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The recent   rap id  
no ise has r e s u l t e d   i n  
quirements f o r   s i g n a l  

I n t roduc t i on  

improvement o f   o s c i l l a t o r  phase 
s i g n i f i c a n t l y  more s t r i n g e n t   r e -  

where S i s   t h e  
P, i s  tRe power 
noise,  the most 

hand1 i ng  equipment . However, i n -  
format ion  concerninq  the phase noise  performance o f   t h e  

spec t ra l   dens i ty   o f   the   no ise  power  and 
a v a i l a b l e   t o  a matched load.  For Johnson 
common s i t u a t i o n ,  

So = kT = 4 x J 

two  most impor tan t   i ypes   o f   c i r cu i t s  L a m p l i f i e r s  and 
mixers - i s   o f t e n   d i f f i c u l t   t o   f i n d .  Some genera l   p r i nc i -  below a rad for a 1 V,,, s,gnal from a 500 source. and the  achie  able phase noise  performance i s  -184 dB 

ples  are  presented  which  al low one t o  est imate  the phase 
h 

noise  performance  of  an  amp1 i f i e r .  Also,techniques.  are 
described  which  permit one t o  ob ta in   the   bes t   poss ib le  

I n   c o n t r a s t   t o   t h e   w h i t e  phase noise  which i s  added 

r e s u l t s  from the  t rad i t ional   double  ba lanced  mixer .  A 
t o   t h e   c a r r i e r  by t h e   a m p l i f i e r ,   t h e   f l i c k e r  phase noise 
i s  produced by d i r e c t  phase modulation i n   t h e   a c t i v e  

measurement set-up  which has  15 t o  25  dB improvement i n   i t s  element. It has been  found e m p i r i c a l l y   t h a t  a t r a n s i s t o r  
n o i s e   f l o o r   i s  shown i n   d e t a i l   t o   i l l u s t r a t e   p r o p e r   m i x e r  
d r i v e  and te rm ina t ion .   A l though   t rad i t i ona l   c i r cu i t s  can 
w i t h  extreme  care  achicie % = -175 dB o r   s l i g h t l y   b e t t e r ,  
t h i s   i s   n o t   s u f f i c i e n t   f o r   a l l   p r e s e n t   r e q u i r e m e n t s .  One 
technique  to   obta in  an add i t i ona l  improvement o f  10 t o  
40 dB i n  measurement  system n o i s e   i s   t o  reduce  the  mixer 
and a m p l i f i e r   c o n t r i b u t i o n s   t o   t h e   n o i s e   f l o o r  by the  use 
o f  corre la t ion  techniques.  A c i r c u i t   t o  accomplish t h i s  
i s  d iscussed  along  wi th some p re l im ina ry   resu l t s .  

study and use o f   o s c i l l a t o r s  i s  the  phase-lock  loop. 
However, since  the  performance o f  t h i s  system i s   o f t e n  
i nc iden ta l   t o   t he   u l t ima te   goa l   o f   t he   exper imen te r ,  e.g. 
the measurement o f  phase noise,   the  des ign  o f  such a 
system i s  sometimes given  too l i t t l e   c o n s i d e r a t i o n ,   r e -  
s u l t i n g  i n  u n a n t i c i p a t e d   d i f f i c u l t i e s  and  wasted  time. 
The design o f  an extremely  simple  phase-lock  loop  which 
i s   s u i t a b l e  f o r  almost a l l   h i g h   s t a b i l i t y   o s c i l l a t o r  ap- 
p l i c a t i o n s   i s  d i scussed   w i th   pa r t i cu la r   a t ten t i on   t o   t he  
advantaqes  over more t r a d i t i o n a l   c i r c u i t s .  

One of the most f requent ly  needed systems i n   t h e  

I .  PHILOSOPHY  OF LOW NOISE AMPLIFIER DESIGN 

If an a m p l i f i e r  were dr iven  f rom a no ise less   osc i l -  
la to r ,   then  the   ou tpu t  phase  spectrum  would t y p i c a l l y  
have a f l i cke r   no i se   reg ion   a t   l ow   f requenc ies  and a 
wh i te   no ise   reg ion   a t   h igher   f requenc ies .  The break be- 
tween the  two i s   u s u a l l y  between one and  one  hundred Hz 
and the   wh i te   no ise   ex tends   ou t   to   the   bandwid th   o f   the  
a m p l i f i e r .  The source o f   the   wh i te   no ise   modu la t ion   can  
be i d e n t i f i e d  and the  magnitude  est imated,  but   s imi lar  
genera l izat ions can not  be made f o r   t h e   f l i c k e r   n o i s e .  
Nevertheless,  empir ical  guide1  ines  can  be  establ ished 
which  should  ensure  against   unnecessar i ly   poor  f l icker 
noise  performance. 

