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I ABSTRACT 

I In o r d e r  t o  p r e d i c t  t h e  r e q u i r e m e n t s  and s p e c i f i c a t i o n s  
f o r  a  b road  c a t e g o r y  o f  systems i n  t o d a y ' s  t e c h n o l o g y ,  
one must  t a k e  i n t o  accoun t  t h e  e f f e c t s  wh ich  o s c i l l a t o r  
i n s t a b i l i t i e s  produce i n  t h o s e  systems. 

The purpose o f  t h i s  p r e s e n t a t i o n  i s  t o  i l l u s t r a t e  d a t a  
p l o t s  of phase n o i s e  c h a r a c t e r i s t i c s  o f  v a r i o u s  comrner- 
c i a 1  f r e q u e n c y  sou rces ,  a  l a s e r  a m p l i f i e r ,  S u r f a c e  
A c o u s t i c  Wave (SAW) o s c i  1 l a t o r s ,  and Gunn o s c i  1  l a t o r s ,  
The phase n o i s e  c h a r a c t e r i s t i c s  a r e  p l o t t e d  i n  t h e  
f r e q u e n c y  domain as t h e  Norma l i zed  Phase No ise  Sideband 
Power S p e c t r a l  D e n s i t y  i n  dBc/Hz,  wh ich  i s  c a l l e d  
S c r i p t  2 ( f )  . Two automated measurement systems a r e  
d e s c r i b e d  w i t h  p a r t i c u l a r  en~phas i s  on p r a c t i c a l  e x p e r -  
i e n c e  i n  t h e  measurements and assessed l i m i t a t i o n s  
and c h a r a c t e r i s t i c s  o f  each system. 

Measurement d a t a  i s  shown for measurements c l o s e  t o  

Phase No ise  i s  t h e  t e r m  most w i d e l y  used t o  d e s c r i b e  t h e  c h a r a c t e r i s t i c  
randomness o f  f r e q u e n c y .  P r a c t i c a l  o s c i l l a t o r s  demons t ra te  n o i s e  wh ich  

Measurements a r e  per formed i n  t h e  f r f fouencv donlain usinc l  a sPectrum 

t e r i s t i c s  o f  two sou rces .  The two source  s i g n a l s  a r e  a p p l i e d  i n  
q u a d r a t u r e  t o  a phase s e n s i t i v e  d e t e c t o r  ( d o u b l e  ba lanced  m i x e r )  and 
t h e  v o l t a g e  fl u c t u a t i o n s  a n a l o g  t o  t h e  phase f l u c t u a t i o n s  a r e  measured -- 
a t  t h e  d e t e c t o r  o u t p u t .  One ineasurerr~ent sys tem i s  des igned  t o  ni . . 

t h e  phase n o i s e  c h a r a c t e r i s t i c s  o f  a  s i n g l e  o s c i l l a t o r .  The s i n g l e -  



o s c i l l a t o r  measurement system i s  designed us ing  t he  de lay  l i n e  as an 
FM d i s c r i m i n a t o r .  Vol tage f l u c t u a t i o n s  analog t o  f requency f l u c t u a t i o n s  - 
are  measured a t  t he  d e t e c t o r  ou tpu t .  

The c a l i b r a t i o n  and measurement s teps a re  c o n t r o l l e d  by a c a l c u l a t o r  
program. The c a l  i b r a t i o n  sequence r e q u i r e s  severa l  manual opera t ions .  
The software program c o n t r o l s  frequency s e l e c t i o n ,  bandwidth s e t t i n g s ,  
s e t t l i n g  t ime,  amp1 i t u d e  rang ing ,  measurements, c a l c u l a t i o n s ,  g raph ics ,  
and da ta  p l o t t i n g .  

A quas i -cont inuous p l o t  o f  phase no i se  i s  ob ta ined  by per fo rming  
measurements a t  F o u r i e r  f requenc ies  separated by t h e  I F  bandwidth of 
t he  spectrum ana l yze r  used d u r i n g  t h e  measurement. P l o t s  o f  o t h e r  
de f i ned  parameters can be ob ta ined  and p l o t t e d  as des i red .  Data p l o t s  
w i l l  be used t o  show t h e  e f f ec t s  o f  phase l o c k  loops,  inadequate i s o l a -  
t i o n  o f  two sources when u s i n g  t h e  t w o - o s c i l l a t o r  technique,  and t he  
l i m i t i n g  frequency range o f  measurements performed us ing  t he  de1a.y l i n e  
as an FM d i s c r i m i n a t o r .  

I n  t h i s  p resen ta t i on  t h e  Greek l e t t e r  nu (v)  represen ts  f requency f o r  
c a r r i e r - r e l a t e d  measures. Modu la t i on - re l a ted  f requenc ies  a r e  des ig -  
nated ( f ) .  I f  t h e  c a r r i e r  i s  cons idered as dc, t h e  f requenc ies  
measured, w i t h  r espec t  t o  t h e  c a r r i e r ,  a re  r e f e r r e d  t o  as baseband, 
o f f s e t  f rom t h e  c a r r i e r ,  modulat ion,  no ise ,  o r  F o u r i e r  f requenc ies .  

