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We have c a r r i e d  out  d i f f e r e n t i a l  model delay (DMD) measurements 

i n  graded-index mul timode o p t i c a l  f i b r e  waveguides, which a re  very pro- 

mis ing f o r  many types o f  communication systems. These DMD measurements 

g i ve  a d i r e c t  i n d i c a t i o n  o f  the dev ia t i on  o f  the r e f r a c t i v e  index p r o f i -  

l e ,  from the optimum value, a t  a g iven wavelength. For the f i r s t  time, by 

using a single-mode f i b r e ,  we selected a few guided modes i n  the graded- 

- index f i b r e ,  i n  two d i f f e r e n t  ways: launching a few modes a t  the input  

end o r  se lec t  ing a few modes a t  the output  end. By doing so, we have 

revealed iniportant features o f  propagation i n  the f i b r e ,  espec ia l l y  the  

the intermodal coupl ing tha t  may e x i s t .  We discuss ( 1 )  the importance o f  

t h i s  determinat ion o f  intermodal coupl ing o r  mode mixing, p a r t i c u l a r l y  

when many f i bres a re  jo ined together i n  a l ink, and (2) the  meri t s  o f  DMD 

measurements i n  general and t h e i r  irnportance f o r  the product ion o f  h igh  

bandwidth yraded-index f i bres. 

Concluímos medidas de a t raso d i f e r e n c i a l  de modos (DMD) em f i -  

bras Õpticas multimodo de índ i ce  graduado, as quais são mui to p rom isso-  

ras para vã r i os  t i p o s  de sistemas de comunicações. Estas medidas DMD dão 

uma indicação d i r e t a  do desvio do pe r f  i l de índ ice  de refração de um va- 

l o r  ót imo, em um determinado comprimento de onda. Pela .primeira vez, u- 

sando-se urna f i b r a  monomodo, se1 ec ionamos poucos modos gu iados na f i bra 

de índ ice  graduado, de duas maneiras d i f e ren tes :  lançando poucos modos 

na entrada ou se1 ecionando poucos modos na sarda. Fazendo i s t o ,  temos re-  

velado aspectos importantes da propagação na f i b r a ,  especialmente o aco- 

plamento intermodal que possa e x i s t i  r .  Nós discutimos ( I )  a importância 



desta determinação do acoplamento intermodal ou mis tura  dos modos, par- 

t icu larmente  quando há conexão de muitas f i b r a s  em um sistema, e (2) os 

méri tos  destas medidas em geral  e sua importância para a produção de f i- 

bras de índ i ce  graduado com grande la rgura  de banda. 

1. INTRODUCTION 

There are  th ree basic f i b r e  typesl ' *  f o r  use i n  d i f f e r e n t  types 

o f  f i b r e  o p t i c a l  communication systems2. By using h igh l y  pure s i l i c a  and 

o ther  raw mater ia ls ,  the a t t enua t i on  i n  these f i b r e s  has been reduced t o  

very small values ( 5  1 db/km) c lose  t o  the l i m i t  imposed byRay le ighscat -  

t e r i ng .  Hence a considerable amount o f  a t t e n t i o n  i s  now being given t o  

the bandwidth and o ther  systems considerat ions.  A multimode s t e p -  index 

f i b r e  has l a rge  intermodal d ispers ionl  (50 nsec/km f o r  every percent o f  

r e f  r a c t  i v e  i ndex d i f fe rence between core  and c ladd i ng) and hence the 

bandwidth i s  l i m i t e d  t o  a few megahertz per k i lomet re ;  however the core 

diameter o f  = 50vm al lows (i) power coupl ing  from cheap and r e l  i a b l e  

l i g h t  emi t t i n g  diodes (LED) and ( i  i )  f a b r i c a t i o n  o f  very low- loss spl  i- 

ces and connectors. Intermodal d ispers ion  i s  e l im inated by designing a 

single-mode f i b re ,  i n  which the intramodall  o r  mater ia l  d ispers ion  l i m i  t s  

the bandwidth. Since t h i s  d ispers ion  i s  f a i r l y  small and goes t o  zero i n  

the reg ion 1 ,3~m t o  1 ,6rim, depending on the  f i b r e  mater ia l  compos i t i o n  

and geometry, bandwidths of many tens o f  g igaher tz  over tens o f  ki lome- 

t e r s  a re  possib le.  However, s ince the  core  diameter i s  f a i r l y  small,=5pm, 

the f a b r i c a t i o n  o f  low- loss sp l i ces  and connectors i s  a f a i r l y  d i f f i c u l t  

problem, and semiconductor lasers  have to  be used f o r  mode launching. A 

graded-index multimode f i b r e  incorporates the advantages o f  the two f i -  

bre types discussed above, namely, core  diameters =50pm and much 

smal ler  intermodal d ispers ion  and hence considerably l a rge r  bandwidths, 

espec ia l l y  when operated i n  the zero ma te r i a l  d ispers ion  region, even 

w i t h  LED e x c i t a t i o n .  

I n  a graded-index multimode f i b r e ,  the r e f r a c t i v e  index decrea- 

ses rad ia1 l y from n,, a t  the core  ax i s ,  towards the core/c ladding boun- 

dary, approximately as f o l  lows3% 



where a i s  the  core  radius,  n, i s  the c ladding index and i s  constant  

f o r  r>a, 1. i s  the d is tance from the f i b r e  ax i s ,  a i s  a power law expo- 

nent t hd t  charac ter izes  the  r e t r a c t i v e  index p r o f i l e ,  and A i s  t he  r e l a -  

t i v e  index d i f fe rence between the core  cen t re  and c ladding,  and i s  g iven 

by 

A = (n: - n:) /2n: (3)  

The rays i n  a step- index f i b r e  f o l l o w  zigzaq paths i n  the core, w h i l e  

those i n  a graded-index f i b r e  f o l  lows quasi- sinusoidal  pathsl. The op- 

timum p ro f ' i l e ,  o a t  a p a r t i c u l a r  wavelength, i s  one fo r  which the op6' 
group v e l u c i t y  v a r i a t i o n  from ray t o  ray  most nea r l y  compensates theco r -  

responding path length  v a r i a t i o n .  When a>%pt, the  p r o f i l e  i s  sa id  t o  be 

undercompensated, i .e. ,  o f f - a x i s  rays a r r i v e  l a t e r  than the  ray t h a t  has 

the shor tes t  pathlength along the f i b r e  ax i s .  On the o ther  hand, w i t h  

asa the p r o f i l e  i s  overcompensated, i .e . ,  the  a x i a l  ray  a r r i v e s  l aS t  
0Pt 

because -he r e f  r a c t  ive- index grad i e n t  decreases so r a p i d l  y  towards the 

core/c l  i d d  i ng  interfac; t h a t  the longer propagation lengths o f  the  o f  f - 
-ax is  rays a re  overcompensated by t h e i r  f a s t  speeds. Hence the  output  

shapes i n  each case w i l l  be d i f f e r e n t ,  when the  f i b r e  i s  exc i ted  w i t h  a 

shor t  pulse. With coaopt, the  leading edge w i l l  be shor t  and the  t r a i -  

l i n g  edge w i l l  be much longer; whereas f o r  a<a the  lead ing edge w i l l  
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have a longer du ra t i on  than the  t r a i 1  ing edge o f  the  output  pulse. This 

w i l l  on l y  be observed I n  f i b r e s  w i t h  very small amounts o f  mode mix ing,  

as each ray  w i l l  r e t a i n  i t s  propagation t ime. The reader i s  r e f e r r e d  t o  

f i g .  4 i n  Cohen's paper5 fo r  i l l u s t r a t i o n  of these e f f e c t s  i n  many k i l o -  

meters of f i b r e .  The presence o f  st rong mode mix ing would l e a d t o a n  ave- 

rag ing  o f  the  propagat ion t irnes. 

