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ABSTRACT 

Stable frequency sources and signal process- 
ing blocks must often be characterized by 
their noise spectra, both discrete and random, 
in the frequency domain. In this tutorial, 
conventional measures are outlined, and systems 
for performing the measurements are described. 
Broad coverage of system configurations which 
have been found useful is given. Their func- 
tioning and areas of application are discussed 
briefly. Particular attention is given to 
some of the potential error sources in the 
measurement procedures, system configurations, 
double-balanced-mixer-phase-detectors and 
application of measuring instruments. A gen- 
eral calibration scheme is detailed. 

INTRODUCTION 

This paper is a lightly edited transcription of the tutorial 
preaentation which included audience participation. With 
that excuse, the author begs the reader's indulgence of the 
conversational style and disorder. 

First, to poi1.c out the areas that make up the subject of 
frequency domain measurement systems, see Table 1. This is 
only roughly the order in which they will be covered. 
References will be cited for coverage of the basics. 

Model numbers, ranges and accuracies of the various frequen- 
cy domain instruments will be avoided since these are rea- 
dily available on data sheets and in catalogs. However, 
there are some traps in the ways these instruments may be 
used which will be covsred. 



To e s t a b l i s h  a  c l e a r  c o n t e x t ,  t h e  symbols and d e f i n i t i o n s  
t h a t  a r e  used f o r  t h e  measures  a r e  shown i n  Tab le  2 .  The 
r e a d e r  may be f a m i l i a r  w i t h  one  o r  more o f  t h e s e  from v a r -  
i o u s  a p p l i c a t i o n s .  B a s i c a l l y ,  e a c h  o f  t h e s e  d e f i n i t i o n s  
i m p l i e s  a  math model o f  a  random p r o c e s s .  When a  measure- 
ment i s  made, it w i l l  most l i k e l y  i n c l u d e  p r o c e s s e s  which 
a r e  bo th  random and non-random - a n  i m p o r t a n t  s o u r c e  of  
some of  t h e  t r a p s .  Accord ing ly ,  it  i s  n e c e s s a r y  t o  have a  
c l e a r  u n d e r s t a n d i n g  o f  how a chosen  measure  (math model)  
r e sponds  t o  d i s c r e t e  s p u r i o u s  components as w e l l  a s  con- 
t i n u o u s  random s p e c t r a ,  and a s  s e p a r a t e  q u e s t i o n s ,  how :he 
measurement sys tem rela e s  t o  t h e  measure  f o r  b o t h  c l a s s e s  
o f  s i g n a l s .  These a r e a s  a r e  covered  i n  r e f e r e n c e s  1, 2 and 

sys t ems  

I would l i k e  t o  pose  a  q u e s t i o n  t o  s t a r t  i n t o  t h e  sys t ems  
a s p e c t s  o f  t h e  s u b j e c t .  Why do w e  need a  sys tem t o  measure  
f r equency  domain s t a b i l i t y ?  (see F i g u r e  1).  The u s u a l  
r e a s o n  i s  dynamic r ange .  W e  might  t r y  t o  u s e  a  spec t rum 
a n a l y z e r  t o  measure t h e  n o i s e  s i d e  bands ,  f o r  example,  
which a r e  140 dB below t h e  c a r r i e r  i n  a  1 Hz bandwidth.  
Even i f  w e  u s e  a 1 kHz bandwidth i n  t h e  spec t rum a n a l y z e r  
i n s t r u m e n t ,  t h i s  n o i s e  w i l l  b e  110 d B  below t h e  c a - - - i e r  as 
i n d i c a t e d  on  t h e  s c r e e n  of  t h e  a n a l y z e r ,  and t h e  shirts 
of  t h e  one kHz f i l t e r  would f o r c e  u s  t c  look  no c l o s e r  t h a n  
s e v e r a l  kHz away from t h e  c a r r i e r .  So t h e  dynamic r ange  
i n  b o t h  t h e  f r equency  and a m p l i t u d e  s e n s e ,  and t h e i r  i n t e r -  
a c t i o n ,  a r e  t h e  r e a s o n s  why w e  have t o  go  t o  more com- 
p l e x i t y  t h a n  t h i s ,  w i t h  h i g h e r  q u a l i t y  o s c i l l a t o r s .  There  
is  a  l a r g e  f a m i l y  o f  o s c i l l a t o r s  f o r  which t h i s  i s  a n  appro- 
p r i a t e  way of measur ing  t h e i r  n o i s e  s i d e  bands ,  b u t  it 
d i s p l a y s  AM and PM. 

AM v e r s u s  PM is  a n o t h e r  d i s t i n c t i o n  which must  be  c a r e d  for .  
The us i la l  name f o r  t h e  measure  t h a t  i s  s e e n  on  a  spec t rum 
a n a l y z e r  i s  t h e  r f  power spec t rum.  T h i s  measure  i s  a l m o s t  
neve r  used a s  a  s p e c i f i c a t i o n  f o r  a  f r equency  s t a n d a r d  o r  
any component o f  a  f r equency  d i s t r i b u t i o n  system.  What i s  
needed i s  a  demodula tor ,  a  phase  o r  f r equency  demodu la to r ,  
imply ing  t h a t  it i s  r e l a t i v e l y  i n s e n s i t i v e  t o  AM and it 
needs  t o  be  h i g h l y  s e n s i t i v e  t o  s m a l l  PM f o r  FM. (See  
F i g u r e  2 ) .  Otherwise ,  i n  t h e  c a s e  of t h o s e  r a r e  sys tems  
t h a t  have AM s e n s i t i v i t y ,  it shou ld  p r o b a b l y  be s p e c i f i e d  
s e p a r a t e l y  s i n c e  t h e r e  would be a  g r e a t  o p p o r t u n i t y  f o r  
c o n f u s i o a .  



R e f e r r i n g  t o  t h e  i n s t a b i l i t y  s e n s o r  i n  t h e  midd le  o f  F i g u r e  
2 ,  t h e  demodula tor  shou ld  have a  v e r y  good r a t i o  between 
t h e  demodulated s i g n a l  and i t s  own n o i s e  c o n t r i b u t i o n .  We 
cou ld  a p p l y  some o t h e r  words t o  t h a t  c e n t r a l  b lock :  a n e r r o r  
enhance r ,  a n  e r r o r  m u l t i p l i e r  (which f r equency  x d l t i p l i e r s  
t e n d  t o  f u n c t i o n  a s )  o r  c o n v e r s i o n  t o  base  band. I n  many 
communication sys t ems ,  some e lement  o f ,  o r  some of  t h e  
b l o c k s  o f  t h e  sys tem i t s e l f  (which i s  go ing  t o  u s e  t h e  
o s c i l l a t o r  under  t e s t )  might  be  a p p l i e d  h e r e .  I t  i s  impor- 
t a n t  t h a t  t h e i r  t r a n s f e r  f u n c t i o n  be  w e l l  unde r s tood  and 
modeled. I f  s o ,  t h e y  nay  be  a p p l i e d  a s  t h e  i n s t a b i l i t y  
s e n s o r  t o  make t h e  measurement i n  a v e r y  r e a l i s t i c  f a s h i o n  
w i t h  r e s p e c t  t o  t h e  o s c i l l a t o r ' s  per formance  i n  t h e  f i n a l  
system.  

