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ABSTRACT 

Extremely low n o i s e ,  h igh performance,  wideband 
b u f f e r  a m p l i f i e r s  and b u f f e r e d  phase  compara to r s  
have been developed f o r  t h e  NASA Goddard Space F l i g h t  
Center  Atomic Hydrogen S t a n d a r d s  Program. These 
b u f f e r  a m p l i f i e r s  a r e  des igned  t o  d i s t r i b u t e  r e f e r e n c e  
f r e q u e n c i e s  from 30 KHz t o  45 MHz from a hydrogen 
maser w i t h o u t  degrad ing  t h e  hydrogen m a s e r ' s  p e r f o r -  
mance. The b u f f e r e d  phase  compara to r s  a r e  des igned  
t o  in te rcompare  t h e  phase  o f  s t a t e - o f - t h e - a r t  hydrogen 
masers  w i t h o u t  add ing  any s i g n i f i c a n t  measurement 
sys tem n o i s e .  These d e v i c e s  have a 27 femtosecond 
phase  s t a b i l i t y  f l o o r  and a r e  s t a b l e  t o  b e t t e r  t h a n  
one picosecond f o r  long  p e r i o d s  o f  t ime .  T h e i r  
t empera tu re  c o e f f i c i e n t  i s  l e s s  than  one picosecond 
p e r  d e g r e e  C ,  and t h e y  have shown v i r t u a l l y  no v o l t a g e  
c o e f f i c i e n t s .  When used i n  d i s t r i b u t i o n  a m p l i f i e r s  
and phase  comparison s y s t e m s ,  t h e s e  d e v i c e s  have 
g r e a t e r  t h a n  90 dB of i s o l a t i o n .  

INTRODUCTION 

Extremely low n o i s e  b u f f e r  a m p l i f i e r s ,  d i s t r i b u t i o n  a m p l i f i e r s  and 
b u f f e r e d  phase  compara to r s  have been developed by N A S A  Goddard Space 
F l i g h t  C e n t e r ' s  Atomic Hydrogen S t a n d a r d s  Program wi th  e n g i n e e r i n g  
s u p p o r t  from Bendix F i e l d  E n g i n e e r i n g  Corpora t ion  (BFEC) . The b u f f e r  
a m p l i f i e r s  a r e  des igned  t o  d i s t r i b u t e  r e f e r e n c e  f r e q u e n c i e s  between 
30 KHz and 45 MHz w i t h o u t  degrad ing  t h e  hydrogen m a s e r ' s  performance.  
The d i s t r i b u t i o n  a m p l i f i e r s  a r e  des igned  t o  p r o v i d e  m u l t i p l e  o u t p u t s  
with a minimum o f  c r o s s  t a l k .  The phase  compara to r s  a r e  des igned  t o  
i n t e r c o m p a r e  t h e  p h a s e s  o f  s t a t e - o f - t h e - a r t  hydrogen masers  w i t h o u t  
add ing  any s i g n i f i c a n t  sys tem n o i s e .  

BFEC has been b u i l d i n g ,  t e s t i n g  and improving t h e s e  b u f f e r  a m p l i f i e r s  
and phase  compara to r s .  Both t h e  e l e c t r i c a l  and t h e  mechanical  d e s i g n s  
e n s u r e  t h e i r  meet ing t h e  r e q u i r e m e n t s  o f  hydrogen maser performance.  



These dev ices  have been ex t ens ive ly  t e s t e d .  Th i s  paper w i l l  r e p o r t  on 
t h e  r e s u l t s  of those  t e s t s  and t h e  s p e c i a l i z e d  t e s t  systems developed 
t o  perform t h e s e  tests. 

The c o n t e n t s  o f  t h i s  paper have been d iv ided  i n t o  f i v e  s e c t i o n s .  The 
The f i r s t  s e c t i o n  w i l l  s t a t e  what is meant by d i s t r i b u t i o n  and measure- 
ment requirements  t h a t  do no t  degrade s t a t e -o f - the -a r t  performance of  
hydrogen masers. I n  t h e  second s e c t i o n ,  an e l e c t r i c a l  and mechanical 
d e s c r i p t i o n  o f  b u f f e r  a m p l i f i e r  and phase comparator des ign  w i l l  p o i n t  
ou t  t h e  reasons  f o r  t h e i r  h igh  s t a b i l i t y .  The t h i r d  s e c t i o n  w i l l  
d e s c r i b e  t h e  tests and measurements performed and w i l l  d i s c u s s  i n  d e t a i l  
t h e  systems used t o  perform those  t e s t s .  Four th ,  a d e t a i l e d  t e s t  
r e s u l t  s e c t i o n  w i l l  d i s c u s s  t h e  r e s u l t s  o f  each t e s t  and d i s c u s s  some 
des ign  improvements t h a t  have increased  performance. A f i n a l  s e c t i o n  
w i l l  summarize t h e  d a t a  f o r  easy r e f e r ence .  

The t e s t s  and measurements a r e  d iv ided  i n t o  t h r e e  groups.  

