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ABSTRACT 

The Jet Propulsion Laboratory is  engaged in  t h e  
development of u l t r a  s t a b l e  o p t i c a l  f i b e r  d i s t r i -  
but ion systems f o r  t h e  dissemination of frequency 
and t iming references.  The u l t ima te  design goa l s  
f o r  t hese  systems are a frequency s t a b i l i t y  of 
10-17 f o r  ~2100 sec and time s t a b i l i t y  of 20.1 RS 
f o r  1 year  and opera t ion  over  d i s t ances  230 km. 
This  paper w i l l  review last years  r epor t ,  desc r ibe  
a prototype system being implemented and d i scuss  
progress  made i n  t h e  pas t  year .  

INTRODUCTION 

Preliminary work on an o p t i c a l  f i b e r  re ference  frequency d i s t r i b u t i o n  
system w a s  reported a t  last  yea r ' s  PTTI conference. 
progress  r epor t  on t h i s  e f f o r t  and w i l l  'begin w i t h  a b r i e f  review, fol- 
lowed by a desc r ip t ion  of t h e  prototype system and progress  made i n  the  
last year. 

T h i s  paper is a 

REVIEW 

It w a s  reported a t  last  yea r ' s  PTTI canference that a 3-km experimental 
multimode o p t i c a l  f i b e r  l i n k  opera t ing  a t  850 n m  wavelength w a s  
i n s t a l l e d  a t  JPL. It w a s  t o  be used in  t h e  development of u l t r a - s t a b l e  
frequency and timing d i s t r i b u t i o n  systems. 

The l i n k  w a s  s t a b i l i z e d  using t h e  conjugation method, re ference  I., and 
achieved a s t a b i l i t y  of 4 x 10-15 f o r  T = 100 seconds. 

Several  problems wi th  t h i s  l i n k  w e r e  reported.  
l imi t ed  by t h e  optical;  t r a n s m i t t e r s  and rece ivers .  
r e s u l t  of bending multimode f i b e r s  are nonreciprocal  under some circum- 
s tances ,  and excess ive ly  la rge .  This  precludes t h e i r  use  f o r  frequency 

The s t a b i l i t y  w a s  
Delay changes as a 

* 
This  paper p re sen t s  t h e  r e s u l t s  a f  one phase of research  c a r r i e d  out  a t  
t h e  Jet Propulsfon Laboratory, Ca l i fo rn ia  I n s t i t u t e  of Technology, 
under Contract No. NAS 7-100, sponsored by t h e  N a t i o n a l .  Aeronautics and 
Space Administration. 
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and time reference d i s t r i b u t i o n  i n  non-stationary environments. The 
minimum loss i n  o p t i c a l  f i b e r s  opera t ing  a t  850 nm wavelength is about 
3 dB/km, which is too l a r g e  t o  achieve a 30 km opera t ing  distance.  The 
bandwidth of cu r ren t ly  a v a i l a b l e  multimode f i b e r s ,  about 1.5 GHz-km, is  
not adequate f o r  t h i s  use  over t hese  distances.  

It w a s  concluded i n  l as t  yea r ' s  r epor t  that, although t h e  r e s u l t s  
obtained w e r e  encouraging, t h e r e  w a s  s t i l l  a l o t  of work t o  be done. 

PROTOTYPE SYSTEM 

A prototype system, 8 km in length,  w i l l  be i n s t a l l e d  between two sta- 
t i o n s  i n  t h e  Deep Space Communications Complex (DSCC) a t  Goldstone, 
Cal i forn ia .  It w i l l  be a single-mode f i b e r  system and w i l l  opera te  a t  
1300 nm wavelength. 
be used i n  t h i s  system w i l l  be an  improved version of t h e  one used i n  
t h e  experimental system reported last  year. 

The goal f o r  frequency s t a b i l i t y ' f o r  d i s tances  up t o  30 km is  shown i n  
Figure 1. With t h i s  s t a b i l i t y  t h e  d i s t r i b u t i o n  system w i l l  not exces- 
s i v e l y  degrade t h e  s t a b i l i t y  of f u t u r e  frequency re ferences  having a 
s t a b i l i t y  of up t o  10-17 f o r  T = 100 seconds. 