Prov ided  tha t   the   in tegra ted   no ise  o f  t he  
a m p l i f i e r  over i t s   e n t i r e  bandwidth i s  small compared t o  
the   s igna l  power, ha l f   the   thermal   no ise  power con t r i b -  
u tes   t o   t he  phase modu la t ion   o f   the   s igna l .  Thus the 
spec t ra l   dens i t y   o f  phase f l u c t u a t i o n s  due t o  
n o i s e   o f   t h e   a m p l i f i e r   i s  

SJf) = S0/2PS (1 1 

stage  which does n o t  use emi t te r   degenera t ion   typ ica l l y  
has  phase noise  g iven by S+( f )  = r a d 2 / f .  However 
the  use o f   l o c a l  RF negative  feedback  can  reduce t h i s  
no ise power by as much as a f a c t o r   o f  lo4 .  [ l 1  Passive 
e lements  can  a lso  cont r ibute  to   the  f l icker  phase noise. 

compos i t ion   res is to rs   can   g ive   excess ive   f l i cker   no ise  
and should  only be used i n   n o n - c r i t i c a l   l o c a t i o n s .  

[Electrolyt ic,   ceramic,  and s i l v e r  mica  capacitors and c a r b o n 2  

Three  design  requirements  for  low phase noise  ampli- 
f i e r   des ign   f o l l ow   f rom  the  above d i scuss ion .   F i r s t l y ,  
each s tage  o f   an   ampl i f ie r   must   incorpora te   emi t te r  de- 
genera t ion   to   m in imize   the   f l i cker  phase modulation. 
Secondly, c r i t i c a l   p a s s i v e  components should be  examined 
for   excess ive phase no ise .   F ina l l y ,   the   s igna l   leve l  
must  be  always  maintained a t  a h igh enough l e v e l   t o  
achieve  the  desired  whi te phase no ise   leve l .  

I n   o r d e r   t o   i l l u s t r a t e   t h e   i n f l u e n c e   o f   t h i s   p h i l o s -  
ophy  on the   des ign   o f  an a m p l i f i e r ,  a new i s o l a t i o n   a m p l i -  
f i e r   i s  descr ibed.  This  ampl i f ier  was developed t o  pro- 
v ide  a h igh   deg ree   o f   i so la t i on  between very  low phase 
noise RF s ignals   which  are used t o  compare atomic ana 
other  frequency  standards. 

11. WIDE-BAND LOW-NOISE  ISOLATION AMPLIFIER 

The amp l i f i e r  shown i n  Figure 1 i s  designed t o  op- 
e ra te  from one to  several  hundred  megahertz. I n   o r d e r  
to   m in imize   cur ren t   d ra in  a method o f   ach iev ing   h igh  
iso la t ion   wh ich  used a small number o f  stages was 
needed. This  requirement was s a t i s f i e d  by a cascaded 
p a i r   o f  comnon base t r a n s i s t o r  stages, Q 1  and Q2 A 
s ignal   appl ied t o  the  output  port  propagates  towards 
the  input  through  the  col lector-base  capaci tance o f  Q]. 
The  2N3904  was selected because o f   i t s  small   output 
capacitance, 4 pF. Since  the base o f  Q 1  i s  grounded 
through a capaci tor  and the   em i t te r   l ooks   i n to   t he   h igh  
output  impedance o f   the   p reced ing   s tage,   the   s igna l   i s  
low pass f i l t e r e d .  A second stage o f  f i l t e r i n g   i s   p e r -  
formed  by  the  t ransistor Q 2  i n   t h e  same way. It 
i s   a l s o   p o s s i b l e   f o r  a s ignal   to  propagate  f rom  the 
output   to   input   through  the  b ias  chain.   Transmiss ion 
th rough  th is   pa th  i s  reduced t o   t h e  same l e v e l  as t rans-  
miss ion  through  the  t rans is tor   chain by the cascaded  low 
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pass f i l t e r s .   T y p i c a l   i s o l a t i o n   w h i c h   i s   a c h i e v e d   i s  
g rea ter   than  120 dB a t  5 MHz d e g r a d i n g   t o  100 dB a t  50 
MHz. 

The common e m i t t e r   i n p u t   s t a g e   d e t e r m i n e s   t h e   c o l -  
l e c t o r   c u r r e n t   o f   t h e   t r a n s i s t o r s .  The  27n  dc  emit ter  
r e s i s t a n c e   p r o d u c e s   a n   a v e r a g e   c o l l e c t o r   c u r r e n t   o f  
40 mA. Noise  per formance i s   g e n e r a l l y   b e s t  when t h e  
a m p l i f i e r   o p e r a t e s   w e l l   w i t h i n   t h e   c l a s s  A reg ion .   W i th  
a 50n l o a d   t h i s   a m p l i f i e r   c a n   p r o d u c e  an o u t p u t   o f   n e a r l y  
1 V (13  dBm) w i t h  minimum d i s t o r t i o n .  The g a i n   o f   t h e  
a m p r l f i e r   i s   d e t e r m i n e d  by t h e   l o a d   r e s i s t a n c e  and t h e  
unbypassed  por t ion,  27n, o f   t h e   e m i t t e r   r e s i s t a n c e .   W i t h  
t h e   v a l u e s  shown, the   f u l l .   ou tpu t   sw ing   occu rs   f o r   an  
i n p u t   o f   a p p r o x i m a t e l y   1 . 5  Vptp. 

