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ABSTRACT 

A t  NASA-Goddard Space  F l i g h t  C e n t e r ,  and t h r o u g h  a s s o c i a t e d  c o a t r a c t o r s ,  
a b road  spectrum of work i s  be ing  c a r r i e d  o u t  t o  d e v e l o p  improved 5ydrogen 
maser f r e q u e n c y  s t a n d a r d s  f o r  f i e l d  u s e ,  improved e x p e r i m e n t a l  hydrogen ma-  
ser f r e q u e n c y  s t a n d a r d s ,  and improved f r e q u e n c y  and t i m e  d i s t r i b u t i o n  and 
measurement s y s t e m s  f o r  hydrogen maser  u s e .  The App l i ed  P h y s i c s  TAahora tory  
of J o h n s  Hopkins U n i v e r s i t y  unde r    he t e c h n i c a l  d j r e c t i o n  o f  NASA-Goddard 
Space  F l i g h t  C e n t e r ,  h a s  been  d e v e l o p i n g  a new g e n e r a t i o n  of  f i e l d  ope ra -  
t i o n a l  hydrogen maser  f r e q u e n c y  s t a n d a r d  c a l l e d  t h e  NASA R e s e a r c h  o r  NR 
hydrogen maser .  Recent  da t a  h a s  shown the  NR maser  t o  have a f r e q u e n c y  s ta -  
b i l i t y  f l o o r  of 1 x 10-15, a magne t i c  s e n s i t i v i t y  of  l e s s  t h a n  3 x 1.0-14 
p e r  gauss ,  a p r e s s u r e  s e n s i t i v i t y  o f  5 x 10-15 p e r  i n c h  of mercu ry ,  and a 
t e m p e r a t u r e  s e n s i t i v i t y  of 4 .5  x 10- l4  p e r  d e g r e e  celsius w i t h  a b o u t  a one 
day  t i m e  c o n s t a n t .  A t  Goddard Space  F l i g h t  C e n t e r ,  a new low c o s t ,  h i g h  
performance f i e l d  o p e r a b l e  hydrogen maser  i s  b e i n g  d e s i g n e d .  The new d e s i g n  
i s  p r e s e n t e d .  Novel and un ique  f e a t u r e s  a r e  s t r e s s e d .  A t  Goddard Space  
F l i g h t  C e n t e r ,  e x t e n s i v e  t h e o r e t i c a l  and e x p e r i m e n t a l  work h a s  been  pe r -  
formed on t h e  use  of  d i g i t a l  phase  locked loops  t o  average t h e  p h a s e s  of  
s e v e r a l  a t o m i c  s t a n d a r d s .  More r e c e n t l y ,  t h i s  work i s  b e i n g  c o n t i n u e d  a t  
t h e  A p p l i e d  P h y s i c s  L a b o r a t o r y .  A b r i e f  p r e s e n t a t i o n  of  t h e  p r i n c i p l e s  of 
t h e s e  l o o p s  and r e c e n t  e x p e r i m e n t a l  r e s u l t s  on t h e  pe r fo rmance  o f  t h e s e  
loops  i s  g i v e n .  



INTRODUCTION 

At NASA-Goddard Space F l i g h t  C e n t e r  and th rough  associated c o n t r a c t o r s ,  
a  broad spect rum of work i s  be ing  c a r r i e d  o u t  t o  deve lop  improved hydrogen 
maser f r equency  s t a n d a r d s  f o r  f i e l d  u s e ,  improved e x p e r i m e n t a l  hydrogen ma- 
ser f requency  s t a n d a r d s ,  and improved f requency  and t ime  d i s t r i b u t i o n  and 
measurement sys tems f o r  hydrogen maser use .  T h i s  paper  w i l l  r e p o r t  on re -  
c e n t  p r o g r e s s  i n  t h e s e  a r e a s .  The paper  i s  broken j n t o  three more o r  l e s s  
independent  s e c t i o n s :  r e c e n t  r e s u l t s  on t h e  NR masers  3 e i n g  h i l t  by t h e  
Appl ied  P h y s i c s  L a b o r a t o r y  (APL) of Johns  Hopkins U n i v e r s i t y ,  t h e  develop- 
ment of a new low c o s t  hydrogen maser a t  Goddard Space F l i g h t  Cen te r  [GSFC), 
and work on a l o w  n o i s e  phase  comparison sys tem and d i g i t a l l y  phase  locked 
c r y s t a l  o s c i l l a t o r  c a l l e d  t h e  D i s t r i b u t i o n  and Measurement System. 