General Theory and D e f i n i t i o n s  

A r ep resen ta t i on  o f  f l u c t u a t i o n s  i n  t h e  frequency domain i s  a  graph 
c a l l e d  s p e c t r a l  d e n s i t y .  Spec t ra l  d e n s i t y  i s  t h e  d i s t r i b u t i o n  o f  
va r iance  versus frequency, 

The s p e c t r a l  d e n s i t y  Sy ( f )  o f  t h e  instantaneous f r a c t i o n a l  frequency 
f l u c t u a t i o n s  y ( t )  i s  def ined as a measure o f  f requency s t a b i l i t y  [ I ] .  

S ( f )  i s  t h e  one-sided s p e c t r a l  d e n s i t y  o f  f r a c t i o n a l  f requenc 
d u c t u a t i o n s  on a  ~ ~ e i -  h e r t z "  bas is ;  t h e  d i m e n s i o n a l i t y  i s  HzJ. 

2 
~ 6 ~ ( f ) ,  i n  Hz /Hz, i s  t he  one-sided spec t ra l ,  d e n s i t y  of frequency 
f l u c t u a t i o n s  6v. I t  i s  c a l c u l a t e d  as (av,,;/(~andwidth used i n  t h e  
measurement o f  6vmS). 

The s p e c t r a l  d e n s i t y  o f  p_hase f l u c t u a t i o n s  i s  a  f requency domain 
measure o f  phase f l u c t u a t i o n s  de f i ned  as f o l l o w s :  





Basic  Two-Osc i l l a to r  Technique 

A b l o c k  diagram o f  t he  measurement system employing two o s c i l l a t o r s  
i s  shown i n  F igu re  1. NBS has performed phase no i se  measurements us ing  
t h i s  b a s i c  t ype  system s ince  1967. 

The double balanced m ixe r  a c t s  as a  phase-sens i t i ve  d e t e c t o r  so t h a t  
when two s i g n a l s  a r e  i d e n t i c a l  i n  f requency and nom ina l l y  a re  i n  phase 
quadrature,  t h e  m ixe r  ou tpu t  i s  a smal l  f l u c t u a t i n g  vo l t age  6v, 
centered on approx imate ly  zero  v o l t s .  Th i s  smal l  f l u c t u a t i n g  vo l t age  
represen ts  t h e  phase modu la t ion  PM sideband components o f  t h e  s i g n a l .  

I f  t h e  two o s c i l l a t o r  s i g n a l s  a p p l i e d  t o  t he  mixer  o f  F i gu re  1 are 
s l i g h t l y  o u t  o f  zero beat ,  a s low s i nuso ida l  vo l t age  w i t h  a  peak- to-  
peak vo l t age  of  V p t  can be measured a t  t he  mixer  ou tpu t .  Under t he  
c o n d i t i o n s  f o r  whic R Equat ion (5 )  i s  v a l i d ,  the  r e l a t i o n s h i p  between 
mean-square f l u c t u a t i o n s  o f  phase 6$ and vo l t age  6v i n t e r p r e t e d  i n  a 
s p e c t r a l  d e n s i t y  f ash ion  has been shown t o  be [I] 

Here, Ssv,  i n  v o l t s  squared p e r  he r t z ,  i s  t he  s p e c t r a l  d e n s i t y  o f  t h e  
vo l t aoe  f l u c t u a t i o n s  a t  t he  mixer  ou tpu t .  Since t h e  spectrum ana l yze r  
measuFes rms v o l  t a  e  i n  a  bandwidth B', t h e  ana lyzer  r ead ing  i s  i n  u n i t s  + o f  vo l  t s  pe r  andwi d th .  Therefore,  

where B i s  t he  no i se  power bandwfdth used i n  t h e  measurement, 

I f  i t  i s  assumed t h a t  t he  re ference o s c i l l a t o r  d l d  n o t  c o n t r i b u t e  any 
phase no i se  , the  vol tage fl uctuatl 'ons (bv), represen ts  t h e  oscl ' l  'I a t o r  

T, under t e s t  and t he  s p e c t r a l  d e n s i t y  of t h e  p  ase fluctuations i n  terms 
o f  t h e  vo l t age  measurements performed w i t h  t h e  spectrum ana lyzer  i s  

,-, 

1  ( 6vmS s ( f )  = q 
1" 

6 $ 

The measurement system o f  F igure  1  y i e l d s  t h e  o u t p u t  no i se  f r om bo th  
o s c i l l a t o r s .  I f  t h e  re fe rence  and t e s t  o s c i l l a t o r s  a re  t h e  same type,  
a  use fu l  approx imat ion i s  t o  assume t h a t  t h e  measured n o i s e  power i s  
t w i c e  t h a t  which i s  assoc ia ted  w i t h  one n o i s y  o s c i l l a t o r .  Th i s  



a p p r o x i m a t i o n  i s  i n  e r r o r  by  no more than  3 dB f o r  t h e  n o i s e r  o s c i l l a t o r  
even i f  one o s c i l l a t o r  i s  t h e  n ia jo r  source o f  n o i s e .  The e q u a t i o n  f o r  
t h e  s p e c t r a l  d e n s i t y  o f  measured phase f l u c t u a t i o n s  i s  

A d e t e r m i n a t i o n  o f  t h e  n o i s e  o f  each o s c i l l a t o r  can be made i f  one has 
t h r e e  o s c i l l a t o r s  t h a t  can be measured i n  a l l  p a i r  comb ina t ions .  