The w h i t e   n o i s e   f l o o r   w h i c h  one  wou ld   es t imate   fo r  
t h i s   a m p l i f i e r   i s  S+ = -184 dB. The  measured n o i s e  
f l o o r   i s  shown  as cu rve  A o f   F i g u r e  2. The n o i s e   f l o o r  
appears t o  be  on ly   -174 dB, b u t   s i n c e   t h i s   l e v e l   c o r -  
responds t o   t h e  measurement  system  noise i t  can  on ly   be  
s a i d   t h a t   t h e   a m p l i f i e r   i s   n o t   w o r s e   t h a n   t h i s .  The 
measured f l i c k g r  phase n o i s e   o f   t h e   a m p l i f i e r   i s  
S = r a d  /f. Th is   pe r fo rmanre   l eve l   i s   reached  
btcause  each  t rans is tor   has a reasonab le  amount o f   l o c a l  
RF negat ive  feedback. The e m i t t e r s   o f  Q1 and Q2 both  
l o o k   i n t o   t h e   h i g h   d y n a m i c  impedance o f   t h e   p r e c e d i n g  
s t a g e   w h i l e   t h e   e m i t t e r   o f  Q3 has  the  unbypassed 270 
r e s i s t o r .   F o r  a g i v e n   a p p l i c a t i o n ,   t h i s   u n b y p a s s e d   r e -  
s i s t o r   s h o u l d   b e  made as l a r g e   a s   p o s s i b l e ,   l i m i t e d  
o n l y   b y   t h e   n e c e s s i t y   o f   h a v i n g   f u l l   o u t p u t   v o l t a g e  
swing. 

I n  a d d i t i o n   t o   a c h i e v i n g   l o w   n o i s e   l e v e l s  i t  i s  
necessary   to   m in imize   mic rophon ics   and  p ickup  o f   power -  
l i n e   f r e q u e n c i e s  and o t h e r   s i g n a l s .   F o r   t h i s   r e a s o n ,  no 
use  has  been made o f   f i l t e r   i n d u c t o r s   o r   c o u p l i n g   t r a n s -  
formers.  It i s   a l s o   p o s s i b l e   t h a t   t e m p e r a t u r e  changes 
c o u l d   c a u s e   s u f f i c i e n t   c o l l e c t o r   c u r r e n t   v a r i a t i o n   t o  
deg rade   the   f l i cke r   pe r fo rmance .  As a r e s u l t ,   t h e  
diode  has  been  included i n   t h e   b i a s   c h a i n   t o   f u r t h e r  
s t a b i l i z e   t h e   c o l l e c t o r   c u r r e n t .  It s h o u l d   b e   p l a c e d   i n  
p h y s i c a l   c o n t a c t   w i t h   t r a n s i s t o r  Q3. The a m p l i f i e r   h a s  
been cons t ruc ted   on  a d o u b l e   s i d e d   p r i n t e d   c i r c u i t   b o a r d  
measur ing 3.25 cm x 9 cm. The a r t  work f o r   t h i s   c i r c u i t  
board i s   a v a i l a b l e   f r o m   t h e   a u t h o r s .  

111. DOUBLE  BALANCED MIXERS AND PHASE 
NOISE MEASUREMENT  SYSTEMS 

The  most common and   a l so   mos t   sens i t i ve   me thod   o f  
measur ing  phase  noise i s   t o   u s e  a double  ba lanced  mixer .  
I f  t h e   i n p u t   p o r t s   a r e   d r i v e n   b y   q u a d r a t u r e   s i g n a l s ,  
t hen   t he   ou tpu t   vo l tage  i s   p r o p o r t i o n a l   t o   t h e   p h a s e  
d e v i a t i o n   o f   t h e   i n p u t   s i g n a l s   f r o m   t h e   q u a d r a t u r e   c o n -  
d i t i o n .  The s p e c t r a l   d e n s i t y   o f   t h e   p h a s e   n o i s e   c a n  be 
c a l c u l a t e d   f r o m   t h e   v e r y   s i m p l e   e x p r e s s i o n  

S $ ( f )  =[F] 
where V, ( f )   i s   t h e   n o i s e   d e n s i t y   i n   u n i t s  V /Hz a t   t h e  2 2 
o u t p u t   o f   t h e   m i x e r  and Vs i s   t h e   s e n s i t i v i t y   o f   t h e  
m i x e r   i n  V/rad. 

A v a r i e t y   o f   c i r c u i t s   f o r   t h e  measurement o f  phase 
no ise   have  been  d iscussed  ex tens ive ly  i n   t h e   l i t e r a t u r e .  
Here we will l o o k   c l o s e l y   a t   s p e c i f i c   p r o b l e m   a r e a s  
common t o   a l l   c i r c u i t s   u s i n g   d o u b l e   b a l a n c e d   m i x e r s :  
components, i n p u t   d r i v e   l e v e l s   a n d   o u t p u t   t e r m i n a t i o n .  
Data  are  presented  which show t h a t   p r o p e r   t r e a t m e n t  
o f   t h e s e   d e t a i l s   r e s u l t s   i n  a 15 t o  25 dB improvement i n  
the  performance  of   phase  noise  measurement  systems. 