NR MASERS 

The Appl ied  P h y s i c s  Labora to ry  of Johns  Hopkins U n i v e r s i t y  under  t h e  
t e c h n i c a l  d i r e c t i o n  of NASA-Goddard Space F l igh t :  C e n t e r ,  has  been deve lop ing  
a new g e n e r a t i o n  of f i e l d  o p e r a t i o n a l  hydrogen maser f r equency  s t a n d a r d s  
c a l l e d  t h e  NASA Research o r  NR hydrogen maser. The NR maser i s  shown i n  
F i g u r e  1. The maser i s  a  comple te ly  s e l f - c o n t a i n e d  f i e l d  i n s t r u m e n t ,  cap- 
a b l e  of running o f f  120  VAC o r  28 VDC, and c o n t a i n i n g  i t s  own emergency ba t -  
t e r y  s u p p l y  c a p a b l e  of running t h e  maser f o r  ahout  1.2 hours .  The maser  a l s o  
c o n t a i n s  a mic roprocessor  based d i a g n o s t i c  and c o n t r o l  sys tem which g i v e s  
d i a g n o s t i c  i n f o r m a t i o n  on more than 64 moni to r ing  poinLs i n  t h e  maser and 
a l l o w s  m a s e r  o p e r a t i o n  t o  be c o n t r o l l e d  remotely .  Communication w i t h  t h e  
maser i s  v i a  any one of t h r e e  RS-232 110 p o r t s .  A t y p i c a l  d i a g n o s t i c  o u t p u t  
on one of t h e s e  p o r t s  i s  shown i n  F i g u r e  2. 

The NR maser i s  designed to be easily f i e l d  s e r v i - c e a h l e .  S t  J s  show^ 
opened f o r  s e r v i c i n g  i n  F i g u r e  3 .  One s e r v i c i n g  f e a t u r e  unique t o  t h i s  de- 
s i g n  i s  f i e l d  s e r v i c e a b l e  vacuum pumps. There a r e  two 60 l / s  Vacion pumps 
i n  t h e  u n i t  which can  be valved o f f  s o  t h e y  can  be r e p l a c e d  wi thou t  l e t t i n g  
t h e  maser up t o  a i r .  The whole replacement  p r o c e s s  t a k e s  abou t  2 hours .  





a  hydrogen maser by $100,000.00. We a r e  a t t e m p t i n g  t o  a c h i e v e  t h l s  c o s t  
r e d u c t i o n  by u s i n g  commercial e l e c t r o n i c s  and packaging i n  t h e  maser wher- 
e v e r  p o s s i b l e .  

The maser ,  h o p e f u l l y ,  will a l s o  have improved long term stability o v e r  
p r e v i o u s  d e s i g n s .  We hope t o  a c h i e v e  t h i s  by u s i n g  t h e  c a v i t y  and s t o r a g e  
b u l b  d e s i g n  shown i n  F i g u r e  7.  The b a s i s  of t h e  improved long  term s t a b i l -  
i t y  w i l l  be t h e  improved mechanical  s t a b i l i t y  ach ieved  by f u s i n g  a  q u a r t z  
microwave c a v i t y  and q u a r t z  s t o r a g e  b u l b  i n t o  one p i e c e .  A f t e r  f u s i n g ,  t h e  
s t o r a g e  b u l b  w i l l  be c o a t e d  w i t h  t e f l o n  and t h e  o u t s i d e  of t h e  c a v i t y  w i l l  
be c o a t e d  w i t h  s i l v e r  o r  aluminum. The c a v i t y  w i l l  be c o a r s e  tuned by 
g r i n d i n g  i t  s u c c e s s i v e l y  a f t e r  measuring i t s  f requency i n  vacuum. 

DISTRIBUTION AND MEASUPXMENT SYSTEM 

A t  Goddard Space F l i g h t  C e n t e r ,  a low n o i s e  phase comparison sys tem and 
f requency  d i s t r j - b u t i o n  sys tem c a l l e d  t h e  D i s t r i b u t i o n  and Measurement System 
(DMS) i s  be ing  developed.  The purposes  of t h i s  system a r e :  t o  inter-com- 
p a r e  t h e  phases  of 5 MHz s u p p l i e d  by s e v e r a l  a tomic  f requency  s t a n d a r d s ,  t o  
d i g i t a l l y  phase  l o c k  a 5 MHz c r y s t a l  o s c i l l a t o r  t o  t h e  a v e r a g e  phase  of 
t h e s e  s t a n d a r d s ,  and t o  d i s t r i b u t e  t h i s  phase  locked 5 MHz i n  a  low no i se  
manner. 