k u t o c c r r e l a t o r  System 

The r e a s o n  f o r  choos ing  t h e  f a i r l y  complex l o o k i n g  system 
o f  F i g u r e  3 as  t h e  f i r s t  t o  be c o n s i d e r e d  i n  d e t a i l  i s  
t h a t  it h a s  wide a p p l i c a t i o n .  I n  many of  i t s  forms ,  it 
c a n  t a k e  a  r a n g e  o f  i n p u t  f r e q u e n c i e s  w i t h o u t  modi fy ing  t h e  
hardware,  and it c a n  t e s t  a  s i n g l e  s o u r c e  w i t h o u t  hav ing  a  
r e f e r e n c e  s o u r c e , w i t h o u t  r e q u i r i n g  a  second s i m i l a r  s o u r c e  
a s  a  r e f e r e n c e .  T h i s  f e a t u r e  makes i t  a t t r a c t i v e  f o r  
development work i n  many programs. F i g u r e  3 may be ex- 
p l a i n e d  by s t a r t i n g  a t  i t s  o u t p u t  and working backwards.  
The doub le  ba lanced  mixer  i s  used a s  a  phase  d e t e c t o r .  
The fundamental  o p e r a t i o n  t h a t  t h e  mixer  pe r fo rms  c a n  be 
d e s c r i b e d  by assuming s i n e  waves a p p l i e d  t o  t h e  3 and L 
p o r t s .  The s i m p l e s t  model f o r  t h e  mixer  i s  t h a t  it m u l t i -  
p l i e s  t h e  two s i n u s o i d s  t o g e t h e r  so t h a t  what comes o u t  
a r e  two s i g n a l s  a s  i n  t h e  t r i g o n o m e t r i c  i d e n t i t y .  One 
s i g n a l  i s  an  a v e r a g e  term which i s  p r o p o r t i o n a l  t o  t h e  
phase  d i f f e r e n c e  between t h e  two i n p u t  s i n e  waves ( t h z t  i s  
t h e  d i f f e r e n c e  f r equency  o u t  of t h e  m i x e r ) .  The o t h e r  i s  
a  v e r y  l a r g e  s i g n a l  which Is t h e  sum f r equency  o u t p u t  of 
t h e  mixer .  S i n c e  t h e  i n p u t s  a r e  t h e  same f r e q u e n c y ,  
t h i s  sum o u t p u t  i s  twice t h e  i n p u t  f r equenzy .  The phase  
s h i f t e r ,  shown h e r e  i n  whq: may be c a l l e d  t h e  r e f e r e n c e  
c h a n n e l ,  i s  a d j u s t e d  t o  b r i n g  t h e  two mixer  i n p u t  s i g n a l s  
i n t o  q a a d a t u r e  s o  t h a t  t h e  mixer  per forms  a  phase  d e t e c t i o n  
I f ,  on t h e  o t h e r  hand, t h e  two i n p u t  s i g n a l s  a r e  b rought  
i n t o  in-phase c o n d i t i o n  ( o r  180° of  o u t  phase )  by t h e  u s e  
of  t h i s  phase  s h i f t e r ,  t h e n  t h i s  becomes a n  ampl i t ude  de- 
t e c t o r ,  and t h e  AM spec t rum of t h e  i n p u t  s i g n a l  can  be 
ana lyzed .  

The f u n c t i o n s  i n  t h e  o t h e r  p a t h  t o  t h e  mixer  c a u s e  t h i s  t o  



be a n  i n s t a b i l i t y  enhancer  o r  a  d e t e c t o r  o f  t h e  spec t rum 
t h a t  w e  want t o  measure .  F i r s t ,  t h e  d i r e c t i o n a l  c o u p l e r  i s  
shown a s  hav ing  i t s  10 d~ a t t e n u a t i n g  p o r t  t o  t h e  L p o r t  
because  we e x p e c t  t o  t a k e  less loss down t h i s  p a t h  and w e  
want a s  l a r g e  a  s i g n a l  a s  p o s s i b l e  t o  b o t h  p o r t s  of t h e  
mixer .  The r e s u l t  w i t h  any  one o f  t h e  i t e m s  l i s t e d  on t h e  
r i g h t  of F i g u r e  3 i s  t h a t  t h i s  p a t h  f u n c t i o n s  a s  f requency-  
to -phase  t r a n s d u c e r .  For  example,  i n  t h e  c a s e  o f  t h e  t r a n s -  
m i s s i o n  l i n e ,  t h e  s i g n a l  g o e s  down t h e  t r a n s m i s s i o n  l i n e ,  
r e f l e c t s  and comes back ,  i n c u r r i n g  a  d e l a y .  The d e l a y  of 
300 f e e t  o f  c o a x i a l  c a b l e  a t  1 MHz i s  app rox ima te ly  one 
c y c l e ;  1 /2  c y c l e  o u t ,  and 1/2  back.  I f  t h e  f r equency  t h e n  
chanyed by l o % ,  t h e  phase  s h i f t  t h rough  t h i s  p a t h  l e n g t h  
would change by 10% of  a  c y c l e .  I n  t h a t  way, a  d e l a y  l i n e  
o r  a  nar rower  f i l t e r  on t h i s  p a t h  s e r v e s  a s  a  f requency- to-  
phase  t r a n s d u c e r .  Then t h e  mixer  a c t s  a s  a  phase - to -vo l t age  
t r a n s d u c e r .  The o v e r a l l  r e s u l t  i s  a  s e n s o r  whish  t r a n s -  
forms f r equency  t o  v o l t a g e ,  a  low n o i s e  d i s c r i m i n a t o r .  

There  i s  a n  i n t e r e s t i n g  a s p e c t  o f  t h e  nar rower  band reson-  
a t o r s  i n  t h i s  sys tem - e i t h e r  a  c r y s t a l  f i l t e r  o r  a  c a v i t y .  
Wi th in  t h e  bandwidth of  t h e  r e s o n a t o r ,  a l l  t h e  f o r e g o i n g  i s  
s t i l l  t r u e .  However, o u t s i d e  t h e  bandwidth of  t h e  r e sona -  
t o r ,  t h e  r e s o n a t o r  c a n  be  c o n s i d e r e d  t o  be s t r i p p i n g  o f f  
t h e  n o i s e  s i d e b a n d s ,  o r  h o l d i n g  t h e  phase  of t h e  s i g n a l  
t h rough  t h i s  p a t h  c o h e r e n t  f o r  a  l o n g e r  t ime  t h a n  t h e  
p e r i o d  of  t h e s e  l a r g e r  s i deband  o r  modula t ion  f r e q u e n c i e s .  
I f  a  phase change o c c u r s  a t  a  h i g h  r a t e  v e r s u s  a  narrow 
r e s o n a t o r ,  t h e  p h a s e . o u t  of t h e  r e s o n a t o r  d o e s  n o t  change ,  
it d o e s  n o t  f o l l o w  t h e  r a p i d  phase  change,  and t h e  s y s t e n  
o u t p u t  i s  now t h e  phase  modu la t i on  spec t rum,  o u t s i d e  t h e  
bandwidth o f  t h e  r e s o n a t o r .  

For  a r e a s  o f  a p p l i c a b i l i t y ,  t h e  c r y s t a l  f i l t e r ,  from 100 
kHz t o  t h e  100 MHz r e g i o n  is  u s e f u l .  The one p o r t  c a v i t y  
i s  b e s t  a p p l i c a b l e  Crom 5 GHz up.  One cou ld  u s e  a  t r a n s -  
m i s s i o n  c a v i t y  s i m i l a r l y .  The l o n g ,  s h o r t e d  t r a n s m i s s i o n  
l i n e  i s  t h e  broadband approach  which a l l o w s  t h e  s i n g l e  
sys tem t o  o p e r a t e  from 100 M H z  t o  10  Ghz. T h i s  e n t i r e  
sys tem d o e s  n o t  o f f e r  a s  low a  sys tem n o i s e  f l o o r  a s  some 
of  t h e  o t h e r  sy s t ems ,  b u t  it d o e s  have e x t r e m e l y  broad 
a p p l i c a b i l i t y  and t h e  advan tage  of  s i n g l e  i n p u t  s o u r c e .  
The r e f e r e n c e s  a p p r o p r i a t e  t o  F i g u r e  3 are: 4 ,  5 and 6 ,  
t h e  l a s t  o f  which d e a l t  w i t h  t h i s  syst.em u s i n g  a  c r y s + a l  
a s  a  f i l t e r i n g  e l emen t .  

Prea-r tpl i f i  crs 

The modula t ion  spec t rum a p p e a r i n g  a t  t h e  mixer  o u t p u t  i n  



t h e s e  sys t ems  s t i l l  must be  measured by a  f r equency  domain 
i n s t r u m e n t  such  a s  a  low f r equency  spec t rum a n a l y z e r .  The 
s e n s i t i v i t y  and n o i s e  f i g u r e  of  t h e s e  i n s t r u m e n t s  u s u a l l y  
r e q u i r e s  a  p r e a m p l i f i e r  f o l l o w i n g  t h e  mixer  t o  g i v e  b e s t  
performance.  The mixer  w i l l  g e n e r a l l y  be a  50 ohm component 
which means it was des igned  t o  o p e r a t e  from 50 ohm s o u r c e s  
i n t o  a 50 l o a d ,  n o t  t h a t  it l o o k s  l i k e  50 ohms i n  g e n e r a l ,  
p a r t i c u l a r l y  when b o t h  p o r t s  a r e  d r i v e n  from a  r e l a t i v e l y  
h igh  l e v e l .  The low n o i s e  a m p l i f i e r ,  which i s  needed t o  
a c h i e v e  good performance from t h e  sys tem,  i s  t r y i n g  to  
o p e r a t e  from a  s o u r c e  impedance which i s  p r o b a b l y  below 
50 ohms. The optimum-noise s o u r c e  r e s i s t a n c e  f o r  low 
f r equency  a m p l i f i e r s  i s  v e r y  r a r e l y  t h i s  low. 'The o n l y  one 
t h a t  i s  commerc ia l ly  a v a i l a b l e  which t h e  a u t h o r  h a s  s e e n  
r e f e r e n c e d  ( b u t  ha s  no p e r s o n a l  e x p e r i e n c e )  had t h e  brand 
name O r t e c  ment ioned i n  Lances pape r  a t  77  PTTI. For  t h a t  
purpose ,  t h e  a u t h o r  has  b u i l t  h i s  own r e l a t i v e l y  s i m p l e  
a m p l i f i e r s .  A good r e f e r e n c e  on b u i l d i n g  a m p l i f i e r s  o f  
t h i s  c l a s s  (and low n o i s e  r f  a m p l i f i e r s  a l s o )  i s  a  book 
by Motchenbacher and F i t c h e n ,  r e f e r e n c e :  7 on low n o i s e  
t e c h n i q u e s .  