W i  t h  theory p red i c t s  reduct ions i n  intermodal d ispers ion  

by as much as severa1 orders o f  m a p i  tude3 
" from what i t  would be i n  ,a 

s t e p - i ~ d e x m u l t i m o d e f i b r e , w h i c h e f f e c t i v e l y  hasa-. Nowa iswãve- 
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length  dependent 

f r a c t  i ve  i ndex d 

g. B2O3 and S i 0 2  

, and i t s  va lue  d 

i f f e r e n c e  between 

f o r  b o r o s i l i c a t e  

f f e r s  from 2 because d i s p e r s  i v e  re -  

the ma te r i a l s 2  t h a t  make the  f i b r e  (e. 

f i bres) causes moda1 group v e l o c i  t i es 



t o  depend not  o n l y  on the index p r o f i l e  but  a l s o  on the  wavelength; t h i s  

i s  c a l l e d  p ro f  i l e  d ispers ion 3.  

The pred ic ted l a rge  reduct'ion o f  intermodal d ispers ion  has been 

d i f f i c u l t  t o  achieve i n  p r a c t i c e  because a i s  very c r i t i c a l ;  a small 
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deparature o f  a from aopt, say f o r  example t h a t  a a  ( l+A), would i n r  
op t  - 

crease the  intermodal d ispers ion  by an order  o f  magnitude . Measuring 

t h i s  t o t a l  d ispers ion,  by comparing the  du ra t i on  o f  a subnanosecond pu l -  

se before  and a f t e r  propagation i n  such a f i b r e ,  does not  g i v e  quan t i t a -  

t i v e  data as t o  the r a d i a l  p o s i t i o n  where the p r o f i l e  deviates from i t s  

optimum value. Qual i t a t i v e  estimates, as t o  whether the p ro f  i l e  i s  over-  

compensated o r  undercompensated, can be made by observing the  o u t p u t p u l -  

se shapes, w i t h  the  e l i m i n a t i o n  o f  e i t h e r  near-axis o r  of f -axi ;  rays w i t h  

aperatures o r  annular r i n g s 5.  

Quanti t a t i v e  data can be obtained ( i )  d i r e c t l y  by measuring the 

r e f r a c t i v e  index p r o f i l e  w i t h  the var ious  i n te r fe rome t r i c  and o ther tech-  

niques ava i lab le2,  o r  ( i i )  i n d i r e c t l y  by ca r r y ing  o u t  the  so-cal jed d i f -  

f e r e n t i a l  moda1 delay ( ~ ~ ~ ) m e a s u r e r n e n t s o n t h e f i b r e s .  These l a t t e r  

measurernents, f i r s t  made by Jeunhomme and Pachol l e 6 ,  a r e  done by measu- 

r i n g  the pulse propagation times o f  the var ious  propagating modes, a f t e r  

launching a few modes a t  a t ime along the  r a d i a l  pos i t i on ,  from (r/a)=O 

t o  - 1 ,  i.e., vary ing  the  mode number. Deviat ions from the optimum index 

p r o f i l e  shows up d i r e c t l y  as d i f f e rences  i n  the propagation time. Such 

DMD measurements a re  ga in ing  considerable importance because they can be 

used d i r e c t l y  i n  a feedback loop, t o  modify the dopant gas f lows f o r  the 

preform depos i t ion  layers  and hence minimis ing the DMD t ime i n  succes- 

s i v e l y  manufactured preforms. The bandwidth increases as DMD becomes 

more constant and o f  a lower magnitude. I n  a f i b e r  w i t h  a 
o p t '  

no d i f f e -  

rence i n  the propagation t ime w í l l  be observed as the e x c i t a t i o n  o f  a 

few modes i s  p rogress ive ly  c a r r i e d  ou t  from the core a x i s  (r/a=O) towards 

the core/cladd i ng i n te r face  ( r / a  - 1 ) . Hence DMD m e a ~ u r e m e n t s ' - ~ ~  have 

considerable importance as measurements made on the  f i b r e  i t s e l f  a re  d i -  

r e c t l y  used t o  improve'2'13 the bandwidth of the  subsequently p r o d u c e d  

f i b r e s .  The technique w i l l  obviously no t  be usefu l  i n  f i b e r s  w i t h  s t rong 

mode coupl ing  as an averaging o f  the  propagation times w i l l  occur; how- 

ever, wel l -made present day f i bres have very m a l  1 mode coupl ing over 

many k i lometers  and any wrapping tension,  which causes mode coupl ing due 



t o  microbending, can be e l im inated by using a  m e t a l l i c  drum, on which 

the f i b r e  can be wound, and then coo l ing  t h i s  drum. 

Apart from t h i s  nominal disavantage, there a re  many o ther  f o r -  

ce fu l  advantages7 f o r  using DMD measurements t o  determine dev ia t  ions o f  

the r e f r a c t i v e  index from aopt, r a the r  than by d i r e c t  measurement  o f  

the p ro f  i l e  using var ious i n te r fe rome t r i c  techniques2. These are as f o l -  ' 

lows: ( I )  A  minimum of  f i b r e  prepara t ion  i s  required as both ends o f  the  

f i b r e s  need t o  be broken f l a t  and perpendicular t o  the f i b r e  a x i s  t o  w i-  

t h i n  < lO.  For d i r e c t  measurment, time-consuming ca re fu l  p repara t ion  o f  a  

t h i n  t ransverse s l i c e  i s  required,  i nvo l v ing  g r i nd ing  and po l ish ing ,  so 

t h a t  the ends be f l a t  and para1 l e l  ; (2) An average o f  the pro f  i l e  over 

the e n t i r e  length  of the f i b r e  i s  obtained as azimuthal p r o f i l e  v a r i a t -  

ion o r  length-dependence i s  au tomat ica l ly  averaged; whereas i n  the d i -  

r e c t  measurernent, o n l y  a  very t h i n  sample i s  measured and the assumption 

i s  then made tha t  the p r o f i l e  i s  s i m i l a r  over the whole f i b e r  length; the  

presence o f  mode coupl ing wi l l render t h i s  assumption inva l  i d .  (3 )  DMD 

measurement do not  suf fer  from systematic unce r ta in t i es  as o ther  d i r e c t  

measurement methods do; (4) DMD measurements a re  very s e n s i t i v e  t o  small 

p r o f i l e  changes; a  DMD t ime o f  0, l  nsec/km, which i s  easy t o  measure, 

corresponds t o  d i f fe rence of -0,OI i n  the a value. Hence, very small i n-  

dex d i f f e rences  can be measured, t h i s  beinq d i f f i c u l t  i n  d i r e c t  measure- 

ments; ( 5 )  The data can be gathered very r a p i d l y  and can a l s o  be i n t e r -  

pre ta ted d i r e c t l  y 7  as the DMD measures the d i fe rence between the ac tua l  

and optimum p r o f i l e ;  hence the need f o r  p rec ise  curve f i t t i n g  i s  avoided 

as needed i n  d i r e c t  measurements. Further i n  these l a t t e r  measurements, 

ana lys is  o f  t y p i c a l  r e f r a c t i v e  index data encounters ambigui t ies,  such 

as the  proper weight ing f o r  the on-axis index per turbat ion ,  the  rounding 

o f  the  p r o f i l e  a t  the core/c ladding in ter face,  o r  the choice o f  an ove- 

r a l l  weight ing func t ion .  l n  a  p ra t i ca1  s i t u a t i o n ,  these ambigui t ies make 

i t  d i f f i c u l t  t o  determine small r e f r a c t i v e  index per turbat ions .  DMD mea- 

surements avoids a l l  these d i f f i c u l t i e s  and fu r the r ,  even makes a  know- 

ledge o f  a unnecessary; (6) DMD measurements can be used i n  a  produc- 
OPt 

t i o n  environment as they a r e  very s i m i l a r  t o  o ther  q u a l i t y  con t ro l  mea- 

surements. This has al ready been demonstrated by ~ u c k l e r ' ~  and w i l l  be 

discussed f u r t h e r  l a t e r .  (7) I n  the  labora tory ,  DMD measurements can be 

c a r r i e d  out  w i t h  the same laser  type as would be used i n  a  system; hence 



a can be obtained a t  the exact wavelength, w i thout  any need f o r  ex- 
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t r a p o l a t i o n  using d i f f e r e n t  p r o f i l e  measurements. 