F i g u r e  8 shows a  s i m p l i f i e d  b lock  diagram of t h e  DMS. A d i g i t a l l y  con- 
t r o l l e d  c r y s t a l  o s c i l l a t o r  (DXCO) i s  used t o  p rov ide  t h e  5 FlRz o u t p u t  of t h e  
DMS under normal c o n d i t i o n s .  A phase  comparison sys tem i s  used t o  moni to r  
t h e  d i f f e r e n c e  i n  phase  between t h e  5 MHz o u t p u t  of t h e  DXCO w i t h  a  r e s o l u -  
t i o n  of 0.4 ps.  T h i s  i n f o r m a t i o n  i s  used by a n  LSI-11 m i c r o p r o c e s s o r  t o  
phase l o c k  the  DXCO t o  the  average  phase  of t h e  a tomic  s t a n d a r d s .  I n  t h i s  
phase l o c k  mode, t h e  f requency  of t h e  DXCO can be a r b i t r a r i l y  o f f s e t  w i t h  
r e s p e c t  t o  t h e  average  f requency  of t h e  a tomic  s t a n d a r d s  w i t h  a rangc  of 
+1 x ( f r a c t i o n a l  f r e q u e n c y ) .  T h i s  e f f e c t i v e ]  y t u r n s  t h e  DXCO i n t o  a  
- 

low n o i s e  s y n t h e s i z e r .  



I n  p r a c t i c e ,  t h e  f requency  r e s o l u t i o n  of t h i s  s y n t h e s i z e r  i s  v i r t u a l l y  
i n f i n i t e .  The p r o c e s s o r  c .on t ro l s  t h e  DXCO f requency  w i t h  a  r e s o l u t i o n  of 
8 x 10-13 p e r  b i t .  But t h e  phase l o c k  loop a l l o w s  t h e  p r o c e s s o r  t o  change 
t h e  f requency  of t h e  DXCO t e n  t imes  a  second so  t h a t  t h e  loop  can a d j u s t  t h e  
phase  of the DXCO i n  0.08 p s  s t e p s .  The 0 .4  p s  phase comparison sys tem r e s -  
o l u t i o n  i s  l a r g e r  t h a n  t h i s  by a f a c t o r  of 5 ,  and so  i s  t h e  r e a l  l i m i t i n g  
f a c t o r  i n  t he  phase  t r a c k i n g  loop.  The sys tem,  t h u s ,  h a s  a  f r equency  t r a c k -  
i ng  r e s o l u t i o n  of : 

where t i s  the averag ing  t ime i n  seconds .  

The f requency  o f f s e t a b i l i t y  of t h e  phase l o c k  loop  i s  used t o  keep t h e  
DXCO o u t p u t  on t ime w i t h  UTC ( U n i v e r s a l  Coordinated Time) r e g a r d l e s s  of t h e  
f r e q u e n c i e s  of t h e  i n p u t  s t a n d a r d s .  An e v e n t  c l o c k  moni to r s  t h e  d i f f e r e n c e  
i n  t ime  between t h e  l o c a l  t iming  s y s t e m  I p p s  o u t p u t  d r i v e n  by t h e  DMS and 
UTC i n f o r m a t i o n  provided v i a  LORAN-C o r  some o t h e r  t i m e  source .  The p r o p e r  
f r equency  o f f s e t  t o  keep t h i s  t ime d i f f e r e n c e  ze ro  i s  main ta ined  e i t h e r  man- 
u a l l y  o r  i n  a  secondary loop.  

The DElS a l s o  performs e r r o r  d e t e c t i o n  and moni to r ing  f u n c t i o n s .  The 
h e a l t h  of t h e  i n p u t  s t a n d a r d s ,  t h e  DXCO, and o t h e r  system e lements  a r e  con- 
s t a n t l y  moni tored.  I f  a  s t a n d a r d  f a i l s ,  i t  i s  thrown o u t  of t h e  phase  l o c k  
loop.  E r r o r s  t h a t  w i l l  c ause  loop  f a i l u r e ,  i n c l u d i n g  p r o c e s s o r  f a i l u r e ,  
c a u s e  t h e  5 14-IZ o u t p u t  t o  he swi tched from t h e  DXCO t o  t h e  f i r s t  s t a n d a r d .  
A t e l e t y p e  and d i g i t a l l y  c o n t r o l l e d  m u l t i c h a n n e l  s t r i p  c b r t  r e c o r d e r  con- 
s t a n t l y  p r o v i d e s  hard  copy documentat ion of system o p e r a t i o n .  T h i s  informa- 
t i o n  can a l s o  be sen t  t o  remote l o c a t i o n s  v i a  s e v e r a l  RS-232 i n t e r f a c e s  i n  
t h e  Dr4S. 