Automated Phase No ise  Measurenlent Svstem 

The TRW M e t r o l o g y  Automated Phase No ise  Measurement System i s  program 
c o n t r o l l e d  by t h e  Hew le t t -Packa rd  9830 Programmable C a l c u l a t o r .  Each 
s t e p  o f  t h e  c a l i b r a t i o n  and measurement sequence i s  i n c l u d e d  i n  t h e  
program. The sys tem i s  used t o  o b t a i n  a d i r e c t  p l o t  o f  S c r i p t  z(f). 
The d i r e c t  measurement o f  6P(f j  i s  r e p r e s e n t e d  b y  t h e  f o l l o w i n q  e q u a t i o n .  

$ ( f )  i n  d e c i b e l s  r e l a t i v e  t o  H Z - '  = (No ise  Power, Levef  in dB C a r r i e r  Power L e v e l  

The n o i s e  power i s  measured r e l a t i v e  t o  t h e  c a r r i e r  power l e v e l  and t h e  
r e m a i n i n g  terms o f  t h e  e q u a t i o n  r e p r e s e n t  c o r r e c t i o n s  t h a t  must be 

I a p p l i e d  due t o  t h e  t y p e  measurement and t h e  c h a r a c t e r i s t i c s  o f  t h e  
measurement equiament as f o l l o w s .  

o The b a s i c  measurement o f  n o i s e  s idebands w i t h  t h e  s i g n a l s  i n  phase 
q u a d r a t u r e  r e q u i r e s  t h e  -6 dB c o r r e c t i o n  due t o  t h e  l i n e a r  a d d i t i o n  
o f  t h e  two phase s idebands a t  t h e  m i x e r  o u t p u t  r3,4]. 

o The n o n - l i n e a r i t y  of  t h e  spect rum a n a l y z e r  l o g a r i t h m i c  I F  a m p l i f i e r  
r e s u l t s  i n  compression o f  t h e  n o i s e  peaks wh ich ,  when average 
d e t e c t e d ,  r e q u i r e  t h e  +2.5 dB c o r r e c t i o n  f o r  t h e  HP 3571A T r a c k i n a  

o The bandwid th  c o r r e c t i o n  i s  r e q u i r e d  because t h e  spectrutn a n a l y z e r  
measurements o f  random n o i s e  a r e  a  f u n c t i o n  o f  t h e  p a r t i c u l a r  band- 
w i d t h  used i n  t h e  measurement, 



o The -3 dB correction i s  required since th i s  i s  a measurement of z(f) 
usingtwo osc i l la tors ,  assuming that  the osci l la tors  are of a  similar 
type and that  the noise contribution i s  the same for  each osc i l la tor .  
If one osc i l la tor  i s  suff ic ient ly  superior to  the other,  t h i s  correc- 
tion i s  not used. 

The Calibration and Measurement Sequence 

1 .  Automated Measurement of the noise power bandwidth of each IF band- 
width set t ing on the Tracking Spectrum Analyzer*. 

2 .  Obtain a  car r ie r  power reference level (referenced to  the o u t p u t  of 
the mixer). 

a )  The precision I F  step attenuator i s  s e t  to  a high value to  
prevent overloading the spectrum analyzer. 

b )  Normally, we drive the mixer with a 10 to 13 dBm signal from 
the reference then increase the signal arm input to obtain 
operation a t  a 50 o h m  output impedance of the mixer ( in  t h e  
range of 1-3 mil l iwat ts) .  If minimum noise f loor  i s  required, 
then approximately equal power i s  applied t o  the inputs of 
the mixer as required to  obtain the 50 ohm output Tmpedance of 
the mixer in our 50 ohm system, Special techniques are required 
t o  obtain the correct impedance when lower impedance i s  involved. 

c )  I f  the frequency of one of the osci l la tors  can be adjusted, 
adjust i t s  frequency for an I F  output frequency in the range 
of 10 to  20 kHz, 

d )  The resulting I F  power level i s  measured by the spectrum 
analyzer and the measured value i s  corrected for  the attenuator 
set t ing.  The correction i s  necessary since th i s  attenuator 
will be se t  to i t s  zero dB indication during the measurements 
of noise power. 

3,  Adjust f o r  quadrature of the two signals applied to  the mixer. 
After the car r ie r  power reference has been established, the 
osc i l la tor  under t e s t  and the reference osc i l la tor  are tuned t o  the 
same frequency and the original reference levels t h a t  were used 
during calibration are reFestablished. The quadrature adjustment 
depends upon the type of system used, Three possfbi l i t ies  are 
i l lus t ra ted  i n  Figure 1.  

a )  I f  the osci l la tors  are very s table ,  have high resolution 
tuninq, and are not phase-locked, the frequency of one osci 1 - 
l a tor - i s  adjusted for zero dc voltage output of the mixer 
as indicated by the sensit ive oscilloscope. 



b )  I f  the common reference frequency i s  used, as i 11 ustrated in 
Figure 1 ,  then i t  i s  necessary to  include a phase s h i f t e r  i n  the 
1 ine between one o f  the oscil  l a t o r s  and the mixer (preferably 
between the a t tenuator  and mixer). The phase s h i f t e r  i s  
adjusted t o  o ~ t a i n  zero dc o u t p u t  of the mixer. 

c )  I f  one o sc i l l a t o r  i s  phase-locked using a  phase-lock loop, as 
shown dotted-in on Figure 1 , the frequency of the uni t  under 
t e s t  i s  adjusted fo r  zero d c  output O F  the  mixer as indicated 
on the osc i l  loscope. 

