
THE GENERAL RADIO 

ExperiIllenter 

Frequency 
Synthesizers 

Frequenov-Bt;ebility M ••• ureme"". 
Ph ••• Nal •• 
Sweep end Merker Generator 
Deley-Lln. M ••• uremenc. 

VOLUME 41· NUMBER 1 / JANUARY 1967 

IET LABS, Inc in the GenRad tradition

534 Main Street, Westbury, NY 11590 
www.ietlabs.com

TEL:  (516) 334-5959  • (800) 899-8438 • FAX: (516) 334-5988



Volume 41 . No .1 

,January,967 

the ~ Experi:rnenter 
e 1 "7 G-........ C--. w ... '-". """o,. USA 

..... - THIS ISSUE 
Page 

The Use of Frequency Synthesizers for Precision Meosurements of Frequency 

Stobility ond Phase Noise. . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . 3 

Phose Noise in I 160·Series Frequel'lCY Synlhesizers .....•..... . . . ... II 

A Sweeper for GR Synthesizers .................. .. . .. ..... .. .... 15 

The Synthesiter in the Production Tesling of Precision Deloy lines .. . .. . . 22 

GENERAL RA 01 0 COMPAN Y 
W e s t Concord Mas s a ch u setts 01781 

• NeW E N GLA ND 

W •• , Concora. M ..... chu •• , .. 0178' 

• METROPOLITAN NEW YORK 
1I,0aa ....... nu •• , Llna." 
"lall.f1.la, N.w ".' •• !>' 075157 

PHILADELPHIA 
"ort W •• hlnllion Inau.,rI ... ,..,~ 
I"ort W •• hlnIlIOn. ,..nn.!>'I .... nl. , 1103" 

WASHINGTON and SAL TIMORE 
Po., Offlc. 80" ,,110 
""20 "oc~v!ll. PII •• 
ROCkv!U •• M ........ na 208150 

ORLANDO 
"3 I! •• ' Colonl.1 Dr ..... 
O,lanao. ,.'o,la. 321101 

SYRACUSE 
Plc:k • ..., aullalnll. e •• 1 Mollo!>, lIta . 
lI!>' r.cu ••• N.w York 13:nl 

CLEVELAND 
1511711 P •• ,. Ro.d 
C ....... nd . Ohio ."'28 

• CHICAGO 
1111011 W •• I N ortn ....... "u. 
oak P.'~ . ,Ulnol. 110302 

DALLAS 

• LOS ANGELES 
1000 No,..,n a ...... ,d 6tr •• , 
La. "'nll.' ••. C.lifornl. 80038 

SAN FRANCISCO 
"o.t Oft,,,. 00. 13f18 
1128 a.n "'nlonlo Ro.a 
Mou"'.'n .... , . ..... C.llfo rnl. a .. o.o 

MONTREAL 

T O RONTO 
all "'0,., ".rkw.y 
T oronto Hi. Onlarlo. C.n.da 

R.O.I, a.rvlc ••• r ...... n.ol •• 1 In ••• '.'"0'0 . ...... __ _ 

GENERAL RADIO COMPANY (OVERS EA S). 80011 Zurich. Swln.,'and 

GENERAL RADIO COMPANY (U.K.) LIMITED. flo urn. Ifna . 8uck lnllh.m.hl, • . 111"11'."0 

RI!I"IIII!.I!NT ... T ..... Ea IN ,.RINCII" ... L O .... I!Ralll ... S COU NTRIES 

IET LABS, Inc in the GenRad tradition

534 Main Street, Westbury, NY 11590 
www.ietlabs.com

TEL:  (516) 334-5959  • (800) 899-8438 • FAX: (516) 334-5988



January 1967 

THE USE OF FREQUENCY SYNTHESIZERS 
FOR PRECISION MEASUREMENTS OF 

FREQUENCY STABILITY AND PHASE NOISE':' 

Few new instruments have been ac
cepted as quickly and as widely as has 
the frequency synthesizer, and few have 
prompted ~ many inquirie~ about their r characteristics and capabilities. This month's 
EJ(perimenter responds to the growing 
interest in synthesizers with four articles: 
In the first, Dr. Atherton Noyes, who 
directs GR's synthesizer development, tells 
how synthesizers can be used to measure 
the frequency stability and phose noise of 
other frequency sources. This is followed by 
a discussion of the phase noise of the 
synthesizer itself. A new sweep and marker 
generator for the synthesizer is described 
in the third article. Finally, the synthesizer 
is seen solving a problem in praduction
line testing - the precise, direct measure
ment of the delay of a solid ultrasonic 
delay line. 

The 1 HiO-5t'ries frcquem'Y synthe
sizer;l. ill addition to serving as versatile 
frequcncy !'Ollr("c:<. ("lUI be lIscd to truck 
and to r(,cord frl'qut'ney \"ilrialions in 
other frl'quem'y sources. l This is so 
because the fn'quellcy of the cOlltinu
)u~ly adj usta hie dl'cade (C. \ D) can be 
smoothly l'ontrolled man ually and elec-

tricnlly. By 1TI1ikillg Ul'C of this capability 
one ("all maintain exurt equalit.y 1)('
tw('('n the fJ"('qu('ncy unde r invt'stigation 
li nd an adju:stahle and preei;;ely knowlI 
st:l lldll rd. 

Preci!'ioll mea!<UH'ments of frequency 
hy CSlnbl ishmcnt of upproximate equu l
ity bet\\'CCIi an unknown and a fi xed 
standard and oh:!{'rvatioll of variations 
in t hc bt'at frequency betwel'n them 
have bcen ('am mon pruetice' for many 
years. For high-prcl'i:sion co mparisons, 
the beat frl'qul'ncy is uSllally mensu rr-u 
in t('flll:S of rate of ('hallge of phase, ove r 
min utes or hOllrs. 

The task of measuring phase drift 
beLween n fixed-frequl' ncy standa rd Il nd 
nil unk nown ff('qllCIH'Y a nd tra nslating 
it into frcqucllcy ('fror i:s lllboriotls, and 
the rC'sull..8 often yield only an avcrage 
OV('f a rclatiw'l.\' long time intcn'al. A 
synthesizl'r, 011 the other ha nd , provides 
11 highly pre("i.~e sta ndard freque ncy 
that en n iw ('ontiTlllOlI"l .... adju;;ted to 

, :-'lud, 01 the m.l~riftl in Ihi. 1"'1"" ,,'8.0 \,<.,..,01".1 al the 
2111 ,\n""RII" \ Conferenoe in :-;ew York on o.,to"", 2;. 
11Hi6. 
'.\ I\'.<IOn I'O)·~I. Jr .. "('oherent O"".d. J'r~l"en<y 
;oynlh ... ' ...... " G,~~",I R"d,Q Erptf",..~ltf. s..1)\e",t..,. 
LIIt;4. I"'&e LI. 
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the I. Expe r'i lnen te r 

OO(i" '~'O""."O" C '~OI~'O\,lIL DIG'" 
[O.(O"POS,T[ O<G.' ,~'O 'liD" A(l,y[ u.' .. 

FIIII<I 1. Slmplll1.d block dl. , 
I •• m .f • 01"1,.1 R.d l. 

"1"WI"cy ly",,, .. I . 1t 

. ~ ,!t. 0 
'O~-I IO~-' .. --- " 

Ie "CUII'('" '''(QU[/iCV 

Il.t. '''(0 ~C"["'{"T O_(O .. t OSC .. " 

main tai n an eXllct, zero-beat match 
with llil unk nown. For manual control. 
a Li~jous figure on nn oscilloscope 
is a COfi\'cnient indit'ation of exact 
zero ix'il t (zl'ro rn te of chunge of phase), 
A frequcllcy dilTl'rence of only a milli· 
hertz, for Cxa ml)le, is n.pparcn t within 
a few ~CtOnd8 of observation. 

ll owe\,cr, it is usually easier to com· 
pare the two signu ls in a phase detector 
that, for a phuse difference of 00°, 
produ('('s 11 d(' output of zero volts (on 
which nrc supcrimposed the effects of 
mndom phsI;(' fluctuations - ., phase 
noise" in bo th of the compared 
s.ignal~ ). ,\ n unrhnngillg dc componcnt 
of the phn8C-dNector output ind ica tes 
thnt the frcqu(,llcics are equnl; aLso, 
any 14(' eomponents indicate phase noise 
directly 

By w .. ing It vol tage- tunable frequency 
synthc~izcr one {'an set tip a (' lo&'d· 
sen 'o-Ioop frequency control to mnin
tain zero frequcncy difTerclH'C in the 
presellec of drifts and lIuctuntions of 
thc ~ignnl under cxamina tion. :'I losl 
suitable for l"u(' h applicu tions i~ a lOyn
thcsizcr that, like the C; H lliJO-scries, 
U~$ 11 ~ric~ of rcpetili\'c ei rcu it mod
ules to synt hc:;.izc 811 output frP<lueucy 

to ally desired fineness of resolution , 
and that includes Ii continuously ad
justable voltage-controlled oscillator 
which can replace n step digit unit at 
any chosen rank . 

