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Abstract-The  reduction of the degree of polarization of broad-band 
light  due to propagation in ordinary single-mode  fiber is examined 
theoretically and experimentally. Previous work is extended to account 
for  polarization-mode  coupling  along the fiber by developing  a  model 
for one discrete modecoupling center and extending it qualitatively to 
include  multiple  centers.  The existence of nonzero degree of polariza- 
tion  in  long lengths of fiber is shown to be  due to mode coupling  at 
particular positions along  the  fiber  and the degree of polarization is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
shown to be related to the degree of coherence  associated with  the 
mode-coupling  site.  The  experimental  results  generally  support  the 
model  developed. 

I. INTRODUCTION 

T HE DEGREE OF POLARIZATION, defined  as the 
fraction  of optical power that is polarized, will  be  an 

important  quantity in optical-fiber applications that involve 
interference, such as coherent  communications  and sensors. 
Rashleigh and  Ulrich [ I ]  pointed  out  that  the  different  group 
velocities associated  with  the  polarization  modes  of  ordinary 
single-mode fibers lead to the  depolarization  of  broad-band 
sources. This effect will occur to some extent  with any  source, 
depending on the  group-delay  difference  and the fiber length. 
Although in communications  depolarization is likely to be 
undesirable,  recent fiber-optical gyroscope  experiments [ 21 , 
[3] , with  broad-band  sources have indicated  that  depolariza- 
tion is useful in reducing  noise in the signal. We are primarily 
interested in this latter limit here. 

A  recent theoretical treatment  [4]  on  this  subject  provides 
a general expression for  the degree  of polarization in an  aniso- 
tropic  single-mode fiber as a  function  of  the degree  of coher- 
ence,  associated  with  the fiber and  source,  and the  input 
conditions.  However, this treatment  cannot be applied to 
experimental results in many cases where  power transfer or 
mode  coupling  between the polarization  modes  takes place. 
This  phenomenon,  which degrades the  performance  of  high 
birefringence  or  polarization-holding fibers, has  been  described 
theoretically by  Kaminow [5] with  a  random  coupling  model 
which was recently  experimentally  confirmed  [6] - Mode 
coupling  plays an important role in determining  the degree of 
polarization in single-mode fibers. Indeed,  the  experiment  by 
Rashleigh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. [6] depended on depolarization  subsequent to 
mode  coupling  for achieving a reliable measurement.  Our  work 
is closely related to this  except  that we focus on lower birefrin- 
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gence,  ordinary  single-mode fiber, where complete  depolariza- 
tion does not occur. 

In this  paper, we extend theoretically the  work of Sakai et al. 
[4] to include  the  effect  of  one discrete mode-coupling  center. 
We then show  experimentally that this simple  model,  with 
some qualitative modification to account for multiple centers, 
can account  for  most  of  the  observed behavior of depolariza- 
tion in a single-mode fiber with  a  broad-band  source.  In par- 
ticular, we show that mode-coupling  centers at particular 
locations in  the fiber are responsible  for  the  absence  of  com- 
plete depolarization in long  lengths of lower  birefringence fiber. 
The  reduction  of  the degree of  polarization  from  its input 
value is shown to be essentially complete over a  length that 
corresponds to the characteristic distance  for  polarization-mode 
mixing, as one  might  expect  from  the  high  birefringence results 
[6]. These results provide  additional insight into  the process 
of optical depolarization in single-mode fibers of low  or  high 
birefringence. 

11. THEORY 

We consider  a  single-mode fiber with linear birefringence so 
there are two  well-defined  polarization  modes  with differing 
phase and  group velocities. If each  mode is excited  equally  by 
a  polarized  broad-band  source,  the differential group  velocity 
can lead to depolarization in a  length  which  depends on  the 
source  bandwidth  and  the  fiber-group-delay difference [ I ] .  
We are interested in cases  where this  depolarization  length is 
short  compared to the fiber length. Depolarization  occurs 
because the differential group  delay  becomes greater than 
the  coherence  time  of the source. To accumulate this much 
differential group  delay,  the interfering optical components 
must  experience  different  group velocities over a fiber length 
equal to,  or greater than,  the  depolarization length. We can 
intuitively construct  a  physical  picture  whereby  mode-coupling 
centers  which  couple  the  polarization  modes (Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1) can 
frustrate this condition  and  thus cause residual polarization in 
the  output.  For example,  mode-coupling  centers  located  near 
the  center  or either end  of  the fiber can create optical paths 
for  which optical components are in the  different  modes over 
a  length less than  the  depolarization  length, even though  the 
fiber length is long  compared to  the depolarization  length 
(Fig. 2). If made to interfere  at  the  output, these optical com- 
ponents will then  exhibit  some degree  of polarization. If the 
optical input is in a single polarization  mode, we expect  that 
mode  coupling will tend  to equalize  power  between  the  modes, 
after  which  the  processes  described  above will determine the 
final degree of polarization. We now  proceed to develop  this 
picture mathematically.  Our  development is drawn largely 
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Fig. 1. (a) Model for  a  mode-coupling  center  which  couples  power zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 
between  the polarization modes.  (b) Orientation of transmission 
axis of input  polarizer  and output analyzer with respect to fiber 
bnefringence  axes. 
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Fig. 2. (a)  Models  for  mode-coupling  centers  at the beginning,  middle, 
and end of the  fiber  that  contribute to the degree of polarization. 
The  polarizer  and  analyzer  angles for which  each  case is maximized 
is also shown. I denotes the  position of the  modecoupling center and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L ,  is the depolarization  length. (b) The  corresponding  values of  the 
magnitude of the  degree of coherence  for  each  case in '(a) when 
L ,  << L. 

