi(,:lIltly :'If­
fected by vibration is the crystal unit. 
The acceleration ('oeffil' icnt is :.bout. I 
to 1.:1 X 10- 1 per g in the most scnsitive 
d irertion. find, for low frerpl ellcies, 
there i~ little reduction of \'ibration 
fro m the instrunwnt frame to the 

" crystnls. As the frl'quf>JlI'Y is rn i1led, 
some nticilullt ion is afforded by the 
foam insulation of the o\'en. 

JUNE , 1 96 4 ~ 

. r . 
~ -
H t-' iT 

. ~ 

- = 

\:+-
Fi,,, •• 22 . C . .. , .. P"'_ 
liD.. of . p.mu m o f 
Fi,,,,. 2 1, meo.",.d 
w ith O.54_cyd. bo .. d . 
w idlh . Ve,llud 1C01. 

i . li"ear (.; powe. ). 

FII"" 2 3. A .. otyn r 
po .. bo .. d choro<",I I _ 
lie " u d for 'p.dr" m 

o f FIgu .. 2 2 . 

Po .... er.$ypp ly 

Power-supply chunges ha\'c little 
effect 011 frequency. The frequency does 
not cha nge more thun ± 1.5 X 10- 11 for 
::Uly safe operating condition of IlC or 
de supply voltage or fo r the runge of 
voltilges from a fully cha rged to tl eom­
pletcJy disc1uU'gcd intefOal buttery. 

MONITOR CIRCUITS 

A fl inglc mf'tl'r is lIsed to monitor the 
t,-:\ \(" l- !\ le, !lnd 100-kc O\ltput. l('n:ls, 
oven temperature, oven heater voltage, 
dr supply voltage, and battl'rY current.. 
In all functions, ·clearly murked sectors 
on the meter indicate the n\llges for 
normalopcrntioll. 

GENERAL , 
The instrulll t'nt IIses a ll-sil ieoll , solid­

state (' ircuitry. All eo mponellts are of 
high quality, ('onsistcnt with the re­
quirements of loug continuous service. 
All cicctmlyti(, ca pal'itof'l'l arc tantalum 
excep t. for the !\c powcr-supply fil1er 
('tlpacilor, which is a i\ lil-grade alumi­
num eledrolytic. All etc hed cirCt lit s usc 
Fiberglas-epoxy boards. The rugged. 
m(.'(·ha niC:l1 construetiOIl \\-ill \\-ith .'5 t,uml 
abuse during shipment tll1d the llIobil('l-
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scrvil'(' environmcnt. The imslrumcnts 
meet thc I"C<luircm('nt.s or ;\111. STJ) 
1(j7 for vibmtion und wiIJ wilhstalld 
:m-g shocks or II-mscc duration in ;llly 
dircdion. 

- ll. P. ~hItATt:~n:nm 

CItEDltS ""'" 
The lIuthor "'i~IICI' 1.0 AeknowWdge the rn.'\ny 

eontribution~ m:ule by OtlICrII ill the dem),'11 of 
thia inatruml'n~ aud, ill 1)'·Hlicul:ir, t.he as!i~t­

illite of W. J . Wh,y in tIl'velOllmenl.-, G. E. 
Nengle for thl' mechanic,\1 dc!!igu, and W. N. 
Tutti!! for ",ritius t he prosrarn fo r t he curnputer 
faT silltisticl.l cVllluulion IIf IIho rt,-l.crm MllbiliLy. 

SPECIFICATIONS 
OUTPUT 

!',." ..... d", I) ~lc, I ~fc, \00 kc. 
" ........ ~, Aell"''' ...... ' , 2,00 X 10- " ( I X 10-
pn dilll divi3ion~ Can I\lso be "nried by ex­
~rnal voIUlS('. 

V.II.,. , I " olt, rUlli, :: ~% into 50 ohm. lit 

c:l(;h frequency. 
51'0<1,.1 l l" . Wlelth , < 0.20 cp.!! Ilt 10 (iC. 

UIQUENCY STA81l1TY 
11'1." T ..... ' St!llldard l)evilltion (Bigmfl. ) i8 less 
thllil 8tntoxl bo>low ('J5% con6dcnce): 

. l l!traging Ti"It: 

IL3 IIIJ\(.'(l 
I m~O! 
IOm~ 

n, I LI('C 

1-
IO!l('c 

• Sigma 
f--"IOO~X' 10-<:-::"' --

50 X IO- u 

10 X II}-II 
1.5X\U1I 
1.0 X W .. " 
1.0 X IU- IL 

A" ",, < !i X to-it per dlly a(IN 30 d:l~' ; 
< I X 10 10 p<'r dny is typiculaher oue year. 