C o n t r o l  of the  DMS i s  ac.complished l o c a l l y  through t h e  t e l e t y p e  and can  
he accomplished from remote l o c a t i o n s  v i a  t h e  KS-232 i n t e r f a c e s .  



HARDWARE DE S CRI PT ION 

A more detailed block diagram of the PCS is shown in Figure 9. The sys- 
tem contains the following hardware which performs the functions listed: 

A. Offset Crystal Oscillator (LO): Provides 4.999990 MHz to the 
BufferjMixer Section. 

B. BufferIMixers (B/M): Uses the 4.999990 MHz from the LO to down 
convert the 5 MHz inputs to 10 Hz beats. In the buffer/mixers, zero 
crossing detectors turn the low level signals from the mixers into 
TTL square waves. 

C. Multichannel Event Clock (CL): Records the epoch of the 10 Bz beats 
and 1 pps inputs to 200 ns. Because the B/M conserves phase angles 
in down converting the 5 MHz inputs to 10 Hz, the CL effectively 
measures the phases of the 5 MHz inputs relative to the LO with 0.4 
p s  resolution. When the processor takes the difference in epoch he- 
tween any two 10 Hz channels, the phase of the LO is subtracted out. 

D. Interpolator (INT): Used in conjunction with CL to measure the 
epoch of the 1 pps inputs to 10 ns. Used to keep the timing system 
1 pps on time with respect to UTC. 

E. Digitally Controlled Crystal Oscillator (DXCO): Provides the main 5 
MHz output in normal operation. The output frequency is controlled 
by the processor with better than part in ten to the twelfth reso- 
lut ion. 

F. RF Switch (SW): Switches the main output to the 5 MHz input desig- 
nated CS1 when the processor fails to send a check pulse once every 
120 ms or when the DXCO output fails. 

G RF Filter (FL): Removes glitches when SW switches the main output. 



H. Strip Chart Recorder (REC): A 16-channel, digitally controlled 
strip chart recorder which is used to provide a visual record of the 
phase and 1 pps data .  

I. RS232 Interfaces ( R S 2 3 2 ) :  4 RS232 interfaces are provided to inter- 
face to the teletype and remote devices. 

J. Teletype (TTY): Controls and communicates with the microprocessor 
and provides an alphanumeric record of phase and 1 pps data. 

K. Microprocessor (UP): An LSI-11 microprocessor is used to perform 
system control functions. 

L. Buffer Amplifiers and X2 Multiplier: Provides 6-5 MHz and 2-10 MHz 
outputs for the main output. 

M. Multichannel AID Converter (AID): Monitors voltages in the atomic 
standards for error detection. 

N. TOC Output (TOC): Provides a pulse output and a 1 second TTL gate 

I 
controlled by UP for providing a  TOC pulse for setting up the timing 

I system. 

1 0.  CMlAC: CAMAC is an IEEE digital instr~~mentation standard used to 
house the digital portion of the DMS (CAMAC Crate), provide a d a t a  

I bus for communication between the UP and most digital subsystems 
1 (CAMAC data-way), and the module structure for digital. subsystems 
I ( C A U C  modules). 



Phase Comparison System 

Before descr ib ing  the  theory of t h e  phase comparison system, i t  i s  help- 
f u l  t o  review some p e r t i n e n t  frequency s tandard  theory.  The output  of a  
frequency s tandard can be descr ibed by : 

v = A s i n  [ 2 n  f o  ++It) ]  !: 1 )  

where f i s  i t s  nominal o r  i d e a l  frequency and+! t )  desc r ibes  a l l  t h e  phase 
dev ia t ions  from i d e a l  behavior.  One can show t h a t  i f  t h i s  s i g n a l  source i s  
used t o  d r i v e  a  counter  used a s  a c lock ,  t h a t  a t  any i n s t a n t ,  the  e r r o r  i n  
t h i s  c lock ' s  reading i s  g iven  by: 

x i s  c a l l e d  the  normalized phase e r r o r  o r  c lock  reading e r r o r .  For  s impli-  
c i t y ,  i n  t h i s  document, x w i l l  be c a l l e d  t h e  phase o r  phase e r r o r .  

By taking t h e  time d e r i v a t i v e  of $,  one ob ta ins  t h e  ins tan taneous  angu- 
l a r  frequency o f f s e t  from 2nf0: 

Dividing t h i s  by 2xf0 y i e l d s  t h e  ins tan taneous  f r a c t i o n a l  frequency e r r o r :  

That is ,  the  ins tan taneous  f r a c t i o n a l  frequency o f f s e t ,  y ,  i s  the  time 

d e r i v a t i v e  of t h e  clock e r r o r ,  x. Averaging y over some time r : 

y i e l d s  t he  important r e l a t i o n :  



Now, w i t h i n  this framework, t h e  phase comparison system can he  d e s c r i b e d .  