F i g u r p  3 shows a t yp i ca l   doub le   ba lanced   m ixe r .  

The bes t   per fo rmance  has   been  ob ta ined  w i th   un i ts   wh ich  
u s e   h o t   c a r r i e r   d i o d e s   i n   t h e   r i n g .  Some d i f f e r e n c e s  may 
a l s o   r e s u l t   f r o m   t h e   t y p e   o f   t r a n s f o r m e r s   i n   t h e   c o u p l i n g  
c i r c u i t s .  The n o i s e   o b s e r v e d   a t   t h e   o u t p u t   o f   t h e   m i x e r ,  
c o n s i s t i n g   o f   m i x e r  and a m p l i f i e r   c o n t r i b u t i o n s ,   i s   n e a r l y  
cons tan t   ove r  a range o f   i n p u t  power l e v e l .  However, t h e  
o u t p u t   s i g n a l ,   p r o p o r t i o n a l   t o   t h e  phase f l u c t u a t i o n s ,  
i n c r e a s e s   w i t h   t h e   d r i v e   p o w e r .  The b e s t   s i g n a l - t o - n o i s e  
r a t i o   f o r   F o u r i e r   f r e q u e n c i e s   i n   t h e   w h i t e   n o i s e   r e g i o n  
i s   o b t a i n e d   a t   v e r y   h i g h   d r i v e   l e v e l s .   F o r   o n e   t y p e  of  
m ixe r ,   us ing  a s i n g l e   d i o d e   i n   e a c h  arm, t h e   b e s t   n o i s e  
f l o o r  was o b t a i n e d   w i t h   a p p r o x i m a t e l y  30 mA rms c u r r e n t  
a t  each i n p u t .   T h i s   d r i v e   l e v e l  exceeded the  manufac- 
t u r e r ' s  maximum d r i v e   c u r r e n t   s p e c i f i c a t i o n .  The optimum 
d r i v e   i s   n o t   n e c e s s a r i l y   t h e  same f o r   a l l   F o u r i e r   f r e -  
quencies.  The same mixer   per formed best. below 40 Hz a t  
l o w e r   d r i v e   l e v e l .   S i n c e   s u c h  a double  ba lanced 
m i x e r   i s  a dynamic  impedance t h e   a v e r a g e   d r i v e   c u r r e n t  
does n o t   s u f f i c i e n t l y   d e s c r i b e   t h e   o p e r a t i n g   c o n d i t i o n s .  
The  optimum  method o f   c o u p l i n g   t o   t h e   m i x e r   a l s o  depends 
upon t h e   o u t p u t  impedance  of   the  s ignal   source.  Al though 
t h e   u s e   o f   5 0 n  pads t o   a t t e n u a t e   t h e   d r i v e   l e v e l   i s   t r a d i -  
t i o n a l ,  a s e r i e s   r e s i s t o r  whose v a l u e   i s   c h o s e n   t o   s e t  
t he   des i red   cu r ren t   o f ten   g i ves   super io r   pe r fo rmance .  
The improvements  which  are  observed may be  due t o  reduced 
r i n g i n g   o f   t h e   d r i v e   c u r r e n t s .  

The s i g n a l - t o - n o i s e   r a t i o   a t   t h e   m i x e r   o u t p u t   i s   a l s o  
a f f e c t e d   b y   t h e   t y p e   o f   t e r m i n a t i o n   u s e d .   S i n c e   t h e   m i x e r  
has a low  output  impedance,  near 500, t h e   d c   t e r m i n a t i o n  
must  be  high  impedance  compared t o  50R. F a i l u r e   t o  ob- 
s e r v e   t h i s  may r e s u l t  i n  6 dB o r  more l o s s   i n   s i g n a l   l e v e l .  
However, it has   been   de te rm ined   emp i r i ca l l y   t ha t   t he   m ixe r  
m u s t   b e   t e r m i n a t e d   d i f f e r e n t l y   a t  F!F. I n  t h e   c i r c u i t  shown .!n 
F igu re  4 the  impedance t o  ground a t   t h e   o u t p u t   o f   t h e   m i x e r  
i s  1 kR a t  dc  and  approximately 50R a t  10 MHz. The n e t  
r e s u l t   o f   t h e   h i g h   d r i v e   l e v e l  and t h e   o u t p u t   t e r m i n a t i o n  
i s   i l l u s t r a t e d   i n   F i g u r e  5, which shows the   beat   f requency  
b e t w e e n   t h e   t w o   o s c i l l a t o r s   i n   F i g u r e  4 a t   l o w   d r i v e  
l e v e l   ( s i n e w a v e )   a n d   h i g h   d r i v e   l e v e l   ( c l i p p e d   w a v e f o r m ) .  
The s l o p e   o f   t h e   c l i p p e d   w a v e f o r m   a t   t h e   z e r o   c r o s s i n g s   i s  
m o r e   t h a n   t w i c e   t h e   s l o p e   o f   t h e   s i n e w a v e .  It f o l l o w s  
f rom Eq. ( 2 )  t h a t   t h e   n o i s e   f l o o r   i s   i m p r o v e d  more  than 
6 dB b y   t h i s   t e c h n i q u e .  The i n c r e a s e   i n   s l o p e   i s   n o t   r e a l -  
i z e d   w i t h o u t   a p p r o p r i a t e   t e r m i n a t i o n ,   b u t   t h e  optimum c i r -  
c u i t  has not  been  determined. The n o i s e   f l o o r   a c h i e v e d  
w i t h   t h e   c i r c u i t   o f   F i g u r e  4 i s  shown i n   c u r v e  C o f  
F igu re  2. The s p e c t r a l   d e n s i t y   o f  phase i s  -150 dB a t  
1 Hz and  drops t o  a f l o o r   o f  -176 dB. 