The conjugation type of s t a b i l i z a t i o n  that w i l l  

The time d i s t r i b u t i o n  s t a b i l i t y  goal. is +O.lns f o r  1 year.  This goal has 
not ye t  been addressed i n  d e t a i l  because it can probably be m e t  w i th  
minor addi t ions  t o  the  frequency d i s t r i b u t i o n  system. I n  any case, most 
of t h e  problems w i l l  have been resolved i n  t h e  implementation of t h e  
more d i f f i c u l t  frequency d i s t r i b u t i o n  system. 

Another goal,  not d i r e c t l y  r e l a t e d  t o  frequency and timing d i s t r i b u t i o n ,  
is t h e  capab i l i t y  t o  d i s t r i b u t e  400 MHz bandwidth I F  s i g n a l s  over 20 km. 
This goal w i l l  be m e t  as a consequence of the frequency and timing dis- 
t r ibu  t Ton work. 

These goa ls  can be approached using single-mode o p t i c a l  f i b e r s  operating 
at  1300 nm wavelength. The delay through such f i b e r s  is a f f ec t ed  very 
l i t t l e  by bending and t h e  modulation bandwidth is much wider than t h a t  
of multimode f ibe r s .  Also, 1300 nm is near t h e  wavelength which gives 
minimum dispers ion  (equivalent t o  t h e  widest bandwidth) and lowest loss 
(51 dBlkm). 

A block diagram of t h e  system is shown i n  Figure 2. In t h i s  system, a 
s igna l  is s e n t  t o  t h e  f a r  end of t h e  cab le  where it is turned around 
and returned t o  t h e  near end. The transmitted s igna l ,  sin ( u t  + T), is 
forced by t h e  con t ro l  c i r c u i t  t o  be t h e  conjugate of t h e  r e tu rn  s igna l ,  
sin ( u t  - T). 
being t h e  s a m e  pa th  - t h e  phase a t  t h e  f a r  end of t h e  cable  is halfway 
between the  transmitted phase and t h e  r e tu rn  phase or ut. 

Since t h e  forward and r e t u r n  paths have equal delays - 

The phase of 
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t h e  input re ference  is a l s o  u t ,  t he re fo re  t h e  phase a t  t h e  output is  t h e  
s a m e  as t h e  phase a t  t h e  input. 

In  Figure 3 t h e  ca lcu la ted  signal-to-noise r a t i o  (S/N) ( re ference  2) f o r  
such a system is shown as a function of t h e  loss i n  t h e  cable. An oper- 
a t i n g  frequency of 100 MHz and a bandwidth of 10  Hz are assumed. The 
ca l cu la t ions  are supported by measurements made on t h e  3-km experimental 
l i nk .  The d i f f e rence  between single-mode and multimode f i b e r s  is due t o  
g rea t e r  s igna l  l o s s  i n  multimode f i b e r s  caused by dispersion. 

The cable connecting t h e  two s t a t i o n s  w i l l  conta in  t w o  single-mode and 
two multimode o p t i c a l  f i b e r s  designed t o  opera te  a t  1300 nm wavelength. 
These f i b e r s  w i l l  be used t o  develop frequency and timing d i s t r i b u t i o n  
systems and wideband communications systems. The cable  w i l l  a l s o  con- 
t a i n  two multimode o p t i c a l  f i b e r s  designed t o  opera te  a t  850 n m  wave- 
length which w i l l  be used f o r  u t i l i t y  communications services between 
the  two s t a t i o n s .  The cable  w i l l  be received i n  1- o r  2 km l engths  and 
w i l l  be plowed i n t o  t h e  ground t o  a depth of 1.5 m e t e r s .  

The degradation of t h e  s t a b i l i t y  of a frequency re ference  s igna l  passing 
through t h i s  cable,  without s t a b i l i z a t i o n ,  has been estimated as follows. 