Mixer-Phase D e t e c t o r s  

S i n c e  t h e  mixer  i s  a  c r i t i c a l  e l e ~ n e n t ,  l e t  u s  d i g r e s s  from 
t h e  sys tems  c o n f i g u r a t i o n  f o r  a  moment and g i v e  t h e  mixer  
more a t t e n t i o n .  The a u t h o r  has  s e e n  many sys tems  where 
peop le  have a t t e n u a t o r s  p r eceed ing  mixe r ,  even f o l l o w i n g  
t h e  mixe r ,  and e x p e c t i n g  t h a t  when t h e y  c l i c k  i n  20  dB, t o  
have a  2 0  dB change i n  what i s  go ing  on i n  t h e  sys tem.  
Thi-s i s  p robab ly  n o t  t r u e  because  of t h e  way t h e  mixer  
works. I n  F i g u r e  4 t h e  diagram on  t h e  l e f t  i s  t h e  sche-  
m a t i c  of a  good many m i x e r s .  I n  f a c t ,  some of  t h e  b e s t  
m ixe r s  f o r  o u r  pu rposes  have e x a c t l y  t h a t  s c h e m a t i c .  
There  a r e  a l s o  many v a r i a t i o n s ,  f o r  which t h i s  i s  s t i l l  a  
good f i r s t - o r d e r  model. Even though t h e i r  s c h e m a t i c s  l ook  
v a s t l y  more complex t h a n  t h i s ,  t b e y  l o o k ,  t o  t h e  i n p u t  and 
o u t p u t  s i g n a l s ,  v e r y  much a s  t h i s  model. 

Though t h e  r e s u l t s  a r e  u s u a l l y  m i s l e a d i n g ,  it i s  n a t a r a l  
t o  a t t e m p t  t o  measure  t h e  d r i v e  l e v e l  t o  t h e  mixer  by 
l ook ing  a t  t h e  v o l t a g e  a t  i t s  i n p u t  p o r t s .  I t  i s  v e r y  e a s y  
t o  p u t  a Tee connec to r  on  t h e  BNC go ing  i n t o  t h e  mixer  
and probe  t h e  s i g n a l  a t  t h a t  p o i n t  w i t h  a  good h igh  imped- 
ance  scoFe probe  a s  was dune f o r  F i g u r e  5 .  But ,  j u s t  a s  
one wou ldn ' t  t r y  t o  d e t e r n i n e  t h e  d i s s i p a t i o n  i n  a  zene r  by 
measur ing t h e  v o l t - g e  a c r o s s  it and i g n o r i n g  t h e  c u r r e n t ,  
one shou ld  n o t  d r  1 many c o n c l u s i o n s  from t h i s  v o l t a g e .  
A h i g h  impedance ,f v o l t m e t e r  l o o k i n g  a t  t h e  v o l t a g e  i n t o  



t h e  mixer  i s  even  less informative a b o u t  what i s  going  on 
i n  t h e  mixer  because  a l l  t h a t  i s  be ing  measured i s  t h e  f o r -  
ward d r o p  a c r o s s  a  d i o d e .  A s  i s  i n d i c a t e d  by t h e  f u n c t i o n a l  
model i n  t h e  c e n t e r  of F i g u r e  4 ,  which assumes t h a t  t h e  L 
p o r t  s i g n a l  i s  t h e  l a r g e r  one ,  it s imply  s a t u r a t e s  t h e  mixer. 
With a l a r g e  L s i g n a l ,  one s e r i e s  p a i r  o f  d i g d e s  o r  t h e  
o t h e r ,  f o r  e i t h e r  p o l a r i t y  s i g n a l ,  i s  s t r o n g l y  forward 
b i a s e d .  T h i s  amounts t h e n  t o  connec t ing  e i t h e r  one  s i d e ,  
one p o l a r i t y ,  o r  t h e  o t h e r ,  of t h e  R s i g n a l  t o  t h e  X p o r t  
de te rmined  by t h e  p o l a r i t y  o f  t h e  L s i g n a l .  The r e s u l t s  o f  
t h i s  a c t i o n  a r e  shown i n  t h e  r i gh t -hand  p a r t  o f  F i g u r e  4 f o r  
R and L i n  a  q u a d r a t u r e  phase  r e l a t i o n s h i p .  Cor responding  
t o  t h i s  f u n c t i o n ,  t h e  d o u b l e  ba l anced  mixer  is sometimes 
a l s o  c d l l e d  a  r e v e r s i n g  s w i t c h .  I t  i s  i n t e r e s t i n g  t h a t  
t h e r e  is  v e r y  l i t t l e  l i t e r a t u r e  on  t h e  mixer  used a s  
phase  d e t e c t o r .  References :8  and 9 .  

F i g u r e  5 shows mixer  waveforms which a r e  c a r e f u l  
t r a c i n g s  o f  scope  photos .  Both t h e  L and R p o r t  waveforms 
appearod  t o  be i d e l l t i c a l .  Both were u r i v e n  w i t h  + 7 d ~ r n  
i n c i d e ~ ~ t  power, i n  q u a d r a t u r e  phase .  Tha t  was meas-xed  w i t h  
t h e  coax  d i s c o n n e c t e d  from t h e  mixe r ,  i n t o  a  good 50 ohm 
l o a d ,  w i t h  a n  r f  power me tz r .  Then t h e  coax  was r econnec t ed  
o n t o  t h e  mixer  and probed w i t h  a  h i g h  impedance p robe  f o r  
t h e  photo .  Nctice t h a t  t h e  waveform i s  d i s t o r t e d  by t h e  
a c t i o n  of  t h e  d i o d e s .  Another  i m p o r t a n t  p o i n t  i s  t h a t  t h i s  
s i g n a l  came from a  broad band r e s i s t i v e  50R s o u r c e .  T h i s  
i s  p robab ly  n o t  t r u e  of  most o f  t h e  o u t p l l t  s t a g e s  of t h e  
f r equency  s t a n d a r d  d e v i c e s  which might  be connec t ed  t o  a  
mixer .  Now, g i v e n  t h a t  t h e  s i g n a l  came froln a  50 ohm 
s o u r c e ,  and was s i n u s o i d a l  i n t o  a  5 0 R l o a d ,  t h e  mixer  l o o k s  
l i k e  v a r i o u s  t h i n g s .  I t  may look  l i k e  more t h a n  5 0 2  a s  
t h e  i n p u t  i s  c r o s s l n g  z e r o ,  and i t  c l e a r l y  l o o k s  l i k e  less 
t h a n  50 R c s  t h e  d i o d e s  s t a r t  t o  conduc t  more and more. 
The mixe r ,  a t  t h i s  d r i v e  l e v e l ,  p robab ly  d r o p s  down t o  t h e  
o r d e r  of 20 R o r  below, o v e r  p o r t i o n s  o f  t h e  waveform. 

A t  t h e  o u t p u t  X p o r t  t h e  2f o u t p u t  o r  sum f r equency  appears .  
The i m p o r t a n t  t h i n g  t o  n o t i c e  is  how l a r g e  i t  i s  r e i c 3 i i v e  
t o  t h e  i n p u t s .  I n  o t h e r  words ,  when a mixer i s  u s e c  i n  one  
of t h e s e  sys t ems ,  one must be  aware of  t h e  f a c t  t h a t  w i t h  
a  5 MHz i n p u t  s i g n a l  t o  t h e  mixe r ,  t h e r e  w i l l  be a  v e r y  
l a r g e  1 0  NHz o u t p u t  s i g n a l  from t h e  mixer .  Tha t  l a r g e  o u t -  
p u t  s i g n a l  can  d e a l  a  v e r y  s t r a n g e  blow t o  t h e  sper7t-um 
measur ing i n s t r u m e n t ,  o r  t o  t h e  low n o i s e  a m p l i f i c i  t h a t  i s  
connec t ed  t o  t h e  mixer .  Al though t h t  X o u t y d t  d o c s  n o t  
look  e x a c t l y  s i n u s o i d a l ,  s p e c t r a l  a n a l y s i s  of t h a t  waveform 
a t  t h e  bottom of  F i g u r e  5 ,  shows t h a t  i t s  t h i r d  harmonic 
i s  s t i l l  30 d b  below t h e  fundamenta l .  The t o p  o f  t h e  



Screenwas set t o  e q u a l  t h e  power i n c i d e n t  on t h e  mixer a t  
10  MHz, s o  t h c  o u t p u t  z i q n a l  i s  a b o u t  6 d b  below t h e  power 
t h a t  is  i n c i d e n t  on t h e  i n p u t s .  