Figure 1 is a simplified block d iagram 
of such a sy nthesizer, Each digit. unit 
processes the signal pnssing through 
the train in such a way as to reduce by 
a factor of 10 any frequency variation 
occurring in its input. signa l. So, if the 
continuous oscillator feeds the fi rst of, 
My, I;('vcn digit units, the variation in 
output frequcncy from the tmin is only 

1~1 the variation in the starting sig. 

nal from the continuous oscillator, 
A change of 100 li z in the oscillntor 
thus produces a change of only 
100 X 10- 1 Hz, or 10 microhertz, at 
the output., 

Conversely, if the sy nthesizer is 
cOllstmincd to adjust its output fre
quency smoothly to main ta in cxact 
equality with a se('ond , perhaps slightly 
ullstable , frt'quency by variation of the 
continuous oscillator, then Ii drift of 
only 10 microhertz in the unknown will 
produce lL 10001iz change in the con· 
tinuous oscillator. 
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Sill('r the total tuning range of the 
continuOUR ()"cillntor 1I:'C(1 in sUl'h a 
system is IIhmy:; thl' :<time. no mntter 
whiC'h d(,('II.(I(' the o,,<,illlilor r<:'pinc('.'l, 
simp\l' Swill'hing allows ~<'Ir(' lioll of the 
prop(' r mllgnifie:llicm for the tll~k at 
hand ('ir('uits for mOll ilorillg the COIi
tinuow\ o~l'iliator nrt' Ilot nITc('too by 
su('h :\witehing. 

,..... Figure 2 j.; Ii uingr:lm ilIu!<tmting 
fr('qul'llcy 1r:.H'king by this t(>chniquc. 
The unknown fn'qu(,lIcy /4 and the 
synthr,.iz('d output III"(' heN' mllintainrd 
cqu:1I in frequ('Il(-,Y hy til(' phuti('-Iock 
loop, whieh ineludl'" the vollllge-('o!l
troll('{1 o~('illn tor ( I TO) Ill, the :;tnrt of 
th€' :lynthr..;iz(,f train . H(·,..uitiug fr<:'
qucl1('Y ('hnl1j!;<'s ill the IT" nf(' moni
tOfC-i! a~ ~howll . :\01£' that II ('hangl' of 
I part in 10 ' in 11 (10·1 - - - milliht:rtz ) 

• 
co, 

o I UNITS 
~ 

• , , , ... .... a .. y .... 011 " . -
q" . .. . y d,lft 0 1 th . .. .. _ 
k .. aw .. , wh ich I .... otch . d 
o .. d ca .... I. d loy Ih • 

'"VII loop. 

produces tl very ensily meu'illred change 
of 1.0-1 - - - kHz in the ITO frequency, 
ill the example illustrated here, In this 
c:mmple, the standard frequency is 
ofTs<'t by n fixed (n'(juelll'Y of 10 ~I lf z . 
Such frcqul'lIry tmnslntion i~ sometimes 
ui'\('ful for achic\'ing n fre(IUcll{'Y match 
nt fn'qUCIH'icR oubide the band of the 
8ynthl'.~izNt or for obta ining higher 
l'{'<lolution with tlU' D.\'uilflble numlx-r of 
digiL;; in thc s~o'IIth(',::izer. 

There nrc olH'ioU15I,Y D. grenL mnny 
wny:) ill whirh .If of the reo can be 
Ill('ll..;;ured or r('conlNl , The mcthod wc 
huvc u:<cd at (;H is d iagrammcd ill 
Figure :j, Thi:; !)('tup mnkl.'s uS(' of the 
f'H·t thllt, in the 1100 M'rics of GR 
SYllthN.izrr'S, intertln] cir{'uits ('oml)ftrc 
th(' output fl'{''1I1f.'llcy of lhe C.\ D 
({,olltinllou"ly ,hlJustnblc Decade) with 

)PTIO"lAL 
'FR[OO[N(:Y 
'" ILTI"L,ERS 

I OR fRA" S
LATORS) 

NOH 
'BEAT :I1A"' \I[S 
IO k l1,PUISTEP 
Jf 01 U""T 
AT ACTUATE 
BUT TO'< 

FI, .... 3. Blo.k d lo _ 
g,oln lIIust,a tl ... th . 
.... 0' th . 1 .. ' .. .. 01 
, .. qu . ... y- . o ... po'l.o .. 

cl rculh _ 
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MH, 

X40 
100 MHI < 100 MHI 

' LOCK VCO 

L-"., I SYNTHESIZER I $ 
~Mt11 WITH VCO OUTPUT 

" 
1 

LOCK SIG 
TO SYNTtlESIZER 

the frrqut'ncy gcn('rated by the digit
insertion un its that it functionally rl" 
plac('s by pUf'h-huttoll selection. and lh(' 
r('sulting beat-nott' i" availablt' at the 
lI E.\ T terminals. L The C'. \]) f requl'lH'Y 
C!l n be tUlird manuully and en n be 
voltage-eontrollt'd ilbout the mllllual 
setting. Ir the frt'qurnry of the C\ D 
exactly ma tehe::, that of til(' T'('plnerd 
digit unit.i. tIl(' IJ~:\T output frf'qu(,lley 
is zcro. If the setting of the digit uuil llt 
the lu·tunted hutton is thcn chtlngrd one 
step, tIl{' b('ut sigll ul ('hang(-'s hy exac tly 
10 klb: . (Thrre is 110 change in the 
main output fr('qu(,llcy. ) Thi" f(-'ature 
I)('rmit" e,..tuhl i~hm('ll l of a ("(lll\'l'nien t 
rer(-'rcnt·t'-oITM-l to givc scnM' informa
tion uhout frequell('y drifts, whilc tlw 
phnse drtel'tor maintains ('xlu'l equal ity 
of the eompnred "ignnls. 

The a nnlog fre(lttl'll('Y mel<'r shown 
in Figul'f' :I, toget h('r with th(' graphit' 
l('vel rel'ord('r. ('lill h(' adjustNI fo r 

I 
~MHI 

VCO OUTPU T ,,, , TO RECOROER I """"" 
ceuter-of-chart PCI) positions when the 
input to the frequcncy meter is 10 k ll z. 
II c!lce, positive or negative frequency 
drifts of f. nre ulla mbiguously traced 
011 the r(-'corder chart, with the chart 
e(,lIter line exaetly correspond ing to 
the diulcd sYllthesizer frequency. The 
!i<:fl le factor of the record ing CUll be 
eh:lllgcd in de('adc s teps by actuation 
of the synthesb:er pushbutton! and in 
smallN nmounts by adjustments of the 
r(-'t'order SCTl:!itiv ity. FrC<luency shifts 
al'(' a.lso \' istlally displayed by the 
fr(-'quen('y meter. 

Figures I through S show illust rati ve 
I'('cordings. For lhe;;;c r(-'eordings, the 
.)-:'1 1111. synthesized t'tfiTldard frequency 
was t.'l.kcn dire(' tly from the output of 
th(-' digi t-unit train (v in the output 
amplifier, by means of an intcrnn l 
juml)('r ('hnng('). This translationa l 
r hllnge of .i :'I I li z provid('s one ex tra 
, Ib,~ 
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digit of resolutioJl and a so mewhat 
lowcr·noisc signal than is available 
directly fro m higher·frcquency sy n· 
thesizers. 

Figure 4 shows a system check. The 
frequcncy used as thc stltlldflrd to 
phase-lock the synthesizer is also COIl

nected to the fz inpu t. Ideally, the 
recording should be an undisturbed 
straight line at.lf f =0. Actually, occa
sional sma ll phase jumps occu rring in 
the synthesized channel prod uced un
correlated disturban ces recorded as a 
few parlg in 101t • 

For each recording of Figure 5, two 
separate precision os('illutors were wred, 
olle to pllllSC. lock the sy nthesizer and 
the other as fz. The lock signa l f. was 
prov id('d by the GCllcml n adio Bolton 
Pla nt. standard , by way of the plant. 
distribution system. For thc left..-luUld 
trace, a typica l 1115-B Ostillalor was 

.- _ ... 

f--:-::- ---l l 0 -" , " . 
I i 

j -

""'" • 'P "\I ..0.,. ""\h"VP""" 
" / v 

I 
1 • • srAHOARtI rREOUOICY j 

O$CH .. lA'~ ' A' 
,----+-' 

I I ·1 

,J .n ..... r y 1967 

used as f7 and recorded against this 
standard. In the righ t-hand trace, a 
somewhat less stable oscillator sup
plied fz. The difference in short-term 
behavior is quite apparent. Xote that 
for both tro.ces one major divisioll 
represents 1 part in lOll, The time 
scale is ao seconds per division. 