The s t a b i l i t y  of frequency references i s  spec i f i ed  a t  JPL i n  terms of 
the  square root  of t h e  Allan variance ( re ference  3 ) .  
computing it is : 

The algorithm f o r  

where : 

f = average frequency in  t h e  i n t e r v a l  between n 
n and tn+l 

= average frequency i n  t h e  i n t e r v a l  between n+l 
tn+l and tn+2 

= t h e  nth sampling time tn 

T = t h e  i n t e r v a l  between samples, 

w = t h e  nominal angular frequency and, 0 

N = t he  number of samples of fn-fn+l). ( 
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Only t h e  degradation caused by ambient temperature v a r i a t i o n s  w i l l  be 
considered since t h i s  is the predominate source of i n s t a b i l i t y .  
s i d e r  f i r s t  s inusoida l  v a r i a t i o n s  i n  temperature and then a s t e p  change 
i n  temperature. 

Assume t h a t  a pe r fec t ly  s t a b l e  re ference  frequency is disseminated over 
a long single-mode o p t i c a l  f i b e r  cable which is  buried in t h e  ground. 
Also assume t h a t  t h e  cable  is buried deeply enough t h a t  t h e  d iu rna l  
change i n  temperature is  e s s e n t i a l l y  sinusoidal.  

W e  con- 

A t  time ( t )  t h e  varying component of temperature (T) of t h e  cable  is, 

T = T s i n  u t  (2) 
P 

where 

T = t h e  peak temperature va r i a t ion ,  
P 

P = t h e  period of one cycle of t h e  temperature 
v a r i a t i o n  and 

2n 
P w = - = t h e  frequency of t h e  temperature var ia t ion .  

The delay (B) i n  rad ians  through t h e  transmission l i n e  as a function of 
temperature is, 

wok  wORciT 
f 3 = - + -  (3) 

V V 

where 

- -  @OR - t h e  delay a t  the  mean temperature i n  radians,  
V 

w = t h e  nominal angular frequency of t h e  disseminated 
signal , 0 

R = t h e  length  of t h e  l i n e  i n  m e t e r s ,  

v = t h e  ve loc i ty  of propagation i n  t h e  l i n e  (=2.1 x 10 
8 

m / s  f o r  o p t i c a l  f i b e r )  and, 
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a = t he  cab le ' s  temperature c o e f f i c i e n t  of delay 
( 4 0 - 5 1  o C) . 

The phase (8 )  as a func t ion  of time ( t )  is from (2) and ( 3 1 ,  

f3 = -  sin ut. 
V V 

The average frequency ( f )  over a t i m e  i n t e r v a l  (T)  is  t h e  t o t a l  phase 
accumulated (BA)  during t h e  time i n t e r v a l  divided by t h e  t i m e  i n t e r v a l  
(TI 9 

f3A f = -  
T 

(5) 

Therefore from ( 4 )  and (5), t he  average frequency (f,) i n  t h e  i n t e r v a l  
(tn, tn+.r) is 

L n 

and t h e  average frequency ( f  ) n+l 

ltn+T w RaT 
O s i n  ut uoR - + 

V V 

n I t  

i n  t h e  next  interval ( t  +T, t ,+2~) is, n 

The abso lu te  value of t h e  d i f f e rence  between these  average frequencies  
is from (6)  and (7), 
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Then, from (1) and 68), t h e  square  r o o t  of t h e  Allan va r i ance  of a 
s i g n a l  pass ing  through a t ransmiss ion  l i n e  having a s i n u s o i d a l  
v a r i a t i o n  i n  de lay  becomes, 

This  equat ion  is eva lua ted  i n  F igure  4,  f o r  va lues  of T from 1 second t o  

108 meters pe r  second and w = 21~/86400 r ad ians  pe r  second ( d i u r n a l  vari- 
a t i o n ) .  These are realist ic va lues  based on measurements made a t  JPL 
and a t  t h e  Goldstone Deep Space Complex. 

10  6 seconds and v a r i a b l e s  R =  10  4 meters, a =  10-5/0C, Tp =1"C, v =  2 . 1  x 

Now cons ider  a cab le  t h a t  is subjec ted  t o  a s t e p  change i n  ambient 
temperature.  The change is assumed t o  be  much f a s t e r  than  t h e  t i m e  con- 
s t a n t  of t h e  cable .  The relative temperature  (T) of t h e  cab le  a t  t ime 
( t )  is, 

where 

TS = t h e  s t e p  change i n  ambient temperature ,  

t = t h e  time e lapsed  s i n c e  a s t e p  change i n  
ambient temperature  and, 

T = t h e  t i m e  cons t an t  of t h e  cable .  
C 

The phase (6) as a func t ion  of t ime ( t )  is  from (3)  and (101, 
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w R w RclT - t / T  