NOTE: Throughout the measurement process one should check 
and maintain phase quadmture. 

4 .  Noise power i s  measured a t  the ?elected Fourier frequencies,  the 
ca lcula t ions  are  performed, and the data i s  plotted ( o r  s to red)  
using calcula tor  a n d  program control ( f u l l y  automated). 

5 ,  Measure and plot  the system noise f loor  charac te r i s t i c s  if desi red,  

A p l o t  of the noise f loor  charac te r i s t i c s  i s  obtained by repeating 
the measurements with the  uni t  under t e s t  d isconn~cted and  and the  
input to  the m i x e r  terminated in a  matched load. 

With the previous indicated o f f s e t  power level a t  the mixer input ,  i t  
i s  not necessary t o  change the power level in to  the mixer, However, i f  
equal power levels  are used, then the mixer input level from the re fe r -  
ence must be increased to  return the mixer output inipedance t o  50 ohms 
when the signal i s  disconnected fo r  a measurement of the noise f l oo r .  

Basics of the TRW Metrology Automated System 

I ,  The HP 3330B Synthesizer serves as  the local o s c i l l a t o r  f o r  the 
HP 3571A Tracking Spectrum Analyzer. The calcula tor  program 
controls  the switching of the synthesizer t o  t h e  desired Fourier 
frequencies, 

2 .  The Fourier frequency increments are  chosen t o  be equal t o  the 
selected I F  noise bandwidth i n  order to  o b t a i n  a continuous 
spectrum p l o t .  

3. The minimum delay time fo r  a mea:jurernent i s  d e t e r ; ~ ~ ~ n e d  by  the I F  
f i l t e r  build-up in the spectrum analyzer. The range i s  from 2 . 5  
seconds f o r  the 3 Hz bandwidth, decreasing t o  70 milliseconds For 
t he  10 kHz bandwidth s e t t i n g *  

16 I, 



4.  Video smoothing i s  used in order t o  obtain a better approximation 
of the mean. The program can be designed so that  a large number of  
measurements can be taken for  better estimation of  the mean value, 
From s t a t i s t i c a l  theory the confidence in an average i s  improved by 
the square root of the number of samples. 

5 ,  The IF bandwidth set t ings for the Fourier (of fse t )  frequency 
range selections are as follows: 

IF I F  Fourier 
Bandwidth Fourier Bandwidth Frequency 

(Hz) Frequency (kHz ) (kHz 

3 10 - 400 H Z  1 40 - 100 
10 400 H Z  - 1 kHz 3 100 - 400 
3 0 1 - 4 kHz 10 400 - 1300 

100 4 - 10 kHz 
200 10 - 40 kHz 

Program running time i s  27 minutes when using 100 measurements a t  
each Fourier measurement frequency o u t  t o  200 Rz. 

6 .  The 60 Hz l ine frequency interference appears smaller than the 
actual amplitude i f  the noise corrections are applied as se t  forth 
i n  the noise measurement program. The corrections for  the log 
amp1 i f i e r  and detection, bandwidth, and equal osc i l la tor  contri- 
bution should be removed for a plot o f  discrete frequencies, 

7.  Amplitude auto-ranging i s  used in the program t o  select  the most 
sensit ive range that does not resul t  in overload conditions. 

The low-pass f i l t e r  prevents local osc i l la tor  leakage power from over -  
loading the spectrum analyzer when baseband measurements are performed 
a t  the Fourier (of fse t )  frequencies of in te res t ,  Leakage signals wi 11 
interfere with autoranging and the dynamic range of t h e  spectrum 
analyzer. 

The low-noise, high-gain preamplifier provides additional system 
sens i t iv i ty  by amplifying the noise signals t o  be measured. 

4 70 



F i g u r e  2a i l l u s t r a t e s  phase - lock  c h a r a c t e r i s t i c s .  The g e n e r a t o r  
employs i n d i r e c t  s y n t h e s i s ,  whereby, t h e  o u t p u t  f r equency  i s  phase- 
l o c k e d  t o  a r e f e r e n c e  o s c i l l a t o r .  L i n e  harmonics  were p l o t t e d  w i t h  
n o i s e  c o r r e c t i o n s  and, t h e r e f o r e ,  have h i g h e r  a m p l i t u d e s  t h a n  shown. 

F i g u r e  2b i l l u s t r a t e s  a  r o l l - o f f  c h a r a c t e r i s t i c  n e a r  t h e  c a r r i e r .  
T h i s  i s  t h e  e f f e c t i v e  l o o p  bandw id th  o f  t h e  p h a s e - l o c k i n g  between two 
s i m i l a r  o s c i l l a t o r s  wh ich  were n o t  a d e q u a t e l y  i s o l a t e d  f r o m  each o t h e r .  
Rad io  s t a t i o n  i n t e r f e r e n c e  i s  observed s i n c e  t h e  measurements were n o t  
per fo rmed  i n  a sc reen  room. 