Mixer Loads and S e n s i t i v i t i e s  

Most sys tems  w i l l  r e q u i r e  a  low p a s s  f i l t e r  f o l l o w i n g  t h e  
mixer  t o  r e j e c t  t h e  l a r g e  2 f  o u t p u t  s i g n a l .  Most f a m i l i a r  
f i l t e r  d e s i g n s  have i n p u t  i m p e d ~ n c e s  which a r e  a  l z r g e  
mismatch o u t s i d e  t h e i r  passband.  Tha t  i s  t o  s a y  t h a t  t h e y  
a c h i e v e  a t t e n u a t i o n  by r e f l e c t i n g  t h e  unwi. t e d  i n p u t .  A 
low l o s s  f i l t e r ,  made of o n l y  r e ~ c t i v e  e l e m e n t s ,  must  t h e n  
appea r  a s  a  h i g h l y  r e a c t i v e  mismatch at i t s  i n p u t  t o  
s i g n a l  f r e q u e n c i e s  o u t s i d e  t h e  passband.  T h i s  s i t u a t i o n  
cou ld  resul t  i n  t h e  mixer  be ing  t e r m i n a t e d  r e a c t i v e l y  a t  
t h e  f r equency  of i t s  l a r g e s t  o u t p u t  s i g n a l  component. T h i s  
c o n d i t i o n  h a s  been s e e n  t o  c a u s e  s u r p r i s i n g l y  g r o s s  d i s -  
t o r t i o n s  of  t h e  i n p u t  waveforms. T h i s  c a n  r a i s e  s e r i o d s  
q u e s t i o n s  o f  t h e  v a l i d i t y  of t h e  measurement because  + k e  
d e v i c e  under  t e s t  i s  d r i v i n g  a mixer i n p u t  which i s  a n  
ex t r eme ly  n o n - t y p i c a l  l o a d ,  hav ing  a  l a r g e  r e a c t i v e  m l s -  
match and v i o l e n t  n o n - l i n e a r i t i e s .  

The low p a s s  f i l t e r  f o l l o w i n g  t h e  mixer  c a n  be ciesigned t o  
p r e s e n t  a 50  R l o a d  t o  t h e  2f o u t p u t  component by making 
t h e  i n p u t  e lement  o f  t h e  f i l t e r  a  s h u a t  c a p a c i t a n c e  w i t h  
a  5 0 9  resistance i n  series. F i g u r e  6 is an  example f r o .  
r e f e r e n c e  10 .  T h i s  a r rangement  t e r m i n a t e s  t h e  mixer  i n  a 
n o n - r e a c t i v e  50 l2 f o r  a l l  f r e q u e n c i e s  above 1 MHz, b u t  
un loads  t h e  mixer  t o  maximize i t s  s e n s i t i v i t y  below 1 0 0  kHz. 
S i n c e  t h e  f i l t e r  e lement  v a l u e s  depend on s e e i n g  a  50 D 
s o u r c e  r e s i s t a n c e  i n  t h e  mixe r ,  t h i s  f i l t e r  d e v e l o p s  one t o  
two d e c i b e ' , j  of peak ing  when t h e  mixer  i s  d r i v e n  above 
0 dBm a t  buch i n p u t s .  T h i s  is  a  good example showing t h e  
n e c e s s i t y  f o r  check ing  system f l a t n e s s ,  o v e r  t h e  e n t i r e  
f r equency  r a n g e  t o  be  measured,  d u r i n g  t h e  c a l i b r a t i o n  pro-  
cedu re .  

The t r a n s d u c e r  c o e f f i z i e n t  of t h e  m i x e ~ ,  used a s  a  phase  
d e t e c t o r ,  i n  v o l t ?  p e r  r a d i a n ,  ( t h a t  i s t i t s  r a t i o  ~f con- 
v e r t i n g  r a d i a n s  of phase  s h i f t  t o  v o l t s  of. o u t p ~ t  s i g n a l ,  
d c  a v e r a g e ,  o r  low f r equency  -vcrage) .  c a n  be q u i t e  s e n s i -  
t i v e  t o  t h e  t e r m i n a t i n g  imp!dali:e a t  i t s  o u t p u t  p o r t .  
See F i g u r e  7 .  Taking t h e  o u t p u t  i n t o  a  broadband 5 0  R l o a d  
a s  a  ba se  l i n e ,  t h e  o u t p u t  s l o p e  can  t e  i n c r e a s e d  up  t o  
6 dB by r a i s i n g  t h e  l o a d  r e s i s t a n c e ,  However, a n o t h e r  
6 dB, f o r  a  t o t a l  of 12 dB, app rox ima te ly ,  i n c r e a s e  i n  
s e n s i t i v i t y  can  be ga ined  by c a r e f u l  c h o i c e  of a p a r a l l e l  
c a p a c i t i v e  r e a c t a n c e  w e l l  belcw 1 0  R ( a t  t h e  i npu t  



f r equency )  a s  a  t e r m i n a t i o n ,  r e f e r e n c e :  11. Again,  b e i n g  
a  r e ~ c t i v e  t e r m i n a t i o n ,  t h i s  can  r a i s e  t h e  above q u e s t i o n s  
due  to  mixer  i n p u t  waveform d i s t o r t i o n ,  and h a s  been shown 
t o  r o l l  o f f  t h e  modula t ion  f r equency  r e s p o n s e ,  r e q u i r i n g  
thorough  c a l i b r a t i o n .  

~ l l  b u t  one  of  t h c  c u r v e s  i n  F i g u r e  7 were t aken  w i t h  t h e  
same RF power l e v c l  a p p l i e d  t o  b o t h  t h e  L and R p o r t s .  
U s k g  an  HP 3335A,a c a l i b r a t t d .  phase  s h i f t , w a s  i n s e r t e d  and 
t h e  s t a t i c  t r a ~ s d u c e r  c o e f f i c i e n t  was measured i ~ s i n g  a DVM. 
Q n e - t e ~ ; t h  r a d i a n  p o s i t i v e  and one - t en th  r a d i a n  n e g a t i v e  
about 0 were t h e  phase  s h i f t s  used .  Note t h a t  i f  the mixer  
i s  t e r m i n a t e d  a t  a  h i g h  impedance, a g a i n  from 4 dBI t o  
nuch more t h a n  6 dB i s  - r ea l i zed  a t  l o v e r  l e v e l s ,  v e r s u s  
t e r m i n a t i n g  t h e  mixer  w i t h  a  broadband 5C Q .  And t h e r e  i s  
hn i n t e r e s t i n g  f a c t  h e r e  t h a t  a l l  t h e  c u r v e s  f o r  a l l  t h e  
n i x e r s ,  a t  l e a s t  a t  some i n p u t  power l e v e l s ,  were a s y m p t o t i c  
t o  t h e  l i n e  whose e q u a t i o n  is  Km = 1 . 8  t i m e s  t h e  i n c i d e n t  

power l e v e l  e x p r e s s e l  i n  rns v o l t a g e ;  and t h e  r e ' a t i o - , sh ip  
seems t o  be t h a t  un load ing  d o u b l e s  t h e  peak v o l t a g e  q v a i l -  
a b l e  o u t  o f  t h e  mixer .  The lower f l oquency  averegr  

2 . .  2 ( 2 / 7 1 )  which i s  1 . 8 .  

T h l s  comr etes t h e  d i g r e s s i o n  t o  mixer  d e t a i l s  and a t t e n -  
t i o n  r e r c - n s  t o  o t h e r  ways of  c ~ n f i g u r i n g  t h e  measurement 
s y s t e n .  