""'1"'.''''': < 5 X IO- It from 0 to 50 C. 
1o.eI , < ::1:2 X 10 II fro" .. open circuit io short 
circuit. 

SIIppty v.lt.,, : < ::1:2 X IO- n from 22 to 30 
,·011.!!, dc; < ±I X 10- 11 fOT ::1:10% ac linc­
voltage changCfl. 

POWU ItEQU'.EMENfS l AC .r DC ) 

AC, 00 to 130 (or ISO to 2(0) volts, 40 to 2000 
CINl, 8 W:lttB lit 115 '·01\.8. 
DC: 22 to as vult.!!; oj w!Il\.8 nl2t volt.!!. 
E ... , ., . .. ey, Intcrnul h:IUery, 2 1- 35 hou", de­
pending on umbicnt temperature . 

GENUAl 

Co""I.u<,i." , Ib'ggedi1.I't1; rnck·hench cnbinet. 
DI .... ""i."", Be.nch model - width HI, height 
5'4, dcpth 14 1 '1 inch .... ( 185 by 135 b)" :\70 mUll, 
o ... ('r·all; r..ick modcl - pa.nell!) h)' 5' .. in('hee -
{ ~S5 by la5 mm); depth behind Jla~1 12 ' z 
mches. 
Nt! W.lght: a5 pound8 ( 1(> kg ). 
$l'IIppl"g W.lght , a9 pounds (18 kj!;). 

Price 
7'/1 P,:-'-,-t-c-

IllS_1M SI."eI ..... f .... u. ".y Oldlh., •• , hnch Mod .1 $2,050.00 
IllS·11t SI."d.'eI. f .... u. "., O .. ill.'.r, Rac. Mod,1 $2,050.00 

PAPERS SOUGHT FOR CONFERENCE ON AUTOMOTIVE ElECTRICAL 
AND ElECTRONICS ENGINEERING 

(ftigilllll pllj)t'Tl< ooverillg t hl' forefront of thr 
11ft lire !IOu!!;ht for the First Xatioll!ll Collrer('nce 
Oil AUlomotive Ek ... ·trieal and EI.'Clrouic~ Engi· 
ut-'('ring t.o be held Septe.mber 2'..! IIl1d ZI in 
i}(>trnil, "I tlU' " ' cGr('gor :\Iemnrilll Center of 
W'lyn(' :-:tMc Ullh·crsily. 

Within thl' 1.'01111, .,,1 of :u,tmnllhilcl< lind trlltll", 
the fuUol'. ing suhjl"('l l'!l.tc),'tlril'iI will be (:011-
sid(: r" Ii: 

I. :-:y~'cm~ nud \lltom:.ti.: ContruJ 
2. Commlwi!:tItion rwd :iignn11ing 
3. V,·hic!f' I'ro')III~iulI :ont! (;,,"trul 
4. Encr!!-.I· :O;t~)f:Igt' >I nti ConvCrlliun 
5. &nJ<oTII Slid Gnugl'! 
G. Q)mllUnl·/lu. Ilnd ne"i('f!8 
7. T.'~I 11I~ lrllml'lIt:Hioli 
S. \llIrmfneturing Proce.'l-"t'! IIIIIJ T,'('IUliflu(>;I; 
O. 1~ll'(t",nk'1' in R;.les IIIH.! i)i,;tnbutinn 

I::'-.ch llT</;!!pl..>eth·e lIulhur !hmu.! iju\.llllil 1111 

Ilh~tr..iet (,'j()O \.;I 1(t(XJ \\·of(I~ ) not laiN 'han .July 
ISth 1.0 the C I",irnmn vf the I'(tp'cu Corn;>,itlc", 
:\Ir. E. A. lI>1nl·.!Ia. Gl'Il(otal :\h,tou Helleuc"" 
1 .... I.lQnltoric~, G. M. T" l'h. Cenl!'r, \\'Rrfl'll, 
Michig:m. Thl' ,'lit hot ~h,,\dJ indicltte Ihll 
IllIlgth Ilf timp. r('{llIirf''' rur pr'· ... ·"liug "uu tfu<­
cllAAi ng th l' Ill'lx: r. "h i~ lCIIJ(II, muy be:'U! shon 
"s 10 millute~ 'Jt 1,,!!jO, bll~ ~hou'" ,tf'finitely nut 
I.'xN'ed 3U minnte~. 