For the re('ord ings of Figures 4 and 
5, the recording bandwid th was en
hanced by frequency multiplication of 
both channels to 100 i\ llfz before the 
phase detector. By this process the 
phase-lock bandwidth was increased 
to ±Y.f li z, aL 11 scnsith'jty of 10- 11 

per division , and to ten times th is, or 
±2~ li z, at 10- 1°. (To measure lock 
band width, th<' manual tuning control 
of the CA D was moved to the high und 
low limits of the lock range , as indicated 
hy the phll&'-dctcl'tor moni tor. This 
CAD dinl rnng<" multiplied by the 

-----
t 

10-· :i >0. 

I . N.-----r .. , ; 
A If,, · I i 

I f .'I"n '/V~ ·V :If . , , < 

I 
V 

I" SUNOAIIO rllEOUEHC'I' 

I 
OSClllUOII 'I' 

! j 
, I I t : , , 

I'!lASE OET 

" 
",. XlO 

100 MHz < 100 MHz 

$ t LOC K VCO 

~ 101Hz I SYNTHESIZER I OUTPUT W ITH veo 
,-OCK SIG 5MH, 

" 
TO SVNTHESIZER 

VCO OUTPUl 
(61 TO IIECOIIOEII ) I!!!<E!l 

Fill"'. 5. F . . .... . ... , . <o"'l'o, l.o" •• c",d l"II' of Iwo o ocUlolo" •• 10111 ... 10 a Ila"do,d .. .. d 10 
lo ck ' h • • ,"' huh, •. 
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Hz/ step at the CAD functional posi
tion , gave bandwidth directly.} 

Figure 6 shows the response of the 
system, at 10- '0 per division scnsitivity , 
to abrupt f~ steps of about .j X 10- 1°. 
A time constant of f1bout 0.2 sccond is 
indicated, so that, Il t this sensitivity 
setting, fluctuations at frequcncies from 
zero up to sevcral hertz, as well as the 
longcr-period drifts that are trackable 
with narrower bandwidths, can be 
recorded. 

The system described indicates fre
qucncy shifts directly, rather than 
as a changing slope of phase versus 

I 

time as is cllstomary in precision 
measurements. As a further example, 
Figure 7 shows immediately the fre
qucncy shifts that resultcd whcn a 
pret ision oscillator was rotated 90" in 
the earth's gravit..'l. t ional fic.ld. 

Figure 8 shows a less demanding 
measurement. T he behavior of a simple, 
expcri mcntnl crystal oscillator, sub
jected to ambient te mperature changes, 
is show n at two sensitivities (10- ' 
and IO-t per division). High-speed 
response at extreme resolution was not 
required, SO the two X20 mul t.ipliers 
were not. used. 

, , ..--~ 

---l-
o·~ 

--

-

L-'- -L. -----. flgu 'e 1 . R .... , d lng Ih .. ""ln. In,' .... _ 
' .... e .. ul ' . equenc., ... Ift. ( .. b .. u l 6 
p .. rt. In 1010) .. f ... ' .. nd .. ,d _fr eque ncy 
.. oclllo' .. , .. . II I. " pe .. ' edly , .. I .. l ed 
90° , . I .. II"e 10 Ihe . .. . ,h ' . 1iI ... " il .. -

...l 1$. 10- 10- '· "," 

I , I , , 
tl .. n .. l l ie id . ~ 
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Use of the Setup for Pho se-Noise Studies 
This general setup is also useful for 

obl'lCrving short-te rm fhu:tulltions. The 
oscilloscope, which in Figure :J WIlS 
shown con nected as a dc monit.()r of 
I>hllse lock at. the control-signll l output 
of the phase d('tcctor, is Il lso n useful 
indicator of high-frequency phuS<' lIoi::;e, 
nt nil frcqucllties outside the pha8C
lock bandwidth . Sueh fr('qucncies are 
not dC'gel1ernted by the phasc lock and 
appear Ilt t il(' phllsc-d('lector output. 

The o~till oS('ope, therefor(', clln su p
ply quantitative informutiOI1 on phn.'SC 
jitter. The only function of lh(' pha!SC-
100'k, in this ('ase, is to ma int:l in f. and 
f~ at. a !JO" ph:tsc rl'lal ionshil). Qne 

• • 

• 

shou ld kcep thc loop bandwidth as low 
as is eonsistcnt with the stabili ty of the 
ostillator under tcst., in order to avoid 
dege nernling noio;(' frcqucneies of in te r
('st. It is cn.sy to ('lIl ibmle the phllsc 
deviation , jO, ill trrms of the I><'nk 
vnlue of u h('lIt Ilot(' ('f('ntcd by frt'
qucncy displnt'l'm(,llt of one of lhe 
inputs, us shown ill Figure 0, at the 
left. If the o;willoseopc gnin is then 
incrcased, urull'f ('erttered phasc-Iock 
('onditions, t he h(' ight of the grn~s 

measurcs ph:l:;e jiller, ns ill ustrated in 
Figure U, nt th(' right Su it1l.ble filters 
plueed in th(' o!;dlloscope input. CU rl 
limit. the Iloi ,;{' Imn<lw idth, ns desired. 
For low-noi:;(' l;()1Ir('C!'l, frCtlllcncy multi-

~ SP(':~A 

.~I"I'Gd'Gft 

~'(. r o p~A~r ~ , " 
'(HOIIE ~ , A ~ ' )Pl 
YOl'''{'( c.a .. ,"C A£.~[[ 
'Y'~ 

B£lIoT I«Of( 

8( ..... ([1« ',AND " 
FI' ... . 9 . OldUol<op. <ollb.o _ 

110" 10. phol ' noh •• 

9 

IET LABS, Inc in the GenRad tradition

534 Main Street, Westbury, NY 11590 
www.ietlabs.com

TEL:  (516) 334-5959  • (800) 899-8438 • FAX: (516) 334-5988



. " 

the, Expe l'illlC lll e r 

'lgII •• 10. SI"III.·,ld. pho".nol" 
po ....... d."'Ur , .. ' .... d 10 c ... I ••. 

• • 
; 

plication before the phase detector (ns 
prcviou!l:ly described) is dcsirnble, III 

ordcr to magnify the noise prior to 
detection. 

A high-gain seledive voltmeter con
nected to the pha&'·detc('tor output ca n 
be used to observe sideba nd noise dis
tribution. Figure 10 shows a plot 
of phaSC-lloi~ density, liS n function 
of offset fro m signa l, taken with a 
GR 1000 narrow-build wave analyzer. 
i\lore details Oil this tYI><' of measure
ment are given in nn uccompnnyillg 
article.' 

CONClUSION 

Systems such as those described 
above clln tbus be u!'t('d to observe und 
to record not. only relatively long-term 
drifta over periods rnnging from seconds 
to dUY8 but also shortrr-period fillrtlln
tions at rates up to several hertz and, 
additionally, highcr-f requellcy, noise
sidel:w.nd power distribution. 

The !;ynthesizcr, lItiCd as lUi error 
magnifier, can supply the total sta nda rd 
signal, ('il her directly or with multipli
cation, or it can be in:;('rtcd a8 Ull addi
live ('omponent, us cir('u msUl nces die
tal<'. For measurcments of very high-

" _00 -"".+ 

. IlQ , 

"-: 

., 

I 'Yp!~" SI'f " III 
1 -- AT I .... H. 

.... AT -"' ·If 

OFFSET FROM CARRI ER 

quality signa ls, translation by fre
qucncy add ition is to be preferred, for 
two reasons: First, the added frequency 
componcnt Cll n l>crhuJ)s have somewha t. 
lower noise than the synthesized co m
ponent, so thut the co mposite signal 
may be signifieuntly better than onc 
obtained by s traight multiplication ; 
second , addi ng the synthesize r signal 
to n large fixed ro mponcnt will make 
ava ilnble finer fract ional resolUlion 
than thc sy nth('sizer has itselF. 

The techniques desc ri bed above Imvc 
become available with the ad vent of 
the synthesizer. Equally good , and 
pe rhaps bette r, results cu n be achieved 
by other mcthods. I t is worth re
emphasizing, however, that. the syn
thesizN method displays instantaneous 
vuriation of jrclflU! IICY, rather than of 
phiL.~, that it docs 80 with high magnifi
cution , a nd lhut it i:; not nCl'CS!'.ll ry to 
work at one of a lim ited !lumber of 
standard frcqucncies, such as I ,\I II z 
or 5 :'\ 1 Hz. Thc synthesizcr is nimble, 
and it cun take the measu re of any 
unknown, on its OW II ground. 

- A TlIlmTO-" ~O\,E", In. r 
'··Ph .... S_ in L 16:l-8erie& ~·'''''lu .... t)" 8ynth ....... ,.:· 
t.h,._e.PA~eIL . 
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PHASE NOISE IN 1160-SERIES FREQUENCY 
SYNTHESIZERS 

The qualit.y of a sine· wave signal 
generated by all osc illator is usua lly 
degraded by the presence in the output 
of additiollal freque ncy components, 
which can be classified in the following 
groups: 

(I ) Ha rmonics of the desired fre
quency. 