More Measur?ment Systems 

, ' igure  8  shows a  two-channel v e r s i o , ,  o f  f i 5 u r e  3 ,  sopewhat 
. ; ' np l i f i ed  t o  f i t  t h e  page.  T h i s  t a k e s  t w o  o f  t h e  s y s t e m  
of F i g u r c  3 a;.d s p l i t s  t h e  powsr o f  t h e  o s c i l l a t o r  unde r  
tes t  i n t o  them. T h i s  a l l o w s  t h e  o u t p u t  s i g n a l s  t o  be  
c r o s s - c o r r e l a t e d  f o r  n o i s e  r e d u c t i o n .  T h i s  i s  now p o s s i b l e  
becausz  t h e r e  r e  v e r y  c o n v e n i e n t  f a s t  E 'our ier  t r a n s f o r m  
i n s t r u m a n t s  which havz -wo i n p u t s .  The F o u r i e r  t r a n s f o r m  
h a s  bo th  a n p l i t u d e  anc . h a s e  and it r e q u i r e s  two i n p u t s  t o  
t h e  proc,ssor  i n  o r d e r  co accompl i sh  t h a t  There i s  a b u t t o n  
on  t h e  f r o n t  pan21 ~ : h i c h  commands a  c r o s s  c o r r e l a t i o n  be- 
tween t h o s e  two i n p u t s .  T h i s ,  w i t h  a v e r a g i n g ,  w i l l  a l l o w  
r e d u c t i o n  of  t h e  n o i s e  of a m p l i f i e r s  which might  be  i n -  
s s r t e d .  The c2ise of  one a m p l i f i e r  Ss u n c o r r e l a t e d  v e r s u s  
t h e  n o i s e  o f  t h e  o t h e r  amp! . i f i e r ,  a l l o w l ~ g  t h i s  improvement 
i n  system n o i s e  f i g u r c  by u s i c g  one  of  t h e  more r e c e n t l y  
a v a i l a b l e  f a s t  F o u r i e r  i n s t r u m e n t s  a s  'he f r equency  domain 
a n a l y z e r  f c r  t h e  sFectrum.  Aeference :  1 2 .  Turn inq  now 
from t h s  : icg?e o s c i l l ~ t o r  t o  t h e  t w o  o s c i l l a t o r  sy s t ems ,  
F i g u r e  3 shows t he  most common sys tem t h a t  i s  ased f o r  



f r equency  domain measurements.  I t  r e q u i r e s  a  p a i r  of  
osci l la tors  of s i m i l a r  q u a l i t y ,  u n l e s s  t h e  r e f e r e n c e  o s c i l l -  
ator i s  much b e t t e r  t h a n  t h e  one  t o  be  measured.  T h i s  
system h a s  been d i s c u s s e d  f a i r l y  e x t e n s i v e l y  i n  t h e  l i ter -  
a t u r e ;  r e f e r e n c e s :  11, 1 3 ,  1 4 .  T h i s ,  a s  f a r  a s  I am aware,  
has  been i n  wide u s e  s i n c e  1964 f o r  s p e c i f i c a l 3 . y  t h i s  pur-  
pose.  A s  t h e  n o t a t i o n s  i n  F i g u r e  9  i n d i c a t e ,  t h e  modu- 
l a t i o n  spec t rum coming o u t  o f  t h e  mixer  i s  a  phase  modula- 
t i o n ,  o u t s i d e  t h e  bandwidth o f  t h e  l o c k  l o o p ,  and a  f r e -  
quency modula t ion  spec t rum,  i n s i d e  t h e  bandwidth of t h e  
l o c k  loop .  

T h i s  system can  b e  mod i f i ed  s l i g h t l y ,  a s  shown i n  P i g c r e  1 0 ,  
t o  make measurements g f  a two p o r t  d e v i c e ,  such  a s  a n  
a m p l i f i e r .  I f  a  s y n t h e s i z e r  o r  f requency  m u l t i p l i e r  i s  
t o  be  t e s t e d ,  which changes  t h e  f r equency  from i t s  i n p u t  
t o  i t s  o u t p u t ,  t h e n  a  s i m i l a r  d e v i c e  wcl~ ld  have t o  be p l aced  
i n  b o t h  p a t h s - s o  t h a t  t h e  same f r equency  goes  t o  b o t h  
i n p u t s  o f  t h e  mixer .  The phase  s h i f t e r  i s  used  t o  b r i n g  
t h e  phases  i n t o  q u a d a t u r e  a t  t h e  mixer .  Most of  t h e  n o i s e  
from t h e  r e f e r e n c e  o s c i l l a t o r  c a n c z l s  s i n c e  it a p p e a r s  a t  
b o t h  i n p u t s  t o  t h e  mixer .  Again,  r e f e r e n c e :  11 is  s u g g e s t -  
ed.  

The c r o s s  c o r r e l a t i o n  enhancement of  t h e  measurement system 
c a n  b e  a p p l i e d  to  t h i s  system a l s o ,  a s  s h ~ w n  i n  F i g u r e  11. 
Here t h e  system o f  F i g u r e  9  h a s  been d u p l i c a t e d ,  a m p l i f i e r s  
c?n be  i n s e r t e d ,  and t h e i r  n - i s e  c a n  be suppres sed  by 

. ? r ag ing  i n  t h e  c r o s s  c o r r e l a t i o n  p r o c e s s .  T h i s  was 
sugges t ed  w i t h  a n  a n a l o g  m u l t i p l i e r  a s .  a  c o r r e l a t o r  ,n 
r e f e r e n c e  1 5 ,  a long  w i t h  o t h e r  sys tems  c o n s i d e r a t i o n s  which 
are i m p o r t a n t  t o  t h i s  k ind  of measurement. The dashed l i n e  
shows t h a t  one o f  t h e  l o o p s  can  b e  used t o  l o c k  t h e  r e f e r -  
enca s s c i l l a t o r  t o  t h e  o s c i l l a t o r  under  t e s t ,  t o  m a i n t a i n  
q u a d r a t u r e  phase a t  t h e  mixe r s .  

Up t o  t h i s  p o i n t  t h e  sys t ems  t h a t  have been c o n s i d e r e d  
e i t h e r  measured a s i n g l e  s o u r c e  o r  t k .  combined n o i s e  of  
two s o u r c e s  (one c o n s i d e r e d  t o  be a  known r e f e r e n c e )  a t  t h e  
same f requency .  I n  t h e  sys tems  t o  f o l l o w ,  t h e  u s e  of  a  
r e f e r e n c e  s o u r c e  whose f r equency  i s  o f f s e t  from t h e  u n i t  
under  test  a l l o w s  t h e  u s e  o f  p e r i o d  o r  f r equency  c o u n t i n g  
as t h e  measuring i n s t r u m e n t .  

F i g u r e  12  shows t h e  s i m p l e s t  o f  t h e s e  sys tems .  I n  a d d i t i o n  
t o  t h e  convenience  ~ f  u s i n g  a commonly a v a i l a b l e  i n s t r u m e n b  
a 3 e r i o d  c o u n t e r ,  t h i s  system has  t h e  advan tage  o f  al-lowing 
measurement of  t i m e  domai9 s t a b i l i t y ,  ay(:) , a s  w e l l  a s  
a g i n g  o r  o t h e r  d r i f t s .  F u r t h e r  advan tages  a r e  t h a t  t h e  



measurement r e s o l u t i o n  (dynamic r a n g e )  can  be  ex t reme (even  
w i t h  a n  inexpens ive  c o u n t e r )  and t h a t  t h e  measured raw d a t a  
i s  i n  d i g i t a l  form, be ing  s t a b l e  and conven ien t  f o r  au to -  
mat ion v i a  a n  i n t e r f a c e  bus.  References :  1 6 ,  17 .  

S i n c e  c o u n t e r  i n p u t  s t a g e s  u s u a l l y  d o  n o t  have low enough 
n o i s e  t o  a v o i d  deg rad ing  t h e  s i g n a l  l e v e l  a v a i l a b l e  from 
t h e  mixer ,  p r e a m p l i f i c a t i o n  i s  neces sa ry .  Optimal cna r -  
acter is t ics  f o r  t h i s  preamp a r e  t h a t  it shou ld  ha. e h i g h  
g a i ?  i n  o r d e r  t o  ha rd  l i m i t  on m i l l i v o l t  i n p u t s ,  l o w  
enough n o i s e  t o  add no more t h a n  sub-microsecond - e r t u r -  
b a t i o n s  t o  t h e  z e r o  c r o s s i n g  of  a  1 . 0  Hz, 1 . 0  Vp-p s i n e  
wave i n p u t ,  and have 1 .0  MHz o r  b e t t e r  bandwidth.  T h i s  i s  
a l r e a d y  a  v e r y  s p e c i a l i z e d  d e s i g n ,  and f u r t h e r  needs  t o  have 
a c a l i b r a t e d  (even a d j u s t a b l e )  f i r s t  s t a g e  bandwidth.  

Recall t h a t  t h e  o u t p u t  f rom t h e  mixer  w i l l  have a  l a r g e  
component a t  t w i c e  t h e  i n p u t  f r equency  r i d i n g  on t h e  low 
f requency  waveform whose p e r i o d  i s  LO be  measured.  Th i s  
r e q u i r e s  a  low p a s s  f i l t e r  of t y p i c a l l y  g r e a t e r  t h a n  100 dB 
r e j e c t i o n ,  a t  t w i c e  t h e  l owes t  mixer i n p u t  f r equency ,  
because  t h e s e  p e r t u r b a t i o n s  a r e  e s s e n t i a l l y  u n c o r r e l a t e d  
w i t h  t h e  unpe r tu rbed  t i m e  of  t h e  z e r o - c r o s s i n g  and t h e r e -  
f o r e  f u n c t i o n  a s  a n o i s e  sou rce .  T h i s  c a n  t y p i c a l l y  be 
accomplished w i t h  a s  few a s  f o u r  p o l e s .  However, t h e  phy- 
s ica l  c o n s t r u c ? i o n  of  t h e  m i x e r - f i l t e r - a m p l i f i e r  combin- 
a t i o n  h a s  t o  be v e r y  s o p h i s t i c a t e d  i n  o r d e r  t o  o b t a i n  t h e  
a t t e n u a t i o n  t h a t  t h e  f i l t e r  was des igned  t o  p r o v i d e .  One 
of  t h e  problems i n  t h i s  f i e l d  i s  t h a t  t h e r e  a r e  few sys tems  
f o r  s a l e  which a r e  s p e c i f i e d  t o  d o  t h e  o v e r a l l  measurement 
job.  