Tht' Cunf{'reIlCl! i~ ~pUI1l'Orf'it by Sout henlltNII 
:\ l irhi~UI N>etioll lind I'TG-LECI of I EEE, 
Vni\'eNily of :\liehig.'m, :\lichig:lO Stille Uni­
w .... ity, WilY tie. Slate Unil·enlity, und Uni"l'r· 
~it_I' of Detroit. 
Gr~ml Ch"irlllnn is Olt, K. Xil=""ClI, '\I>pli~-d 

lti';,ea n:h Officl', Fun! :\10101" CumpallY, Dellr­
oorn, :\Iichig:lu. 
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CONVENIENT GENERATOR· DETECTOR UNIT 
FOR BRIDGE MEASUREMENTS 

T he Tnot: 12::12·..-\ T Ulwd AmplifiPf 
und Xull l)etcf'tor I nnd the Tn~; 
I;!II·.\ Audio Osci llntor ' h!l\'f' Ix-cn 
(~ombined in u singlf', eOll vcnicut unit 
fOf u~c with au/..lio·frcqllelJ(·Y bridgps 
and othrr null-balallce de\'i(·es. T his 
lIew a.'L;o('mbly. the Tn>E 12 1()...\ Bridge 
(h;ciliator.Detcttor, oc('upi(>s a mini· 
mum of beneh €-pace and is prov ided 
wilh rcmO\'lible panel cxtcll:>ions, which 
Udllpt it for nick mounting. T he com· 
binl\tion Cllll Illso be easily disassembled 
so t hat component instruments elln 
be used scpnrntely. 

The os('illntor supplies I I fixed fro­
queJl('i~ from .)0 cps to 10 kc. The 

.~ '" e . . ~. ,. . ~ .•. -.' ~ 
.~~ -

., • • .. " i> , •• o e-e .... ~ 

detector is lUllnble ('ontinuously from 
20 ('ps to 20 kc, with addition31 spot 
frerp lclI(' ics of :')0 kc and 100 kc. 

SPECIFICATIONS 
Di",. n.lonl: Width !!I, Iwight t; , depth i l ;i 
inclwe (-1 85 by 155 by ~'OO mm ), ov~r'lIl!. 
N. t W.llIht , ,:1 12 pounds ( lUi kg). 

Shipping W . 'gh" 28 pounds ( 1:1 kg). 

TVp' I I 
1240_A B<ld, . O"lIIotor.O. I .. lor 

'0 .. . 1 ... 1 . .... of Ih . B<ldll' o "ill"to r_ D. tu_ 
lot A ... ",blr. 

'on" vi ......... lth po .. . ' • • t. nslons o"ach . d for •• Ioy_ 
,o.k ",o"nlin, . 

BRIDGE ASSEMBLY FOR 
PRECISION 
INDUCTANCE MEASUREMENT 

l"or the prt'eisc measurement. of in· 
ductflnce and the intcrco mpnrison of 
induda llC'c ~tflnd!lrd~, t he Tnt; 1U;J2·A 
l nductn ncl' Bridge I offers both flC· 
curacy ulld convenience. It ... wide ra nge 
of induCltwt'('. frum 0.000 1 ph to 1111 h, 
cmbntrf':5 3 vnricly of 3]>pli(,Rtions. It 
can measure rf coils at 1 kc (where 
stray c!lpacitance is not a factor) to 
an nccuru('Y of 0.1 % . It can compare 
Iwo I()"hf'nry st:wdard inductors at 
100 cps to n precision of I part ill 10'. 

1'0 ... 1 vi . .... of th. Ind" . lo ... . M. a . ",in, A ... "'­
blr . 
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Although dc-signed primarily for meas­
urements at I kc and lower frequencies, 
it is usable, with little impairment in 
accuracy, up to 10 kc. 

This bridge is now availahle in com· 
binlltion with til£' Tn·JO: 1210-.:\ Bridge 
Oscillator-Detector: as the Tn..: 

1660-A lnductn llcc Measu ring As­
sembly. 