B = -  V * +  * V ' ( 1 - e  C )  (11) 

Therefore, from (11) and (5), t he  average frequency (fn)  i n  t h e  f i r s t  
i n t e r v a l  (tn, tn+T)  is, 

t,+T 

tn 

= 
w RaTS 0 

V (1 

and t h e  average frequency (fn+l)  i n  t h e  second i n t e r v a l  
( tn+T,  t +ZT) is,  n 

The abso lu te  value of t h e  d i f f e rence  between t h e  average frequencies  - 

(f,) and (fn+l) is from ( 1 2 )  and (131 ,  

Thus, t h e  algori thm f o r  t h e  square root  of t h e  Allan var iance  of a 
s igna l  passing through a transmission l i n e  having an exponent ia l  change 
i n  delay becomes from (1) and (14), 
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This equation is evaluated i n  Figure 5 o r  values  of IC from 1 second 
t o  l o 6  seconds and va r i ab le s  N =  1 t o  10 , R = 10 meters, 01 = 10-s/oC, 
TS = 10°C,  v = 2.1 x lo8 meters per  second and -re = 600 seconds. 
are estimated va lues  f o r  t h e  case where 10 meters of cab le  are suspended 
i n  a r ack  cooled by plenum air and t h e  door of t h e  r ack  is  opened. 

5 
These 

These estimates i n d i c a t e  that t h e  co r rec t ion  f a c t o r  of t h e  s t a b i l i z a t i o n  
system w i l l  have t o  be  between lo3 and l o 4 ,  f o r  a 10-km o p t i c a l  f i b e r  
l i n k ,  i n  order  t o  m e e t  t h e  goals .  

Since no s u i t a b l e  commercial o p t i c a l  t r ansmi t t e r s  and r ece ive r s  oper- 
a t i n g  a t  1300 nm wavelength are ava i l ab le ,  they are being developed a t  
JPL.Circuitry f o r  t he  cable  s t a b i l i z a t i o n  system is  a l s o  being develop- 
ed. Prototypes of t h i s  equipment should be ready by the  t i m e  t he  cable  
i s  i n s t a l l e d  i n  March of 1982. 

A block diagram of the  laser t r ansmi t t e r  being developed is  shown i n  
Figure 6.  It c o n s i s t s  of t h e  laser diode, a temperature s t a b i l i z e r ,  an 
o p t i c a l  c a r r i e r  l e v e l  s t a b i l i z e r  and a modulation phase s t a b i l i z e r .  

The temperature of t h e  laser is held near  normal room temperature 
(=25"C). 
l i f e .  It is purposely not  cooled t o  below room temperature because 
water from t h e  surrounding a i r  would condense on t h e  laser eventua l ly  
causing problems. 
gas, in  which case w e  could cool it t o  a lower temperature and t h e  l i f e -  
time would be extended appreciably.  
t o  f a i l u r e  appears t o  be  r e a d i l y  achievable  once t h e  lasers go i n t o  f u l l  
scale production and t h e  bugs are worked out. 

This s t a b i l i z e s  i t s  opera t ing  c h a r a c t e r i s t i c s  and extends i t s  

In t h e  f u t u r e  w e  p lan  t o  seal t h e  laser i n  an i n e r t  

Our goal of 50,000 hours mean time 

The o p t i c a l  carrier level s t a b i l i z e r  s t a b i l i z e s  t h e  o p t i c a l  carrier 
power which tends t o  decrease wi th  age f o r  a given cur ren t .  

The modulation phase s t a b i l i z e r  locks  t h e  phase of t h e  de tec ted  output  
t o  t h e  phase of t he  input  s igna l .  

There are two areas of concern a t  t h i s  time. Single-mode f i b e r  d i rec-  
t i o n a l  couplers  are not  a v a i l a b l e  and t h e r e  i s  a problem coupling t h e  
laser output  t o  a single-mode f i b e r  e f f i c i e n t l y .  
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PROGRESS 

The o p t i c a l  f i b e r  cable  has been ordered and w i l l  be received in t h e  
f i r s t  qua r t e r  of 1982. 