An e x t e n s i o n  of  t h e  above t e c h n i q u e  i s  shown i n  F i g u r e  1 3 .  
T h i s  dua l  : i i xe r  t i m e  d i f f e r e n c e  system a l s o  happens t o  t a k e  
d a t a  i n  t h e  t i m e  domain, a s  do  most F o u r i e r  t r a n s f o r m  
i n s t r u m e n t s  f o r  t h a t  m a t t e r ,  and p a s s  it th rough  an  i n t e -  
g r a l  t r a n s f o r m  w i t h  a d i g i t a l  p r o c e s s o r  t o  d e l i v e r  a  
m o d u l a t i o ~ l  s ideband  spectrum. We c a l l  t h e  r e s u l t  d f r e -  
quenzy domain measurement - a n d  d o n ' t  worry a b o u t  t h e  f a c t ,  
o t h ~ r  t h a n  t o  make s u r e  w e  are per forming  i t  p r o p e r l y , t h a t  
t h e  i n i t i a l  d a t a  was a  t i m e  r e c o r d .  Re fe rences :  18 and 19 .  

The h i g h  i s o l a t i o n  power s p l i t t e r  i n  F i g u r e  1 3  is wor th  
a  moment o r  two t o  look  a t  t h e  kind o f  f r equency  p u l l i n g  
e f f e c t  t h a t  t h e  two s t a n d a r d s  a t  t h e  same f r equency ,  c a n  
have on each  o t n e r .  For  i n s t a n c e ,  i i l . F i g ~ r e  1 4  c o n s i d e r  a  
q u a r t z  c r y s t a l  r e s o n a t o r  i n s i d e  t h e  s t a n d a r d  w i t h  a Q of  
1 m i l l i o n  and 60 dB o f  n e t  revc-se  t r a n s f e r  i s - , . 3 t i o n ,  
which would La  a  t y p i c a l  c a s e  r a  q u a r t z  o s c i l i a t o r .  



T h i s  would be t h e  c a s e  i f  t h e  s i g n a l  coming o u t  of  t h e  
o s c i l l a t o r  sees 20 dB of  g a i n  t h e n ,  w i t h  8 0  dB o f  g r o s s  
i s o l a t i o n  between t h e  c r y s t a l  and t h e  o u t p u t ,  t h e  n e t  i s  
60  dB. I n  t h i s  case, t h e  o s c i l l a t o r  i n  q u e s t i o n  cou ld  
s u f f e r  around 3 p a r t s  i n  10' o f  f r equency  p u l l i n g .  C l e a r l y  
t h i s  d e s e r v e s  c o n s i d e r a t i o n  when two s t a n d a r d s  a r e  c l o s e  
t o  each  o t h e r  i n  f requency .  

C a l i b r a t i o n  

When c a l i b r a t i n g  any system it i s  d e s i r a b l e  t o  keep  t h e  
procedure  a s  s imp le  and foo l -proof  a s  p o s s i b l e ,  min imiz ing  
t h e  number of  dependenc ie s  on t h e  c a l i b r a t i o n s  o f  s u p p o r t  
i n s t r u m e n t s .  For  a  phase  n o i s e  measurement sys tem,  t h e  
s i m p l e s t  g e n e r a l  approach  would LE t o  i n j e c t  a  known s i g n a l  
and n o t e  t h e  r e s p o n s e  o f  t h e  e n t i r e  sys tem a t  once.  S i n c e  
many of  t h e  d e v i c e s  i n  a  measurement system w i l l  be  ope r -  
a t i n g  a t  i n p u t  o: o u t p u t  impedance l e v e l s  s u b s t a n t i a l l y  
d e p a r t i n g  from 50R , w i t h  t h i s  d e p a r t u r e  be ing  l e v e l  depen- 
d e n t ,  i t  i s  h i g h l y  d e s i r a b l e  t o  r e q u i r e  no a t t e n u a t o r  
s e t t i n g  changes  o r  s i g n a l  l e v e l  changes  between c a l i b r a t i o n  
and measurement. The d e p a r t u r e s  from 5 0 Q  a r i s e  l:navoid- 
a b l y  from s e v e r a l  c a u s e s :  1. Many h i g h  q u a l i t y  s i g n a l  
s o u r c e s ,  though des igned  t o  d r i v e  a  5OR l o a d ,  d o  n o t  preserL 
a  5 0 f ~  s o u r c e  inpedance ;  2 .  Many d e v i c e s  e x h i b i t  t h e i r  b e s t  
n o i s e  performance a t  impedance l z v e l s  q u i t e  d i f f e r e n t  =ram 
maximum power t r a n s f e r ;  3 .  I n h e r e n t l y  n o n - l i n e a r  mixer; 
have i n p u t  impedances which change r a d i c a l l y  o v e r  v a r i o u s  
p o r t i o n s  of t h e  i n p u t  waveform and a r e  v a r i e d  f u r t h e r  by 
t h e  leve l  and phase  o f  t h e  o t h e r  i n p u t  c i g n a l  and t h e  
t e r m i n a t i n g  impedance. 

The s i m p l e s t  h i g h  accu racy  c a l i b r a t i o n  scheme found t o  d a t e  
i s  based  on a  s i n g l e  r a t i o  of  a  p a i r  o f  RF power measure- 
ments  a t  t h e  same p o r t  and s i m i l a r  f r e q u e n c i e s .  T h i s  k ind  
o f  measurement can  be  performed w i t h  0.1 t o  0.5 dB uncer -  
t a i n t i e s  depending on f r equency ,  f o r  up t o  a  90 dB r a t i o  
w i t h  o f f - t h e - s h e l f  s t a n d a r d  i n s t r u r r e n t s .  

As shown i n  F i g u r e  1 5 ,  t h e  c a l i b r a t i n g  s i g n a l  i s  combined 
w i t h  t he  s i g n a l  i*:lder test  from all o s c i l l a t o r  o r  o t h e r  
d e v i c e s .  The c a l i b r a t i n g  s i g n a l  nay  j u s t  a s  w e l l  be 
combined w i t h  t h e  s i g n a l  from t h e  r e f e r e n c e  s o u r c e ,  
e x p e c i a l l y  i f  t h i s  r e s u l t s  i n  a more conven ien t  s e t -up .  

The c a l i b r a t i o n  p rocedure  c o n s i s t s  of  two p a r t s :  F i r s t  t h e  
l e v e l s  of t h e  c a l i b r a t i o n  s i y n a l  and t h e  main s i g n a l  w i t h  
which it i s  combined a r e  measured,  second,  t h e  o v e r a l l  
system r e s p o n s e  t o  t h e  c ~ m b i n e d  s i g n a l s  i s  measured.  The 



computa t ion  which combines t h e s e  t h r e e  me?.surements (some- 
t i m e s  w i t h  o t h e r  c o n s t a n t s )  t o  y i e l d  t h e  s c a l e  f a c t o r  f o r  
t h e  f requency  domain s t a b i l i t y  measurement may be c o n s i d e r e d  
a t h i r d  s t e p .  

S i n c e  t h e  d e t a i l s  of t h i s  procedure  c a n  a f f e c t  t h e  r e s u l t i n g  
accu racy ,  t h e  fo l lowing  sequence i s  sugges t ed :  

Connect c a i i b r a t i o n  s i g n a l  s o u r c e  t o  combiner.  
Terminate  o t h e r  i n p u t  of combiner.  Connect 
o u t p u t  o f  combiner tc  power meter. S e t  l e v e l  
of  c a l i b r a t i o n  s i g n a l  s o u r c e ,  a s  shown on 
power m e t e r ,  t o  d e s i r e d  lev-1,  a t  l e a s t  4 0  d B  
below t h e  o u t p u t  l e v e l  of  t h e  s o u r c e  under  t e s t .  
Measure C v o l t s  r m s .  These l e v e l s  shou ld  have 
been p re -de te rmi i~ed  by p r e l i m i n a r y  measurements.  
Th i s  should  l i k e l y  c o n s i s t  o f  s e v e r a l  p a s s e s  
through t h e  e n t i r e  c a l i b r a t i o n  and measurement 
sequence t o  e s t a b l i s h  workable and conven ien t  
s i g c a l  l e v e l s  and c o n t r o l  s e t t i n g s .  