SPECIFICATIONS 
Dlmenllo ... , Width 1!)1 2• height 2a, dept}1 
J 0 I ) iuches ( ~ !)5 by 500 hy :lTO !11m), over-:Ill. 
Net Weigh!: 62 pounds (2'J kg). 
Shipping Weighl ' 02 pounds (42 kg), 

1660. A Induel""'1 M eolu,lng 
AII . ... bl'l' S 1555.00 

INEXPENSIVE VARIAC" AUTOTRANSFORMER 
LIGHTING CONTROL 

By Fred B. Otto 

'The cOlllrol board described here was 
designed and built. by tbe author ill 
order that tim eight \ 'urine@ uutotraus-­
formers, obtnincd by the -;'.iansfi('ld 
PhlYcrS 0\'('1' the past sc\'(>ful years, 
tould 1)(' operatcd with the convenience 
and vcrsutility of 1\ lever [\ction and !\ 

mechanic/Ii master found in profl'fl­
,. jollal boards. Beca\loo the operator cun 
hold severnl levers in encb hand und 
l'an also master them to a si ngle lever, 
he cun easily (-'urry ont oper!ltions 
that ure impossible with knobs. SinC'e, 
like Olany oth(-'r nmllteur theatrical 
groups, tbl' -:\rall$firld Players nrc chal­
lenged by n budget. that is practically 
nonexistent, tlu.' boa rd was designed to 
lISC mntrril.lll> that arc inexrcnsh-e rind 
read ily available. 

The :Iutotransforml'rs were mounted 

fi,lur . 1. Slr8'ch of ,h. drh .. . mu h_ 
o"hm. 

V·Belt Pulley 
Pi Val'iac Shafts 

ill two rows to conSCf\'C space and to 
bring the handlcs closer togethcr. Eight 
;j-inch V-belt. pulleys were then 
mounted on a M -inch shaft., which was 
mounted in t wo holes in the box. A 
l r.!-inch pulley was used as a mOlln t ing 
for the master hundle. Since it, was ,... 
found that a setscrew was not, su llicient 
to kf!cp this pulle.y from slipping when 
all eight dimmcr.'" were mastercd, n hole 
was drilled through the pulley and 
shaft, and a cotter pin inserted. The 
spacing between pulleys was mai nluinf!d 
b.v short. pieces of pipe cut to length 
:lJld slipped owr the shaft. A smooth 
pipe wus mouuted nca r the fi rst row of 
nutotrnnsformers, a.'; showll in Figure I, 
to gu ide ihe cor(l. 

The connec1ion between the V·bcli. 
pulley and the autotrallsfonner shaft. 
WtlS made by means of a piece of hcuvy 
Vt:' lIetinn-bl illd ('ord. The cord was 
secu rcd to the shnft of the VMiae by 
mealls of tl mach ine sereI\' worked 
thmugh the cord and into 1\ hole that. 
had been drilled and tapped in the side 
of the shaft about Y2 in ch from the end. 
The cord was gh·CIl one Hild II hlllf 
t.urllS a round the shaft of the \ 'ariae 
and tlll'n was tieu to the V-belt pulley 
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Fl .... . 2.. VI.w of 'h . cOnl.ol boo.d , .howl ... 0 .. 11.,. 0' 'he ..... 
'o.l .. dh,id .... ' .1 .... 11 • . FI9 .... 3 . VI . w with .o ....... mo ... . d , Ihow_ 

by means of two hole!) d rilled in its 
Hangl'. T hough it WfiS fou nd suffieicnt 
t.o wrap the ('Ord mou nd the shaft of 
each 'L\ I '~; w:) , 'u rinc llutotrtlll4ormcr, 
it would probubly be Ill'('CSSfl ry to usc 
II small thN'nd spool 011 t he 8hnfts of 

,.... the higher pow('r THE \\' 10 and T HE 

\\'20 \'uri:lC autotrnnsformen; :U1d to 
uS(' a torre:;pond ingly ll\rger pullcy, 

Inex peusive serewdrivcr8 with ~­
ineh-d i:lI11cter shnft.ot were u$l'cI for 
hnndles, Thf' shafts were hcate'd to re­
move thc tcmper, the tips ('ut ofT, nnd 
t he shaft.s t hreuded to tit t ho ~16- ilH' h 
sel'l(' rew hole8 of t ilc pu lleys-. 

T he ditTNeDce in dia meter lX'twcen 
the pulley Il1ld the autotralll;!formcr 
shuft causf'S the \ 'f\ riac to t urn t he full 
:120" wlll'll t he level' is mO\'cd t hrough 
about 90". ~ 1 t1steri ng is :lecompli,; Il(~d 

by a simple twist of the handle in t he 
sets('rcw holf' so that it t igh tf'Tl Io! ngu in st 
t he shaft, t'utlsiug t il!' pull!'y to turn 
with til(' .othaft. I t ~botl ld he noted t hat 
with t his nrra ngc mrnt dimmNII; eun 
be mastl'rf'ti ilt difT(' ren t poin ts so tha t 
~ome dimmers can he mn inUi iucd $('\'-

,-.. l'ml points. :l.hO\'e or 1X'low thl' rest dur­
ing fades. T Ill' 2-i nl'h spacing of t he 
Iw.udll's was chosen to be la rge ellollgh 

1"11 d . ... ill of 'he .on ..... ' ", .. h .. n ll", . 