I t  i s  c l ea r  t h a t  DMD measurements a re  o f  considerable importan- 
7 - 1 4  

ce due t o  t h e i r  many advantages, but  r e l a t i v e l y  few repor ts  o f  these 

e x i s t  i n  the l i t e r a t u r e .  I n  view o f  these fac t s ,  we are  a l so  ca r r y ing  

ou t  a d e t a i l e d  and systematic study of DMD measurements and t h i s  paper 

repor ts  the i n i t i a l  r e s u l t s  obtained. We sha l l  discuss and compare our 

measurement techniques and r e s u l t s  w i t h  those used by other researchers. 

We sha l l  a l s o  discuss t h e i r  importance fo r  optimum system d e s i g n  when 

many f i b r e s  a re  l i nked  together.  

2. SELECTION OF A FEW GUIDED MODES 

The se lec t i on  o f  a few guided mode i n  a graded-index f i b r e  can 

be made by two methods: ( 1 )  launching a few rnodes a t  the input  end, o r  

(2) se lec t i ng  a few modes a t  the output  end o f  the f i b r e  w i t h  a11 modes 

taunched a t  the input  end. 

Launching a few modes a t  the input  end i s  f a i r l y  easy from l a -  

sers operat ing i n  the  fundamental TEM,, Gaussian spa t i a l  mode and g i v i n g  

co l  1 imated bearns. Jeunhomme e t  aZ. 6 * e  used a mode-locked Nd: YAG laser  

and Olshansky and 0aks7 used a mode-locked Krypton- ion laser .  The on l y  

important p o i n t  i s  t he  se lec t i on  o f  the  lens which w i l l  focus the output  

beam from the laser  onto the f i b r e  input  end, where the optimum launch- 

ing radius ( w i )  a t  the ( l / e 2 )  times maximum i n t e n s i t y  po in ts ,  i s  g iven 

by6 

This i s  a t r adeo f f  cond i t i on  f o r  launching a few modes where the natura l  

tendency o f  the  input  b e m  t o  spread i s  counterbalanced by the r e f r a c t i -  

ve index v a r i a t i o n .  It comes about from a p r a c t i c a l  po in t  o f  view since 

with.w;+O, the divergence w i l l  be i n f i n i t e  and a11 modes w i l l  be laun- 

ched. On the o ther  extreme, as w;-, there  w i l l  be no divergence, bu t  

again a l l  modes w i l l  be iaunched. Equation (4) g ives the  best  t rade-  o f f  

between these two extremes. A s  an example, w i t h  X=0,85pm, a=28um,A=O,0064, 



wa=8,2pm. Knowing t h i s  value o f  wg and .the corresponding va lue  (ai) o f  

the beam a t  the posi  t i o n  o f  the launching lens, the foca l  i eny th  ( f )  o f  

t h i s  lens can e a s i l y  be ca lcu la ted from 

The output  beams from ;emiconductor d iode lasers  a re  h i g h l y  d ivergent  

and not  c i r c u l a r l y  symmetric. Hence t o  launch a few rnodes using these la -  

sers, the output  beam has f i r s t  t o  be c011 irnated using a x20 microscope 

ob jec t ive ,  then aperatured s p a t i a l l y  before ach iev ing  the  cond i t i on  o f  

equation (4) a t  the f i b r e  input  end, as done by Jeunhomne e t  a ~ . ~ ' " .  

As a l ready mentioned, measurements performed w i t h  semiconductcr 

lasers  have greAt importante since these a r e  being used i n  p r a c t i c a l  sys- 

tems and i f  the  same laser  type i s  used f o r  the  measurenents, no ex t ra-  

p o l a t i o n  of t he  a va lue i s  required.  The above techniques using mi-  
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croscope ob jec t i ves  and aperatures a re  curnbersome. ~ u c k l e r ' ~ - "  has used 

a single-mode f ib re ,  but t- coupled t o  the t e s t  graded-index f i b r e ,  t o  

launch a few modes. Since t h i s  technique i s  f a i r l y  simple and avoids com- 

p l i c a t e d  beam op t i cs ,  we have adopted t h i s  technique f o r  e x c i t i n g  a few 

rnodes o f  the graded-index f i b r e  we tested.  The single-mode f i b r e  can be 

selected ss t h a t  the  n e a r - f i e l d  i n t e n s i t y  d i s t r i b u t i o n  approximately ss- 

t i s f  i es  the  cond i t i on  i n  Equation (4). 

For se lec t i ng  a few modes a t  the output  end o f  the  f i b r e ,  the 

f i r s t  important cons idera t ion  i s  the launching o f  a l l  modes a t  t he  input  

end. Th is  can be achieved1° by using a mode scrambl ing f i b r e  and b u t t -  

-coupl ing i t  onto the t e s t  f i b r e ;  then se lec t i on  o f  rnodes can be accom- 

p l  ished by using10 beam o p t i c s  and annular r i ngs .  Again, we consider that 

t h i s  technique i s  f a i r l  y cumbersome and have extended ~ u c k l e r ' s ' ~  tech- 

n ique t o  the output  end, i .e .  we have a l s o  used a single-mode t a  se lec t  

a few modes a t  the  output  end. It i s  the  f i r s t  t ime t h a t  such se lec t i on  

of a few guided modes i n  a graded-index f i b r e ,  a t  b t h  ends o f  the f i b r e ,  

has been accompl ished. By doing so, we have establ  ished a new and simple 

technique f o r  d i r e c t l y  determining the presence o f  mode coup l ing  i n  the  

f i b r e  a t  the t e s t  wavelength. The technique can be used r o u t i n e l y  on a 

q u a l i t y  con t ro l  basis t o  d i r e c t l y  determine the  ex tent  o f  mode conver- 

s'ion i n  the Cibre. 



3. DMD MEASUREMENT SYSTEM 

The experimental set-up f o r  DMD measurements i n  shown i n  Fig.1. 

The laser  L i s  a semiconductor laser  rnade by Laser Diode Labora tor ies  i n  

the U.S.A., and i s  o f  the  type designated LA-60. It has a peak output  

wavelength of 880nm, w i t h  a spectra l  bandwidth o f  approximately 2nm, and 

i s  d r iven '  by a simple e lec t ron i c  c i r c u i t  t o  produce pulses w i t h  a dura- 

t i o n  o f  -100 psec, having peak powers o f  many hundreds o f  m i l l i w a t t s ,  a t  

a repe t i  t i o n  ra te .o f  - 1 kHz. Using an Eal i ng  te t rava r  u n i t  T I ,  the output  

from the laser  i s  f i r s t  c o l l  imated using a h igh  numerical aperature (0,541 

x20 rnicroscope o b j e c t i v e  M I ,  as the l i g h t  frorn the semiconductorlaser i s  

h igh l y  d ivergent .  The beam-spl i t t e r  i n  T1 spl i t s  the c011 i m a t e d  1 i g h t  

i n t o  two paths: ( i )  microscope o b j e c t i v e  M2,xlO laynches p a r t  o f  t h i s  

l i g h t  i n t o  a single-mode f i b r e  (SMF) having a nominal core diameter o f  8 

um, and ( i i )  microscope o b j e c t i v e  M3, x10, launches the other p a r t  of the 

l i g h t  i n t o  a f i b r e  delay l i n e ;  the need f o r  t h i s  i s  discussed f u r t h e r b e-  

l ow. 