1. TIME DOMAIN PHASE TESTS 

a .  Temperature C o e f f i c i e n t  

b .  Power Supply Voltage C o e f f i c i e n t  

c. Mechanical Shock Coe f f i c i en t  

d .  Allan Variance Phase S t a b i l i t y  

2. FREQUENCY DOMAIN TESTS AND MEASUREMENTS 

a .  Frequency Response 

b .  Harmonic S i g n a l  Generation 

c. VSWR 

d. I s o l a t i o n  (back-to-front ,  por t - to -por t )  

3. SPECTRAL PHASE MEASUREMENTS 

a .  Phase Noise Spectrum 

b. 60 Hz AC Magnetic F i e l d  S e n s i t i v i t y  

Time domain phase tests were run t o  test  f o r  phase changes due t o  
environmental changes. The tests t h a t  were run inc lude  tests f o r  
temperature  c o e f f i c i e n t  o f  phase,  vo l t age  c o e f f i c i e n t  o f  phase,  mechan- 
i c a l  shock c o e f f i c i e n t  o f  phase and Allan va r i ance  tests f o r  phase 



s t a b i l i t y .  Frec~uency domain t e s t s  and measurements a r e  a l s o  i n c l u d e d .  
Wideband f requer,cy r e s p o n s e ,  harmonic s i g n a l  g e n e r a t  i o n ,  and VSWR 
were measured. The b u f f e r  a m p l i f i e r s  and phase  compara to r s  were a l s o  
t e s t e d  f o r  back- to - f ron t  i s o l a t i o n .  When t h e  b u f f e r  a m p l i f i e r s  were 
c o n f i g u r e d  w i t h  a power s p l i t t e r  t o  form a  d i s t r i b u t i o n  a m p l i f i e r ,  
p o r t - t o - p o r t  i s o l a t i o n  t e s t s  were r u n .  S p e c t r a l  phase  measurements 
were made o f  phase  n o i s e  i n  a  10 Hz BW between DC and 1 KHz, and phase  
n o i s e  i n  a  100 Hz BW between DC and 100 KHz. The same measurement 
sys tem was a l s o  used t o  t e s t  f o r  60 Hz A C  magnet ic  f i e l d  s e n s i t i v i t y .  

REQUIREMENTS 

Hydrogen masers  have phase  s t a b i l i t y  f l o o r s  o f  t h e  o r d e r  o f  0.1 p s  
and long  term s t a b i l i t i e s  o f  t h e  o r d e r  o f  1  p s  ( 1 ) .  I n  o r d e r  n o t  
t o  degrade  t h e s e  s t a b l e  s i g n a l s ,  d i s t r i b u t i o n  and measurement d e v i c e s  
must have ex t remely  low a d d i t i v e  n o i s e ,  h i g h  s t a b i l i t y  and low s e n s i -  
t i v i t y  t o  env i ronmenta l  changes .  Also ,  t o  minimize t h e  e f f e c t  o f  
c r o s s  t a l k  from m u l t i p l e  u s e r s ,  i s o l a t i o n  f a c t o r s  from -110 dB t o  
-90 dB a r e  r e q u i r e d  a t  5 MHz. 

For  t h i s  p a p e r ,  e x c e p t  when t a l k i n g  a b o u t  i s o l a t i o n ,  phase  d i s t u r b a n c e s  
w i l l  be normal ized t o  c l o c k  e r r o r  u n i t s  by:  

+ X = -  
:LI , 

b u t ,  f o r  s i m p l i c i t y ,  w i l l  s t i l l  be  r e f e r r e d  t o  a s  phase  changes  o r  
phase  s t a b i l i t i e s .  A phase  e r r o r  o f  1 p s  on a 5 MHz c a r r i e r  c o r r e s p o n d s  
t o  a n  i s o l a t i o n  o f  -90 dB and 0.1 p s  a t  5 MHz c o r r e s p o n d s  t o  -110 dB. 
Smal l  phase  changes,fi(b , may be conver ted  t o  u n i t s  o f  dB by t h e  r e l a -  
t i o n  : 

(:$ = 20 l o g  .x t 20 l o g  w, 

where 6x is  a s m a l l  t ime  d i s t u r b a n c e  i n  seconds  and w,is t h e  c a r r i e r  
f r equency  i n  r a d i a n s  p e r  second.  

The b u f f e r  a m p l i f i e r  and phase  comparator  d e v i c e s  d e s c r i b e d  i n  t h i s  
paper  exceed t h e  minimum r e q u i r e m e n t s  o f  hydrogen maser performance.  
A s  t e s t i n g  c o n t i n u e s ,  t h e  major c o n t r i b u t o r s  t o  phase  e r r o r s  a r e  b e i n g  
i s o l a t e d  and improved upon by d e s i g n  m o d i f i c a t i o n s .  A b r i e f  e l e c t r i c a l  
and mechanical  d e s c r i p t i o n  f o l l o w s .  

DESCRIPTION OF DEVICES 

The b u f f e r  a m p l i f i e r  was des igned  f o r  use  i n  50fi RF sys tems.  The 
g a i n  c a n  be a d j u s t e d  from 0 t o  10 dB t o  b r i n g  o u t p u t s  up t o  1 VRMS 
t o  compensate f o r  t h e  power s p l i t t e r  l o s s e s  o f  d i s t r i b u t i o n  sys tems.  
Each b u f f e r  a m p l i f i e r  has i t s  own v o l t a g e  regula tor  t o  r educe  i n d i r e c t  
c r o s s  t a l k  due t o  power supp ly  changes  under  v a r y i n g  l o a d  c o n d i t i o n s .  



The e s s e n c e  o f  t h e  b u f f e r  a m p l i f i e r  is i n  its h i g h  s t a b i l i t y  and h i g h  
i s o l a t i o n .  T h i s  is a c h i e v e d  n o t  o n l y  by i ts  e l e c t r o n i c  d e s i g n  ( 2 )  
b u t  by its mechanical  d e s i g n .  A common h e a t  s i n k  f o r  a l l  semiconductor  
c i r c u i t  e l e m e n t s  h a s  been e s s e n t i a l  i n  producing good t e m p e r a t u r e  
performance.  The h e a t  s i n k  s lows  down t h e  e f f e c t s  o f  ambient  tempera- 
t u r e  changes  and r e d u c e s  g r a d i e n t s  a c r o s s  semiconductor  components 
improving t h e  c a n c e l l a t i o n  o f  t e m p e r a t u r e  e f f e c t s  i n h e r e n t  i n  matched 
semiconductor  components. 