The phase  comparison system i s  a g e n e r a l - i z a t i o n  of t h e  d u a l  mixer phase  
comparison technique.  l To unders tand t h e  d e t a i l e d  o p e r a t i o n  of t h e  phase 
comparison system, c o n s i d e r  a n  i n p u t  on channe l  i of t h e  form: 

V i  = Ai s i n  ( 2 ~  f o  t + + i ( t ) ) ,  

and a s i g n a l  from t h e  l o c a l  o s c i l l a t o r  of t h e  form: 

VL = AL s i n  ( 2  f o  t fk(t)), 

where f o  = 5 MHz. Not ice  t h a t  a l l  t h e  phase d e v i a t i o n s  i n  t h e s e  s i g n a l s  
from t h a t  of an i d e a l  5 ? H z  o s c i l l a t o r  have been p u t  i n t o  $ i  and C b L  

r e s p e c t i v e l y  ( i n c l u d e d  i n 9 1 ,  i s  t h e  10 Hz o f f s e t  from 5 MHz) .  The mixer 
f o r  channe l  i o u t p u t s  t h e  b e a t  f requency between t h e  l o c a l  o s c i l l a t o r  and 
t h e  channe l  i i n p u t .  S ince  the l o c a l  o s c i l l a t o r  i s  lower i n  f requency t h a n  
a l l  t h e  channe l  i i n p u t s ,  t h e  i t h  mixer ou tpu t  i s  of t h e  form: 

VM = AM g ( + ~  ( t )  - +i (t)), 

where g i s  some s i n e - l i k e  f u n c t i o n  whose on ly  impor tan t  p r o p e r t i e s  f o r  t h i s  
d i s c u s s i o n  a r e  t h a t :  

g ( m 4  = 0 ,  

and that t h e  s l o p e  of  g i s  p o s i t i v e  f o r :  

+t-+i = 2m rr , 

Zero c r o s s i n g  d e t e c t o r s  i n  t h e  b u f f e r / m i x e r s  t u r n  t h e  f u n c t i o n ,  g ,  i n t o  a 
s q u a r e  wave whose p o s i t i v e  edge o c c u r s  a t :  

+L ( t n i )  - q i  : tn i )  = 2nn, 



where the  phases $L and +t have been defined t o  make $ J ~  - $i zero a t  

the  time (epoch) of the  f i r s t  p o s i t i v e  edge under cons ide ra t ion ,  t o i .  
Using (2 ) ,  t h i s  becomes: 

Taking t h e  d i f f e r e n c e  between two channels ,  g ives :  

n-m 
Xi ( t n i )  - x  (t . I  = 5 ( tn i )  -3 ( t rnj)  - -  

j m~ 0  

Using ( 5 ) ,  f o r  STL and yj, t he  f r a c t i o n a l  frequency o f f s e t  of the LO and 

C S j  r e spec t ive ly ,  t h i s  becomes: 

n-m - 
X i  ( t n i )  - X j  ( t n i )  + - -  

f o  
16) 

[YL ( t n i ,  t m j )  - L j  ( t n i ,  tmj>I ( t n i  - tmj>.  

This  i s  t h e  equat ion w e  a r e  a f t e r  s ince  i t  r e l a t e s  t he  phase d i f f e r e n c e  
between two i n p u t s  t o  t h e  tni which a r e  measured by t h e  mult ichannel  event  
c lock.  

To use ( 6 ) ,  YL and yj m u s t  be known. I n  p r a c t i c e ,  some e s t ima te s  of - 
yL and yj a r e  used. The e r r o r  t h i s  w i l l  in t roduce  i s :  

Typica l ly  tni - t,j 5 100 ms. I f  i s  measured t o  10-12, 6 x  w i l l  be 
less than  10-l3 s .  So,  i n  p r a c t i c e ,  s i n c e  the  LO i s  a  low no i se  c r y s t a l  
o s c i l l a t o r  whose s t a b i l i t y  from 1 s t o  100 s  i s  1 x 10-12, one can use any 
input  whose accuracy i s  10-l2 t o  e s t ima te  and one can t ake  up t o  100 s 
o r  so  t o  make t h e  measurement and have an  accuracy of 10-l3 s f o r  
d i f f e r e n t i a l  phase measurements. Since the  no i se  f l o o r  of t h e  LO i s  
10-12, t h i s  a l s o  means t h a t  t h e  system noise  i s  10-l3 s o r  b e t t e r  i f  
l im i t ed  by the LO. 