Our SMF has wi=5,2pm compared t o  an opt  imum va l  ue o f  8,2pm f o r  

our t e s t  f i b r e  and i s  the nearest value tha t  could be obtained, due t o  

the non- ava i lab i l  i t y  of an optimum SMF. We measured the f a r - f  i e l d  pat-  

te rn  from the f i b r e  w i t h  a Reticon scanning photodiode ar ray  (SPA) and 

the gaussian.spatia1 p ro f  i l e  o f  the H E I I  fundamental mode i s  shown i n  

f i g .2 .  The f i b r e  was exc i ted  by a cw semiconductor laser  operat ing a t  

850 nm and was necessary t o  g i ve  a h igh  average power f o r  de tec t i on  by 

the SPA. The d is tance between the  f i bre  end and the SPA i s  61mm, and the 

f u l l  w id th  o f  SPA, as i n  f i g .  2 ,  i s  27mm. We a l so  confirmed the above 

value o f  w '  by measuring the f i b r e  output  angular s p a t i a l  d i s t r i b u t i o n  

w i t h  a p inoho le  and obtained a divergence o f  4,2O, t o  the l / e  times ma- 

ximum i n t e n s i t y  po in ts .  . 

The SMF i s  but t- coupled t o  the graded-index f i b r e  (GIF) which 

i s  t o  be tested.  But t- coup l ing  impl ies a x i a l  separat ion o f  a few mícrons 

between the two f i b r e  ends. The SMF has -2m length  and i t s  ou tput  end i s  

f i xed,  wh i l e  the input  end of GlF i s  he ld  i n  a p rec i s i on  micromanipula- 

t o r  (PMM) , which gives a remotel y con t ro l  l ed  posi t ional  accuracy o f  0,; 

vm i n  the r a d i a l  scanning d i r e c t i o n  (r), i .e . ,  perpendicular  t o  the f i -  

bre ax i s .  Great care  i s  taken t o  break the ends o f  the SMF and the E IF ,  



SMF 
-- 

T 

I J 

Fig.1 - Experimental set-up used f o r  d i f f e r e n t i a l  modai de lay measurements. 

MI t o  M7 - Hicroscope ob jec t i ves ;  L - pu lsed Semiconductor Laser; T i  t o T 3  - 
La i i ng  Tet ravar  u n i t s ;  BS - Beam S p l i t t e r ;  O1 and 02 - s i l i c o n  avalanche 

aetectors ;  A - wide bandwidth p reamp l i f i e r ;  SHF - S ing le  mode f i b r e ;  GIF - 
grade- index f i b r e  under t e s t ;  PMM - p rec i s i on  micromanipu la tor ;  PS - power 

supply f o r  detectors ;  FDL - f i b r e  de lay  i i n e ;  SO - Sampling Osc i l loscope;  

R - x -y  recorder .  

Fig.2 - F a r - f i e l d  s p a t i a l  i n t e n s i t y  d i r t r i b u t i o n  o f  the fundamental m d e  

of  the single-mode f i b r e ,  measured 61 m from the  f i b r e  end, w i t h  a Re- 

t i c o n  scanninQ photodiode a r ray .  

so t h a t  the  hroken ends a re  perpendicular t o  the  f i b r e  a x i s  t o  w i t h i n  1'. 

Using the SMI- i n  t h i s  way, we se 

end. Select ion o f  a few modes a t  

shed by ( i )  launching a1 1 modes 

l e c t  a few modes o f  the GIF a t  i t s  input  

the output  end o f  the  GIF i s  accompli- 

i n t o  the GIF  w i t h  M2 and a l s o  using a 



mode scrarribler soon a f t e r  launch, - ( i  i )  p l ac ing  the output  end o f  the  GIF 

on the PMM, and then but t- coup l ing  the SMF t o  t h i s  end. 

Another t e t rava r  u n i t  T2 i s  used a t  the  output  end o f  t he  GIF, 

as shown i n  f i g .  1 ( w i t h  mode se lec t i on  a t  the output  end o f  the GIF, 

72 i s  used a t  the output  end o f  the  sMF). The output  pulses from the f i -  

bre  a re  detected by D2, a s i  ! icon avalanche .photodiode (ADP), made by 

Opte1 , Model 1 03, and subsequentl y  ampl i f  ied by a wide bandwidth pre-am- 

p l  i f i cr (HP 8774D). The output  pulses a re  d i spl ayed on a sampl ing osc i 1 - 
loscope ( P h i l i p s  Model PM 3400). Very s tab le ,  and j i t t e r - f r e e ,  ex terna l  

t r i g g e r i n g  o f  the osc i l l oscope  i s  fundamental i n  DMD measurernents s o t h a t  

very smdll t ime d i f f e rences  can be resolved c l e a r l y  as themode number i s  

increased. For a one k i tometer length  o f  GIF, the  t o t a l  propagation t ime 

o f  the pulse i s  -5usec; hence the t r i g g e r  pulse t o  the osc i l loscope a l s o  

has t o  delayed by t h i s  t ime i n t e r v a l  from the beam-spl i t ter  o f  T I .  A d i -  

g i  t a l  delay generator (e.g. HP 5359A Time ~ y n t h e s i z e r )  can be ~ s e d ' ~ - ' ' '  

t o  generate t h i s  h igh  delay w i t h  an extremely small j i t t e r  o f  + I 0  ps rms. 

Buckler, o f  B e l l  Labs., has said,  i n  a p r i v a t e  communication, t h a t  t h i s  

i s  an a c t u a l l y  measured j i t t e r  i n  the p a r t i c u l a r  t ime Synthesizer heused; 

the manufacturer quote a t y p i c a l  j i t t e r  o f  100 ps rms. A h igh  j i t t e r  i n  

t h i s  range would be unacceptable i n  our present measurements as the ma- 

ximum DMD t ime was -300 ps. Due t o  the n o n - a v a i l a b i l i t y  o f  a s u i t a b l e  

delay generator, we used a f i b r e  delay 1 ine; p a r t  o f  the l i g h t  from the 

laser  i s  launched i n t o  the delay l i n e  w%ith M3 and detec tor  D1 provides 

the  external  e l e c t r i c a l  t r i g g e r  pu lse  t o  the  osc i l loscope.  The length  o f  

the f i b r e  delay l i n e  i s  s l i g h t l y  shor ter  than the GIF under t e s t . I n  t h i s  

way, vary s tao le  snd e f f e c t i v e l  y  j i t t e r - f r e e  t r i g g e r i n g  o f  the osc i  l los-  

cope i s  achieved, enabl ing a DMD t ime o f  a few tens o f  picoseconds, i n  

the pulse peaks, t o  be e a s i l y  resolved.  The pulses on the  sampling o s c i l -  

ioscope a re  recorded on a X-Y recorder.  

Ir both types o f  mode se lec t i on ,  we immersed many cent imeterso f  

the SMF, botk a t  i t s  input  and output  ends, i n  index-matching l i q u i d  (IML), 

hav i rq  r e f r a c t i v e  index higher than the  c ladding.  We d i d  t h i s  so a s t o b e  

sure tha t  the l i q h t  launched and propagating i n  the  c ladd ing o f  the SMF 

i s  completely s t r ipped away. I f  t h i s  i s  no t  done, a smooth output  p r o f i -  

l e  o f  the spa t i a i  propanating mode w i l l  no t  be observed,as shown i n  f i g .  

3 ( a ) .  \ ' i t n  the IHL t h i s  w i l l  no t  happen, as shown i n  f i g .  3(b). We found 



Fig.3 - Effect of index-matching liquid ( IHL)  for cladding modes stripping 

in the single-mode fibre (a) without IHL; (b) with IHL near the output end 

of the single-mode fibre. 

t ha t  i t  was more important t o  put  IML a t  the output  end o f  ~ h e  SMÇ than 

a t  i t s  input  end, where the l i g h t  i s  launched. 