from the work  of  Sakai et al. [4] , Born  and Wolf [7], and 
Burns et aZ. [9] , and  generally  follows  the  notation  of Sakai's 

Consider  a  single-mode  fiber  with  propagation  constants ox 
and P y  corresponding to  the  two polarization  eigenmodes. We 
assume one discrete mode-coupling  center,  which  couples  a 
power a! between the modes,  at  a  position I along the fiber of 
length L (Fig. Ita)). The transfer matrix  for  the coupling 
center is then given by 

paper ~41. 

where the superscripts - and t refer to positions  immediately 
before  and  after the  center, respectively. We assume  a  broad- 
band  source  with unity power input is  passed through  a polar- 
izer with its transmission axis at  an angle OP from  the  mode 
axis X (Fig. l(b)). The  time-dependent electric field input to  
the fiber may then be  represented 

where 

<dt) e*(t)> = 1. (2b) 

In (2), ( ) signifies time average and wo is the source-center 
frequency. 

Propagation in the fiber is governed  by  the  frequency-depen- 
dent  propagation  constants 0, Px(o) and P y  P,(w). Em- 
ploying the transfer matrix in (1) we can  write the  frequency- 
dependent fiber outputs as 

(3) 

where Eo,(w) and Eoy(w) are the  input fields at  the frequency 
component w. With  an output analyzer  with  transmission 
axis at an  angle 0, from  the X axis, the  fiber  output  may be 
expressed 

E(w) = E,(a) cos 0, t Ey(w) sin 0,. (4) 

The output  equations (3) and (4) are frequency  dependent, 
whereas the  input  in (2) is time  dependent. We require  the 
time averaged output  intensity 

I =  (IE(t)I2). ( 5 )  

This  problem  may be treated  by  employing  the rule for  inter- 
ference  of  quasi-monochromatic light [ 71 , which we state  here 
for  the case of  polarization  modes in a dispersive medium [ 11 , 
[9]. For an output  frequency-dependent field of  the form 

E(w) = E,(o) e + E,(w) e 
-iox z - iPyz 

(64  

where E, and Ey have propagated in  different  modes  but are 
now  assumed to be polarized in the same  direction,  the  output 
time averaged intensity is given by 

I(zj =I,  t I ,  + 2 a 7 ( ~ )  COS &,z. (6b) 

Here I, is the time averaged intensity I, = (IE,(t)12>, and 
similarly for I,. z is the fiber length over which  power is 
propagating in  the  two modes,  and &O = Py(ao) - Px(wo). 
y(z) is the degree of  coherence [4] , [7] which,  for  a  source 
spectrum  symmetric  with  respect to wo,  is given by 
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where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlv(w)I2 is the  source spectral intensity  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAST, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd M /  
d o  is the  group-delay  difference  or  polarization-mode disper- 
sion. For  a Gaussian spectrum  defined  by 

r 

Equation (7) becomes [4] 

y(z) = exp - ___ [ (:z)z] 
where 2 6 0  is the full spectral width  at  half  maximum  inten- 
sity. We note  that y(z) varies between 0 and  1  and  exponen- 
tially decays to e-l at  a  length zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2&z 
L, =- 

Soh, 

which may  be  considered typical of the distance over which 
the light can propagate in the  two  modes  and still interfere 
upon recombination. We will refer to L,  as the depolarization 
length. In  the  narrow  band  limit (6w + 0), we have y(z) -+ 1 
so that (6) reduces to  the usual result for  monochromaticlight. 