If the m u l t i c h a n n e l  e v e n t  c l o c k  has a r e s o l u t i o n ,  R ,  t h e  s m a l l e s t  phase 
change t h a t  can  be measured i s :  

F o r  yL = 2 x (10 Hz o f f s e t ) ,  and R =  2 x ~ O - ~ S , ~ X =  0 . 4  ps .  

D i g i t a l  Phase Lock Loop 

Consider  f i r s t ,  l o c k i n g  the  DXCO t o  a s i n g l e  r e f e r e n c e  i n p u t .  L e t  y  be 
t h e  f r a c t i o n a l  f requency o u t p u t  of t h e  DXCO. I f  t h e  digital c o n t r o l  h a s  a 
s e n s i t i v i t y  of S ( 6 f / f  p e r  b i t )  and t h e  c o n t r o l  r e g i s t e r  v a l u e  i s  Y :  

where yf d e s c r i b e s  t h e  f r e e  running behav io r  of  t h e  DXCO. L e t  x,i he  
t h e  phase  d i f f e r e n c e  between t h e  DXCO and t h e  r e f e r e n c e  o s c i l l a t o r :  

Using ( 6 ) :  

where channe l  0 i s  t h e  DXCO channe l ,  R i s  t h e  r e s o l u t i o n  o f  t h e  even t  c l o c k ,  
I and Tni i s  t h e  t ime of t h e  n t h  ben t  z e r o  c r o s s i n g  f o r  channe l  i in 
1 b i t s .  S i n c e  we a r e  l o c k i n g  on o n l y  one r e f e r e n c e ,  we can assume i t  i s  on 

+ / f requency ,  t h a t  i s ,  yi = 0. 

A f i r s t  o r d e r  phase l o c k  l o o p  i s  g i v e n  hy t h e  e q u a t i o n :  



which for  t i m e s  long compared w i t h  the best p e r i o d ,  r0, i s  equivalent :  t o :  

This h a s  t h e  s o l u t i o n :  

where B - ~  i s  t h e  t ime c o n s t a n t  of t h e  phase l o c k  loop.  

Because the DXCO i s  less noisy t h a n  a cesium frequency s t a n d a r d  up t o  
abou t  a 100 s averag ing  t ime,  B - ~  should  be about  100 s f o r  use  w i t h  
cesium s t a n d a r d s .  T h i s  c a u s e s  problems, however, due t o  yf. The DXCO h a s  
a rated f requency  drift of less t h a n  10-lo p e r  day or :  

S i n c e  t h i s  i s  a slow d r i f t :  

Thus, t h i s  d r i f t  r a t e  i n  t h e  f r e e  running DXCO would cause a f requency 
o f f  s e t  of 10-l3 i n  t h e  phase locked  DXCO, a n  unaccep tab le  e r r o r .  

To overcome t h i s  problem, a second order loop  i s  used. The DXCO 
r e g i s t e r  i s  incremented a t  each  beat: p e r i o d ,  r O ,  by: 

where Aa, i s  d e f i n e d  a s :  



T h i s  is  e q u i v a l e n t  t o :  

o r  f o r  t imes  long  compared t o  -rO: 

2 d x - =  - "dx - Cx + D ,  
d t 2  d t  

where D i s  t h e  d r i f t  r a t e  of t h e  DXCO. T h i s  e q u a t i o n ,  i n  g e n e r a l ,  has the 
s o l u t i o n  

where 

and x < O )  and G(0) a r e  t h e  phase and f requency  a t  t = 0, respect ive1.y .  F o r  t h e  
phase  l o c k  loop  t o  be s t a b l e .  

A t  ~2 = 4 C ,  we  have c r i t i c a l  damping, i n  which c a s e  t he  s o l u t i o n  i s :  

where 

B 
2 

rc = B / 2  and C = - 4 .  

I n  t h i s  c a s e ,  a f requency  d r i f t  w i l l  on ly  produce a  phase  o f f s e t :  

F o r  c r i t i c a l  damping, rC-l = 100 s ,  and D = 1 0 - ~ O / d a ~ ,  x = 10 p s .  T h i s  
i s  below t h e  phase  j i t t e r  of  t h e  average phase of even 10 cesium s t a n d a r d s ,  
and s o ,  shou ld  n o t  cause  problems even i f  t h e r e  a r e  d a i l y  changes  i n  t h e  
d r i f t  r a t e  of t h e  DXCO when used w i t h  cesium s t a n d a r d s .  