Severa l   o ther   spec ia l   c i rcumstances  may occur .  One 
may w i s h   t o   m e a s u r e   t h e   s i g n a l   f r o m  a dev ice   wh ich  has 
i n s u f f i c i e n t   o u t p u t  power t o   d r i v e  a double  balanced 
m i x e r .   F i g u r e  6 shows a s i m p l e   b u f f e r   a m p l i f i e r   w h i c h  
may be  used  under  the  circumstances. I n  k e e p i n g   w i t h   t h e  
s t a t e d   p h i l o s o p h y   o f   a m p l i f i e r   d e s i g n ,   t h i s   c i r c u i t   c a n  
d r i v e  a m i x e r   w i t h  a nominal   50n  input   impedance  wi th  a 
1 V,, s i g n a l   i n   c l a s s  A ope ra t i on .  The m i x e r   i n p u t  im-  
pedance  appears  as  an  unbypassed 200n i n   t h e   e m i t t e r  
c i r c u i t   w h i c h   r e s u l t s   i n   e x c e l l e n t   f l i c k e r   n o i s e   p e r f o r m -  
ance. As shown i n   c u r v e  B o f   F i g u r e  2, t h e   s p e c t r a l  den- 
s i t y   o f  phase i s  -149 dB a t  1 Hz and f a l l s   o f f   t o   t h e  
n o i s e   f l o o r   o f   t h e  measurement  system. The 10 dB improve- 
ment i n  f l i c k e r   n o i s e   o v e r   t h e   p r e v i o u s l y   d e s c r i b e d  
i s o l a t i o n   a m p l i f i e r   i s   p r o b a b l y  due t o   t h e   g r e a t e r   e m i t -  
t e r   d e g e n e r a t i o n   o r   l o w e r   i n t r i n s i c   f l i c k e r   n o i s e   i n   t h e  
2N5943 t r a n s i s t o r  compared t o  t h e  2N3904 o r   b o t h .  The 
2N5943 was s u g g e s t e d   f o r   u s e   i n   t h i s   c i r c u i t   b y   C h a r l e s  
Stone o f   A u s t r o n   I n c .  

I f  t h e   d e v i c e   b e i n g   t e s t e d   i s   c a p a b l e   o f  more  output 
power  than a s tandard  double  ba lanced  mixer   can  accept ,  
then i t  i s   p o s s i b l e   t o   a c h i e v e   e v e n   l o w e r   n o i s e   f l o o r s .  
P r o v i d e d   t h e   d r i v i n g   v o l t a g e  exceeds  about 1 Vrms, i t  i s  
p o s s i b l e   t o   u s e  a h i g h   l e v e l   m i x e r .  Such a dev i ce  has 
more  than  one  diode i n  each l e g   o f   t h e   r i n g  and i s  the re -  
f o r e   a b l e   t o   a c h i e v e   h i g h e r   o u t p u t   v o l t a g e   w i t h o u t  a 

270 



corresponding  increase i n   t h e   n o i s e .  The c i r c u i t   d i a -  
gram o f   t h e   m i x e r   i n   F i g u r e  3 shows two  diodes i n  each 
leg.   Using a mixer   w i th   th ree   d iodes   per   leg  a no ise 
f l o o r   o f  -184 dB  was achieved  wi th  a d r i v e   l e v e l   o f  
1.6 Vrms. I f  t h e   o s c i l l a t o r ’ s   o u t p u t  impedance i s  low 
b u t   t h e   v o l t a g e   i s   i n s u f f i c i e n t   t o   d r i v e  a h i g h   l e v e l  
mixer a step-up  transformer  can be  used t o   o b t a i n   t h e  ap- 
p ropr ia te   d r ive   vo l tage.   S ince   the   s igna l  and noise 
power increase by t h e  same ra t i o ,   t he   spec t ra l   dens i t y  
o f  phase o f   t h e   d e v i c e   u n d e r   t e s t   i s  unchanged bu t   the  
n o i s e   f l o o r   o f   t h e  measurement system i s  reduced. 