The phase  comparator  i s  used t o  compare t h e  phases  o f  two RF s i g n a l s  
a t  n e a r l y  t h e  same f requency  w i t h  subpicosecond p r e c i s i o n .  The two RF 
s i g n a l  i n p u t s  a r e  h i g h l y  i s o l a t e d  by b u f f e r i n g  each p o r t  w i t h  a u n i t y -  
g a i n  b u f f e r  a m p l i f i e r  ( s e e  f i g u r e  1 ) .  These d r i v e  a double  ba lanced  
mixer g e n e r a t i n g  a b e a t  f r equency  between t h e  two RF i n p u t s .  The b e a t  
f r equency  is f i l t e r e d  by a p a s s i v e  low p a s s  f i l t e r  and t h e n  by a n  ac -  
t i v e  low-passed, z e r o - c r o s s i n g  d e t e c t o r .  A TTL compat ib le  s q u a r e  wave 
is o u t p u t  w i t h  p o s i t i v e  and n e g a t i v e  go ing  edges  c o r r e s p o n d i n g  t o  t h e  
z e r o - c r o s s i n g s  o f  t h e  b e a t  between t h e  two RF s i g n a l  i n p u t s .  I f  t h e  
epoch of  t h e s e  TTL edges is measured by a c l o c k ,  t h e  phase  d i f f e r e n c e  
between t h e  RF i n p u t s  can  b e  c o n s t r u c t e d .  

DOUBLE LOW PASS FILTERED 
BALANCED 
MIXER ZERO CROSSING DETECTOR 

F i g u r e  1 .  B u f f e r e d  Phase  Comparator Block Diagram 

The phase  comparator  employs t h e  same mechanical  d e s i g n  a s  t h e  b u f f e r  
a m p l i f i e r .  A common h e a t  s i n k  is used f o r  all t h e  semiconduc to r s  i n  
its two b u f f e r  a m p l i f i e r s  and doub le  ba lanced  mixer.  Reducing tempera- 
t u r e  g r a d i e n t s  a c r o s s  t h e  double  ba lanced  mixer is e s p e c i a l l y  i m p o r t a n t  
s i n c e  it a c h i e v e s  its h i g h  s t a b i l i t y  by u s i n g  f o u r  matched d i o d e s .  



DESCRIPTION OF TEST SYSTEMS 

Time Domain Phase T e s t s  

Many o f  t h e  t e s t s  a r e  run  u s i n g  a  d u a l  phase  comparator  t e s t  sys tem 
( s e e  f i g u r e  2 ) .  The test  t e c h n i q u e  is  based on t h e  Picosecond Time 
D i f f e r e n c e  Measurement System used by t h e  N a t i o n a l  Bureau o f  S t a n d a r d s  
(NBS) ( 3 ) .  Two TTL s i g n a l s  c o r r e s p o n d i n g  t o  t h e  same phase  d i f f e r e n c e  
between two c r y s t a l  o s c i l l a t o r s  a r e  in te rcompared  by a  t ime  i n t e r v a l  
c o u n t e r .  To improve t h e  s y t e m f s  phase  s t a b i l i t y  f l o o r ,  t h e  RF c a b l e s  
a r e  a d j u s t e d  t o  c a n c e l  t h e  phase  n o i s e  from t h e  c r y s t a l  o s c i l l a t o r s .  

TIME INTERVAL 1 COUNTER 

BUFFER BUFFER 

PHASE 
COMPARATOR 

F i g u r e  2.  Dual Phase  Comparator T e s t  System 

The d u a l  phase  comparator  t e s t  sys tem i s  a v e r s a t i l e  t e s t  i n s t r u m e n t .  
Once a  t e s t  se t -up  h a s  been c h a r a c t e r i z e d ,  t e s t  d e v i c e s  a r e  s u b s t i t u t e d  
f o r  known good d e v i c e s .  Device phase change c h a r a c t e r i s t i c s  v e r s u s  
t i m e ,  t e m p e r a t u r e ,  power supp ly  v o l t a g e ,  mechanical  shock and 60 Hz 
A C  magnet ic  f i e l d s  a r e  c a l c u l a t e d  from phase d a t a .  

The t e s t s  a r e  automated by a  programmable c a l c u l a t o r .  Most t e s t s  have 
opera t ing  programs t h a t  c o n t r o l  programmable t ime  i n t e r v a l  c o u n t e r s ,  
d i g i t a l  m u l t i m e t e r s  and d i g i t a l  p l o t t e r s .  Sof tware  has been w r i t t e n  
f o r  t h e  HP9815 and HP9825 c a l c u l a t o r s  t o  run  p l o t s  on two t y p e s  o f  HP 



p l o t t e r s .  Each o f  t h e  programs a l l o w  t h e  o p e r a t o r  t o  s e l e c t  p l o t t i n g  
s c a l e s  and t h e  number o f  d a t a  p o i n t s  t o  be  averaged .  A program t o  
run  two sample a l l a n  v a r i a n c e  d a t a  may be r u n  a t  any t ime  d u r i n g  t h e  
t e s t s .  

Frequency Domain T e s t s  and Measurements 

Frequency domain t e s t s  and measurements were made w i t h  a  t r a c k i n g  
g e n e r a t o r  and a  spec t rum a n a l y z e r  ( s e e  f i g u r e  3 ) .  The t y p e  o f  a n a l y z e r  
v a r i e d ,  depending on t h e  f requency  band of  t h e  measurement. 

