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frequency of a signal is multiplied, its sig- 
nal-to-noise ratia is decreased proportion- 
ately. Hence, extreme purity of frequency 
spectrum is demanded of the primary os- 
cillator. 

A P E R F E C T  OOSCILLATOR would producc one invari- 
an t  frequency and therefore would have a spectrum 
consisting of a sin_gle line of infinitesimal width (Fig. 
1). Any real oscillator produces an output fre- 
quency that deviates to  some extent From an average 
value. In the case of a high-precision unit, this de- 
viation is characterized by a modulation index 
m < < 1 .  Therefore, narrow-band F M  theory ap-  
plies [ I ] .  and modulation at a certain rale produces 
a single pair of sideband components (Fig. 21. The  
ratio of the amplitude of these cornponeats to that 
of the carrier is 

where N / S  is the noise-to-signal ratio, E s  is the 
sideband (noise) amplitude, Es  is the carrier (signal) 
amplitude, SJis  the maximum frequency deviation. 
and f, is the  modula~ing frequency. The value of  
A f i s  determined by the sensititivy of the oscillator 
f r cqucnc  to the  source of rnoduIation. Frequency 
multiplirarion has  the  effect of multiplying the mod- 
ulation index (and sideband amplitude) hy the mul- 
tiplication factor while the Fregucncy OF modulation 
is unchanged. [S] Thus, the  signal-to-noise ratia is 
degraded by the multiplication factor. 

sidcband cornponcnts, as shown in Ftg. 3 .  
The prcscnce ol'sidehand componcnts in the spec- 

trum ol' :In oscillaror indicates tha t  the 1nst:inta- 
neous Frequenclj of the oscillil~ar dcviatus from its 
average value at n rate correqpond~ng lo the loca- 
tion of the sideband c0mponen;t. Conversety, the 
obsesv:~tion of a frequcncy devint~on indica~es  the 
presence ol' sideband components. Thus i t  i s  poc- 
sible to specify an oscillator's performance with 
regard to  either i ~ s  spectrum or  its frcqucnc! varia- 
tion. Both characteristics contain the same inf'orma- 
tion presenled in d~fTerent ways. However. sincc the 
transrorniation from one to  the other is difficult, 
both chould be specified. 

Spectrum and short-term rrequency-stability data 
are usually obtaiired by means nl' nleasurcrnents 
made on an audio-l'requency ihcat note. established 
between two oscillators arter n~u l~ ip l i ca  tion into the 
microrvave region to provide belter resolulion. 
Great care must be taken i n  the design of  the rnulti- 
piicr chain to  ensure that discrete and random noise 
introduced by the ?>,stern itself does no1 equal or  
exceed that or' the oscil2ators. I n  addition. the mul -  
tiplier chain musl have surf cient bandwidth to pcr- 
mit measureinent of the I'requency-devialiqn rates 
being considered. 

A wave analysis of the heat note provides the 
spectrum of  the two oscillators. the noise-to-signal 
ratto as a Func~ion of Frequency from the carrier 
(Fig. 3). I f  the trio oscillators are identical, an 
additional 3 dh is subtracted for one unit. 

I f  the noise-to-signal ratio at one  carrier fre- 
quency is known, i t  can be approximated at another 
rrequency by the following equation (as long as the 
noise is rncre than 20 d h  down): 

Sideband components are often caused by mod-  (N/S)? = 20 log,olli/l~ ) + ( N J S ) ,  (23 
ulalion at the power-line Frequency and its har- 
monics. These components can be reduced in  the where ( N J S ) ,  is the noise-to-sipnnl ratio in dh a t f , .  
design of the oscillator by proper shielding and the and ( N  JS)? is the ratio i n  db at J ! .  Equation ( 2 )  - 
avoidance of ground loops. shows that  the ratio is degraded by 20 d b  Tor a fre- 

I n  the case of  quart7-crystaI oscillators. rnechan- quency multiplication nf ten. 