2 .  Connect o s c i l l a t o r  under  t e s t  i n  p l a c e  of 
t e r m i n a t i o n  o f  i n p u t  of  power combiner.  On power 
meter, measure M v o l t s  r m s .  

3 .  Disconnect  power meter from o u t p u t  of  combiner 
and connec t  combiner t o  i n p u t  o f  iaeasurement 
system. 

4 .  Read measurement system re sponse  a t  pseudo- 
s ideband modula t ion  f requency  co r re spond ing  
t o  t h e  d i f f e r e n c e  between f requency  of C s i g n a l  
and M s i g n a l .  

5. Compute measurement system s c a l e  f a c t o r  based 
on r e a d i n g  i n  4 .  and t h e  f a c t  t h a t  t h e  i n p u t  t o  
t h e  measurement system h a s  a peak phase  d e v i a t i o n  
o f  C/M r a d i a n s .  

6 .  Disconnect  c a l i b r a t i o n  s i g n a l  s o u r c e  from i n p u t  t o  
combiner and t e r m i n a t e  combiner i n p u t .  C a l i b r a t i o n  
i s  now complete .  Proceod w i t h  measurements; 

Other  t h a n  e r r o r s  i n  t h e  power meter's c a l i b r a t i o n ,  (on a 
r a t i o  b a s i s  o n l y ,  a b s o l u t e  c a l i b r a t i o n  be ing  of  no conse-  
quence)  t h e  o n l y  o t h e r  e r r o r  s o u r c e  i n  t h i s  c a l i b r a t i o n  
s i g n a l  s e t -up  can  a r i s e  from non-50Q ( o r  i n  g e n e r a l ,  un- 
matched) impedances. T h i s  concern  a r i s e s  o n l y  i f  t h e  i n p u t  



p o r t  o f  t h e  measurement sys tem d i f f e r s  from t h e  power meter 
i n  impedance. T h i s  would a l m o s t  a lways  be  t r u e  i f  a  mixer  
i s  t h e  i n p u t  e l emen t  o f  t h e  system.  

There  i s  s t i l l  no problem u n l e s s  t h e r e  i s  a l s o  a  d i f f e r e n c e  
i n  t h e  s o u r c e  impedance a p p e a r i n g  a t  t h e  o u t p u t  o f  t h e  
combiner f o r  t h e  c a l i b r a t i o n  s i g n a l  v e r s u s  t h e  main s i g n a l .  
T h i s  would a g a i n  be  t r u e  v e r y  t y p i c a l l y  f o r  a f r equency  
s t a n d a r d  o u t p u t  which i s  d e s i g n e d  t o  be  l oaded  w i t h  50R 
b u t  d o e s  n o t  provde a 5 0 R  s o u r c e  impedance. The c a l i b r a t i o n  
s i g n a l  s o u r z e  i s  l i k e l y  t o  be  a  s i y c a l  g e n e r a t o r  whose 
o u t p u t  s o u r c e  impedance ( p r o b a b l y  t h rough  a n  a t t e n u a t o r )  is 
a  f a i r l y  a c c u r a t e  50R . These s i g n a l s  may p a s s  t h rough  a  
d i r e c t i o n a l  c o u p l e r  which would t e n d  t o  no rma l i ze  any  
mismatch o f  t h e  c a l i b r a t i o n  s o u r c e ,  w h i l e  p r e s e n t i n g  t h e  
m a i r  s i g n a l  s o u r c e  impedance e s s e n t i a l l y  unchanged. Should 
t h i s  e r r o r  s o u r c e  be p r e s e n t ,  i t s  e f f e c t  c a n  be c a l c u l a t e d ,  
and /or  impedance matching can  a l l e v i a t e  it. F i g u r e  1 6  shows 
a l t e r w t i v e s  f o r  t h e  c o u p l e r .  F i g u r e  17 i s  a  v e c t o r  p i c t u r e  
of what i s  go ing  on;  i n  s i n e  wave terms, t h e  c a l i b r a t e  
s i g n a l  i s  a  v e c t o r  o f  a s l i g h t l y  d i f f e r e n t  f r equency  from 
t h e  main s i g n a l ,  and t h e  v e c t o r  resultant i s  b o t h  AM and PM. 
The sys tem supposed ly  r e s p o n d s  o n l y  t o  t h e  PM, i n  t h t  c a s e s  
be ing  s t u d i e d  h e r e .  For  a  v e r y  s m a l l  c a l i b r a t e  s i g n a l  and 
a  l a r g e  main s i g n a l ,  t h e  phase  e x c u r s i o n  i s  v e r y  w e l l  dt- 
f i n e d .  There  i s  a form f o l l o w i n g  F i g u r e  17 t o  h e l p  keep  
t r a c k  of  t h e  a r i t h m e t i c  i n  t h i s  c a l i b r a t i o n  and measure- 
ment scheme. 

Analog Ana lyze r s  

When u s i n g  a n  ana l02  wave or  spec t rum a n a l y z e r  t o  measure  
t h e  spec t rum o f  t h e  o u t p u t  o f  a sys tem,  it i s  n e c e s s a r y  
t o  be  v e r y  c a u t i o u s  of  t h e  a c t u a l  n o i s e  bandwidth o f  t h e  
i n s t r u m e n t .  The r e s o l u t i o n  bandwidth a t  t h e  s w i t c h  on  t h e  
f r o n ,  p a n e l ,  when se t  t o  1 0  Hz, o r  3 Hz, o r  1 Hz w i l l  n o t  
be e q u a l  t o  t h e  n o i s e  bandwidth.  T h i s  c a n ,  i n  most c a s e s ,  
a ccoun t  f o r  on t h e  o r d e r  o f  1 dB o f  measurement e r r o r .  For  
a  c r u d e  rr,easurement, t h i s  may be of  no ccmcern.  U s u a l l y ,  
t h e  n o i s e  bandwidth i s  wide r  t h a n  t h e  r e s o l u t i o n  bandwidth 
on t h e  f r o n t  p a n e l .  The number of  p o l e s  i n  t h e  I F  t h a t  
d e t e r m i n e s  t h a t  r e s o l u t i o n  bandwidth v e r s u s  t h e  s l o p e  of 
t h e  n o i s e  c a n  c a u s e  problems t o o .  T h i s  is  w e l l  covered  i n  
r e f e r e n c e :  11. 

When a v e r a g i n g  f o l l o w s  a l o g  a m p l i f i e r  f u n c t i o n ,  a b o u t  
2 . 5  dB of e r r o r  o c c u r s  due  t o  skewing of t h e  mean, s e e  
r e f e r e n c e :  10 .  I n  some of  t h e  a n a l o g  i n s t r u m e n t s  which 
u t i l i z e  d i g i t a l  s t o r a g e ,  t h e r e  i s  a  c i r c u i t  t o  c a t c h  t h e  



peak o f  t h e  b r i g h t  l i n e s  a s  t h e y  sweep p a s t  them. When 
n o i s e  i s  measured w i t h  a n  a n a l o g  t o  d i g i t a l  c o n v e r t e r  cir-  
c u i t  which o p e r a t e s  i n  t h a t  way, it c a t c h e s  t h e  peaks  o f  
t h e  n o i s e  and g i v e s  an  answer t h a t  i s  h i g h e r  by a s  much 
as  6 dB, and i n  most  c a s e s ,  2-4 d b -  t h a n  t h e  t r u e  n o i s e  
l e v e l .  