I TRACKING I I TEST 1 I SPECTRUM I 
I GENERATOR I I ANALYZER I 

F i g u r e  3. Frequency Domain T e s t  and Measurement System 

The b u f f e r  a m p l i f i e r s  and phase  compara to r s  a r e  t e s t e d  f o r  back-to- 
f r o n t  and p o r t - t o - p o r t  i s o l a t i o n .  The t e s t  is performed s imply  by 
i n p u t i n g  a nominal  s i g n a l  ( + I 3  dBm) i n t o  t h e  o u t p u t  and examining 
t h e  l e a k a g e  s i g n a l  a t  t h e  i n p u t .  Another method used i n  m u l t i p l e  
b u f f e r  a m p l i f i e r s  sys tems  is t o  s h o r t  o r  open t h e  o u t p u t  of  one b u f f e r  
w h i l e  r e c o r d i n g  t h e  phase  o f  a  s i g n a l  th rough  a n o t h e r  b u f f e r  w i t h  
t h e  d u a l  phase  comparator  sys tem ( s e e  f i g u r e  2 ) .  Each t e s t  r e v e a l s  
a  w o r s t  c a s e  phase  d i s t u r b a n c e  a s  p r e v i o u s l y  d i s c u s s e d .  

Tests f o r  harmonic d i s t o r t i o n  a r e  made on a l l  b u f f e r  a m p l i f i e r s  and 
phase  compara to r s .  The s i g n a l  l e v e l  o f  b o t h  t h e  second and t h i r d  
harmonics  are recorded  r e l a t i v e  t o  a +13 dBm o u t p u t  s i g n a l  a t  5 MHz. 
Although harmonic s i g n a l s ,  which a r e  phase  c o h e r e n t ,  pose  no phase  
problem;  they  a r e  of i n t e r e s t  t o  t h o s e  who u s e  t h e s e  d e v i c e s  w i t h  
f requency  m u l t i p l i c a t i o n  o r  d i v i s i o n  c i r c u i t s .  

A similar c o n f i g u r a t i o n  w i t h  a programmable network analyzer r e p l a c i n g  
t h e  spec t rum a n a l y z e r  was used t o  measure v o l t a g e  s t a n d i n g  wave r a t i o  
(VSWR). The VSWR was r u n  t o  e n s u r e  a n  a c c u r a t e  5 0 R i n p u t  and o u t p u t  
impedance o v e r  t h e  e n t i r e  bandpass  of  t h e  b u f f e r .  



S p e c t r a l  Phase  Measurements 

S p e c t r a l  phase  measurements were made u s i n g  a  s i n g l e  mixer t e s t  sys tem 
( s e e  f i g u r e  4). A 5 MHz s i g n a l  i s  s p l i t  and s h i f t e d  90 d e g r e e s  by 
a q u a d r a t u r e  h y b r i d  phase s h i f t e r  (4). The u n s h i f t e d  s i g n a l  i s  f e d  
through a b u f f e r  a m p l i f i e r  and i n p u t  t o  one p o r t  o f  t h e  mixer .  The 
s h i f t e d  s i g n a l  is fed  th rough  a v a r i a b l e  a i r  l i n e  and a n o t h e r  b u f f e r  
t o  p r o v i d e  s i g n a l s  90 d e g r e e s  d i f f e r e n t  i n  phase a t  t h e  mixer .  The 
mixer symbol,  i n  f i g u r e  4, r e p r e s e n t s  a modified phase  compara to r ;  
i n  which,  bo th  the a c t i v e  f i l t e r  and z e r o - c r o s s i n g  d e t e c t o r  were by- 
passed .  To minimize h igh  f requency n o i s e ,  a  two-pole,  low pass f i l t e r  
was used f o l l o w i n g  t h e  mixer .  One s t a g e  was p laced  a t  t h e  o u t p u t  
o f  t h e  mixer and t h e  o t h e r  s t a g e  was p laced  a t  t h e  i n p u t  o f  a  low 
f reauencv s ~ e c  trum ana lvz e r  . 

F i g u r e  4 .  S p e c t r a l  Phase Measurement System 

The basic t h e o r v  o f  t h i s  measurement t echn ioue  is a s  f o l l o w s .  The 
mixer o u t p u t s  a  v o l t a g e  t h a t  i s  p r o p o r t i o n a l  t o  small phase  changes:  

t h u s  s m a l l  changes i n  phase  can be measured i n  terms o f  small changes  
i n  v o l t a g e .  Phase d i s t u r b a n c e s  may be w r i t t e n  as: 

where K i s  a c a l i b r a t i o n  c o n s t a n t  i n  c e n t i m e t e r s  pe r  v o l t ,  made by 
i n c r e a s i n g  t h e  p a t h  o f  one s i g n a l  th rough  t h e  v a r i a b l e  a i r  l i n e  and 
r e c o r d i n g  t h e  DC voltage change wi th  a p r e c i s i o n  d i g i t a l  m u l t i m e t e r .  
The c o n s t a n t s , ~ , a n d  c ,  a r e  i n c l u d e d  t o  c o n v e r t  K t o  r a d i a n s  p e r  v o l t .  
Small v o l t a g e  d i s t u r b a n c e s  a r e  g e n e r a l l y  measured i n  dBV and can be  
c o n v e r t e d  t o  phase  d i s t u r b a n c e s  i n  dB by: 

Kw 0 S+ = 6V -t- 20 l o g  - 
C 



To measure t h e  phase  n o i s e  spec t rum o f  one o r  more u n i t y - g a i n  b u f f e r s ,  
they  may be s u b s t i t u t e d  f o r  o t h e r  b u f f e r s  o r  added t o  e i t h e r  s i g n a l  
p a t h .  Then t h e  a d d i t i o n a l  phase  n o i s e  is d i s p l a y e d  on t h e  spec t rum 
a n a l y z e r .  The tes t  sys tem was checked f o r  f l a t ,  low f requency  r e s p o n s e  
by f requency  modula t ing a s m a l l  s i g n a l  on one 5 MHz s i g n a l .  The s y t e m l s  
f requency  r e s p o n s e  r o l l e d  o f f  3 dB a t  900 KHz. 