(2) Sidebands accompanying the de
sired frequency, created by modulation 
of lhe signal by powcr·linc frequcncy 
COml>Dlwnts (GO liz, ]20 li z, etc). 

(3) Other non harmonically related 
sideband components. (In frequency 
synthef"izers, these ure generally due 
to the heterodyning of high·order har· 
monics of signals a pplied to onc or marc 
of the synthesizer frequency mixers. 
Such harmonics a re usua lly generated 
in the mixer itself. Spurious sidebands 
can also be crea led by signals lea king 
from one part of the circu it to another, 
owing to ground loops or imperfect. 
shielding.) 

(4) Sideba nd s created by rllndom· 
noise modulation. 

We have given much though t to the 
problem of how best to dest ribe the 
quality of the signals generated by the 
I I GO-series sy nthesizcrs, and we IHlve 
concluded that it is sensible to separate 
discussion of the undesired sideba nd 
components by classes as li.~tcd above. 

The single·frcqucilcy IlIlfInon ic and 
nonhu rmonic "spurs" are most easily 
measu red hy me:lIIs of a sharply selcc· 

tive receiver. Th is recei\·er may be of 
convent ional type, suc h as the Ham· 
marlund SP(j()()j evcn beLter, it may 
consist of a wave anulyzer, such as 
GR's T Yl'E 1900, lIsed as a tunable 
i·f amplifier and output indicator, 
after an f'xle rnal mixcr. For stability, 
the local os('illnlor of this composite 
receiver should be It synthesizer, prefer· 
nbly with its .")·) 1 Hz internal oscillntor 
phase~locked to Ihe synthesizer being 
tested. This technique, employing stich 
a highly sclect il'e re('('iver, serves well 
to mak{' the single·frequeney measure
men ts of harmonics. power·line·related 
sideband ('omponf'nts, and nonha rmon i
cally related ;:.purs (Classes I, 2, and 3 
aho\'e). Spcc-ificatiolls on Ilhese have 
already bet>n published in the Gencral 
Radio Cawlog and in the E;xperiml'1ller 
(September I!)G-t. Xovembcr·Deccmbcr 
]Uti:), and SeptC'lllbcr ]!Jti6). 

The TH E 1000 Wavc Anu lyzer can 
also serve as a high·gain selective volt-

.\lher ton Noyes re· 
ceiveti hislLndergraduute 
find Kmdu!lte degree.'! 
(. \U, :\,\1, S'\ I, SeD ) lot 
Hflrvard Univerllity . 
FWI1l 1\.l3i to 1000 he 
WtL~ on the engineering 
Shill of Air~r!lft Ra.dio 
Corporatiun. lie hUil di
reclt-... t GR'lI fr('(lllency
"yuthe!!izer development 

<i"te Wull, and he i~ currently the (lrunp 
L('"drr of the ::iill:,wt-Gt'neratolr Group. 
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m('tN for mensuring random-noise ('om
poncnt81lt ally choS('n sparing from the 
carriN, :\h.·asuremCllt!l mnde all rcprc
scntatin' groups of 1 ](12, 11(;3, and 
1 HH s)'lIthc.;izers by thl" method fifC 
frported Iwrc. Figure' I shows the 
('xp<'riment:li l«'tup in bIO<'k-di:-lgr:un 
form. Thl'! is mrn'ly 11 variat ion of the 
&"1('('li\'(' r('('t'jV(,f suggc,;tcd above, in 
whi('h till' ioenl-o;;:('illntor frrquency and 
~igllnl frl'quc lwy nrc iiJrlltitul, lind the 
l\uwbi(' i-r ampiifi('r nnd output indi"lt
tor nwnSUf(':! ootll .. ide blinds (·orre..;pond
lug to nny componrllt of frequenl'Y 
modulntiOIl of th£' ~ign:ll. (The loo-kHz 
frllp at the 1000 input ('1I;;Ur('ti that llny 

lOO-kllz biclcballd,:; in the m('mmm:1 
;;:ign:d arc not ablc 10 lellk past the input 
cirt'uits into till' JOO·k ll z /iX('d·tullcd 
IImplilit' r of till' \\'11\'(' .\nalyzer ill 

su fli c icut mngnitud{' to afT('et the mca~ 
urelllent. ) 

.\ ~ shown in Figure I, two pr('('i"ion 
rr{'q ll{' nrie~ are (,:l{'h multiplied to 100 
i\ll lz (to ill('r(>a~ S('I1$.ilh'ily, M ('x
plailll'd b('lolI') lind ('om pared in n 
pha."t' det('('tor. Wh('l1 the t\\'o 100-). III z 
J;igntlls nr(' in pha~ quadratur(', the 
d(' om put of th(' phn><e dete('tor i" 
z('ro, and th(' noi'-t' in the pha"t'
dC'tt'dor output i~ " pha..;(' noi:,(''' (i.e., 
pha;;(' j itter will produ('c nn output; 
Ilmplitud(' jillcr will produ{'c no Ollt

put). Th(' dc-('oll\>\(,(\ o,",("i llo.o;("ol>(' !"i(' rn'S 

U e .... 

\" "'" 

8 
pr,,,, 'f ,0', 
l>' .... IR ... 

.... ~ 
.... C> .. ~ 
IV.~ '.00 ,. 
...~o.·t)!" 

.. 
to establish the fnct. that phnse quadra
lure (zero dc) has been achieved and 
to examin" th(' character of the noise. 
(Amplitude lIoi;l(' Cti ll be mcnsured 
ill the same setup if the 100-i\l lI z 
signa ls nrc brought to equal, instead of 
quadrature, phabe. In general, ampli
tude Iloi.-;c is 10 dB or more lower than 
phase noise.) 

When the two fre(IUell('iC'S are derived 
from two ~im i1ar !!Ources, th(' phflS<'
noi${' POWN obse rved may be ng,.;';Ufficd 
10 be lwiec thaI of a single sou re<'; when 
one freqllcII<.'Y i ~ lc"s noisy than the 
other by 10dB or more, its con tribution 
to the obscn'{'{1 lIoise is, for prnNienl 
purpo~, negligihle, 

The GR 1900 W:lVtl Analyzer is used 
to explore the phasc-noi.sc distribution. 
A plot of pha>;('·noiM' l)Ower ill II I-liz
wide band, as u funclion of the :-,pncillg 
(in fre<lueney) of this band from the 
('anier is given ill Figure 2 for the 
TnE:! l lUZ, IIU:I, and IIG I sy nthe
sizen:;.. The noi&' of the reference signa l 
is so low that. it en ll be neglccted. We 
have uSNI fl. Tn'~: 111~1j Standard
Frequency O"t'illator as It ref{'l'{'lI('e 
tit. times. and 31:;0 the ,j. ,).1 output of a 
1''1'.: 11U1 . IlIlh(' Illller ea......c, the CAD 
('Ull be u:-;('d for narrow-band phase 
lo('k for convcuiC'nce. 1 

, I..d...,nh"d II ...... f"Uy;n.eorn!' .. oion . ... de. ,t.i.;.,,~. 
l"'ll"·l, "The r ... 0( • "I"~~r Synth_.., .. h" ",,,,,,,;on 
~I_~D"'''' ,,' I ~,y ...... y !; ...... lJly .n,ll·h .... N .... _, .. 
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The plots of Figure 2 urc ca lcu lated 
from experimental duta in uccordance 
with the following fucts; 

( I) When a frequency is multiplied 
by a factor 11 , t he magnitude of /lily 
small-amplitude sideband grows, rela
tive to the carrier am plitude, by the 
sa me fact-or. The "d B down" value 
measured at 100 !\ IHz must therefore 
be increased by 20 laglo (n) to refer the 
noise to the actual synthesizer fre
quency used. If Il = 20, the frequency 
correction is 2() d B, nnd for II = 100 
the correction is 40 dB. 

(2) The noise power in a narrow 
bandwidth is proportional to the ba nd
width (with white noise this is stric tly 
true; with other types of noise, such as 
the Ii i distribution that we observe 
for sYllthcsi~crs, it is very close to the 
truth, provided the bandwidth is small 
compared with the olTset frcquency). 
To chcck this fact cxpcrimentally, thc 
3·, 10- and :j{)- lI z ba ndwidths of the 
1900 W:we All:ll.yzcr \\·crc used aL a 
relativcly large displacement. from the 
carrier, and it. was confirmed that. such 
cnlcula tiolls from the data of cach mCllS
urement produccd idelltical values for 
1-1 £20 bandwidth, within experimcnllll 
accuracy. For the 3-11 20 bandwidth of 
the 1900, then, the dB co rrcction to 
convert to 1·l1z bandwidth is 10 
loglo a = -l.77 dB (rounded out. to 
5 dB). Thc 3-1[20 bandwidth of the 1000 
was IIsed to obtllin data for Figure 2. 