Using this result we obtain  the fiber output  intensity I(O,, 
8,) as a  function of the polarizer and  analyzer positions. With 
the polarizer parallel to  the X axis (0, = 0), the result is 

I(O, e,) = cos2 ea - COS 2ea 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 sin 20ay(L - E )  COS Apo(L - I ) .  

( 1 0 4  

With the polarizer between  the  axes (e, = 45"), the result is 

1(45O, e,) = + + 3 sin 28, [(I - a) y ( ~ )  cos M O L  

- ay(L  - 21) cos @,(L - 2E)] 

+ 6 cos 28,y(Z) cos Ap0l. (lob) 

We are interested  in  the case where  the fiber length L >> L,  
so that y(L) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 0. Then we see that  interference  terms occur 
in the  output  intensity which are caused  by  a  mode-coupling 
center  located  such  that E < L,, IL - 211 < L,, or L - E < L,, 
Le., at  the beginning,  middle,  or  end of the fiber. When one 
of  these  conditions is satisfied, the corresponding y(z) is non- 
zero. We note  that  the presence of interference in the  output 
implies  a  nonzero degree of polarization, since depolarized 
light cannot cause interference. 

We can  likewise calculate the degree of  polarization [4] of 
the fiber output, using the  model  of  a discrete mode-coupling 
center. The  degree  of  polarization is calculated  from  the co- 
herency  matrix J 

where f signifies the  Hermitian  transpose.  The  time  varying 
field inputs  may be expressed in terms  of the envelope of the 
complex analytic signal [4]  by defining  e(t) in  2(a)  as 

To derive (13) Parseval's theorem is employed [7].  For  our 
case, the  output time-varying fields are expressed  from (3) 
and  Sakai et al. [4] and  Burns et al. [9] as 

~ , ( t )  = COS ep fi e e(t - G o L )  
i(wot-PxoL) 

+ sin e, 6 e i [wot-Pxo(L-O-Pyo I1 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0' denotes  differentiation  of /3 by o. The degree  of 
polarization is obtained  from  the  coherency  matrix as 

p =  [ 1-- J ] ,  
which yields P(0,) as a  function of the  input polarization 
azimuth.  For 0, = 0, we get 

P(O)= (1 - 4 a ( l  - a) [l - y 2 ( L -  Z ) ] } ' I 2  ( W  

and  for 6, = 45" 

P(45") = {40r(l- a) cos2 APoE [ y 2 ( l )  - y(L)   y(L - 2l)]  

where y(z) is  given in (7). 
From  (16) we see that with no mode  coupling (a = 0) we 

have P(0) = 1  and P(45') = y (L) ,  in agreement  with (4). For 
L >> L ,  such that y(L)  FZ 0 we obtain  the following results 
for particular values of a and I : 

or 

P(45O) = y(L - 21), a =  1 ( 1 7c) 

For  these  simplifying  choices for a the degree of  polarization 
is either  equal  to,  or  proportional  to,  the  degree of coherence 
associated  with  the  location  of  the  mode-coupling  center.  This 
result is in direct analogy  with  the result of P(45") = y(L)  
when a = 0. We see that  the mode-coupling  centers  at particu- 
lar positions along the  fiber  contribute to the degree of polar- 
ization, as  we expected  from  the  output  equation (10). Since 
both  the position  and  strength  of  the  mode-coupling  centers 
are likely to be effected  by  environmental  perturbations, we 
would  expect,  in  this  limit, to see environmentally  induced 
fluctuations in the degree of polarization. This  effect is en- 
hanced in (17b) where the interference  term  cos A002 occurs. 

The  mode-coupling  centers  may be  viewed  as effecting 
interference  and degree of  polarization  by  providing  paths 
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through  the fiber,' for  part of the light, for  which  the  group- 
delay  difference  between  the interfering components is less 
than  the coherence  time [l] zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. Expressed in terms  of lengths, 
the  output will show  a  nonzero zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP if the  path  length over which 
the interfering components are in  different  modes is <LT. We 
illustrate these  paths  for the  contributing  centers  in Fig.  2(a) 
and  sketch  the  corresponding value of y (assuming zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL >>L,) 
associated  with  each region in Fig.  2(b). 

So far we have considered  only  one discrete mode-coupling 
center,  an  assumption  which is undoubtedly unrealistic. Al- 
though we cannot  mathematically  handle  multiple-mode- 
coupling  centers is mixing  of the polarization  modes [SI, [6], 
Aside from  depolarization, the primary effect of  multiple-mode- 
coupling  centers is mixing  of  the  polarization  modes [5],  [6] 
a  process that is characterized  by  coupled  power  theory  by 
length l /h .  This is the characteristic length  in  which  input 
power in one  mode  becomes evenly divided  between both. 
We note from  our  previous  considerations that light which is 
coupled  between  modes at  two positions  along  the fiber will 
become  depolarized if either  position is not one  of  the allowed 
positions as shown in Fig. 2. Multiple-mode-coupling processes 
then are not likely to make  a substantial contdbution  to  a 
nonzero degree of polarization. 