The t e s t  sys tem was used t o  measure t h e  phase  spec t rum i n  a 10 Hz 
bandwidth (BW) between DC and 1 KHz and t h e  phase  spec t rum i n  a  100 
Hz BW between DC and 100 KHz because  a  1 Hz BW spec t rum a n a l y z e r  
was n o t  a v a i l a b l e  a t  t h e  t ime .  The d a t a  were n o t  c o r r e c t e d  t o  a  1  
Hz BW because  t h e  c o r r e c t i o n  f a c t o r  would be  d i f f e r e n t  f o r  t h e  phase  
n o i s e  spect rum and t h e  s p e c t r a l  l i n e s  i n  t h e  d a t a .  Another measurement 
made w i t h  t h i s  sys tem was t h e  60 Hz AC magnet ic  f i e l d  s e n s i t i v i t y  
o f  t h e  b u f f e r  a m p l i f i e r s ,  d i s t r i b u t i o n  a m p l i f i e r s  and phase  compara to r s .  
An AC f i e l d  was g e n e r a t e d  by u s i n g  a s p a r e  maser f i e l d  c o i l .  The 
t e s t  d e v i c e  was o r i e n t e d  i n  i ts  most s e n s i t i v e  p o s i t i o n  s o  t h a t  a 
w o r s t  c a s e  60 Hz phase  n o i s e  peak c o u l d  b e  r e c o r d e d .  

TEST RESULTS 

The p r e v i o u s  s e c t i o n  o u t l i n e d  t h e  t e s t s  t h a t  have been run on b u f f e r  
a m p l i f i e r s ,  d i s t r i b u t i o n  a m p l i f i e r s  and phase  compara to r s .  T h i s  s e c t i o n  
w i l l  d i s c u s s  raw d a t a  samples  o f  t y p i c a l  t e s t  r e s u l t s .  Also  d i s c u s s e d ,  
w i l l  be changes  t o  t h e  b u f f e r  a m p l i f i e r  and phase  comparator  d e s i g n  
t h a t  were made t o  improve c e r t a i n  t e s t  r e s u l t s .  

F i g u r e  5 is a p l o t  o f  phase  comparator  t empera tu re  performance.  The 
p l o t  o f  phase  i n  p icoseconds  as measured by t h e  d u a l  phase  comparator  
t e s t  sys tem is  shown. The t e m p e r a t u r e  o f  t h e  phase  comparator  under  
t e s t  i s  moni tored on t h e  c h a s s i s .  Upon comple t ion  o f  t h e  t e s t ,  a 
t e m p e r a t u r e  c o e f f i c i e n t  is t h e n  c a l c u l a t e d  from t h e  phase  change b e f o r e  
and a f t e r  t h e  t e m p e r a t u r e  s t e p .  Phase comparator  t e s t  r e s u l t s  a r e  
a l l  b e t t e r  t h a n  1.0 p s / O ~ .  P l e a s e  n o t e  t h e  peak-to-peak phase  n o i s e  
on f i g u r e  5 and compare it w i t h  f i g u r e  6 .  

F i g u r e  6 is  a p l o t  o f  b u f f e r  a m p l i f i e r  t empera tu re  performance.  The 
peak-to-peak phase  n o i s e  is n o t i c e a b l y  h i g h e r .  T h i s  i n c r e a s e  i n  n o i s e  
l e v e l  was purpose ly  caused by d e l a y i n g  one s i g n a l  p a t h  s o  t h a t  t h e  
phase  n o i s e  o f  t h e  c r y s t a l  o s c i l l a t o r s  cou ld  n o t  be  s u f f i c i e n t l y  can- 
c e l l e d .  Time d e l a y s  are normal ly  he ld  below 1 n s  t o  e n s u r e  a 27 femto- 
second n o i s e  f l o o r .  A t h i r t y - e i g h t  b u f f e r  sample was t e s t e d  by t h i s  

0 
method. T h e i r  mean t empera tu re  c o e f f i c i e n t  was 0.41 p s /  C wi th  a  
s t a n d a r d  d e v i a t i o n  o f  0.27 ps.  



F i g u r e  5.  T y p i c a l  Phase Comparator Temperature versus  
Phase Performance 

Figure 6 .  Typ ica l  Buffer  Amplifier Temperature  v e r s u s  
Phase Performance 



Shock s e n s i t i v i t y  was a l s o  t e s t e d  f o r  us ing  t h e  same d u a l  phase com- 
p a r a t o r  test  system. A c a l i b r a t e d  hammer blow was app l i ed  t o  s e v e r a l  
b u f f e r s t  most s e n s i t i v e  c h a s s i s  f ace .  When it was d i scovered  t h a t  
smal l  movements i n  t h e  p o s i t i o n  o f  p a r t s  i n  t h e  b u f f e r  a m p l i f i e r  caused 
r e l a t i v e l y  Large phase jumps, a thermal  conduct ive p o t t i n g  compound 
was used t o  reduce t h e  phase jumps t o  l e s s  than  1 ps/lO g  shock ( s e e  
f i g u r e  7 ) .  One p s  is t h e  dua l  phase comparator system r e s o l u t i o n  
s i n c e  any band i n  t h e  RF c a b l e s  caused a 1 p s  phase jump. 
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Figure  7. Typical  Buffer  Amplif ier  Mechanical Shock ve r sus  
Phase Performance 