D i g i t a l  Analyzers  

I n  t h e  d i g i t a l  F o u r i e r  t r a n s f o r m  o r  f a s t  F o u r i e r  c l a s s  of  
a n a l y z e r s ,  w e  have had a  good d e a l  less e x p e r i e n c e .  When 
u s i n g  t h e s e  a n a l y z e r s ,  a  p o i n t  t o  watch f o r  i s  t h e  s e t t i n g  
of t h e  knob which can  be swi t ched  t o  s i n e  o r  random. The 
s o f t w a r e  t a k e s  c a r e  of  t h e  problems o f  l o g g i n g  and n o i s e  
bandwidth,  i f  t h a t  s w i t c h  i s  i n  t h e  r i g h t  p o s i t i o n .  When 
a  s inewave c a l i b r a i i o n  i s  be ing  made, t h a t  s w i t c h  should  
be i n  t h e  s i n e  p o s i t i o n .  Then, when n o i s e  i s  be ing  
measured,  t h e  s w i t c h  musc be i n  t h e  random p o s i t i o n .  
However, f o r  d i s c r e t e  s p u r  measurement, t h e  s i n e  p o s i t i o n  
must b e  used .  Some problems have a r i s e n  i n  t r y i n g  t o  
u t i l i z e  t h e s e  a n a l y z e r s  because  t h e i r  g a i n  i s  i n s u f f i c i e n t  
t o  measure t h e  s m a l l  s i g n a l s  coming nut of t h e  mixe r s .  
Measuring down below 1 Fz, f o r  t h e  n i u l a t i o n  f r equency ,  
i s  t h e  v a s t  s t e p  forward  t h a t  t h e s e  ~ n a l y z e r s  a r z  o f f e r i n g .  
Y e t ,  i n  some c a s e s ,  a v e r y  d c  s t a b l e  o r  low f r equency  
s t a b l e  a m p l i f i e r  i s  needed between t ? e  mixer  and t h e  
a n a l y z e r  i t s e l f .  Th i s  a m p l i f i e r  must a l s o  have good n o i s e  
performance,  u s u a l l y  a  t r a d e - o f f  wi'.h long-term s t a b i l i t y .  
I t  seems w e l l  t o  b e  c a u t i o u s  abou t  -he performance of  such  
a n  a m p l i f i e r .  
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Table 1 
FREQUENCY DOMAIN MEASUREMENT SYSTEMS 

1. Various Measures 

2. Various Devices to be Tested 

9 Measurement Methods and Hook- Ups 

Applications 

Calibration 

Traps 

4. Frequency Domain Analyzer Instruments 

Ranges, Accuracy 

Traps 



Table 2 
FREQUENCY DOMAIN STABILITY MEASURES 

MEASURE 

t Spectral density of of fractional frequency fluctuation 1 /Hz 

Spectral density of frequency fluctuation s A f Hz2/Hz 

t Spectral density of phase fluctuation 

* Single sideband phase noise to carrier ratio 63 1/H- 

Residual frequency modulation, rrns, in 
bandwidth f ~ ,  located fm from carrier 

Residual phase modulation, rms, in 
modulation spectrum between f i  and fn 

t Recommended by IEEE, CClR 
* Widely used on procurement 

specifications and data sheets. 

Independent Variable: Frequency 

Modulation Frequency fm 

Fourier Frequency f 

Sideband Frequency f 

Offset Frequency f 

Baseband Frequency f 

A$ radians 



Fi
gu

re
 1
 

SI
M

PL
ES

T 
FR

E
Q

U
E

N
C

Y
 D

O
M

A
IN

 
M

E
A

S
U

R
E

M
E

N
T

 S
YS

TI
EM

 

O
S

C
IL

LA
TO

R
 M

 S
P

E
C

TR
U

M
 

U
N

D
E
R

 7
ES

T 
A

N
A

LY
ZE

R
 



Fi
gu

re
 2

 
FR

E
Q

U
E

N
C

Y
 D

O
M

A
IN

 M
E

A
S

U
R

E
M

E
N

T
 S

Y
S

TE
M

 

S
IG

N
A

L
 W

H
IC

H
 

R
EP

R
ES

EN
TS

 T
H

E
 

Sl
G

rV
A

L 
T

O
 B

E 
E

R
R

O
R

S
 IN

 T
H

E
 

k:
EA

.S
Ci

RE
D 

IN
P

U
T

 S
IG

N
A

L
 

f 
r 

>
 

FR
E

Q
U

E
N

C
Y

 
O

S
C

l L
L

P
ilO

R
 

IN
S

TA
B

IL
IT

Y
 

D
O

M
A

IN
 

U
N

D
E
R

 J
ES

T 
S

E
N

S
O

R
 

S
IG

N
A

L
 



Fi
bu

re
 3

 
A

U
T

O
C

O
R

R
E

L
A

T
IO

N
 D

E
M

O
D

U
L

A
T

O
R

 

W
 
0
 - 

1 
C

R
Y

S
TA

L 
FI

LT
ER

, 
O

R
 

O
N

E
-P

O
R

T
 C

A
V

IT
Y

, 
O

R
 

L
O

N
G

, 
S

H
O

R
T

E
D

 

P
H

A
S

E
 

TR
A

N
S

M
IS

S
S

O
N

 L
IN

E
 

S
H

IF
TE

R
 

* 
D

O
IJ

B
LE

 pL
 h4ODU

L
A

T
IO

N
 

FR
E

Q
U

E
N

C
Y

 
B

A
L

A
N

C
E

D
 

S
P

E
C

TR
U

M
 

M
iX

E
R

 
(W

I'T
C

iiN
 B

W
 

I 
O

F
 R

E
S

O
N

A
T

O
R

) 

O
S

C
IL

L
A

T
O

R
 

C
IR

C
U

L
A

T
O

R
 

iJ
N

D
E

R
 T

ES
T 

C
O

U
P

LE
R

 
O

R
 

TU
N

E
R

 
H

Y
B

R
ID

 
-
 

9
 

R
E

S
O

N
A

T
O

R
 





Fisues 
DOUBLE BALANCED MIXER PHASE DETECTOR 

WAVEFORMS AND -UM 

as v/* 
18 MHz I N M  
T O L p s ~ l c )  
( i 7  dBm ' d n t )  

10 dB/d0i 
l o  MHz/d0i 
Spectrum of 
above output 
from X 

Top of gtilt. 
= +7 dBm 





a- 
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-10 -5 0 +3 +7 +10 +13 +17 +2O +23 
INCIDENT POWER L & R PORTS 50 11 

365 

mW 
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Figuve 14 
FREQUENCY PULLING 

VERSUS 
REVERSE TRANSFER ISOLATION 

NET REVERSE TRANSFER ISOLATION dB 





ALTERNATIVES 
Figure 16 

FOR CALIBRATION SIGNAL 

20 dB DIRECTIONAL COUPLER 

3 dB POWER SPLITTER-COMBINER 

4 dB 

E = Zo/3 

6 dB POWER SPLITTER-COMBINER 



Figure 17 
CALlBRATlON VECTOR DIAGRAM 

,0--\ 

/ 
\ 
\ 

/ 
I 

1 ' CALIBRATE SIGNAL 
c VOLTS rms \ 

\ 

M A I N  SIGNAL 
M VOLTS rms "'I-? 

PEAK PHASE 
EXCURSION 
f l  RADIANS 

C p = arcsin - 
M 

For smal! angles, P<<1 

- - Modulation index, radians, peak 
M 



SINGLE SIDEBAND PHASE NOISE (e(q) MEASUREMENT WORKSHEET 
Using a Double- Balanced Mixer, Directional Coupler and Spectrum Analyzer 

l p o . ( ~ * r r ( l h o u l d b r ( h t & ~ m . l . b * . u p b ( h r d m ~ r d ~ n n r J n r o l l l l . n ( k r b o m r . l b r ~ c n d n m g * r .  

TEST CONDITIONS A N D  
SCALE FACTOR COMPUTATION 

L O  SIC INTO L PORT ( ) dBm 

CALIBRATE FREQ. ( ) Hz 

) dBm M A I N  SIC. 

) dBm CAI- SIC. 

- (- ) dB  INPUT SENS. 

+ (- ) dB SYSTEM RESP. 
@ C4L F R E Q .  

- (- ) dB  RAW CAL READOUT 
"ADJUST" LAMP OUT? ---------------- 

+ (- ) dB INPUT SENS. I 
-6 dB RADIANS 16 SSB I 
0 " 

"ADJUST" LAMP? ( 

- ( ) dB=lOlog ( Hz BW) 2 - 
4 

+i.7 d~ + 2.5 logging V) 

(-as ~ U S S  Brp) 3 
1-1 dB R A N D O M  NOISE 

SCALE FACTOR 

SMOOTHING? OR 

VIDEO FILTER? ( 1 

UNIT UNDER TEST: 

REFERENCE SIGNAL SOURCE: 

MIXER: - 
AC AMP: 

DC AMP: 

NAME: 

DATE: 



QUESTIONS AND ANSWERS 

DR. MICiiEL TETU, Lava1 Un ivers i ty :  

I would l i k e  t o  p o i n t  out  f i r s t  t h a t  when you use d i g i t a l  spectrum 
analyzers, we again have some d i f f i c u l t i e s  i n  de f i n ing  the equiva- 
l e n t  bandwidth over which the measurement i s  done. The soui-ce seems 
t o  be the d i g i t a l  f i l t e r i n g  used t o  compute the spectrum. Second, 
when you do not  have a wide phase noise o r  a wide noise observed, 
i t  i s  a 1 i t t l e  dangerous t o  use the equivalent bandwidth p r i n c i p l e .  

MR. FISCHER: 

I t h i n k  we are somewhat a t  the mercy o f  the vendors o f  those de- 
vices, u n t i l  we get more f a m i l i a r  w i t h  them, a t  leas t ,  t o  proper ly  
character ize t h e i r  noise bandwidth i n  a bel ievable way. 