When the  incident light azimuth is between  the fiber birefrin- 
gence axes (ep = 45')) the  power is already  equally divided 
between the polarization  modes.  The degree  of polarization is 
governed  by  (16b). For L < L,  we expect  to see P decrease as 
y (L) ,  with  mode  coupling not playing  a  major role. For L, < 
L < 4L, mode-coupling  centers  become important  in  deter- 
mining P. The  length  of  fiber  with  contributing  mode-coupling 
centers is increasing in this regime. For L 2 4L,, the  length 
of fiber with  contributing  centers  saturates at -3L,, since 
only the beginning and  middle  sections  contribute.  Additional 
fiber length  only  changes  the  position  of  the  contributing 
centers at  the middle  of  the fiber. We would  expect P to reach 
an approximately  constant level (P,(4so)). 

Next we consider the case of incident-light azimuth parallel 
to a  birefringence axis (ep = 0). From  (16a) we see that, with- 
out mode  coupling, P = 1  independent  of length. In this case, 
mode-coupling  centers,  independent  of  position,  tend to  de- 
grade P from l -+ 0. For example,  a  center  with a = 1/2  at a 
position L - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 > L,  yields P = 0. However, mode-coupling 
centers at  the  end  of  the fiber (L - I < L,) leads to interference 
and  a  nonzero P. For L < l / h ,  power is being equalized be- 
tween  the  modes  by  mode  coupling,  and we expect P to be  a 
measure  of  the  fraction  of  power in  the  input channel (X) that 
has not coupled to  the Y channel.  This  may be expressed as 

I, - I y  - 21, 

It  It 
p -  - - - - 1 - e-2hL (1 8) 

where It =I,  + I y  and we  have employed the result of  the 
work  of Rashleigh et al. [6] . For L > 1 /h )  P is determined  by 
mode  coupling at  the  end of the' fiber, and we expect P to 
again reach  an  approximately  constant value (P-(O)). We 
adapt  (18) to reflect this  effect  and  obtain  the  phenomenolog- 
ical equation 

P(O) =P,(o) + (1 - P,(o)) e-2hL. (19) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

WAVELENGTH (nm) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 3. Superluminescent diode spectrum with Gaussian fit. 

111. EXPERIMENT AND DISCUSSION 

To  test  the model just developed we measured the degree  of 
polarization in various  lengths  of  single-mode fiber with  a 
broad-band  source.  The  source was a  superluminescent  diode 
developed by  General  Optronics [8] which had sufficiently 
narrow divergence to couple  50-100 pW into  the single-mode 
fiber. The fiber was Corning single-mode fiber #505604. It 
was a 1 .I-km piece  with  a  core  diameter  of 4 p m ,  a NA of 0.1, 
and an attenuation of  3.6  dB/km.  The  source was  passed 
through  a polarizer before input  to  the fiber and  the  output 
was analyzed  with  a  Soleil-Babinet  compensator  and an ana- 
lyzer. Degree of  polarization is  given by [7] 

where I,,(O,, E) and Irnin(Ba, E) are the maximum  and  mini- 
mum observed intensities  for all possible  delays introduced by 
the  compensator (e) and all possible  orientations  of  the  ana- 
lyzer. The fiber was wound  on  a  drum  of  15-cm  diam  and 
care  was taken to hold  the fiber ends  without  introducing 
additional birefringence. The fiber ends were suitably  mode 
stripped. 

The  source  spectrum  at 1.3-mW output is shown in Fig. 3 
with  a Gaussian fit from '(7). Due to  the slight asymmetry  of 
the  output we  use an  asymmetric fit which yields an  average 
half-width 6h = 7.4 nm and  a  center  wavelength A,, = 838 nm. 
The  corresponding  frequency  half-width is 6w = 19.7 rad/ps. 
Although the Gaussian  fit is not  perfect, we assume it  to be 
sufficiently good for  our  purposes to employ  the Gaussian 
result for y in (8b). Typical  data for  the degree of polariza- 
tion  for  our  longest (1.1 km) and  shortest (1.3 m) length is 
shown in Fig. 4. These  two results were taken  with  a single 
constant  input  condition.  The  short length result clearly shows 
that  the fiber birefringence  axes  occur at  input angles  near 
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Fig. 5. Magnitude of the degree of coherence versus propagation length 
for the source and fiber used in our experiments. 