Figure 8 is a p l o t  o f  power supply vo l t age  ve r sus  phase fo r  a  b u f f e r  
ampl i f i e r .  The power supply vo l t age  was stepped from 25 t o  32 v o l t s .  
There were no phase changes,  t o  t h e  r e s o l u t i o n  of t h e  measurement 
system, between 26 and 32 v o l t s .  Below 26 v o l t s  t h e  b u f f e r  a m p l i f i e r ' s  
vo l t age  r e g u l a t o r  does no t  work s i n c e  a  2.7 v o l t  drop must be maintained 
ac ros s  t h e  r e g u l a t o r .  
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F i g u r e  8 .  T y p i c a l  B u f f e r  Ampl i f i e r  Power Supply  Vol tage  v e r s u s  
Phase Performance 

S i x t y  Hz AC magnet ic  f i e l d  s e n s i t i v i t y  can be t e s t e d  fo r  u s i n g  t h e  
d u a l  phase  comparator  sys tem b u t  t h e  s p e c t r a l  phase t e s t  sys tem h a s  
h i g h e r  r e s o l u t i o n .  A 60 Hz response  and cor respond ing  odd harmonics  
a r e  d i s p l a y e d  on a  spect rum a n a l y z e r .  The spect rum a n a l y z e r  h a s  a 
few o f  i t s  own 60 Hz peaks  as shown i n  f i g u r e  9 .  The h i g h  peak a t  
0 Hz is  a l s o  an i n t r i n s i c  p r o p e r t y  o f  t h e  spect rum a n a l y z e r .  When a 
phase  comparator  was t e s t e d  f o r  60 Hz magnet ic  f i e l d  s e n s i t i v i t y  i n  a  
10 g a u s s  f i e l d ,  t h e  60 Hz peak was -90 dB. The mixer c a l i b r a t i o n  f a c -  
t o r  o f  20 l o g K , , , / ~  was +6 dB. T h i s  magnet ic  s u s c e p t a b i l i t y ,  a l t h o u g h  
t o l e r a b l e ,  can be reduced t o  -120 dB by l i n i n g  t h e  phase  comparator  
w i t h  a 0 ,005  i n .  s h e e t  o f  co-ne t ic  f o i l .  

F igure  9 a l s o  shows t h e  phase  n o i s e  spect rum o f  t h e  phase  c o m p a r a t o r ' s  
o u t p u t  s i g n a l .  The 6 dB mixer c a l i b r a t i o n  c o r r e c t i o n  is i n c l u d e d  i n  
t h i s  d a t a .  The ex t remely  good n o i s e  performance o f  t h e  phase  compar- 
a t o r  i s  c l e a r l y  shown i n  f i g u r e  9 .  S i n c e  bo th  t h e  180 Hz and 300 Hz 
peaks  a r e  a n a l y z e r  g e n e r a t e d ,  t h e  phase  n o i s e  l e v e l  i n  a 10 Hz BW 
between DC and 1 KHz is l e s s  t h a n  -138 dB. 
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ANALYZER FLOOR PHASE COMPARATOR 

F i g u r e  9. Phase Noise Spectrum o f  Spectrum Analyzer  and 
Phase  Comparato-r 

B u f f e r  a m p l i f i e r s  a l s o  have ex t remely  low n o i s e  performance.  I n  f a c t  
t h e r e  were two b u f f e r s  a l r e a d y  i n  t h e  t e s t  sys tem d u r i n g  t h e  phase  com- 
p a r a t o r  phase  n o i s e  measurement. F i g u r e  10 shows t h e  phase  n o i s e  l e v e l  
rough ly  doubled (+3  dB) when two more b u f f e r s  were added t o  t h e  t e s t  
sys tem.  The i n c r e a s e  i n d i c a t e s  t h a t  t h e  measurement sys tem is a c t u a l l y  
r e s o l v i n g  b u f f e r  a m p l i f i e r  phase  n o i s e .  

2 BUFFERS 4 BUFFERS 

F i g u r e  10. Phase Noise Spectrum of 2 and 4 Buffer A m p l i f i e r  
Measurement Systems 



i F i g u r e  1 1  is a n o t h e r  comparison o f  two and f o u r  b u f f e r  t e s t  r e s u l t s .  
B u t ,  t h e s e  d a t a  a r e  o f  phase  n o i s e  i n  a 100 Hz BW between DC and 100 
K H z .  Again,  t h e  n o i s e  l e v e l  i n c r e a s e d  3 dB w i t h  more b u f f e r s .  However, 

I whether  two o r  f o u r  b u f f e r  a m p l i f i e r s  a r e  u s e d ,  t h e  phase  n o i s e  l e v e l  
I remains  w e l l  below t h e  r e q u i r e d  l e v e l  of -110 dB. 

I 2 BUFFERS 4 BUFFERS I 

F i g u r e  1 1 .  Phase Noise Spectrum o f  2 and 4 B u f f e r  Ampl i f i e r  
Measurement Systems 

T a b l e  1 shows t h e  p o r t - t o - p o r t  i s o l a t i o n  o b t a i n e d  from a d i s t r i b u t i o n  
a m p l i f i e r  b u i l t  f o r  a NASA hydrogen maser. The d i s t r i b u t i o n  a m p l i f i e r  
u s e s  a M i n i - C i r c u i t s  Lab 8-way power s p l i t t e r  t o  d i s t r i b u t e  5 MHz 
r e f e r e n c e  s i g n a l s  t o  e i g h t  o u t p u t  p o r t s .  The power s p l i t t e r  d e s i g n  
limits t h e  p o r t - t o - p o r t  i s o l a t i o n  between p o r t s  on t h e  same s i d e  o f  
t h e  power s p l i t t e r  t o  25 dB. Th i s  c a u s e s  a quadran t  g roup ing  o f  good 
and b e t t e r  i s o l a t i o n  f a c t o r s  ( s e e  t a b l e  1 ) .  