The noise-to-signal ratio can be normalized to a 
I-cps bandwidlh. Thus 

- where (N/S)R is the'ratio in  bandwidth B .  
The noise d~strtbution a t  each side of a carrier is 

a result of the superposition of the eflects of several 
noise sources in the osciklator. The noise sources 
which should be considered are: the thermal noise 
of the crystal, filtered by the crystal network; the 
wideband noise at the input of the amplifier chain, 
filtered by the amplifier tuned circuits; and the I / f  
noise of the semiconductors. 

Noise inside the oscillator loop causes a perma- 
nent perturbation of oscillator phase, the nature of 
which is a "random walk." Additive noise, how- 
ever, averages to zero. 

I t  has been shown [4] that the equivalent noise 
resistance of a quartz crystal IS the same as its ef- 
fective series resistance at the operating tempera- 
ture. Therefore, the crystal noise voltage E w r  is 

E V ~  = A~TBR (4) 

where k is Boltzmann's constant, T is absolute tem- 
perature, B 1s bandwidth in which E,v, is measured, 
and R is effective crystal: series resistance. The car- 
rier, or  oscil la~or signal voltage, is 

where i' is crystal d r iv~ng  power. The noise-to- 
signal ratio of the quartz-crystal oscillator itselh is 

I t  is not possible to improve the ratio simply by in- 
creasing the driving power. The oscillator Frequency 
is affected by changes in the crystal driving current, 
and this level sensitivity increases as the square of 
the crystal current. [3] Since the thermal noise is 
inversely proportional to the drive current, there is 
an opt~murn operating point dictated by the per- 
formance of the level-control circuit. 

The crystal resonator can be considered to  be a 
filter for she wideband nolse voltage E,vx .  The crys- 
tal's thermal noise contributton In the oscillates 
spectrum therefore has a narrow-band characteristic 
(Fig. 4) of 

where E h x f  is crystal noise sideband amplitude, Q is 
crystal quality factor, f, is carrier frequency, and A f 
is frequency deviation from f,. For  example, a 
5-Mc crystal with Q = 2.5 x 1 O6 acts as a filter with 
2-cps 3-db bandwidth. 

The spectrum of Fig. 3 shows the first visible side- 
bands at  -45 d b  in  a 10-cps bandwidth at 10 Gc, 
600 cps away from the carrier. This corresponds to 
a value of -124 d b  in a l-cps bandwidth at 5 Mc  
for one oscillator. For this oscillator, 

- Ev.y/E.q = 

If T =350°K and P = 0.7 x lo-', Eux/FJs = - 136 
db in a I-cps bandwidth a t  5 Mc. 

The measured noise is thus 12 d b  above that pre- 
dicted by the crystal noise model, and can be ac- 

F i g  1 - Spectrum of a per iect  oscillator. 

F i g  2 - Spectrum of osc~i?o:or wr th  srngie pair 
of discrete s idebonds. 

Fig 3 - Spectrum of two  5-Mc qusrtz-crystal os- 

cillotors measured at 10 Gc wi th  10-cps analyzer 
bandwidth. 

Fig 4 - Contr~but ion of crystal thermal noise t o  
osci llator spectrum. 



counted [or as the contribution i'rom uthcr nolse 
snurccs of rhe oscill;itor circz~it. 

Near  the carrier, thc c>rcil!:ibor spectrum is at'- 
fected hy the r;~nclurn walk ol carrier phase due to 
t hc  perturbing ell'ects uT thzrinal a n d  shot noise [5]: 
also, i l  i s  :ttft.ctcd by I /,/'noise nf  the oscillator semi- 
o u n d u c ~ o r s .  11 i s  ihe influrnce of the I/! noist: thaa 
is moct trnporr;tnt. The high-frequency transistors 
a r q u ~ c d  in  the osu~l t ;~ lur  circuil essilr. account for 
I? d b  of noisu ID0 c p ~  rrvm ~ h t :  c:+rrier. 