IV. CORRELATION TECHNIQUE 

With a l l   o f   t h e  improvements descr ibed  the   t rad i -  
t ional  double  balanced  mixer phase noise measurement 
system i s  unable t o   r e s o l v e   t h e   n o i s e   f l o o r   o f   t h e   b e s t  
o s c i l l a t o r s  ‘and amp l i f i e rs .  

If times 20 o r  more f requency   mu l t ip l ie r   cha ins   w i th  
no i se   l eve l s  20 dB below t h a t   o f   t h e  measurement  system 
shown i n   F i g u r e  2 were avai lable, then  that   would  solve  the 
present  problem. So f a r  we a re  unaware o f  such m u l t i -  
p1 i e r  chains, a1 though some prototype mu1 t i p 1   i e r   c h a i n s  
show wh i te   no i se   f l oo rs  5 t o  10 dB below  Figure 2. It 
would  also be convenient i f  the measurement  system  were 
broadband so as to   accept   carr ier   f requencies  f rom ap- 
prox imate ly  1 t o  100 MHz. Figure 7 shows the  b lock 
diagram o f  a phase noise measurement  system  which i s   i n -  
heren t ly   very  broadband and a l so  has t h e   c a p a b i l i t y   o f  
improving  the measurement system  noise  by a t   l e a s t  20 dB. 
It c o n s i s t s   p r i m a r i l y   o f  two e q u i v a l e n t   t r a d i t i o n a l  phase 
noise measurement systems. 

A t  the  output  o f  each double  balanced  mixer  there 
i s  a s i g n a l   w h i c h   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 -  
ence, A$, between the two o s c i l l a t o r s  and a noise  term, 
VN, due to   cont r ibut ions  f rom  the  mixer  and amp l i f i e r .  
The v o l t a g e s   a t   t h e   i n p u t   o f  each  bandpass f i l t e r   a r e  

V l ( B P  f i l t e r   i n p u t )  = Al A$ ( t )  + C l V N l ( t )  
(3) 

VZ(BP f i l t e r   i n p u t )  = A2 n $ ( t )  t C2VN2(t) 

where VNl(t) and VNn(t )   are  substant ia l ly   uncorre la ted.  
Each bandpass f i l t e r  produces a narrow band noise  func- 
t i o n  around i t s   cen ter   f requency  f: 

where  and B2 are  the  equivalent  noise  bandwidths Of 
f i l t e r s  1 and 2 respectful ly.   Both  channels  are band- 
pass f i l t e r e d   i n   o r d e r   t o   h e l p   e l i m i n a t e   a l i a s i n g  and 
dynamic  range  problems. The phases w( t ) ,   n l ( t )  and n 2 ( t )  
take on a1 1 values  between 0 and 2; w i t h  equal 1 i kel i- 
hood. They vary  s lowly  compared t o  l / f  and a r e  substan- 
t i a l l y   u n c o r r e l a t e d .  When these two vo l tages   a re   mu l t i -  
p l ied   together  and low pass f i l t e r e d   o n l y  one term has 
f i n i t e  average  value. The o u t p u t   v o l t a g e   i s  

+ O , < C O S I Y ( ~ )  - n 2 ( t ) ] >  + D , < c o s [ ~ , ( ~ ) - ~ , ( ~ ) ] > .  

For  t imes  long compared t o  B~-%z-’ the  noise  terms D l ,  9 
and D, tend  towards  zero asJf. L i m i t s   i n   t h e   r e d u c t i o n  
o f   t hese  terms are  usual ly   assoc iated  wi th   harmonics  o f  
60 Hz pickup, dc o f f s e t   d r i f t s ,  and n o n l i n e a r i t i e s   i n  
t h e   m u l t i p l i e r .   A l s o  i f  t h e   i s o l a t i o n   a m p l i f i e r s  have 
input   current   no ise  then  they will pump current  through 
the  source  resistance. The resu l t i ng   no i se   vo l tage  will 

appear coherent ly  on both  channels and c a n ’ t  be d i s t i n -  
guished  from  real phase noise between the  two o s c i l l a t o r s .  
One h a l f   o f   t h e   n o i s e  power appears i n  amp1 i tude and ’ 

one h a l f   i n  phase modulation. 

Curve A o f   F i g u r e  8 shows S + ( f )  for   the  mixer  and 
dc a m p l i f i e r s   i n  Channel 1 and 2 when used separateiy. 
The mixers i n   t h i s  case  have three  diodes i n  each l e g  
i n s t e a d   o f   t h e  two shown i n   F i g u r e  3 and are   d r iven  
wi th   approx imate ly  5 V tp a t  5 MHz from  10n  source im-  
pedance using 33n s e r i g s   r e s i s t o r s .  Curve B Figure 8 
i nd i ca tes   t he   co r re la ted  component o f   t h i s   n o i s e  between 
the two channels. I n   o rde r   t o   p red ic t   pe r fo rmance   i n  a 
s p e c i f i c  measurement u s i n g   t h i s  scheme, the   no ise   leve l  
o f   t h e   i s o l a t i o n   a m p l i f i e r s  used  would  have t o  be added 
t o  Curve A and p r o p o r t i o n a t e l y   t o  Curve B. 