Summary o f  T e s t  R e s u l t s  

To summarize all t h e  t e s t  and measurement r e s u l t s  t o  date ,  a b u f f e r  
a m p l i f i e r  d a t a  s h e e t  i s  p rov ided  i n  t a b l e  2 ,  The phase  s t a b i l i t y  
i n  a 12 Hz bandwidth o f  27 femtoseconds  f o r  1 second averaging times 
is a two sample A l l a n  d e v i a t e  s t a t i s t i c  ( 1 ) .  

0 
The t e m p e r a t u r e  c o e f f i c i e n t  is l e s s  t h a n  1 .0  p s /  C .  The power supp ly  
v o l t a g e  c o e f f i c i e n t  is less t h a n  0.1 p s / v o l t  which is t h e  d u a l  phase  
comparator  sys tem r e s o l u t i o n .  Permanent phase jumps from mechanical  
shocks  of 10 G f o r c e  a r e  l e s s  t h a n  1 p s .  The 60 Hz AC magnetic f i e l d  
s e n s i t i v i t y ,  w i t h  t h e  b u f f e r  t u r n e d  t o  i ts  most s e n s i t i v e  p o s i t i o n ,  



OUTPUT 

1 
1 X 
2 9 5 
3 9 3 
4 93 

INPUT 
5 110 
6 110 
7 110 
8 110 

ALL U N I T S  ARE I N  DB 

Table 1. A Typica l  D i s t r i b u t i o n  Ampl i f ie r ' s  Port- to-port  I s o l a t i o n  

is -129 dB i n  a 10 gauss  f i e l d .  Buffer  a m p l i f i e r s  configured i n  a  
d i s t r i b u t i o n  a m p l i f i e r  have a  -125 dB s e n s i t i v i t y .  I s o l a t i o n  tests 
a t  5 MHz r e s u l t  i n  a  minimum 67 dB back-to-front i s o l a t i o n  f o r  a  s i n g l e  
b u f f e r .  For ty  b u f f e r s  have r e c e n t l y  been b u i l t  and t e s t e d  wi th  69 dB 
+2 dB back-to-front i s o l a t i o n .  This  r e s u l t  is  an  improvement over  - 
p a s t  r e s u l t s .  When these  new b u f f e r s  a r e  assembled i n  d i s t r i b u t i o n  
a m p l i f i e r s ,  h igher  back-to-front and por t - to -por t  i s o l a t i o n  test  r e s u l t s  
are expected.  The load i s o l a t i o n  t e s t  r e s u l t  is from d a t a  o f  s t a t i s t -  
ical. measurements. Phase d a t a  were r epea t ed ly  averaged before  and 
a f t e r  a load change t o  each p o r t  o f  a d i s t r i b u t i o n  a m p l i f i e r .  The s t a -  
t i s t i c a l  mean and s tandard  d e v i a t i o n  r e s u l t e d  i n  a  worst  case  -115 dB 
i s o l a t i o n  f a c t o r .  Harmonic s i g n a l  gene ra t i on  is t y p i c a l l y  56 dB below 
a  5 MHz c a r r i e r  frequency. A l l  o t h e r  harmonics a r e  lower,  and t h e r e  
a r e  no spu r ious  s i g n a l s  ou t  t o  1 GHz. The 3 dB bandpass response i s  
15 KHz t o  55 MHz a t  a  nominal ou tput  l e v e l  of  +13 dBm. The gain can 
be ad jus t ed  e a s i l y  between 1  and 10 dB by changing one r e s i s t o r  and 
one c a p a c i t o r  value.  The VSWR a t  5 MHz is less than 1.02 f o r  both t h e  
i n p u t  and the ou tpu t .  Power supply requirements  can be e i t h e r  60 mA 
a t  24 v o l t s  o r  50 mA a t  28 v o l t s .  The newest b u f f e r  u se s  a 28 v o l t  
supply.  
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Table 2. B u f f e r  Ampl i f i e r  Data S h e e t  

T a b l e  3 is a d a t a  summary f o r  t h e  phase comparator .  The phase  s t a b i l -  
i t y  is 27 femtoseconds f o r  a b o u t  1 second a v e r a g i n g  times ( 1 ) .  Phase 
compara to r s  a l s o  have l e s s  t h a n  1 p s / O ~  tempera tu re  c o e f f i c i e n t s .  
The i r  power supp ly  v o l t a g e  c o e f f i c i e n t s  a r e  less t h a n  1.0 p s / v o l t  
f o r  bo th  - +15 v o l t  s u p p l i e s  and l e s s  t h a n  0.1 p s / v o l t  f o r  t h e  24 v o l t  
supp ly .  When p l a c e d  i n  a 60 Hz A C  magnet ic  f i e l d .  The wors t  case 
60 Hz peak is  -120 dB. P o r t - t o - p o r t  i s o l a t i o n  a t  5 MHz is -100 dB. 
The phase  c o m p a r a t o r ' s  u s a b l e  f requency range is between 100 KHz and 
55 MHz. The phase comparator w i l l  respond t o  r e l a t i v e l y  low i n p u t  
l e v e l s  and h a s  been used t o  in te rcompare  d i f f e r e n t  c a r r i e r  f r e q u e n c i e s  
th rough  i n t e r n a l  harmonic g e n e r a t i o n .  An RF i n p u t  l e v e l  o f  +13 dBm 
s h o u l d  n o t  be  exceeded t o  o b t a i n  t h e  b e s t  performance.  The phase  com- 
p a r a t o r  p u t s  o u t  a TTL compat ib le  square-wave, phase c o h e r e n t  w i t h  t h e  
beat f requency  o f  t h e  two mixed RF s i g n a l s .  A 120 mA s u p p l y  a t  24 v o l t s  
powers t h e  b u f f e r s  i n  t h e  phase comparator .  A - +20 mA s u p p l y  a t  215 
v o l t s  s u p p l i e s  t h e  z e r o - c r o s s i n g  d e t e c t o r  e l e c t r o n i c s .  
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POWER SUPPLY VOLTAGE COEFF IC IENT  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
GO Hz AC MAGNETIC F I E L D  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
(WITH SHIELD,  6UHz  NOISE RESPONSE) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ISOLAT ION (PORT-TO-PORT. 5 MH7) 