The t e s t  G I F  used i n  our DMD measurements was made a t  ehe labo- 

r a t o r  i es  o f  Bel l -Northern Research (BNR) , i n  Ottawa, Canada. The f i bre, 

designated as n? 417, had a  length  o f  one k i lomet re ,  w i t h  a  secondary 

p r o t e c t i v e  coat ing,  and an a t tenua t i on  o f  3  dB/km a t  840 nm. The nominal 

numerical aperature was 0,16, nominal core  diameter 60pm and f 

meter 12511ni. The f i b r e  delay l ine  was made up o f  two f ib res  j o  

ther  t o  g i ve  a  length  of j u s t  l ess  than one k i lometer .  

i b r e  d ia -  

i ned toge- 

4. RESULTS ANO DISCUSSION 

The BNR t e s t  f i b r e  was measured i n  Ottawa t o  determine i t s  t o-  

t a l  d ispers ion,  due t o  intermodal d ispers ion  and mater ia l  d ispers ion .  A  

2km l eng th  was p u l l e d  and measured and then a  1 km length  was sent t o o u r  

labora tor ies  f o r  f u r t h e r  measurements. i h e  r e s u l t s  obtained a t  BNRandat 

Unicamp, on these d i f f e r e n t  f i b r e  lengths, a re  summarized i n  T a b l e 1 . A l l  

modes were launched and co l l ec ted  w i t h  x10 microscope objecqives.  The 

pulse p r o f i l e s  obtained i n  our l abo ra to r i es  a r e  shown i n  f i g .  4 .  The in -  

put pulse was measured w i t h  a t t enua t i on  so as t o  g i v e  the  same ampl i tude 

o f  30 mV, as measured i n  the output  pulse. The output  pulse shapes  i n  

both measurements a r e  near l  y Gaussian and hence the t o t a l  d ispers ion  

(T ) was ca lcu la ted using .r2 = .r;-.r:, where .r, and .r, a r e  the fu l l - w id ths ,  T T 



TABLE 1 - D ispers ion  measurements on a  graded- index f i b r e  ( ~ i b r e  n? 417) 

f a b r  i c a t e d  by  BNR, Ottawa, Canada. 

F i b r e  l e n g t h  (km) 

Laser  Wavel eng th  

( A )  

I npu t FWHM* (T ) 

Output  FWHX (T,) 

T o t a l  D i s p e r s i o n  

T o t a l  Est imated 
M a t e r i a l  D i s ~ e r s i o n  

T o t a l  Ca lcu la ted  
In termodal  D isper -  
s i o n  (T-) 

T o t a l  Normal i sed 
In termodal  
D i s p e r s i o n  (T ) 

9 

Resu l t s  ob ta ined  a t  

BNR, Ottawa, Canada 

2  km 

904 nm 

-* 

0,40 nsec 

1'35 nsec 

R e s u l t s  o b t a i n e d  a t  

UNICAMP, Campinas, 

Braz i l 

1 km 

880 nm 

0,33 nsec (see f i g . 4 a )  

0,73 nsec (see f ig.4b) 

l ,29  nsec 

0,4 nsec 

1 ,23 nsec 

* FWHM = F u l l - w i d t h  a t  half-maximum i n t e n s i t y  p o i n t s .  

0,65 nsec 

0,2 nsec 

0,62 nsec 

0,62 nsec/iun 
(1 inear  dependen- 
c e  assumed) 

a t  half-maximum i n t e n s i t y  p o i n t s ,  o f  t h e  o u t p u t  and i n p u t  pu lses  respec-  

t i v e l y .  The m a t e r i a l  d i s p e r s i o n  (.r,) was c a l c u l a t e d  by u s i n g  t h e  v a l u e  

o f  -100 ps/(nm.km), p r e v i o u s l y  measured15 i n  s i m i l a r  Ge02 - S i 0 2  f i b r e s ,  

and a  s p e c t r a l  w i d t h  o f  -2nm f o r  t h e  semiconductor l a s e r .  The c o n t r i b u -  

t i o n  o f  in termodal  d i s p e r s i o n  (.r ) was deconvolved f rom TT, a g a i n  assu- 
,a 

ming gaussian p u l s e  shapes. We n o t e  t h a t  t h e  norma l i sed  v a l u e  o f  T =0,62 
g 

nsec/km o b t a i n e d  f rom t h e  measurements a t  BNR, assuming l i n e a r  l e n g t h  de- 

pendente o f  T corresponds e x a c t l y  t o  o u r  measured va lue ,  as  shown i n  
g' 

Tab le  1 .  We conclude t h e  f o l  l ow ing  f rom t h i s  excel  l e n t  agreement: ( i ) 

t h e  s l i g h t l y  d i f f e r e n t  l a s e r  wavelengths has n e g l i g i b l e  e f f e c t  on T 
g ' 

0,62 nsec/km 



A -0.33 nsec 1 
Fig.4 - (a) Input and (b) output pulses to I km of BNR graded-index fibre, 

measured at Unicarnp, showing intermodal pulse dispersion of 0.62 nsec/km 

(see Tabl e 1 ) . 

T, are  very d i f f e r e n t  

inear length  dependenr 

takes place i n  the f i- 

i n s i g h t  i n t o  t h i s  i n i -  

c o r r e l a t i o n  w i t h  t he  3- 

( i  i )  The gaussian deconvolut ion i s  va l  i d  a s - r ~  and 

i n  each measurement, ( i i i )  most important ly ,  the 

ce o f  T~ imp l ies  t ha t  very l i t t l e  mode conversion 
" 

bre. The DMD r e s u l t s  below g i ve  more q u a n t i t a t i v e  

t i a 1  conclusion and the  T va lue w i l l  be used f o r  I 
g 

dB bandwidth o f  the f ib re ,  both i n  our r e s u l t s  and those o b t a  i n e d  by 

o ther  researchers. With complete mode mix ing  i n  the  f ib re ,  a c o u p l  i n g  

length  (Lc)  w i l l  e x i s t ,  a f t e r  which T~ w i l l  be propor t iona l  t o  a. 
For our f i r s t  ser ies  o f  DMD measurements, on the BNR t e s t  f ibre, 

we launched a few modes a t  the  input ,  as shown i n  f ig.  1. The x20 m i -  

croscope o b j e c t i v e  M2 c o l l e c t s  a l l  the l i g h t - f r o m  the output  end and m i -  

croscope o b j e c t i v e  M5 (x10) focusses i t  i n t o  detec tor  D2. The GIF i s  

scanned i n  the r a d i a l  pos i t i on ,  across the SMF i n  2pm steps, from the 

cent re  o f  the  core, wi t h  ( r /a )  = 0, tbwards the core/cladd ing boundary, 

i .e. ( r /a)+i  . At each scan po in t ,  the output  pulse i s  recorded on the X- Y 

recorder and a t  subsequent r a d i a l  pos i t i ons  ( r /a ) ,  the pulse i s  d i sp la -  

ced v e r t i c a l l y  on the recorder so tha t  the pulse shape and the delay o f  



F i g . 5  - Output scan obta ined a s  a  funct ion o f  normalised r a d i a l  p o s i t i o n  

( r / a ) ,  as shown on t h e  scans: mode s e l e c t i o n  a t  the  inpu t  end o f  the  

f i b r e .  