F a r t h e r  :rwa\r fro; ttie m r r i r r ,  additjve uidehrrnd 
nol3e i s  the rlon-in:lnt ~nfluenct- on asuilIalor speclral 
pur i ( j .  Osc i l l a~o r  and amptifier electronic c~rcu i l s  
contribute widehand white  noise. which delemines  
the u l~ in l a t e  l c ~ c l  oi' norw s~dchands  lar rrom the 
carrier. T'liz selectivity nf  he amplifier ch:tin dc- 
Irrmlncc, Ihc. fretluenc> ch~r~lctert5tic oF t h ~ s  noise. 
A pasqivr-ourput crysla2 hlrcr I S  oitcn added to a n  
occ~llatur l o  rcduce i t s  wrdebnnd noise level and thus 
Improve its s p r c t r ~ ~ l  purjiy. Such a filter is required 
to obtain good short-tcr~n ctah~liry over very short 
a v r r a g i n g  timcs crncc 1111s pcrJormance is Iarpky 
determined by ~ ~ o i s r  componenLs Par t'rorn the car- 
rier. 'Tlre xpectrum near the carrier i s  no1 affected, 
houzver. \inct. ~ h c  main spectral lint. n l  a precision 
oscillalor is much R2rroWct than t h a ~  of any passivc 
filter thdl could he employed. 

The actual ~~sc ' i l l~ i tor  spectruln shown i n  Fig. 3 i s  
then nbtnined by superimposing the widchand noise 
char~lcter~stlc nn the carrier spectral line of Fig. 3 .  

Short-Term Stability. Short-term stability meas- 
urrnien ts of oscrllator uu lpu t  Frequency are  mado 
hy using an clectrnnic counter to rneaqure frequency 
or ~ c r ~ o d  on the heat note hetween tiifo oscillators. 
 he rms fracttonal Frequency deviation i s  dcter- 
mined as a Functlon of averaging t ime (the averaging 
time is equ31 10 the interval during which the 
counter gale is apen.) IF the oscillalors are identical. 
t he  pcrl'ornrance c3F a single unit is obtained by di- 
vidrng [he measured values by l i 2 .  

A n  expression for the short-term rms frequency 
devi:rlion ol' an oscillator cuntninr terms t h a ~  dc- 

Fig 5 - Root-mean-square froct iono l frequency 
deviation versus averaging t i m e  for the oscillator 
whose spectrum is  shown in Fig 3. Circled points 
are measured values of 

scribe the erect of each noise source and i ts varia- 
tion with averaging time. Complete expressions 
which lake .nto account the erececl of each of the 
noise sources previously discussed have been de- 
rived. [h, 71 The  predominant terms are those asso- 
ciated wilh add~t ive  white noise and 1J.f noise, and  - 
these lead to an expres5ion For the rrns (fractional) 
frequency dcv~ation: 

where P,$ is a widehand noise poucr ,  P,, is signal 
power, w ,  is c~zrricr frequency in  radians per sec, 7 

is nveraging time. w l  i s  hair of the bandwidth of the 
output f l ter ,  and C' is, the I /!noise factor. Also 

where R , is tho  equivalent noise resistance a t  the 
amplifier input and Ro is the 3-dh 'bandwidth of the 
output filter, or  ?. w ,  . 

Figure 5 is a plot ol 'n  versus T From Eq (81, where 
the osciliator has the rollowing characteristics: 

Equation ( X j  and FIE.  5 show that  o varies as I / r  Tor - 
w , ~  >> I a n d a s  I / \  ~ T o r w , ~  << I .  

There is no theory available to predict the rnagni- 
lude of the factor C which is the contribution of  1/f 
noise. and the curve in Fig. 5 i s  drawn to  pass 
th rough  the measured point for T = 1 sec. Oscilla- 
tor short-~erm performance is thus  limited by the - 
noise of the Zctive circuit elements and by the char- 
acteristic of !he output filler. 

The rrns phme deviation A(fi a t  a certain fre- 
quency can be found from a plot or A f / J  versus T 

from the relat ionship 

Short-term stability specifications must be expressed 
in precise st2tistic31 trrms to be meaningful. There- 
rore, thc rrnq fractional frequency deviation (stand- 
ard devl;ition) must he  stated as being less t han  a 
ccrt;rin valuc with a certain confidence. This infor- 
mation should he given as a function of averaging 
time. 
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