F i g u r e  3a i s  a p l o t  o f  t h e  phase n o i s e  o f  t h e  Hew le t t -Packa rd  5061A 
Cesium Beam Standard ,  w i t h  t h e  " supe r  t u b e " .  F i g u r e  3b i s  t h e  5061A 
w i t h  t h e  o r i g i n a l  t u b e .  The A u s t r o n  5 MHz O s ~ i l l a t o r  ( see  F i g .  4a)  
was used as t h e  r e f e r e n c e  when p e r f o r m i n g  t h e s e  measurements. 

F i g u r e  3c measurements o f  t h e  Hew le t t -Packa rd  8672A Microwave Synthe-  
s i z e r  were pe r fo rmed  a t  18 GHz. Measurements were pe r fo rmed  u s i n g  two 
s i m i l a r  u n i t s .  

F i g u r e  3d i s  i n c l u d e d  t o  i l l u s t r a t e  t h e  e f f e c t s  o f  a  phase - lock  l o o p .  
Two Hew le t t -Packa rd  8640B S i g n a l  Genera to rs  were measured u s i n g  a  
phase - lock  l o o p  as i l l u s t r a t e d  i n  F i g u r e  1 .  

T h e r e f o r e ,  t h e  o s c i l l a t o r  phase n o i s e  c h a r a c t e r i s t i c s  a r e  measured 
o n l y  beyond t h e  phase l o c k - l o o p .  

\ 

F i g u r e  4a shows a compar ison o f  measurements pe r fo rmed  u s i n g  t h e  
automated Hew le t t -Packa rd  3045 System and t h e  Rock land 512 F o u r i e r  
A n a l y z e r .  The F o u r i e r  a n a l y z e r  measurements were pe r fo rmed  f r o m  one 
h e r t z  t o  100 kHz. 

F i q u r e  4b shows t h e  phase n o i s e  c h a r a c t e r i s t i c s  o f  t h e  O s c i l l o q u a r t z  
H i g h  S t a b i l i t y  Q u a r t z  O s c i l l a t o r .  

F i g u r e  4c shows t h e  phase n o i s e  c h a r a c t e r i s t i c s  o f  a f requency s t a b i l i z -  
ed l 3 s e r  arnol i f i e r .  One phase n o i s e  p l o t  was o b t a i n e d  w i t h  t h e  l a s e r  
a m p l i f i e r  on and one p l o t  was o b t a i n e d  when t h e  a m p l i f i e r  was t u r n e d  
o f f .  Two n o i s e  f l o o r  p l o t s  were  o b t a i n e d .  One r e p r e s e n t s  t h e  n o i s e  
f l o o r  o f  t h e  comp le te  system i n c l u d i n g  t h e  l a s e r  d e t e c t o r .  One n o i s e  
f l o o r  p l o t  was o b t a i n e d  w i t h o u t  t h e  l a s e r  d e t e c t o r  s i g n a l .  
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PHASE NOISE MEASUREMENTS U S I N G  DELAY L I N E  FM DISCRIMINATORS 

Frequenc f l u c t u a t i o n s  a re  measured d i r e c t l y  us i ng  FM d i s c r i m i n a t o r  
techniques - 5,6,7,8 One o f  t h e  impo r tan t  advantages o f  t h i s  t ype  
system i s  t h a t  t h e  phase n o i s e  c h a r a c t e r i s t i c s  o f  a  s i n g l e  o s c i l l a t o r  
can be measured w i t h o u t  t h e  requ i rement  o f  a s i m i l a r  o r  b e t t e r  source 
as a  r e fe rence .  

The de lay  l i n e  y i e l d s  a phase s h i f t  by t h e  t ime t h e  s i g n a l  a r r i v e s  a t  
t h e  balanced mixer .  The phase s h i f t  depends upon t h e  ins tantaneous 
frequency o f  t h e  s i g n a l .  The presence o f  f requency modu la t ion  (FM) on a 
s i g n a l  g i ves  r i s e  t o  d i f f e r e n t i a l  phase modu la t ion  (PM) a t  t h e  ou tpu t  
o f  t h e  d i f f e r e n t i a l  de lay  and i t s  assoc ia ted  (non-de lay)  r e fe rence  
l i n e .  Th i s  i s  t h e  p r o p e r t y  which a l l ows  t h e  de lay  l i n e  t o  be used as 
an FM d i s c r i m i n a t o r .  I n  genera l ,  t h e  convers ion  f a c t o r s  a re  a funct , ion 
o f  t h e  de lay  ( T ~ )  and t h e  F o u r i e r  f requency ( f ) ,  b u t  n o t  t h e  c a r r i e r  
f requency. 