(or them to be held sepamtc1y, a nd 
yet to be as ~mH II as 1)O~sib le so t hat 
t he muxi mum Ilumlx'r of h:wdles could 
he mo\'ed fit one·e. 

T h L,; bonrd with its low <,ost, ligh t 
weight, IIlld high degree of rOll t ro l1a­
bil ity hlls pron'ti to br wrll su ited to 
our needs and ffi:ly well be equHlly 
suited to the needs of ol hN groups, 

:'oIl'. Fred II. OU(), ,,1,u d('~ignl·d und huill 
lhi" t"Ontrul 1I{1111'd for Iht' \lnn~rlCld PlllY{'I'~, iB 
n Krllthmll' \If th,' l1ni .... ·r~il.\ of :'ohM'W, III prl'!L­
enl lltudyjllK fur hi~ Ph.I). ill ph)'~il"~ (,t tIl\' 
Unjv(,l'Ility of (")IHH'!'\it·Ut. In !lddilinn 10 hip 
!UIt<tJ('inlion .... ilh III\' '\ I an~fi.'ld I'lll)"I1', h,' IH\~ 
al.., .... urk.·d "ith the :'olaifLl' :'0111."<:1111' T h"lIl"1' 
lind thu P"'I'I,h I'I"yt,11' uf \'In('h('~t('r • .\IIU'NI.­
Chu8Ctt~. 
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Melville Eastham 

1885 - 1964 

i'\'Ieiville Eastham, founder of Geneml 
Haoio Company and its prc~idcnt from 
1915 to 1944, died 011 i\Jay 7. His pro­
fei'l.';ional Ilnd busine&l cnrccr spa nned 
thl' growth of elect ronic engineering 
from its hcginnings as wireless telegra­
phy to the present and was mark ed by 
importllilt contributions to scient-(', in­
dustry , and national defense. 

lie was born in On'goll City, Orf'go n, 
.June :!6, 188.1. nnd WilS edu('ated in the 
Oregon public 8r hool5. li e moved to 
Boston in 1006 as a cofounder of C lapp­
EU1lthurn C'ompilllY, a mUlHlfaelurcr of 
radio rC('civillg li nd tr!Hlsmitting equ ip­
mrnt. 1n 19].) he founded (,cncm] 
Hadio Company. 

li e was n "('liow of the Institute of 
Elt'ctrie:d lind I~lcttronirs Engineers 
and of the AmNican Asso('iation for the 
Adv:Ln('t'ment of Sdcll(>f', and 11 memher 
of the AeOlli. ticnl Society of Amerieu, 
t he American Physical Society, and the 
American ;\ Ietcnrologic:d Sot"iCLy. tn 
1\1-1:; he was 1lwarded the honorary 
(kgree of Doctor of Engineering by 
Oregon ~hlte ("ol1{'gc. 

As one of thc lcudcn; of the Office 
of SciC'nt ifi (' HC!<f'arch and Dcvc1op­
mcn t, he was inslrumell tal in rna r­
shlllling tile {'Iectronic-engineering d­
fort during World War I I, and played 

a principal role in the dcvelopmcnL of 
the Loran navigational guidullce 
system. 

.\Ir. l~astham was rcspolIl>iblc for 
muny importnn t. electrical sta lldl~rds, 

components, and construction tech­
niques. Widely recognized as a pioneer 
in progressivc employer-cmployl..'C re­
lations, he initialed in the early day:; 
of Gcncral Radio many employee bene­
fit:; that. were later widely adopted ill 
industry. Largely t hrough his tf'chnical 
guidance and his humanitarian air 
proaeh to ('orporatc munagement, Gell­
er:1I Hadio was able to grow to a promi­
nen t. position in the eie/"tronics ind us­
try while preserving its lIlIusual syste m 
of 8<.'lf-oWI1Nship. 

:\ h 'lvi lle Eastham 's many fr iends ill 
the clel'troni{'s industry may wish t.o 
know that a fu nd in hig memory h[l s 
beell established for the general pur­
poses of the .\ I assuchuf«'tt-s J nstit.u te 
of T ech nology. Cont ributions may be 
sent to the i\ lclvi lle Eastham ;\Iemorial 
Fund , i\lLLssnchusctls Institute of Tech­
tlu\OK.v , Ca mbridge, '\IasslI chusctts . 
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