(a) i' lell:;urcmcnL'i madc with the 
circuit of Figure 1 include noise from 
both the lIP1>er and lower sidcbands 
(i.e. , the intermcd iat.e frequency is 
zero) and corresponding noisc compo
nents arc coherent. T hat is, lI"e nrc actu
ally mCllsuring the phase displacement 
"i\ lodulution Index" /3, wh ich at. any 
freqlleJl(·Y (at. loll' modulation index) 

. .' . o ~ · ., 

. ' ." , . . " 

. ' ., 

.' 
" " 
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produces all uppcr and lowcr sideband , 
each h:lv ing an amplitudc rclative to 
the Cll rricr of /3/ 2. Since the associated 
noise power is proportional to the 
squa rc of the sideband amplitude, the 
singll'-sided !loiS(' pOWN is G dB lower 
than the doublc--sided va lue measured 
in the ("ircuit of Figure I. 

(This fa(!t can be experiment:tlly 
verified by observation of a singl e 
discrete eo mponcnt. For inst:lllce, if, 
in the circuit of Figure 1 with!. = !~, we 
mCllsure It 110-1 (z co mponent. as, !SUY, 
-GO d B, we ea n then offsct f. or f. 
to produce a )>eat. note in the mixer of, 
MY, 10 kllz and me:lsure t.he sideband 
spurs, rl'lative to this lO-k Hz bent 
note, at. 10,1 20 Hz and at !J,880 li z. 
These now measu re - 72 d B. ) 

1 t. has become popular t.o sholl' 
"single-sided" noi,:;e curves like tllO!;C 
of Figure :l , so we have adopted this 
method of pr('scntation. The O-dll 
rcferenC'e Ic v('1 used is the T n .: 1 fK)() 

indicatioll of the Icvel of II beilt note 
dclibcral('ly se t up between the t.wo 
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t h e;! E xpel'i n, e nte r 

H)O·;'. ( lIz frequencies by a small olTset. 
of fz or f •. Th!' ()..dB level we commonly 
use is 250 m V, rms, which is well within 
the Jinenr range of the phase detector. 

In summary, then, c.'lch plotted 
point on the curves of Figure 2 is ca lcu· 
lated from: 

dB down = observed dB down at 
100 i\ l l-Iz + frequcncy correction + 
bandwidth correction + correct ion to 
single :side. 
If f. -:, ;\ ( Hz, the correction IS 

26 + ;i + {i - :17 dO. 
It should be observed that to t.'l lk 

in terms of "phase noise relntive to 1 
mdinn," the 6·d B ~ i nglc·sidc correction 
should b<' omitted. 

I t should also be noted that the 
curvcs of Figure 2 apply at ally frequcn· 
cy within the range of the synthesizer. 
Fo r instance, Figu re 10 on page ID 
shows a series of points taken at J 
MIl z (II "" 20) Ilnd another series of 
points at 1 ).I Hz (II = 100) with a 
typical TWE 116-1 !>y nthcsizcr. Xote 
that both sets of points fl\\I on the 
same plot. This condi tion ex ists be
causc the synthcsizers urc ooat--frc
queuey oscillator;;, and what we a re 
really measuring is the nOllcoherellt 
noit'e 011 the inputs to the final output 
mixer. 

The lied plot it;; ahout S-dB noisier 
than the plots for the 1102 find IIG3. 
However, the I ](;4 g()(~S to much higher 
frequellC'ies, so that, if the output is 
going to be mult iplied to rome still 
higher frequeney (like I or 2 Gll z), the 
I Wt, with iUi Itigher 1)O:;siblc starting 
frequellcy, will gellemlly come out. 
ahead. If the synthesizer r req lIeHey 
is to he added to som£' less nui.;;y 
precision mierowave frequency, t lte 
IIG2 or lUn will produce Il slightly 
hctter moult, provided the available 

freq uency mnge is adequa te and the 
combining circuits Cl1l1 be properly 
wo rked out.. 

A st riking fact exhi bited by Figure 2 
is that the noise ()Ower density falls olT 
inverscly with olTset frequency. Note 
that the curves in Figure 2 have a 
fa lli ng slope of 10 dB per decade, or 3 
d O per octave. ( In the 1162 and 1103 
there are some sma ll ano malies in the 
region beyond a 2-k ll z olTset. which are 
not. yet s..'ltisfactorily ex plained.) 

Since this is expe rimen tally t rue, it 
is convenient to define the noise power 
density very simply . for comparison 
purposes, by a single nu mber, namely 
the "d B down " figure at the intercept 
of the iO-d.B-per-decade line with the 
I- li z olTset ordin..'lte. From Figure 2, 
these figure-of-merit num bers arc; 

NoiN Power DeMily 
SIl'II~';ur ul l -Hz Oll,e! 

IIU -+---::":-,~.~,~.::-':':'-----
1163 - U d B 
1162 - 85 dB 

Ch'en th is number, one cun at Il lly 
time reconstruct the curve, accurately 
enough fo r most purposes, by draw ing 
a line with lO-d l3·per-decade Ilegati\'(: 
slope through lhe tabulated poin t. 

It should be noted that the cu rves 
of Figure 2 :;how the average of meas
urements on eight or ten production 
synthesizers of each type. Indi vidua l 
measuremcn ts \'ary 3.1)Q~ l t ±2 d B 
around these averages. 

Note Regording Type 1161 

Xo du tn on the. Typ~: 1161 arc 
prescnted here, hccallsc lI'e ha ve not as 
yet ffillde mensurt'ments in this type of 
setup. Prcsumably thl! da ta , when ob
t~lincd, will show the s..'I. me slope, and 
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a I-Ilz intercept 2O-J B lower (theoreti
cally) than the TYJ'~: 1162, or about 
-105 dl3. (This is not yet a measured 
value, howe\·er. ) 

For mo:;t purposes, noise data on the 
1161 are not. as important 118 data for 
the othel':;, since sueh information is 

chiefly of interest where frequency 
multiplication of the output. signal is 
planned. We do not expect many such 
applications fo r the 1161 (or fo r the 
1162, for that. matter), ill view of the 
availability of the THEil 1163 and 1164. 

- ATHERTOX Xon;s, J R. 

flgur . I . Ty p. 1160-P2 Swu p and Ma, ke, G .... 'alar. 

A SWEEPER FOR GR SYNTHESIZERS 

The introduction of the 1160-P2 
Sweep and .\ larker Generator (Figure I) 
extf'nds the usefulness of the already 
verMtilc General Hadio Synthesizers 
by providing a ('oflvenient. means of 
varying the syntht'sizer output fre
quency at a controlled known rate and 
through Iln accurately known range , 
The instrument also supplies markers 
fo r easy \'isual monitoring of the con
tinuous band of frequencies gencrated. 
Sc\'cral additional fClltures facilitate 
f req ucney-response testing of acti\'e and 
pas,:;ive networks and frequency-selec
tive instruments. These include a wide 
choice of automatic S\\'('t'p speeds, II 

calibrated {'enter-frequency mark er, IlC

curate adju>ltable skit' ma rkers, and a 
simple means of expandi ng the sweep 

coverage about any stable synthesized 
cen ter frequrncy, 

To understand the way in which the 
swC<'pcr OJ>{'rates, remember that. the 
\'ontillllou,:;ly adjustable decade (C.\DP 
in G R s)"llthesizt'fS can be fUIlt'tiolially 
substituted for all step-digit modules 
brlow a chosen rauk, llnd that the 
frequency of the C.\ D Cil ll be varied by 
an extcrllal ('ontrol \'OltllgC of approx i
matt'ly o.a volt per C'A D major division. 
In each synthesizer, built-in monitor 
cirellits pl'rmit ealibration of the CA D 
frequency against the frequency gen
erated by tht' rcplaeed digit modules. 
In addition. til(> de\· ialioll of the C.\ D 
frcqupnry from that represented My the 
'.-\'her'''n .... on' ... Jr .. ''C'ol,e",nl D«ade ~''''luello1 
.. yn'h ... i.., .... ·• (;",."", H ,diD Krp"""nl ... iie'''e'''t... 
IIKH. 
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replsred digit dials is continuously 
monitored and is (l\'ailable at the 
synthc"iz('r IIE.\T terminals. This ('on
tinuOUli monitoring cun be used to 
prodm'e All uI'(,lIflltely defined center
frequrn ry marker and :;ide mllrkl'rs 
indicating knowlI de\"iatiolls from cell
ter f rcqu('nry. 

In U"<', the Sweep Cnit iii connected 
to nlly c: H synthesizer and to a display 
dc\,ire .. \ storoge 05cillosrope is cs
pecin. lly dc.~irable at lower sweep rates. 
.\11 input and output conncctions arc 
avnilable- in parallel at both the front 
and rear of the Swecp Cnit, to suit the 
rcquirements of any setup. 