the peak o f  the pulse, r e l a t i v e  t o  (r/a)=O pulse, can be accura te ly  de- 

termined. The scans a re  shown i n  f ig .5 ,  the var ious scans a re  f o r  d i f f e -  

ren t  (r/a), the r a d i a l  pos i t i on ,  a being the core  rad ius  and r being 

the r a d i a l  displacement. A s i m i l a r  se t  o f  scans was obtained f o r  r a d i a l  

displacement i n  the opposi te d i r e c t i e n .  The DMD t ime f o r  a  scan p o s i t i o n  

on e i t h e r  s i de  o f  the  core  a x i s  a re  averaged t o  improve the p rec i s i on  o f  

the measurements, and t h i s  i s  p l o t t e d  i n  f i g .  6 w i t h  the dot ted  l i n e  
( - - - - - - - - 1 .  The ac tua l  delays obtained on e i t h e r  s i de  a re  a l s o  shown w i t h  



c i r c u l a r  po in t s  (Q). For c l a r i t y ,  f i g .  6 shows DMD t ime vs ( r / a )  on a li- 

near scale. We note tha t  f o r  ( r /a )  < 0,6, the measured delay t i m e s  a r e  

completely symmetric t o  w i t h i n  + 10 psec, the  measurement e r r o r .  F o r  

( r /a )  > 0,6, the peaks o f  the pulses a re  not  we l l  def ined and hence the  

measurement e r r o r  i s  5 30 ps, as ind ica ted by the  two e r r o r  bars on e i -  

ther  s ide  o f  the o rd ina te  ax i s .  Taking t h i s  e r r o r  i n t o  considerat ion,  we 

can conclude t h a t  the meacured delays a r e  symmetric about the  core  ax i s ,  

as would be expected. Theile me'asurements a r e  completei y repeatable wi t h  

a new break and a l s o  conf i rm the very  s tab le  and j i t t e r - f r e e  t r i g g e r i n g  

of the sampl ing  osc i  l losccipe, s ince - 1 0 minutes a r e  taken f o r  each series 

o f  scans, and over t h i s  i n t e r v a l  o f  t ime no delay i s  observed when the  

r a d i a l  launching p o s i t i o n  i s  held constant .  

The mode group number rn o f  a near-parabol i c  graded-index f i b r e  

i s  g iven as 

í m / ~ )  -: (r/aI2 (6) 

\ 
+??i- 0!8 2.6 2 4  02 ' 

NORUALISEO R 

I I I 
0.2 0.4 0.6 0.8 1.0 

1 + I , / d  

IAL POSITION 

Fig.6 - D i f f e r e n t i a l  delay t ime as a funct ion o f  normalized rad ia l  p o s i t i o n  

( r /a) ,  measured a t  the pulse peaks for  mode se lec t i on  a t  the inpu t  end o f  

the f i b re .  The po in ts  9 are  experimental ly measured points ;  the dashed l i n e  

(--------) ' I S  t he  average o f  the experimental po in t s  on e i t h e r  s i d e o f  ( r /a)  - o .  



when M i s  t h e  maximum mode number. Hence i n  f i g .  7, we have p l o t t e d  t h e  

r e s u l  t s  o f  average DMD t ime,  as o b t a i n e d  i n  f i g .  6, versus mode number 

( v / M ) .  T h i s  r e p r e s e n t a t i o n  has been mos t l  y  used by p r e v i o u s  researchers .  

F ron  f i g .  7, we observe t h a t  t h e  maximum average DPID t i m e  i s  - 270 psec. 

The bandwidth ( B )  of  o u r  GIF can be c a l c u l a t e d  approx imate ly  b y  u s  i n g  

~ = ( 1 / 2 ~  ) = 800 MHz.km. T h i s  r e s u l t  i s  i n  good qual  i t a t i v e  agreement w i t h  
g 

o t h e r  r e s u l  t s ,  p r i n c i p a l  1 y ob ta ined  by Buck le r ,  i n  r e f e r e n c e  13. However, 

t h e  exac t  shape o f  t h e  DMD s i g n a t u r e  does have profound i n f l u e n c e  on t h e  

bandwidth ob ta ined .  Apar t  f rom t h e  maximum DMD t ime,  what i s  v e r y  impor- 

t a n t  i s  t h e  span o f  rnode group number (>n/M) over  which t h e  DMD t i m e  r e -  

mains c o n s t a n t .  Hence ~ u c k l e r ' ~  ob ta ined  a v e r y  h i g h  bandwidth o f  1430 

MHz. km even when t h e  DMD t i m e  increased,  from O t o  -200 psec/km, wi t h  

( > n / ~ )  = O,], b u t  remained cons tan t  o v e r  t h e  m u c h  g r e a t e r  r a n g e  

O,l<(m/M)<i,O; i n d i c a t i n g  e q u a l i z a t i o n  o f  p ropaga t ion  t imes over  a v e r y  

l a r g e  p o r t i o n  o f  t h e  graded p r o f  i l e .  As a l r e a d y  mentioned, knowlwedge o f  

t h e  a v a l u e  i s  n o t  needed; what i s  impor tan t  i s  a  c o n s t a n t  DMD t i m e  
OPt 

over  a l a r g e  ( d M )  range. 

MODE NUMBER 

F i g . 7  - The average d i f f e r e n t i a l  de iay  t ime, from f i g . 6 ,  p l o t t e d  as a  func-  

t i o n  o f  rode number (m/H) = 



F i g . 8  - Output scan obtained as a funct ion o f  normalisea r a d i a l  p o s i t i o n  

( r / a ) ,  as shown on the scans; mode select ion a t  the  output end of the f i -  

bre .  

For our second ser ies  o f  DMD measurernents, we selected a few 

propagating modes o f  the  BNR f i b r e  a t  the output  end. A11 modes o f  the  

f i b r e  were exc i ted  w i t h  a x10 rnicroscope o b j e c t i v e  M2, having a numeri- 

c a l  aperature o f  0,25, g reater  than tha t  o f  the f i b r e  (0,16). The SMF 

was butt-coupled t o  the  output  end o f  the BNR f i b r e  and i t  i s the  f i r s t  

t ime t h a t  such an arrangement has been used. The output  scans f o r  the in- 

creasing r a d i a l  pos i t i ons  a re  shown i n  f i g .  8. As the  r a d i a l  p o s i t i o n  



(r/a) i s  increased, the pulse ampl i tude decreases due t o  d i f f e r e n t i a l  mo- 

de a t tenuat ion ,  Due t o  t h i s ,  we increased the S e n s i t i v i t y  o f  the  o s c i l -  

loscope, f o r  h igher (r/a) values, so as t o  reso lve  the'peak o f  the  pu lse  

more c l e a r l y .  As done prev ious ly ,  a s i m i l a r  s e t  o f  scans were obtained 

f o r  r a d i a l  pos i t t ons  I n  the opposi te d i r e c t i o n  and the  r e s u l t s  a r e  p l o t -  

ted i n  f i g .  9; a lso  shown i s  the average va lue o f  the DMD time, ca l cu la -  

ted from the r a d i a l  p s i t E o n s  on e i t h e r  s i de  of the core  ax is .  

Comparing f i gu res  6 and 9, we n o t i c e  t h a t  t he  DMD signatures are 

approximately s i m i l a r ,  i .e .  the delay t ime increases as ( r /a )  i s  increa- 

sed w i t h  a maximum a t  ( r /a)  1 0,8; hence i t  i s  a t  approximately t h i spo in t  

t h a t  maximurn dev ia t i on  o f  a from a e x i s t s .  To compare these graphs 
0Pt 

more c lose l  y, we have p l o t t e d  the average values, from f i g u r e s  6 and 9, 
i n  f i g .  10. For (r/a)>0,2, we observe t h a t  the DMD t ime d i f f e rence  bet-  

Fig.9  - D i f f e r e n t i a l  delay time as a  funct ion o f  normalised r a d i a l  posi t ion 

( r / = ) ,  measured a t  the pulse peaks, f o r  mode select ion a t  the output end o f  

the f i b r e .  The points 0 a r e  experimentally measured points;  the dashed l i n e  

(--------) ' ts the average o f  the experimentsl paints  on e i t h e r  s i d e o f  ( r / a )  

= O. 