FREQUENCY RESPONSE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
MAXIMUM INPUT LEVEL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
OUTPUT LEVEL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  S I Z E  

POWER . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 , 7  x s 
A T  1 S A V E R A G I N G  T I M E  

. l o 0  DR 

1 0 0  KHz r u  55 MIIL 

+13 UBM 

TTL 

G x (I x 1,s  I N ,  

120 MA A T  24 V A N D  

+20 MA A T  1 1 5  V 

Table 3. Phase Comparator Data Sheet  

CONCLUSION 

These low no i se  b u f f e r  a m p l i f i e r s ,  d i s t r i b u t i o n  a m p l i f i e r s ,  and phase 
comparators a r e  p r e s e n t l y  being b u i l t  and t e s t e d  a t  BFEC. Spec i a l i zed  
tests and t e s t  systems a r e  used t o  v e r i f y  each dev ices1  performance. 
The b u f f e r  a m p l i f i e r  des ign  has  been improved by sho r t en ing  l ead  l e n g t h s  
t o  i n c r e a s e  back-to-front i s o l a t i o n ,  by i nc reas ing  t h e  power supply 
l e v e l  t o  reduce harmonic d i s t o r t i o n  a t  h ighe r  ou tput  l e v e l s ,  and by 
p o t t i n g  t h e  b u f f e r  t o  reduce phase s e n s i t i v i t y  t o  mechanical shocks. 
D i s t r i b u t i o n  ampl i f i e r  improvements a r e  made by us ing  a h igher  i s o l a t i o n  
power s p l i t t e r  f o r  increased  por t - to -por t  i s o l a t i o n  and by us ing  h igher  
i s o l a t i o n  RF cab l e s  and connec tors  f o r  increased  back-to-front i s o l a -  
t i o n .  The phase comparator des ign  has  been improved by changing power 
supply connectors  and secu r ing  c i r c u i t  boards t o  i nc rease  t h e i r  mechan- 
i c a l  s t a b i l i t y .  A l l  t h r e e  devices  a r e  assembled i n  va r ious  conf igura-  
t i o n s  f o r  use  i n  many d i f f e r e n t  p r e c i s e  time and frequency measurement 
and d i s t r i b u t i o n  systems. 

Each o f  t h e  dev ices  and systems o f  dev i ce s  a r e  ex t ens ive ly  t e s t e d  t o  
v e r i m  a performance l e v e l  t h a t  does no t  add any s i g n i f i c a n t  measure- 
ment system no i se  t o  t h e  phase o f  s t a t e -o f - the -a r t  hydrogen masers. 
Phase s t a b i l i t y  f l o o r s  o f  27 femtoseconds and long term s t a b i l i t i e s  
o f  one picosecond have been measured on a l l  measurement systems us ing  
t h e s e  devices .  They have shown temperature  c o e f f i c i e n t s ,  power supply 
vo l t age  c o e f f i c i e n t s  and mechanical shock c o e f f i c i e n t s  of l e s s  than 
one picosecond. The d i s t r i b u t i o n  a m p l i f i e r s  and t h e  phase comparators 
p r e s e n t l y  have g r e a t e r  than  90 dB of i s o l a t i o n  and la ter  should have 
g r e a t e r  than  100 dB of i s o l a t i o n .  



I n  c o n c l u s i o n ,  BFEC b u i l d s ,  t e s t s  and improves t h e s e  d e v i c e s  t o  re- 
l i a b l y  exceed t h e s e  performance r e s u l t s  j u s t  o u t l i n e d .  These d e v i c e s  
shou ld  have a p p l i c a t i o n  i n  v a r i o u s  o t h e r  h i g h  s t a b i l i t y  measurement and 
d i s t r i b u t i o n  s y s t e m s ,  
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QUESTIONS AND ANSWERS 

DR. FRED WALLS, NBS 

L e t  me ask my o r i g i n a l  quest ion,  again.  Have you looked a t  t h e  
ampl i tude  s e n s i t i v i t y  of your  phase d e t e c t o r ?  

MR. EICHINGER: 

That  6 dB c o r r e c t i o n  f ac to r ,  a r e  you i n t e r e s t e d  i n  t h e  s lope  o f  t h e  
zero  c ross ing?  

DR. WALLS : 

No. What if you change t h e  l e v e l  of t h e  s i g n a l  i n  one o f  t h e  p o r t s  
o f  your  phase d e t e c t o r  by, say, 3 dB, what happens t o  t h e  phase? 

Our exper ience i s  t h a t  you w i l l  see a s u b s t a n t i a l  phase excur-  
s ion.  

MR. EICHINGER: 

I haven ' t  checked t h a t ,  b u t  each t ime  a d i f f e r e n t  phase measurement 
was made, I r e c a l i b r a t e d  t h e  m ixe r  and used t h a t  c o r r e c t i o n  f a c t o r  
on t h e  data.  

DR. WALLS : 

Sure. That  changes t h e  slope, b u t  i f  y o u ' r e  t r y i n g  t o  measure phase 
between two s i g n a l s  and f o r  some reason over  a  l ong  p e r i o d  o f  t ime  
you have a change i n  ampl i tude,  you may have a spur ious  change i n  
phase which had no th ing  t o  do w i t h  t h e  s i gna l s ,  i t ' s  j u s t  a  measure- 
ment d i f f i c u l t y .  

MR. EICHINGER: 

R igh t .  Wel l ,  most of t h e  da ta  was done a t  a  s h o r t  term, n o t  over  a  
1  ong term. 