The phase v a r i a t i o n  a t  t h e  o u t p u t  o f  t h e  two-channel system represen ts  
t h e  same phase v a r i a t i o n  as i f  i t  c o n s i s t s  o f  a  n o i s e l e s s  r e fe rence  
s i g n a l  and another  n o i s y  s i g n a l  which has an e q u i v a l e n t  n o i s e  a t  t h e  
ou tpu t  o f  [ 5 ]  

sv = a[Cos 2 n f  ( t  - r d )  - Cos Znft ]  (12)  

where, i n  genera l ,  ( a )  i s  a  f u n c t i o n  o f  f .  The p l o t  o f  t h e  s p e c t r a l  
d e n s i t y  o f  f requency f l u c t u a t i o n s  i s ,  t h e r e f o r e ,  p e r i o d i c  i n  2 ~ f  and 
t h i s  w i l l  be no ted  i n  t h e  da ta  p l o t s  as a l i m i t a t i o n  o f  t h e  range o f  
v a l i d  measurement a t  F o u r i e r  f requenc ies  determined by t h e  t ime  de lay  
o f  t he  de lay  l i n e .  

The maximum s e n s i t i v i t y  o f  t h e  t r ansm iss i on  l i n e  d i s c r i m i n a t o r  depends 
upon t h e  a t t e n u a t i o n  va lue  o f  t h e  de lay  l i n e  a t  t h e  c a r r i e r  f requency 
[5,7]. Ana l ys i s  o f  t h e  bas i c  de lay  l i n e  system i n d i c a t e s  t h a t  t h e  
l e n g t h  o f  t h e  de lay  l i n e  i s  chosen so t h a t  t h e  t o t a l  a t t e n u a t i o n  i s  
one neper (8.686 dB). T h i s  optimum va lue  represen ted  t h e  p o i n t  where 
t h e  inc rease  i n  de lay  was cance l l ed  due t o  t h e  i nc rease  i n  a t t e n u a t i o n  
o f  t h e  de lay  l i n e ,  i .e., t h e  b a s i c  system was power l i m i t e d  [4,6,7], 
I n  o u r  system t h i s  l i m i t a t i o n  does n o t  occur ,  s i nce  we can m a i n t a i n  
t h e  m ixer  i n p u t  a t  t h e  d e s i r e d  o p e r a t i n g  l e v e l  and p rov i ded  t h a t  t h e r e  
i s  adequate source o u t p u t  power. The power i n p u t  t o  t h e  de lay  l i n e  
can be inc reased  t o  o f f s e t  t h e  de lay  l i n e  l o s s .  

F i gu re  6. i 1 l u s t r a t e s  t h e  r e l a t i v e  s e n s i t i v i t y  ( n o i s e  f l o o r )  o f  phase 
n o i s e  measurement systems. The de lay  l i n e  system s e n s i t i v i t y  d i f f e r s  
f r om  t h e  two - o s c i l l a t o r  system by ( 2 ~ f - t  ) 2  [5]. The power 1  eve1 s a-t 
t h e  m i x e r  were t h e  same f o r  each of the& p l o t s .  



Discriminator Calibrat ions 

The measurement system i s  shown in Figure 5. The ca lcu la to r  program 
performs the same functions as outl ined fo r  the measurement system of 
Figure 1.  The automated progra:m i s  used t o  measure the I F  noise power 
bandwidths of the spectrum analyzer. 

The o s c i l l a t o r  under t e s t  i s  connected and the signal levels  a r e  
established fo r  50 o h m  mixer o u t p u t  impedance, as discussed, f o r  the 
two o s c i l l a t o r  technique. The phase s h i f t e r  i s  adjusted t o  obtain 
phase quadrature of  the input t o  the mixer ( i . e . ,  zero vol ts  dc a t  the 
niixer output) .  

In t h i s  system Attenuator No. 4 i s  used t o  avoid overloading the 
spectrum analyzer during ca l ib ra t ion .  Calibration usually requires 
replacing the ~ s c i l l a t o r  under t e s t  with a signal generator o r  o sc i l -  
l a t o r  t ha t  can be frequency modulated. 

The Dower o u t ~ u t  and o ~ e r a t i n a  freauencv of the aenerator must be s e t  

The source i s  modulated t o  produce a k n o w n  modulation index ( m )  and 
the spectrum anlayzer displays ii power reading corresponding t o  the 
selected modulation frequency. This power reading i s  corrected fo r  
the dB s e t t i ng  of Attenuator No. 4 and the resul t ing P(dBm) i s  used 
t o  ca lcula te  the discriminator cal i  bration fac to r .  

We use a  modulation frequency 05 20 kHz and adjus t  the modulation 
unti l  the  c a r r i e r  i s  reduced t o  the f i r s t  Bessel null of  the c a r r i e r  
as indicated on a spectrum analyzer connected t o  Coupler No. 1 .  

The cal ibra t ion fac to r  i s  defined a s :  

Where Avrms i s  the rms frequency deviation o f  the c a r r i e r  due t o  the 
intentional  modulation and Vrms i s  the spectrum analyzer voltage 
measurement of the modulation sideband. 

I 
i A v peak [Hz] (14) rms = AV /AT = nl(fm)/fl  
I ~ The cal i  bration fac to r  of the discriminator i s  calculated as : 

i 
i 

C F  = m ( f m ) / f l  V r m s  [Hz/VI (14) 



The discriminator calibration factor can now be calculated, since th is  
power in dBm can be converted t o  the corresponding rms voltage using 
the following equation. 

v rms 1000 [ V  1 ( 1  5:l 

where R i s  50 ohms in th i s  system. 

The discriminator calibration factor i s  calculated as ,  

C F - m  f m / n v  = 2 . 4 0 5  f /Avrms rms m [Hz/V] (16)  

since 2.405 i s  the modulation index ( m )  for  the f i r s t  Bessel car r ie r  
null as used in th i s  technique. The modulation frequency i s  fm.  