F i g . 1 0  - Comparison of  the  average d i f f e r e n t i a l  d e l a y  t imes obta ined (a) from 

f i g .  6; (b)  from f i g .  9, f o r  w d e  s e l e c t i o n s  a t  the  input  and output  ends o f  

the  f i b r e  r e s p e c t i v e l y .  Due t o  the  symnetry, o n l y  one s i d e  i s  shown. 

ween the two curves i s  approximately constant  a t  = 80 ps. This imp l ies  

t ha t  mode conversion, a l though f a i r l y  small,  has taken place i n  the f i -  

bre. We can imagine t h a t  i n  an abso lu te ly  per fec t  wavegu i d e  which was 

c o m p l e t e l  y s t r a i g h t  a long i t s  k i l ome t re  length, the  two DMD s ignatu-  

res would match up exact ly ,  s ince each mode would have i t s  unique propa- 

gat ion  angle a11 along the  f i b r e  length.  Hence no d i f f e rence  w u l d  beob- 

served by mode se lec t i on  a t  the input  énd o r  a t  the output  end o f  GIF. 

However, i n  p r a c t i c e  the  s i t u a t i o n  i s  q u i t e  d i f f e r e n t  and mode conver- 

s ion  can take p lace due t o  many reasons: ( i )  r e f r a c t i v e  index v a r i a t i o n s  

i n  the  r a d i a l  d i r e c t i o n ,  a long the f i b r e  due t o  the preform f a b r i c a t i o n  

process. I f  t h i s  i s  the main cause o f  mode conversion i n  our resul ts,  the 

d i f f e r e n c e  o f  =80-100 psec/km impl ies t ha t  a changes by on l y  0,Ol from 

i t s  optimum value, us ing  the ca l cu la t i ons  made i n  reference 7; bu t  t h i s  

i s  enough t o  increase T by an order  o f  magnitude; (i i )  Our t e s t  f i b r e  

has a second coat ing  which can cause microbending loss and rnode convers- 

ion; ( i i i )  the f i b r e  i s  no t  s t r a i g h t  along i t s  k i lometer  length  but  has 



bends, as i t  i s  wound on an expanded po lys t rene drum w i t h  33 dm diameter, 

( i v )  the core  diameters d i f f e r  a t  the  f i b r e  ends, 56,6pm compared t o  61 

m. These f i gu res  were suppl ied by BNR and subsequently confirmed w i t h  

measurernents i n  our labora tor  ies.  

There i s  a second d i s t i n c t  d i f f e r e n c e  i n  the two DMD s ignatures 

i n  f i g .  10. For (r/a)<0,35, we observe a negat ive DMD t ime w i t h  modese- 

l e c t i o n  a t  the output  end o f  the GIF, a l though t h i s  i s  f a i r l y  small,  40 

psec. The imp l i ca t i on  i s  t ha t  w i t h i n  t h i s  region,  the modes selected a t  

the output  end propagated i n  regions w i t h  a>a and a l s o  a<a but  the  
OPt o p t *  

e f f e c t  on the  t o t a l  propagation t ime was s l i g h t l y  dominated by 

i . e  overcompensated p r o f i l e  and hence negat ive  DMD time, as 

prev ious ly .  A t < 4 0  psec impl ies Aa < 0,004, a very small index 

indeed. For (r/a)>0,35, f i b r e  lengths w i t h  a<@ would be smal 
0Pt 

t o t a l  delay t ime i s  always pos i t i ve ,  imply ing a>a 

pensated p ro f  i l e. 
o p t '  i.e an 

a<a 
o p t  ' 

d i scussed 

v a r i a t i o n  

1 ,  as the 

undercom- 

We do not  observe negat ive DMD w i t h  s e l e c t i v e  mode e x c i t a t i o n  

o f  the  GIF, even a t  the f i r s t  r a d i a l  displacement w i t h  (r/a)=0,07. Th is  

must be due t o  mode c o n v e r s  i o n ,  t o  rodes w i t h  (r/a)>0,35 so t h a t  the  

small negat ive DMD t ime i s  cancel led out ,  w i t h  p o s i t i v e  DMD t ime fo r  

these higher order modes, as a l ready v e r i f  ied above. As (r /a)  i s  increa- 

sed, p o s i t i v e  DMD t ime always dominates. 

I n  order t o  v e r i f y  the above mode conversion, we measured the  

fu l l - w id ths ,  a t  half-maximum i n t e n s i t y  po in ts ,  o f  a l l  the pulses i n  f igs .  

5 and 8 and the  measured values a re  shown i n  Table 2. Although the mean 

values are  very s i m i l a r ,  (0,75 nsec and 0,73 nsec) the standard dev ia t -  

ions a re  no t  (0,OI nsec and 0,05 nsec). Further,  there  a re  three d i s t i n c t  

regions, o f  the r a d i a l  pos i t ions ,  t ha t  need t o  be considered c a r e f u l l y :  

(i) O<(r/a)<0,35; ( i  i )  0,35<(r/a)<0,u5 ( i  i i )  0,35<(r/a)<l ,O.  This can be 

observed c l e a r l y  from the graphical  representat ion,  o f  the  r e s u l t s  inTa- 

b l e  2, i n  f i g .  1 1 .  

I n  the f i r s t  region, wi t h  mode se lec t i on  a t  the  output  end, cur-  

ve (b), the widths a re  d i s t i n c t l y  smal ler  than w i t h  mode se lec t i ona t  the 

input  end, curve (a) .  This conf irms mode conversion f o r  curve (a) .  The 

negat ive DMD t ime for  (r/a)<0,35 helps t o  reduce the w id th  o f  the  output  

pulses i n  t h i s  region,  as shown i n  curve (b) .  This i s  no t  supr is ing  as 



PABLE 2 - Fu l l -w id ths  a t  half-maximum i n t e n s i t y  po in t s  o f  the pulses ob- 

ta ined i n  f igs. 5 and 8, f o r  mode se leç t i on  a t  the input  and cutput  ends 

o f  the  graded-index f i b r e  respect ive ly .  

Norrnalized r a d i a l  

Pos i t i on  (r ia)  

Mean 

Standard 
Deviat ion 

F ig .  5 

Mode ~ e l e c t i o n  a t  input 

end: FWHM i n  nsec 

F ig .  8 

Mode Se lec t ion  a t  

output  end: FWHM i n  

nsec 

0,70 

0,68 

0,68 

O ,68 

0,71 

0,72 

0,77. 

0,73 

0,73 

O, 77 

0,77 

0,753, 

O,76 

0,85 

rnost GeOz-SiOz f i b r e s  have a d i p  i n  the r e f r a c t i v e  index i n  t h i s  règion, 

caused by the evaporation o f  GeOn i n  the c01 lapsing process2 when maklng 

the preform rod. Unequal evaporation o f  the GeO2 a!ong the preform rod 

can cause the r e f r a c t i v e  index d i f fe rences along the subsequently pu l l ed  

f i b r e w i t h a < a  a s w e l l  asa>aopt; h o w e v e r , A a i s v e r y  srnall,10,004. 
0Pt 

I n  the second region, 0,35<(r/a)<O,85, i t  can be seen from f i g .  

11 tha t  the widths f o r  both se lec t ions a re  very s im i l a r ,  w i t h i n  the mea- 

surement accuracy. Observing the curves i n  f i a .  10,  we observe tha t  w i -  

t h i n  t h i s  region, the slopes o f  the delay t ime vs. ( r / u )  curves are  s i -  



0.1 G.2 0.3 0.4 0.5 0.6 

Normolired r0di.l position 

F i g . l i  - Fuil-wid:hs a t  half-saximum i n t a n s i t y  po in t s ,  as a  funct ion o f  nor- 

maiised r a d i a l  pos; t ion ( r / a ) ,  obta ined (a )  from f i g .  5 and ( b )  from f i g .  8 ,  

f o r  mode se lect ions a t  the i npu t  and ou tpu t  ends o f  the f i b r e  r espec t i ve l y .  