The above d a t a   c l e a r l y   i n d i c a t e   t h a t   s i g n i f i c a n t  im-  
provements  over  any  presently  exist ing phase noise meas- 
urement  system  can  be  obtained  using  correlation  tech- 
niques. Such improvements a r e   v i t a l l y  necessary i n  order 
t o  measure present   s ta te-of - the-ar t   s ignal   process ing 
equipment and t o   t e s t   f u t u r e  components and c i r c u i t s .  
The s imple  s ing le  f requency  corre la tor  used i n   t h i s  ex- 
periment  could be replaced by a f a s t   d i g i t a l  system 
which  would  simultaneously compute the   cor re la ted  phase 
n o i s e   f o r  a l a r g e  band o f   Four ie r   f requenc ies .   U l t imate  
noise  f loors   could  probably  be reduced 40 dB below  the 
n o i s e   l e v e l   o f  a s ingle  channel .  

‘V. PHASE-LOCK  TECHNIQUES 

One of  the  most  ubiquitous  elements  of phase noise 
measurement  systems i s   t h e  phase-lock  loop.[2,3] When 
the  phase n o i s e   o f  a p a i r  of o s c i l l a t o r s   i s  measured a 
phase-lock  loop i s  normally used to   ma in ta in  a cond i t i on  
o f  approximate  phase  quadrature.  For  accurate measure- 
ments i t  i s  necessary t o  keep the phase e r ro r   l ess   t han  
about   1 /6  rad  despi te  any i n i t i a l  frequency o f f s e t  be- 
tween the  two o s c i l l a t o r s   o r  any  frequency d r i f t   d u r i n g  
the   course   o f   the  measurement. The phase-lock  loop i s  
usual ly  the  most  neglected  element  of   the measurement 
system  because i t s  purpose i s   o n l y   t a n g e n t i a l   t o   t h e  
measurement requirements. As a consequence i t  o f t e n  
per forms  marg ina l ly .   In   th is   sect ion  the  requi rements 
f o r  a phase-lock  system  are  discussed and  an extremely 
s i m p l e   y e t   e l e g a n t   c i r c u i t  i s  presented  which more than 
meets these  requirements. 

A s p e c i f i c  example i l l u s t r a t e s   t h e  problem:  Design 
a feedback  loop  to   lock a 5 MHz  VC0 t o  a reference os- 
c i l l a t o r   w i t h  a un i ty   ga in   f requency   o f   . l6  Hz and ca l -  
cu la te   t he  open loop  f requency  d i f ference  for  phase e r r o r  
of  1/6  rad. The VC0 has a t u n i n g   r a t e   o f  5 x Hz/V 
and the  phase deviat ion  f rom  quadrature.  One so lu t i on ,  
the f i r s t   o r d e r  phase-lock  loop, i s  shown i n   F i g u r e  9. 
The 50e r e s i s t o r  and 0.1 U F  capac i to r   a re   f o r   p roper   t e r -  
m ina t ion   o f   the   mixer  and do no t   con t r ibu te   apprec iab ly  
t o  the  frequency  response  of  the  phase-lock  loop. The 
open l o o p   g a i n   o f   t h i s   s e r v o   i s  

2 (5x10-,  Hz/”)  (0.17 W a d )  Gam (U) 

Gservo(U) = j U  
(b) 

where Gamp(w) i s   the   f requency   response  func t ion   o f   the  
a m p l i f i e r .   F o r   t h e   f i r s t   o r d e r   l o o p   t h e   a m p l i f i e r  has 
constant  gain and t h e  open loop  ga in  o f   the  servo  system 
f a l l s   o f f   a t  6 dB/octave a t   a l l  frequencies as  shown i n  
the  dashed curve  of  Figure 10. This  type  of  response 
r e s u l t s   f r o m   t h e   f a c t   t h a t  a phase e r r o r  measured a t   t h e  
mixer is   corrected  by  changing  the  f requency  o f   the VCO, 
i .e.,   the  feedback  loop  contains one inhe ren t   i n teg ra t i on .  
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To produce a uni ty  gain  f requency Of  0.16 HZ, O r  an 
a t t a c k   t i m e   o f  one second, requ i res   ampl i f ie r   ga in  O f  185. 
The loop  p roduces   neg l ig ib le   cor rec t ion   fo r   Four ie r   f re -  
quencies  greater  than 1 Hz and may therefore be used t o  
make phase noise measurements i n   t h i s  frequency  range. 
The open-loop  frequency o f f s e t  which  corresponds t o  a 1/6 
rad  phase e r r o r   i s  

AV = (1/6  rad) (0.17 V/rad)(5 x 10'3Hz/V)(185) 