Measurement and Data Plotting 

After replacing the modulatable source with the unit under t e s t ,  
Attenuator No. 4 i s  s e t  to  zero dB indication and measurements and 
data plotting are completely automated. 

Each Fourier frequency noise power reading Pn (dBm) i s  converted t o  
the corresponding rms voltage designated as 6 V l r m S  

the rms frequency fluctuations are calculated as ,  

"rms = 6v 1 rms x CF [Hz] (18) 

The spectral density o f  frequency fluctuations i s  calculated a s ,  

where B i s  the measured I F  noise power bandwidth of t he  spectrum 
analyzer. 



T h e  spectral  density o f  phase fluctirations i s  calculated a s ,  

S g + ( f )  = S f i v ( f ) / f  2 [ r a d 2 / ~ z ]  ( 2 1  ) 

The normalized phase noise sideband power spectral  density i s  calcu- 
lated a s ,  

S J f )  
%(f) = -L7 [ H Z - ~ ]  ( 2 2 )  

2 rad 

Scr ip t  x(f), expressed in decibels  r e l a t i ve  to  1 HZ-', i s  plotted in 
real  time in our program. 

Noise Fl oor Measurements 

The system noise f loor  can be plotted by s e t t i ng  Attenuator No. 3 t o  
maximum and repeating the automated measurements. We increase the 
LO power to  obtain essen t ia l ly  the same mixer output impedance which 
ex i s t s  when both s ignals  a re  applied.  In systems which require d i f f e r -  
en t  impedance l eve l s ,  i t  i s  necessary t ha t  the to ta l  input power 
(Signal and L O )  be adjusted t o  produce the required mixer output impe- 
dance. This will require a  method of measuring the mixer output 
impedance and re-es tabi l i shing the par t i cu la r  value when measuring the 
noise f l oo r .  

Noise f loor  corrections can he perl%ored as previously s e t  f o r t h .  

Figure 7a i l l u s t r a t e s  measurements performed on a  fundamental o sc i l -  
l a t o r  a t  600 MHz multiplied u p  t o  2 . 4  GHz. Two d i f fe ren t  delay l ines  
were used. Note t ha t  the f i r s t  nu11 in the periodic p lo t ,  beyond the  
ca l ibra ted a rea ,  occurs a t  2 MHz fo r  the phase noise plot  of the 600 
MHz fundamental. Therefore, the l ine  has approximately 500 nanoseconds 
delay. The null on the  p l o t  fo r  the 2 . 4  GHz o u t p u t  i s  a t  4 MHz and 
thus indicates  t h a t  t h i s  delay l i ne  was shor ter  (approximately 250 n s )  
than the one used fo r  the 600 MHz measurements. 

Figure 7b i s  a p lot  of a  cavity stalbilized G u n n  o s c i l l a t o r  with an 
internal  crys ta l  o s c i l l a t o r  reference.  The phase noise plot  show9 
the improvement in charac te r i s t i c s  obtained using t h i s  phase-locking 
technique. 

Figure 7c shows measurements from w i t h i n  one hertz of  the c a r r i e r  t o  
25 kHz as measured using the Hewlett-Packard 5420 Digital Signal 
Analyzer. The measurements agree c losely  w i t h  the continuous p lo t  
t h a t  was obtained using the automated Hewlett-Packard 3045 System. 
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F igu re  7d i s  a p l o t  o f  t h e  AM and PM no i se  o f  a  Gunn o s c i l  l a t o r .  The 
measure~wnts  were performed u s i n g  the  s i n g l e  o s c i l  l a t o r  delay 1 i n e  
system desc r i bed  i n  t h e  paper.  The two Gunn o s c i l l a t o r s  were o f f s e t  
i n  frequency (37 - 36.2) = 800 MHz and t h e  measurements were, t he re -  
fore ,  performed a t  800 MHz. Th i s  i l l u s t r a t e s  t h a t  t h e  techn ique  can 
be extended through t h e  m i l l i m e t e r  bands. 

Measurement U n c e r t a i n t y  - 

There a r e  niany sources o f  u n c e r t a i n t i e s  assoc ia ted  w i t h  phase no i se  
measurement systems and t h e  techniques used i n  t h e  measurement process. 
Minimum u n c e r t a i n t y  r e q u i r e s  p r e c i s e  c a l i b r a t i o n  o f  t h e  measurement 
equipment and p roper  appl  i c a t i o n  o f  t h a t  equipment i n  t h e  measurement 
process. Ana l ys i s  o f  ou r  s p e c i f i c  system f o l l o w s .  

1 .  Power Level  Measurements - ( R e l a t i v e  t o  t h e  u n i t  under Unc. ( 1 dB) 
t e s t  when an a d d i t i o n a l  source i s  used f o r  c a l i b r a t i o n  0.05 
o f  t h e  phasel f requency d i s c r i m i n a t o r  1. 