I ga ' n ,  duc io byrnnietry, o n l y  one s i de  i s  shown. 

m i l a r .  Hence i t  i s  t o  be expected tha t  the t o t a l  d ispers ion,  as measured 

by the widths, a l so  be s i m i l a r .  Di f ferences i n  the slopes show up as 

s l  i g h t  d i f ferences i n  the widths, as observed by comparing f igs. 10 and 

1 1  a t  a p a r t i c u l a r  value o f  ( r / a )  w i t h i n  the region spec i f  ied. 

t n  the t h i r d  region, 0 ,852 (r/cr)<l,O, we have on l y  s l i g h t  d i f -  

ferences i n  the widths fo r  both mode se lec t ions  as seen again i n  f ig .11 .  

However, cont rary  t o  the  r e s u l t s  f ~ r  the f i r s t  region spec i f  

now the widths, w i t h  mode se lec t i on  a t  the output  end, a re  s 

t e r  than those w i t h  mode se lec t i on  a t  the input  end; but  the 

wi t h i n  the  measurement accuracy as shown w i t h  the e r r o r  bars 

due t o  the  smal 1 ampl i tude o f  the pulses near ( r /a )  - 1 .  

ed a b o v e ,  

i g h t l y  grea- 

resul  t s  a re  

This arises 

We sha l l  now discuss the utmost importante o f  DMD measurements 

i n  graded-index multimode f i b r e s  l i nked  together i n  a long communications 

l i n k ,  espec ia l l y  the length  dependence o f  intermodal d ispers ion  (T ) .  If 
g 

a f i b r e  has cowpZete mode mixing, o r  intermodal coupl ing,  the DMD t ime 

w i l l  be constant and independent o f  the r a d i a l  launching pos i t i on ,  as 

the  complete coupl ing w i l l  f o r ce  a l l  modes t o  have an average propagat- 

ion t ime through the length  o f  the  f i b r e .  I n  t h i s  case, T w i l l  be redu- 
$7 

ced and f u r t h e r ,  increase as the square-root o f  the f i b r e  length; but 

some a d i t i o n a l  loss ,  i n  a d d i t i o n  t o  the sca t te r i ng  and absorpt ion lossof  

the f i b r e ,  w i l l  occur as coupl ing  wi11 a l so  take place t o  r a d i a t i o n  modes. 

Due t o  t h i s  square-root length dependence o f  T the bandwidth o f  such 
$7' 

f i b r e s  interconnected together w i l l  improve s i g n i f i c a n t l y .  

O t h e r w i s e ,  i f  a f i b r e  has a negZ-igibZe amount o f  intermodal 



coupling, i)MD t ime w i l l  be zero f o r  a l l  r a d i a l  pos i t i ons  on l y  i f t h e p r o -  

f i l e  i s  optimum. However, t h i s  a i s  f a i r l y  d i f f i c u l t  t o  achieve as 
OPt 

shown by DMD measurements and small changes i n  a can have a marked e f -  

f e c t  on T However, i f  the DMD t ime can be he ld  constant, a t  any value 
g " 

but p re ferab ly  small,  over a Targe reg ion o f  r a d i a l  pos i t ions ,  T can be 
9 

reduced, arid the  bandwidth can be increased considerabl y as c l e a r l y  shown 

by ~ u c k l e r ' ~ .  I n  t h i s  case such f i b r e s ,  w i t h  negl i g i b l e  intermodal cou- 

p l i ng ,  l i nked  together w i l l  show a l i n e a r  dependence o f  d ispers ion,  as 

long as the DMD signatures o f  a22 the f i b r e s  i n  the  l i n k  have e i t h e r  po- 

s i t i v e  o r  negat ive delay. Hence i n  very long l i n k s ,  many tens o f  ki lome- 

te rs ,  i t  can be seen t h a t  mode-coupled f i b r e s  w i l l  have a greater  band- 

wid th  than non-modd-coupled'f ib res ,  but  a t  a loss  penal t y ,  as al ready 

discussed above. But the o v e r r i d i n g  and dec i s i ve  advantage i n  non- mode- 

-coupled f i b r e s  i s  t ha t  p o s i t i v e  DMD time, f o r  undercornpensated p ro f i l es ,  

and negat ive DMD t ime fo r  overcompensated p r o f i l e s  simply add a r i t hme t í -  

c a l l y ,  as shown again by ~ u c k l e r l ~ .  Phys ica l ly ,  t h i s  can be understood 

by consider ing one ray, which has i t s  unique propagation path through 

the f i b r e s  and w i l l  t rave1 a t  d i f f e r e n t  v e i o c i t i e s  i n  d i f f e r e n t  f i b r e s  

depending on the l oca l  r e f r a c t i v e  index. This w i l l  be t r u e  a l so  f o r  a l l  

other rays as we l l ,  w i t h  the e f f e c t  t h a t  a l l  rays w i l l  have the same to-  

t a l  propagation t ime through a l l  the f i b r e s  l i nked  together,  i f  the  a r i -  

thmetic sum o f  the DMD times a t  each value o f  r a d i a l  p s i t i o n  i s  zero. 

Hence multimode graded-index f i b r e s  having non-optimurn a values can have 

zero t o t a l  d ispers ion,  when 1 inked together, by ( i )  opera t ing  in  the -1,3 

um region f o r  zero mater ia l  d ispers ion,  ( i i )  l ink ing  non-mode-coupled f i -  

bres, have p o s i t i v e  and negat ive DMD time, so t h a t  t h e i r  summat io r i  a t  

each ( r / a )  pos i t i on ,  i s  zero. However, t h i s  l a t t e r  requirement would be 

d i f f i c u l t  t o  achieve i n  p rac t i ce .  Nevertheless, w i t h  a DMD s ignature  o f  

each f i b r e ,  se lec t i on  of f i b r e s  can be made t o  g i v e  a nea r l y  constant  DMD 

time, no t  necessar i l y  zero,at each ( r / a )  pos i t i on ,  hence op t im is ing  the 

bandwidth o f  these f i b r e s  l i nked  together, by reduzind the value T It 
g' 

i s  no t  necessary t o  worry about optimurn r e f r a c t i v e  index p r o f i l e s  i n  f i -  

bres. Non-opt i 

ments, can s t i  

b l e .  The rneasu 

probe i n  deta i  

coupl i ng . 

um f i b r e s  produced w h i l e  op t im is ing  ,a using DMD measure- 

1 be used as long as the intermodal coupl 

ements we ha~e~demonst ra ted i n  t h i s .  paper 

the propagation i n  the  f i b r e ,  espec ia l l y  

' "9 

ca n 

the 

i s  negl i g i -  

be used t o  

intermodal 



5. CONCLUSIONS 

We have made DMD measurements i n  a graded-index f i b r e  using a 

single-mode f i b r e  and fo r  the f i r s t  time, c a r r i e d  ou t  se lec t i on  o f  a few 

guided modes o f  the f i b r e  b t h  a t  i t s  input  and output  ends. By doing so, 

we have probed modr coupi ing e f fec ts  i n  the f i b r e  w i t h  a f a i r l y  simpleex- 

perimental system. DMP measurements a re  o f  utmost importante i n  a graded- 

-index rnultimode f i b r e  as they g i v e  a d i r e c t  i nd i ca t i on  o f  the  dev ia t i on  

o f  the  r e f r a c t i v e  index p r o f i l e  from i t s  optimum va lue and a re  t o  be pre- 

f e r red  over d i r e c t  nieasurements using in ter fe romet r ic  techniques. Further, 

these DMD measurements can be used t o  improve the  bandwidth o f  subsequen- 

t l  y pui led f ib res ,  and hence can be used on a qual i t y  c c n t r o l  basis i n  a 

prodiic t i on eriv i ronment . 
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