The sw('('p voltnge supplied to the 
t:XT <:.<\D ('ontrol input to vary the CAD 
frcqll('nry has a triangular wJ1\'cform. 
The r<'"uiting sweep amplitude is con
tinuou,..ly adju:itable from ±I CAD 
divi"ioll to ±JO CAD di"isions by the 
F1n:Q .;Xl.l'R!-'IO~ control. ,\ synchro
niz('d sw('('p voltagc, of constant nm
plitudr, is available for horizontal de
ficrtion of the display dcvice. The tri
nngul:lr, or two-way. sweep control 
permit..." the lI~r to obscf\'e the e!Tects 
of thc SWC('P time 011 the re:;pon;sc of the 
de\·i('c ix>ing tc::;tcd. Sine one-way 
swC('P time,." rouging from 20 milli
second!! to sixty seconds, are provided. 
If narrow-band devices are swept 1I.t a 

LEVEL 
SENSOR '------+-j INTEGRATING 

AND I AMPLIFIER 
SWITCH 

faster rate than the responsc time will 
accept, a characteristic lea ning of the 
response display will be ensily detected 
visually, since the forward and back
ward traces will lean in opposite direc
tions and fail to coincide. 

When the function sw itch is in the 
MANUAL position, thc frequency sweep 
and the synchronized deflection-,'ol
tage sweep are malluully controlled , 
llnd the sweep follows the position of 
the M.~:'WAL control. This mode is some
times useful for close examination of a 
critical portion of a response. With thc 
CA O nn:Q ";XCl' ltSIO:-: control, one ca n 
change the swept. frequcn cy covcragc 
/L'itlioul tliollgini) llie (lispiay lL'idth and 
Il'ithout ajJrrii11fl lht seleeleli center fre
quency. ;\ larkcrs always indicate actual 
frequency and movc as required whell 
sweep excursion is changed. 

.\n in ternal oscillator, ster>-adjllstable 
by two decade controls, provides a 
reference signal for g('nerating s ide 
murkers. Th is mnrker OSl'i llaLOr is cnl i
bra ted in terms of the CA D dia l divi
sions departure from the synthesizer 
ccnter fr<>qllency. us choscn by thc 
operator. The synthesizer aE~1' output 
nlways changes by 10 kHz for each 
major CA 0 di\"i~ion !lwcpt. 1 The va ri
Iltion in output frequency corrc:ipond. ,,,,--

BUFFER 4-r-r--i INVERTING 
r AMPLI FIER 

'------' 

Fill .... l. 810clo: dloll.om of Iweop ' lI ono,o' o . .... Ion. 

CAD SCOPE 
SWEEP SWEEP 

!/I~o-n-II 

, 
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Rohl>rt L. :\Ioynihnn 
i!' Il gruJUlllo.' of Xorth· 
ell~terll l:'ni\'(>r~itl" 
""here h(' rt'l"t'i"ed III' 
8~EE d('ItT('(' in 1951.1 
lind ~I~";E dl'lJ;rt·{' in 
1001. nefon' joirung cm, 
lit, ~f>rved f()r t\\"o Yl.'urs 
in thi' UM Army ~ignal 
Corps wurkin/( Ull ad
V!l.nN'd m\11Ir HotD, "a~ 
an ill!lruc-turnf elf'C1 rinl 

engnl(';'ring lit Xotth{'~U!ltrll, 1111,1 ...... nior 
('ngllw. .. ·r ut S)' iV:lIlia 1-.:11'('1 WIli(- :O:~·~t('O\!l, 
",h'-T!' II{> ,1'''o',·lupt.,J ~Uhfl\'EI('m~ fvr u~· in 
pha .. ,J-Ilfr4.,' mdlH. AI G('llI'rlll Hailin. II(' 
I~ II ,ll'vrlopnwlIl t'ngineer in tlK' 1)('I"ad, ... 
FrPf]u"II"" :-i('('tiun (,( the Srgllal.Gt'III'mtor 
Gr"ul)" , 

iog to a CAD dial division, on the other 
hUlld, can be selected in decade steps 
with the synthesizer pushbut.tons. The 
marker oscillator generates frequencies 
from 10 to 59 kllz in l-kFlz steps (each 
corresponding to onc minor division of 

~ the CA 0 diul). The murker-oscilla.tor 
-signal is mixed with the BEAT signal of 
the synthe~izer, and markers occu r 
whenever the BEI .. T and the marker 
oscillator frequcncies are equal. 

l\larkcrs appellr at symmetrical spac· 
ings above and below the centcr·frc
quency marker. The center-frequency 
marker occurs when the BEAT' frequency 
itself is zero and is distinguishable by 
its ~ipolar characteristic on the display. 
It always indica tes the point at which 
the swcpt frequency is exactly the fre
quency set by all the synthesizer digit 
units (including those functionally r(). 
placed by the CAD). As the sweep rate 
is rni&.'ti, the side markers ha ve less 
time for buildup and gradually disap
pear. The ccnter-frequency marker 
holds position- and always serves as a 
reassurance that the een ter frequency is 
as selected. Side ma rkers can be checked 
or position by a momentary reduction 

in sweep speed. 

.J.nu.~ 1967 

:\Iarkers cannot be placed closer to 
the center frequency than I CA D 
division. Such close·in ma rkers are 
lIn neces...<:..'lry because of the extremely 
good linearity of the CA 0 sweep below 
1 division. To subdiv ide this frequcncy 
region, one merely positions the I-divi. 
sion marker at. a suitable line on the 
oscil losropc grntieule (by adjustmen t of 
the oscilloscope horizontal gain) and 
uses the graticule divisions as ,"crnier 
markers. 

HOW IT WORKS 

Sweep-Generator Section 

The sweep-generator section is shown 
in Figure 2. The swcep-voltage output. 
is obt..'lined by integration of II. step of 
voltage ill an operationa l amplifier with 
capacitive feedback. The differential
input seetion is balanced to ground SO 
that either positi\'e or negative inputs 
are amplified and in tegrated with polar
ity retained. The output of the am pli
fier is monitor('d by a level sensor which, 
at preset positive unci negative voltage 
rxtremes, appli('s a reversed-polarity 
step of \·olt.n.ge to the integrntor. Sweep 
rates a re adjusted by va riation of input 
step amplitude and of the integration 
time of the amplifier. The a mplitude of 
the resulting triangular output--\·oltage 
waveform is maintained constant by the 
level sensor. Subsequent butTering and 
udjust!Lble attenuation result in con
trolled-rate vurinblc-a mplitude sweep 
voltage. In a second channcl, all invert-
ing amplifier is used to obta in a SYIl

chronized horizontnl-deftectioll sweep 
signal of constant nmplit.ude and oppo-
site polarity. (iuv('rsion is needed, be
cause th(' synthesizer frequency in
creases with lli'gUtll'e sweep Yoltsge, 
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the l. ExperilTIenter 

whereas o~tilJosco(X'g deflcct to th!' right 
for 7JO, itU'f' \'oltsge. ) 

Marker Section 

The I"('fcl"('lH'e o5(·i1!ator for th(' fre
quency markcrs ili Il lmll"i:;torized 
\\,icll-bridge o,;eillntor ( Figure :J ), whose 
frNlucll('y iJ!; determ ined by til<' relation
ship f . - G '2rC when the I'(';:i'lt.nnce 
and capal'itance values in the series 
arm cqunl tho:;c in th(' !:1hunt arm of the 
\\'i('11 bridgc. The frequency of the 
oscillator i51 control1cd by simuhancous 
\'ariation of the eonductalle('s of the 
shunt Ilnd ~ries arms. This is accom
plished by the switching of two p:mlliel 
banks of prcci:;ion r<';;i!-jtors in 8hunt to 
obt:lin muitiplcs of G. (10 kHz = 

(:.1 2rC). Onc switl'h selects multiples 
of G. and the second selectii O.I-G. 
iIlCr<'mcllts. The os(·il1zttor produccs fre
qucllcies from 10 to .-,n kllz in I-kHz 
incremcnt'! with I ~ tolerance. TheS(' 
frequen('ics corre;:pond to CA D dial 
divi",ions ranging fmm 1 to ."d.l ill 0.1-
di\'j,;:ion st<'ps. A ncgati\'c-tcmperature-

G 
c 

A 

T 

c G 

c()('fficient thermistor in the negative
feedback divider of the bridge keeps the 
output amplitude constant. at. all rrc
quenclCS. 

The oscillator output is mixed with 
th!' Bl::.-\T l'ignai from the synthesizer, 
and subsequcnt. narrow-band filtering 
and rcctification produrcs sharp, uc
curate markers. 