= 2.5 x lo-, Hz (7) 

or   on l y  5 p a r t s   i n  l o 9  a t  5 MHz. It i s   o f t e n   d i f f i c u l t  
to  achieve and mainta in  such a small  frequency  offset. 
However, t he   f o l l ow ing   c i r cu i t   i nc reases   t he  dc g a i n   o f  
the  feedback  loop by l o 5  and decreases  the  phase  error 
p r o p o r t i o n a l l y ,  The improved  performance i s  achieved by 
adding a s tage  o f   quas i - in tegra t ion   wh ich  makes a second 
order  loop as  shown i n   F i g u r e  11. The f i r s t  stage o f  
a m p l i f i c a t i o n   i s   t h e  same as i n   t h e   f i r s t   o r d e r   l o o p .  
The second stage has gain  equal   to R,/R, f o r   F o u r i e r  
frequencies  larger  than  l /(2nRICl). I f  R,C,exceeds 
t h e   a t t a c k   t i m e   o f   t h e  first order   loop  the new phase- 
l o c k   l o o p   i s   s t a b l e .  It i s   c r i t i c a l l y  damped  when 
R,Clis approx imate ly   four   t imes  the  a t tack  t ime and 
has good step  response  for  R,C,between 1 and one and 
f i ve   t imes  the   a t tack   t ime.  The s o l i d   c u r v e   i n   F i g -  
ure  10 i s   t h e  magnitude o f   t h e  open loop   ga in   o f   t he  
second order   loop assuming R, = R,. F igure 12 compares 
the  s tep  response  o f  a f i r s t   o r d e r   l o o p   t o   t h a t   o f  a 
second order   loop   w i th  RIClequal t o   t he   a t tack   t ime .  

The second order  loop  increases  the  long-term  gain 
by the  open loop   ga in   o f   t he  second operat ional   ampl i -  
f ie r   p rov ided  tha t   the   leakage  res is tance,  RL, o f   the 
c a p a c i t o r   i s   s u f f i c i e n t l y   l a r g e .  The open loop   f re -  
quency o f f s e t  between t h e  two osc i l la to rs   wh ich   can  be 
to le ra ted   i s   t he re fo re   i nc reased   to  a limit determined 
e i t h e r  by the maximum vo l tage  sw ing   o f   the  second amp- 
l i f i e r   o r   t h e  maximum tun ing   ava i lab le  i n  the VCO. The 
second order   loop can be implemented w i t h  a s i n g l e  op- 
e ra t iona l   ampl i f ie r   ra ther   than  the   two  wh ich  were shown 
f o r   c l a r i t y .   I n   t h i s  case   t he   a t tack   t ime   i s   ad jus ted  
by va ry ing   t he   i npu t   res i s to r ,  R,, o f  the  operat ional  
a m p l i f i e r ,  A, and o m i t t i n g   a m p l i f i e r  A l  i n   F i g u r e  11. 

ISOLATION AMPLIFIER 
*24V@4hA 

I 

Fig. l Schematic o f  1 MHz t o  200 MHz i s o l a t i o n  amp- 
l i f i e r .  The i s o l a t i o n   i s  -120 dB a t  5 MHz. 
Art work f o r   t h i s   a m p l i f i e r   i s   a v a i l a b l e   f r o m  
the  authors.  
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PHASE NOISE NEASURDlENT SYSTM 

'T 

Fig.  4 Typical   system  formeasur ing  Sg(f)   of  a p a i r  
o f  equal   f requency  osc i l la tors .   Noise  f loor  
f o r   t h i s  system i s  shown i n   F i g u r e  2 ,  curve C .  
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Fig. 5 F i  1 te red  waveform a t   t h e   o u t p u t   ( x   P o r t )  Of 
double  balanced  mixer due t o  frequency d i f -  
ference between s i g n a l s   a t  R and L por ts .  The 
s o l i d   c u r v e   i s   o b t a i n e d  a t  h i g h   d r i v e   l e v e l s  
wh i le   the  dashed curve i s  obta ined  a t   low 
d r i v e  1 eve1 S .  Fig. 6 Very  low  no ise  buf fer   ampl i f ier   which  can be 

used t o   d r i v e   m i x e r s .  The noise performance 
i s  shown i n   F i g u r e  2 curve B. 

, 
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Fig. 9 

B A L A N C E D  
DOUBLE 

M I X E R  I 

Schematic o f   t y p i c a l   f i r s t   o r d e r  phase-lock 
loop. Loop a t tack   t ime   i s   ad jus ted  by chang- 
i ng   amp l i f i e r   ga in .  
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Fig.  8 Curve A shows S ( f )   f o r  each  channel o f   t h e  
measurement system o f   F i g u r e  7 excluding  the 
i s o l a t i o n   a m p l i f i e r s .  Curve B shows t h e  cor- 
r e l a t e d  component o f   S + ( f )  between the  two 
channel s.  
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F ig .  11 Second order  phase-lock  loop. The at tack  t ime 
i s   a d j u s t e d  by changing  gain  as i n   F i g u r e  9. 
The t ime  constant R C,is ad jus ted   to  be 1 t o  5 
t imes  longer   than  the  a t tack  t ime.  

PHASE-LEK LOOP STEP RESPONSE 
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