Consider,  now a second order  phase lock loop t r ack ing  t h e  DXCO t o  t h e  
average phase of s e v e r a l  atomic s t anda rds  (CSi) o f f s e t  by an  a d j u s t a b l e  
f r a c t i o n a l  frequency o f f s e t ,  yo. Again, the phase d i f f e r e n c e  between t h e  
DXCO and CSi i s :  

where aga in  R i s  t h e  r e s o l u t i o n  of t h e  c lock ,  and Tni i s  t h e  ith channel 
bea t  zero  c ros s ing  epoch. But i n  a p r a c t i c a l  phase lock loop,  a  problem i n  
computing xni  occurs. Since t h e  frequency of t h e  DXCO i s  not  t h e  same a s  
t h a t  of CSi, even i f  Y o  = 0,  T,o - T,i w i l l  d iverge  i n  t ime. 

T h i s  means t h a t  an i n f i n i t e  memory would be r equ i r ed  t o  s t o r e  a l l  t h e  va lues  
of Tni requi red  t o  compute TnO - Tni a t  any given i n s t a n t .  To avoid 
t h i s  problem, using ( 6 )  aga in ,  we can r ewr i t e  x,i as: 

- n - m  
X = R (TnO - Trni)(Y, - yi) - -. ni f o 

This  a l lows us  t o  use t h e  c l o s e s t  T,i t o  T,o and not  have t o  s t o r e  p a s t  
values .  From (a ) ,  we can o b t a i n  t h e  d i f f e r e n c e  between t h e  DXCO phase and 
t h e  average phase of N cesiums. 

where t h e  f a c t  t h a t  m i s  a func t ion  of i i s  e x p l i c i t l y  i nd i ca t ed .  



To lock the DXCO t o  t h e  average phase of the  cesiums w i t h  a fractconal 
frequency offset yo, we can define a variable: 

where t h e  units of X, a r e  i n  b i t s .  Using ( 9 )  and t h e  f a c t  t h a t  the  event 

c lock  i s  d r i v e n  by 5 MHz from t h e  DXCO, so that when t h e  DXCO i s  locked: 

we o b t a i n :  

+ YO (Trio - TOO),  

where 

With t h i s  v a r i a b l e ,  a second order l o o p  i s  d e f i n e d  by :  

where, aga in ,  AY, i s  t h e  amount t h e  DXCO c o n t r o l  r e g i s t e r  i s  
i n c r e m e n t e d .  I n  prac t i -ce ,  AY, shou ld  be  l i m i t e d  t o :  

i n  order t o  keep t h e  Y r e g i s t e r  from be-ing changed d r a s t i c a l l y  by a had data 
point. 

Because t h e  CSi have d i f f e r e n t  frequencies, t h e  Jni and yo ( T n O  - Ton) 
will be unbounded as n goes t o  i n f i n i t y .  T h i s  w i l l  c a u s e  c o m p u t a t i o n a l  
problems. But  t h e  other tenns i n  Xn a r e  bounded and X, i t s e l f  i s  
bounded because of  t h e  phase  l o c k  loop.  Tkere fore :  



is bounded as n goes  t o  i n f i n i t y .  So t o  avo id  computa t iona l  problems, ( 1 0 )  
can  be r e w r i t t e n  as: 

where Kn  i s  computed i n c r e m e n t a l l y  by computing: 

The AJ, i  can h e  computed by two methods. The s i m p l e s t  method i s  t o  
use  t h e  d e f i n i t i o n  of t h e  J,i and increment  A J n i  f o r  each DXCO z e r o  
c r o s s i n g  and decrement AJni  f o r  each  CSi zero  c r o s s i n g .  The 
d i s a d v a n t a g e s  of t h i s  i s  t h a t  should  a noise  p u l s e  c a u s e  a f a l s e  Tn i  o r  
should a z e r o  crossing be sk ipped ,  t h e  DXCO w i l l  shift in phase by 200 n s / N .  

To avo id  such permanent phase s h i f t s  i n  t h e  DXCO, a n o t h e r  method for 
c a l c u l a t i n g  t h e A J n i  can be used.  With t h e  convent ion t h a t  Tmi i s  t h e  
f i r s t  channe l  i e v e n t  a f t e r  TnO o c c u r s :  

w i l l  range be tween  zero and approximately  TO. I f  t h e  yi and y o  ate 
n o t  t o o  l a r g e ,  DTni w i l l  change s lowly  w i t h  n u n t i l  0 o r  T O  i s  reached.  
Then, t h e  va lue  of DTni w i l l  suddenly  change. Thus, t o  compute A J n i ,  
one can use  t h e  a lgor i thm:  

I f :  D T  - ni D T n - l , i  > - 2R 

then:  A J ~ ~  = -1. 



t h e n :  AJni  = +I. 