APPUCA liONS 

Bince thc sy nthesizer dcsign is such 
that one CA D division cnn correspond 
to all output frequency range anywhere 
from 0.001 li z to 100 k lh as chosen by 
pushbutton, thc system providcs an 
extremely wide choice of sweep widths, 
SWC('p rat('s, and marker spacing about 
n selectable crystal"controlled center 
frequency. Slow sweep rates nrc re
quired with narrow-band dcvires so 
that the fullllmplitude of the response 
cn n be renched. A crysta l filter, for 
cxample, is cnergized b,¥ thc source 
during on ly that P:lrt of the sweep 
range when the output is within the 

MIXER 
f iLTER 

AN D 
DETECTOR MARKER 

OUTPUT 

l"lio·)'· JI 

FREOUENCY 
SYNTHESIZ ER 
BEAT'" INPUT 
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OUTPUT UNKNOWN DETECTOR r--
fRE~UENCY '.+6f 

SYNTHESIZER 
;-I BE AT 

EXTERNAL 
CAO CO NTII OL 

~ 
~ 
Z 

" "'I"'II<ER OUT II--
'" '" SCOPE HOItIZ II- SCOPE .. 1160-P2 ~ 
m 

f'ItOM BEAT ~ 

TO CAO CONTROL VERT IC AL IHORIZONTAl 

• • 
MARKERS- ----.J T 

(/JIO-~- 4 1 

HORIZONTAL SWEEP 

, I,w,. 4. Btock diOI.om o'" wee p wnll ond "'nl .... I . .. wled 01 • p •• ~h'.n Iw.pl 10W'U . 

b3.lldpn~ of the d{'\'ice. Xnrrow swccp 
widths nrc n('('{'!';<ary to kccp the ~ignnl 
within the Ulllldp3....«.S for a re:l.,;onnble 
pcrcenUlge of the sweep Limc and to 
yield un expanded di.!;play for ('011-
vcnient nnal 'y~i~. The level output lind 
constant sour('C impedant'e of the .~y n

the~izcr nrc a1-·o import..'lnt f:wtot"l! in 
nehiedng u"e£ul und rdiable response 
testing of ery:;ttll and me('halli('lll filtcrs 
and (requen('~'-~Iet:tiye in~trumC'lI t"'. 

"IW .. 5 . lIuponn of 50_MH. «,,,., fill ... 
H •• II.nl.l.c.t,, ] .H,/ .m. C,n' " .... q ... nc, 

........ , 50.00000 MHI . 

Figure -l is a bl()('k d iagra m of the 
sweep un it and iiyuthC'.!' izer co mbined liS 

a preci~ion swepl :<oun'c. The re"ponse 
of u 30-~[ Il l. (' r.Y~ta l fi\tl'r is sholl'll in 
Figure .). The C'A D II'flf; in the X 10-k l iz 
position and til(' tlide mfirkefii W('rC 
set for ± 1 C,.\ ]) mnjor didsion {i.e., ± 
10 kHz fit tlJ(' outpul frequency). The 
re.~j>oll~ of t h(' c: H I !IU\" \\' a ve .\nalyz('r 
is !'hoWTl in FiguN' 6. The C.\D was in 
the 10-llz position and wasswepl ±212 

';1 .... 6 . 1I •• pon .. of Gil 1900 W . .. , 
An ... ,t .. h.n , d I. 10 kHI .nd n' , •• 10 _ H~ 

bondwldlh. Ho.h.nl.1 1C01" 5 H2/ . ... . 
C, nl .. f .. qw e ncy ... o,k,,, 10,000.00 H~ . 
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CONTROL 
SIGNAL-TEST POINT 

PRECISION PHASE OSCILLATOR 
SWEPT DETECTOR FILTE R (VOLTAGE 

SOURCE REF CONTROLLED) f. 

L<€§ AMPLIFI E R 
1",0-,,,·,,1 

major dj\'i~ion~, or ±2.) H z at the out
put fl"1'qUI'IH'.\' The ;:ide-marker ~t'ltjng 
wns I ('\1) mnjor dh-i .. ioll ~larkeN at 
±:..lQ liz abo nppt'nr; thcy art' ert'(\tf'd 
by thl' mi,illf,!; of "{'('ond h:HIll'mi('" 
of the 8L\T and mnrk('r-o .. ('illutor 
~ignll.l.; 

.\lIothl'r application ill\'ol\'{'iI thl' 
slud~' of n phl\S('-I()ckt'd o!<rillntor, 
a (il>"it,{, oftl'1l u~ed a~ all u('ti\·c 
IJUndp:l~s filtN ill frcquclI(')' multipliers 
and ph:l'lt'-luekPd tt'iemt'try rN'('i\'{'r:<. 
Proper operfltiol' of suth o:<cillators is 
C'Stubli .. h<-d by m('3surement 01 'o{'\'l'ml 
purnmeh'~, illt'luding lock mngC', ('lIp
ture rnngt,,1 umlloop ~w.bilily. FiKure S 
is all rlt'melltar)" block diagram of flo 

poli ... iblr {('"I ~rtup u»ing the prt'ei~ioll 
frrqul'll('Y ~wt'pt-~ourcc. T Ill' r!'fl'relll'c 
!iignal is "wcpt at u ('ontroll('(1 rntr 1\1Ie! 
width, lind thr ('ontrol .:;ignul of thc lock 
loop i" monitort'd, pro\' idillg \I .. ('flll in
formation rt'gartling lock-loop p<'rform
tlll('C and ~t!lbility_ Th(' coulrul ,.Iglllal 

during I(}('k j .. n ramp. Wlwn the 
r<'£C'r<'II('C sigllal is :;wcpt out. .. idr the 

\o{'k range, the cont rol signal becomes n 
dl' \1'\'('\ pius an ar !<ignnl rcprc~nting 
the bent betWN>11 th£' rcf<'rt'llce and 
the fl'C'C-running O"('illnlQr. The display 
( FigurC' 81 i., ca~y to il1lerpl"l."t. visually, 
and the re"uits of ndju"tlll£'lIts can be 
M'f'1I imm('(jiatcl\', Loop h'l.Tldwidth can 
he m(';l;<uN"d and c('nt('r frcqucllcy ad
justed Oil the production line. 

). 1f'asurem('Tl\.-; Il('{'d not 1)(' ('onfi ncd 
to the fr!'qu('lIcy r::lllgr of presC'nt syll
thc"izets, Suitablc wide-h:Uld multi-

fi..... •. OscUloltop. I" ... .. 'a' lo.. • .. ultl". 
w h . .. ' _MHo pha ... la.k. d ol .ll1a,a . .. a ..... pl 
w ilh 1163 .,nlh •• I ... a .. d 11 60. 1'2 ..... 1' , . ..... -
'.' , SW.' p d ls p'o, I. 25 IrH • • lth .. l id . 01 ' MH ., 
..... ,Ir ... ar e 01 10_Io-Ho ' po <l ... . lock '0",. (." .. alo 
cOl'lu •• ,a .... ) II opI"ool ... a, . I, ± 12 kH. about 

'·MHo .... 1 .. 1 .. " .. . " . , . 

IET LABS, Inc in the GenRad tradition

534 Main Street, Westbury, NY 11590 
www.ietlabs.com

TEL:  (516) 334-5959  • (800) 899-8438 • FAX: (516) 334-5988



STANDARD 
FREQUENCY 

SOURCE !, 

" 

.. 
FREOIJENCY 
IoIUlTlPLIER " 

VOLTAGE
CONTROLLED 
OSC!LLATOR 

CONTROl. 
S!GNAl 
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flgur. 9_ Bloc~ ellogrom of ° fr . qu.ncy_conv. r.'on .y.' .m , 

pliers or converters can be used to 
translate the frequency-swept synt he· 
sizer to the uhf range when required. 
One method of extending the fre· 
quency coverage is to multiply the 
output frequency of the synthesizer. 
In such a system, the swept frequency 
excursion, Aj, of the sy nthesizer is of 
course increased by the ChOSCD multi· 

plication factor (a nd any phase noise of 
the synthesizer is also mulliplied ). 

Another method, diagrammed in 
Figure 9, translates the synthcsizer 
frequcncy to another region of the 
spectrum by frequency addition. In 
such an arrange ment. the swept fre· 
qucncy excursion is unchanged. 

- R. L. ,\ IOYN IUAX 

SPECIFICATION S 

AUTOMATIC SWEEP be from I to 5.!) CAD di\'isions ill 0.1 sWpa. 
SW" p Vollog .. : Symmetrical trinngulllr wave. Accu. ocy: ±] to-;- of dbl settinK. 
forma cenWred on 0 V de. 
TIm. 10. On • • Woy Sweep: 0.02 to 00 ~, nutumll.
tie, selectnble in 9 Rt~PR, Sweep_Tim. Accuracy : 
± W<?(. 
Ou'pun: CA D sweep ie continuousl.\' II.djuRt.:.hle 
from ±I w ±IO IlHLjnr CAl) divisivns (±O.3 
w ±3 V aplJr()'Ic). The st."Q P.: IIVUlZ oll tl)ut is 
1I0nadjustal>e ( 12 V, ])-to--p, behind :I]lprox 
10 kll ). 