2 .  Hewlet t -Packard 3571 Spectrum Ana lyzer  A t t e n u a t o r  - Range - 
(Reduced f rom manu fac tu re r ' s  s p e c i f i c a t i o n s  by s p e c i a l  0.03 t o  0.12 
c a l i b r a t i o n ) .  L i n e a r i t y  - 

0.01 t o  0 .25  

3. Hewlet t -Packard 355D Step A t t e n u a t o r  - Used i n  t h e  0.06 
c a l i b r a t i o n  o f  t he  system. 

4. Mismatch U n c e r t a i n t y  - (assoc ia ted  w i t h  s e t t i n g  0.15 
CW r e fe rence  1 eve1 ) . 

5. U n c e r t a i n t y  i n  k2.5 dB Log/Det Amp. C o r r e c t i o n  - 0.20 
( T h i s  e s t i m a t i o n  i s  based on t h e  a b i l i t y  t o  v e r i f y ,  
w i t h  t r a c e a b i l i t y ,  t h e  c a l i b r a t i o n  o f  t h e  t 2 . 5  dB 
s t a t e d  c o r r e c t i o n ) .  

6 .  I F  Noise Power Bandwidth - (Based on measurements 0.20 
o f  a c t u a l  n o i s e  power bandwidth) .  

7. R e l a t i v e  I F  Bandwidth Gain - ( R e l a t i v e  g a i n  between 0.05 
t h e  d i f f e r e n t  I F  bandwidths i n  3571A). 

8. Ana lyzer  Frequency Response, 10 Hz t o  13  MHz, Refer -  0.25 
enced t o  250 kHz - ( I m p r a c t i c a l  t o  c a l  i b r a t e  o u t ) .  

9. Phase D i s c r i m i n a t o r  Response - ( T w o - o s c i l l a t o r  0.20 
techn ique) .  

Frequency D i s c r i m i n a t o r  Response - (S ing le -osc i  1  - 0.30 
l a t o r  techn ique) .  

10. Random E r r o r  Due t o  Randomness of  Noise - (Can be 0.50 
reduced t o  t h i s  va lue  by ave rag ing ) .  



11. S e t t i n g  M o d u l a t i o n  Index  o f  t h e  C a l i b r a t i o n  Source 0.10 
When Cal i b r a t i n g  t h e  FM Delay  L i n e  D i s c r i m i n a t o r .  

12. N o i s e  F l o o r  C o n t r i b u t i o n  - (Can be e s s e n t i a l l y  0.2 
c a l c u l a t e d  o u t ) .  

The u n c e r t a i n t y  t h a t  can r e s u l t  when p e r f o r m i n g  measurerr~ents u s i n g  t h e  
t w o - o s c i l l a t o r  t e c h n i q u e  has been d i scussed  and must  be t a k e n  i n t o  
accoun t  i n  t h e  o v e r a l l  e r r o r  a n a l y s i s .  

The f o l l o w i n g  c a l c u l a t i o n s  a r e  f o r  minimum and maximum u n c e r t a i n t i e s  
i n  measurement of  r e l a t i v e  measurements. The d a t a  r e p r e s e n t s  t h e s e  
c o n s i d e r a t i o n s ,  ( 1  ) 1  i n e a r  summtl 'on o f  a1 1 u n c e r t a i n t i e s ,  ( 2 )  r o o t -  
sum-square ( R S S )  o f  t h e  e r r o r s  t h a t  a r e  sma l l  and independent ,  p l u s  
t h e  l i n e a r  summation o f  t h e  mismatch u n c e r t a i n t y  and t h e  random 
e r r o r s ,  and ( 3 )  RSS o f  a1 1  u n c e r t a i n t i e s .  

UNCERTAINTY (idO) 
Two-Osci 11 a t o r  S i n g i e - O s c i l  l a t o r  

Technigue -- T e c h a u e  -- 

Min.  Max. Min.  
-- Max. 

L i n e a r  Summation 2.01 2 .33  2.11 2 . 4 3  

RRSS ( S y s t e m a t i c )  + 1 .14 1 .21 1 .17  1 . 2 6  
Mismatch + Random 

RSS - A l l  U n c e r t a i n t i e s  . 7 2  . 7 7  - 7 5  .80 
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F I G U R E  1 .  PHASE NOISE MEASUREMENT SYSTEM USING THE TWO - OSCILLATOR TECHNIQUE. 
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Figure 2. Phase noise p l o t s .  ( a )  Hew1 e t t -Packard  8660C Synthesized 

Generator. ( b )  Surface A c o u s t i c  Wave Osc i  1 l a t o r .  
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FIGURE 4. Phase n a i s e  p l o t s  u s i n g  the  Two-Osci l  l a t o r  t echn ique .  
( a )  Measurements within one h e r t z  o f  t h e  c a r r i e r  us i ng  t h e  
Rockland 512  FFT A n a l y z e r .  ( b )  The O s c i l  l o q u a r t z  3200 
High S t a b i l  i ty  Q u a r t z  O s c i l l a t o r .  ( c )  Lase r  Amp1 i f i e r  
phase n o i s e  c h a r a c t e r i s t i c s .  
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FIGURE 5. SINGLE-OSCILLATOR PHASE NOISE MEASUREMENT SYSTEM USING A 
DELAY L I N E  AS AN FM DISCRIMINATOR. 

FIGURE 6. R e l a t i v e  s e n s i t i v i t y  ( n o i s e  f l o o r )  o f  p h a s e  n o i s e  measure- 
m e n t  s y s t e m s .  