I The a d v a n t a g e  of this method i s  t h a t  i f  t h e r e  i s  a bad Jni o r  a s k i p p e d  
1 z e r o  c r o s s i n g ,  A J n i  w i l l  s w i t c h  between +1 and -1 o r  v i c e  v e r s a  on 
1 s u c c e s s i v e  c a l c u l a t i o n s  l e a v i n g  no permanent  phase  s h i f t .  

+ 

I y~ and t h e  Ti c a n  b e  c a l c u l a t e d  from t h e  e v e n t  c l o c k  d a t a .  Once t h e  ' DXCO i s  l o c k e d ,  i t  d e f i n e s  l o c a l  t i m e ,  and by d e f . i n i t i o n  i s  a t  f r equency  
fo .  T h e r e f o r e ,  JiL and t h e  Ti c a n  be e s t i m a t e d  by: 

and 

l n ~  
111 - - - n i  - 

- -- -- - - - - - - 
'ni 

f o  T - T 
n 4- m,i n i .  

- 
Because  t h e  LO i s  a f r e e  r u n n i n g  c r y s t a l  o s c i l l a t o r ,  y~ must h e  c o n s t a n t l y  
u p d a t e d  t o  c o r r e c t  f o r  c r y s t a l  d r i f t .  S i n c e  o n l y  yL - yj must h e  known, 
t o  c a l c u l a t e  X,, ( 1 4 )  i s  a l l  t h a t  i s  needed f o r  l o o p  o p e r a t i o n .  To make 
t h e  estimate e r r o r  on the o r d e r  of  10-12 o r  l e s s ,  b u t  o f t e n  enough t o  c o r -  
rect  f o r  L O  changes ,  m shou ld  be a b o u t  1000 (LOO second averages) .  '13) i s  
used  t o  d e t e r m i n e  yj from ( 1 4 )  f o r  d i a g n o s t i c  p u r p o s e s .  

DMS Performance  -- 

The per fo rmance  of  t h e  phase comparison sys t em and t h e  5 MHz dystribu- 
t i o n  a m p l i f i e r s  used i n  t h e  DMS have  been  p r e s e n t e d  e l s e w h e r e 2  s o  this 
d a t a  w i l l  n o t  be p r e s e n t e d  here. F i g u r e s  1 0 ,  11, and 12 show the c r i t i r ; l l l y  
damped second o r d e r  p h a s e  l o c k  l o o p  per formance  f o r  1 s ,  10  s ,  100 s Li-me 



cons t an t s  r e s p e c t i v e l y  using two H e w l e t t  Packard high performance cesium 
frequency s tandards  as inpu t  s tandards .  Besides  showing t h e  parameters 
d i scussed  i n  t he  previous s e c t i o n s ,  t h e  f i g u r e s  a l s o  show the  1 pps from one 
of t h e  cesiums monitored by t h e  clock.  This  shows whether t h e  loop jumps 
cyc l e s  of 5 MHz. I n  t he  f i g u r e s ,  Xe i s  Xn and VXCO i s  Y n  from the  
theory s ec t ion .  I n  the boxes a r e  l i s t e d  t h e  t o p  of  s c a l e  (TOF) and bottom 
of s c a l e  (BOF) values  f o r  each va r i ab l e .  Notice  t h a t  i n  t h e  10 s loop t h e r e  
i s  brunching of t h e  VXCO (Y v a r i a b l e )  no i se  d i s t r i b u t i o n  and t h a t  i n  t h e  
100 s loop t h e r e  i s  a sudden 'urnp i n  Xe accompanied by a  jump i n  VXCO 
r ep re sen t ing  about a  4 x 10-ld jump i n  t he  DXCO c r y s t a l .  (Notice a l s o  
t h a t  i n  the 100 s loop t h e  1 pps d id  no t  jump. This  shows t h a t  t h e  loop 
does not  jump c y c l e s  even under a seve re  d i s turbance . )  We t h ink  both of 
t he se  phenomena a r e  due t o  v i b r a t i o n  of t h e  AT cu t  c r y s t a l s  used i n  t h e  DXCO 
(FTS-1000) by f a n s  i n  t h e  rack  holding t h e  DMS. Cur ren t ly  we are  t r y i n g  t o  
cu re  t h i s  problem by v i b r a t i o n a l l y  i s o l a t i n g  t h e  DXCO. 
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