MANUAL SWEEP 

Ou'puh, :s .... C'eI) {'xcursiuns n~ thl' S!l.me all in 
automatic UltlUC, with coutinuuu! manual 
control. 

MARKUS 
loco,lon : C~nter m/l.rker OCI'Uf!! ILt the f"-'Iluency 
!:let on !I\'ntiw!lizer diltit. dial!!. ~it!e nmrkcl'!l 
are di~pllL'·ed !I)"nunClrie;l.lly from the l't'n tcr 
marker I>.\" the anltlLlnt !Wt on the '1·\lUO," 
SI'ACI~(J dials. 
Side Ma.ke., Sparing from renWr marker eHn 

GENERAL 
Power hqulred: [00 to 125 Qt 200 to 250 V, 
50-100 [h, :3\\', 
Amblen' T. mp. ' .. ' ... . : 0 to 50°C. 
A<<euorle. Supplied, Two z..fOOL (TY I'~ 1100-
0:{20) lind two I-foot (] 100-0:121) B"C coaxilll 

IJ:Ltch cord~, CAI'-22 :l-wire IJO"·er cord, ~Jl:lre 

"~. 
Termino l" Connectious to syuth{1jizcr Hnd 
'IARn:R OI;T lind SCOI't: 1I0RIZ output.s aVllil
ahl(' front llild rl':lr. 
Cobin .. , Hack-lX'nch. End frllmt'!! for bench 
moullt }lnd fiuinb'1l for r:lCk mOUIlL Zlte in
cluded, 
Oimt n110n1: fl<>nch mO(]l'1 - width 19, ht'ight 2, 
dr-J)th 1 II ~ ilWhc8 (·185, 52, 3,0 nun), o ,'cr·nll; 
tnl"k mod('I-"idth I!l , heil;ht l~~, depth 
lX'hind panel 1:\1 . illt-hes ( -185, -I :~, a;~o '11m). 
Weight: XH, 12 II> (5.5 kK); ahilJping, lli II> 
F.5kgl. 

Catalog 
,,"umber Dacr;ption 

Pn·u 
in USA 

1160·9600 11 60_ P2 Sw.ep ond Mo,~e, G, ne,o'o, $495.00 
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the[;jExped 111 e n leI' 

THE SYNTHESIZER IN THE PRODUCTION 
TESTING OF PRECISION DELAY LINES 

The recent development of coherent 
frequency synthesizers has made avail
able ('xtr<!nlely prcei:le, direct-reading 
frequeney sources for generallabomtory 
measurements and production testing. 
Some of the many applicatio ns for these 
ver;;atile instruments have been men
tioned in earlier Expcrimwter articles. 
The following is a brief description of 
the intereliting way in which one manu
facturer us-cs a synthesizer to cnlibratc 
ultrasonic delay lines. 

Deloy-line Applicotions 

DclllY li nes nrc widely uRed to prodde 
transient, readily accessible memories, 
either 81U1iog or digital, in computers 
and in sy:stl'ms for processing radar 
echoes (e.g., video pulse integrators 
und moving-target indicators). 

J Il these applica lions, delay lines 
must store pulses for long ti mes sev
eral milliseconds - with very little deg-

flgu,e 1. Multiple •• fl • • ,;on. In 
31-po .. quo,U d.loy I'n •• 

e .... ".., BIil.~ KI«trie eD"'''''''~ 

radation of the original shape. Wide 
bandwidth and very little dispersion 
must be llchieved. The delay line must 
a lso meet. stringent specifications with 
regard to spurious responses and sta
bility. 

The Solid Delay line 

These req uirements nre met. by solid 
ultrasonic delay lines using fused quartz 
or glass us the propagating medium. 
Solid med ia propagate both longitudinal 
(compression) and transverse (shear) 
acoustic waves. Because of its lower 
velocity, the transverse mode is utilized 
in delay lines. The velocity of transverse 
wu\'es in fused qua rtz is 0 . 148 in/ #'s or 
1:!,:300 rtl s, about 11 times the speed of 
sound in a ir. A aO- :'III Iz signal t raveling 
with this velocity has a wavelength of 
O .()()-t9~ inch. 

For short delays, lip to .')0 ,us, a single 
bar is used with a transducer all each 
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end, but for longer delays, to save 
weight and space, the propagation path 
is fo lded inside a flat, polygonal slnb 
by means of internal reflections at. the 
sides. Figure I shows n complex design 
in which the wave is made to tm verse 
the slab 31 times in order to achieve a 
long delay; Figure 2 shows the line 
itself, unhoused, during production. The 
input and output transduI'Crs arc piezo· 
electric quartz crystal or ceramic wafers 
cemented to the slab. In order to sup. 
prcss spurious responses, surfaccs not 
in the path of the mai n beam arc 
doped with absorbing material. 

Delays up to 200 pS can be obtained 
with a special glass having a zero 
tempcrntufC coefficient of delay. For 
longer delays, however, the high allen· 
uation of the glass prohibits its use and 
the line must be made of fused quartz, 
whose tempcrnture coefficient of delay 

FI,u,. 3. Equ ip ... . .. ' 
.. 'up '0' ...... su .. • ...... , 0' d el .. y II .... 

.January 1 967 

Fig ur . 2. fus.d . qu .. rt . If ... du rl .. , 
....... ul .. d u ... 

is - 75 parts per million per degree 
Celsius. In many applications, quartz 
lines must be vcry precisely te mpera
ture-controlled to provide the necessary 
stability of delay . 

Deloy-line Meowrements 

Extremely tight tolerances in delay
line spccificntiolls require precise mea
surement.s of delay time and of other 
chamcteristi('s during manufacturc. For 
example, a Iinc used for digit storage in 
n computer's memory may have a delay 
of severa l milliseconds that must be 
held to a tolcrance of a nanosecond , or 
to 11 few partg in 107• ~Iicrosonics , In c. , 
a manufacturcr of delay lines, has de
veloped a fnst, direct-reading method 
for making prcrise delay·time measure
ments with a frequency synthesize r. 

Figure 3 shows how it is done. The 
oscillator frequency is the centcr fre-

• 
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Ihe Ex,>c" nlenter 

OI!:NI!RAL RADIO COMPANY 
WE.T co .. eooto ..... . S .. C .. U.Ef T. 017e , 

FIg .... 4 . Eq"'prn . .. ' "'''p f ...... ... _ 
........ ,,' .f . , .. blll'y .f d. , .. y U" •• 

quclley of thc linc's passband . T he 
oscillator outpu t is pulse*mod ulated 
a t a r<'1>Ctit ioll rate deri ved from the 
sy n t hc~ i ?e r, which also synchronizes 
the osc illoscope. The delay li ne is par
alleled by an nttcllua tor, and both 
delayed and undelayed pul ses nrc d is-
played on the oscillo:;cope screen. The 
two pulS<'s coincide if the pu lse ra te, 
I."'I~""", is eX/lctly a mult iple n of 
I/ delay ti me, which we will refer to as 
the rCI>Ctition freq uency of the line, 
Ib~ •. That i.:;, at coincidence, 1.,8111.< ...... 
= nj"u. If Il is made so me power of 
JO the synthesizN dials read dir<'ctly 
the repetit ion frequclH'Y of the deluy 
line. The pu lc;;e envelope fro m the detec
tor is used ton('hieve rough coin cidence ; 
then the detedor is swi tched out and 
the rf pul:;cs themselves nrceompnred to 

prov ide a vern ier reading. A t a typical 
freq uency of ;~O i\ 11 [ z the mCtlsurement 
is accurate to about ± I na nosecond . 
Add itional measurements of delay at 
the 10IVer and upper ends of the pass
band determi ne the li ne's dispersion. 

Another measurement req uiring the 
s:\,nthcsi?('r 's prec i.'~ion is that of the 
temperature*eontrol oven 's ability to 
maintain s l~'l bi li ty of the delny t ime. 
In this cnsc the sy nthe;;izer provides n 
ell' signal at the line's ccntcr frequcney. 
As shown in Figure ~ , the phases of the 
delayed und und claycd rr cnrrier a rc 
compa red with a pha.se meter. T he 
method mcrumrcs drift in the delay t ime 
with a precision corrcspondi ng to I 
d<'grce of phl1SO, or 1/ 10 na nosecond at 
30 ) 1 liz. 

- D. A. C n,,)' 

GENERAL R ACIO COMPANY 
WEST CO N COR D . MA S SAC H US ETTS 0 1 78 1 

, _.':,'" 
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534 Main Street, Westbury, NY 11590 
www.ietlabs.com

TEL:  (516) 334-5959  • (800) 899-8438 • FAX: (516) 334-5988
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