Temperature c o e f f i c i e n t  of delay has been measured a t  JPL ( re ference  4 )  
f o r  var ious  o p t i c a l  f i b e r s .  One r e s u l t  is shown i n  f i g u r e  7.  The <7 ppm 
per C shown is  t y p i c a l  f o r  f i b e r s  cabled i n  loose  tubes, bu t  can be 
much worse f o r  t i g h t l y  jacketed f i b e r s .  The ind ica ted  h y s t e r e s i s  i s  i n  
the  measurement system. 

0 

T e s t s  w e r e  made t o  v e r i f y  t h a t  t h e  delay through single-mode o p t i c a l  
f i b e r s  is a f f ec t ed  very l i t t l e  by bending. 
mitted through a 1-km p iece  of single-mode f i b e r  cable. The phase delay 
through t h e  cable  w a s  monitored while t h e  cable  w a s  moved and bent i n  
d i f f e r e n t  ways. With a phase n o i s e  f l o o r  of about 0.2 degrees (1 ps) no 
change occurred that could be r e l a t e d  t o  t h e  movement of t h e  cable.  

A 500-MHz signal w a s  trans- 

The 1300 nm wavelength lasers and photodiodes w e r e  not ava i l ab le  u n t i l  
May of t h i s  year (1981) and had t o  be packaged before they could be 
used. The packaging has j u s t  been completed. 

A high i s o l a t i o n  low-phase no i se  d i s t r i b u t i o n  ampl i f ie r  and a tempera- 
tu re-s tab i l ized  phase de t ec to r ,  needed f o r  t h e  cable  s t a b i l i z a t i o n  sys- 
t e m ,  w e r e  developed i n  t h e  meantime. 

The d i s t r i b u t i o n  ampl i f i e r  ( re ference  5 )  s p e c i f i c a t i o n s  are, 

* 25 to  225 MHz bandwidth, 

* 3 dB nominal gain, 

* +14 dBm output power, 

* Power s p e c t r a l  dens i ty  of phase no i se  i s  < -140 dBc i n  a 1 Hz 
bandwidth, 10  Hz from a 100 MHz signal, 

* > 100 dB back t o  f r o n t  i s o l a t i o n  below 200 MHz and, 

* > 100 dB i s o l a t i o n  between any p a i r  of t he  4 output p o r t s  up 
t o  110 MHZ. 

The temperature-stabil ized phase de t ec to r ,  Figure 8 ( re ference  6 )  , uses  
a high-level Schottky diode mixer. It has a temperature c o e f f i c i e n t  of 
0.014 ps/OC o r  8.7 x l om6  radians/OC a t  100 MHz. The thermal time con- 
s t a n t  is  x 500 seconds. Good thermal con t ro l  of these  devices is  
achieved by winding t h e  hea ter  w i r e  d i r e c t l y  on t h e  mixer and p lac ing  
the  thermis tors  a t  the  most thermally s e n s i t i v e  loca t ion ,  
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The c o n t r o l  c i r c u i t r y  f o r  t h e  1300 nm laser d iode  has  been breadboarded 
and is be ing  t e s t e d  except  f o r  t h e  modulation phase s t a b i l i z e r .  
laser diode is be ing  s h u l a t e d  f o r  t h e s e  tests u n t i l  t h e  c i r c u i t r y  i s  
proven . 

The 

A p in  d iode  o p t i c a l  receiver design has  been t e s t e d  a t  850 nm wavelength. 
It w i l l  be  converted t o  1300 nm wavelength when t h e  1300 nm laser d iode  
i s  opera t ing .  

CONCLUSION 

Prel iminary measurements have been made on o p t i c a l  f i b e r  cable ,  o p t i c a l  
system components and phase - s t ab i l i za t ion  system components. 
r e s u l t s  i n d i c a t e  t h a t  t h e  goa l s  can be  approached. There are some 
problems and some gray areas, bu t  t h e  technology is  moving r ap id ly ,  
and s o l u t i o n s  are expected soon. 
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Figure 3. Signal-to-Noise Ratio vs Total. Fiber Attenuation 
(10 Hz Bandwidth) at Fo = 100 MHz 
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Figure 6. Block Diagram of the Laser Transmitter 
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Figure 8. The Temperature S t a b i l i z e d  Phase Detector with the 
Insulation Removed 
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