45 and  135", since we expect  the least  depolarization to occur 
on axis for a short length. The minima P between  these  axes 
(8, = 45') can be used to calculate the group-delay difference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6rg for  our fiber. Using (16b) in  the  no mode-coupling  limit 
(a = 0) and (8b) for y(L)  we obtain 6~~ = 47 ps/km. We then 
plot y(z) in Fig. 5 and calculate the depolarization  length L ,  
from (9) to be 1.8 m. 

Most of  our  data for P was taken by cutting  back on a fiber 
with an initial  length of 100  m,  without changing the  input 
conditions. We summarize all our  data  in Fig. 6 for 8, = 0 and 
0, = 45". We see that  for 8, = 0 a good fit to (19)could be ob- 
tained  with l /h  = 30 m. Considerable variation was observed 
between  measurements on separate, but identical,  lengths  of 
fiber as at 2.5, 10,  and 20 m.  Somewhat less variation was 
observed for  separate  measurements on  the same  piece  of fiber, 
as at 100 m.  These observations are consistent  with the 
coupling-center model, since different pieces of  fiber  would 

have different coupling-center distributions,  and because 
even on  the same length  of  fiber  the  strength  of  the  centers 
can be environmentally  effected. A surprising result was that 
P at -1 km was essentially the same  as P at  100  m. 

The  data  at 8, = 45" is shown  in Fig. 6(b). We attempt a fit 
to y (L)  at  short lengths and to a constant value  P,(45") at 
long lengths. Again,  we observe that P at 1 km is very much 
like P at 100  m.  The  fit  to y(L) is sketchy since the measure- 
ment  at 1.3  m  was used to derive y ( L )  and  there are only 
two  independent  points  at 2.5 m. At 5 m, P clearly increases 
above the prediction of y(L) ,  showing the effect  of  mode 
coupling  in the fiber.  Our  model  predicted  saturation  after 
4L, or -10 m,  but  the  data seems to fall more slowly until 
P,(45") is reached. This  could be due to fluctuations in  the 
measurement or inadequacy  of the model to account  for 
multiple coupling centers. 

We note  that, to our knowledge, the  measurement  reported 
here  is the first  measurement of l / h ,  the characteristic  length 
for polarization-mode mixing, on a nominally isotropic fiber. 
Our measurement  technique is closely related to  that used for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
high birefringence fibers [6]. We were  also able to measure 
this fiber's birefringence beat  length L ,  = 2n/(Px - by )  by 
aligning our  input  at 8, = 45"  and measuring the  period of the 
variation of  the visibility [5] as the  fiber  length was cut back. 
The measured beat  length was  -14  cm. 

A difficulty  in  interpretation  of  our  data  lay in  the identifi- 
cation  of  the birefringence axes for  data  corresponding to fiber 
lengths >>1/h. For example,  in Fig. 4 axis identification  is 
obvious at 1.3 m,  but  at 1.1 km we do  not  know whether the 
peaks or  the valleys of P correspond to the birefringence axes. 
We no longer get a clue from the distribution of  power between 
the  polarization  modes since that power is essentially balanced 
after l/h  or  30  m. We do  not know whether P,(O) is greater 
or less than P,(45"), or  whether  fluctuations might  cause 
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these  quantities to interchange.  However,  the  effect  of the 
axes  was evident, even after 1.1 km of  propagation,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP,(O) 
and P,(45”)  were not observed to be the same. Since  the  data 
in Fig. 4 was taken  with  a single input  condition,  the  near align- 
ment  of  the  peaks  between  the  data  corresponding to each 
length is  suggestive that  the peaks of the  1  .l-km  data could 
be identified  with  the  axes as are the  peaks  of  the 1.3-m data. 
However, when  the  100-m  length was cut back we  observed 
the  peak  position to wander  some  +30-35”  from  the  mean 
position, which  does not allow for  a conclusive identification. 
In  identification  of  the  data  for Fig. 5 we made  what  seemed 
the  most  reasonable  choice  and  continued to identify  the peaks 
of P(0,) with P(0) as L increased  beyond l /h. 

Our  observation  of axis wander  mentioned above is signif- 
icant  because it implies that  the  orientation  of  the  axes  vanes 
with  position along the fiber. This is not surprising as the 
fiber’s birefringence is presumably  due to randomly  induced 
strains and  geometric  distortions. It means that  the model 
developed,  which assumes a fured orientation  of  birefringence 
axes, must be applied  with  caution.  For  example, this could 
account  for  the  somewhat  poor fit of experiment to theory  in 
Fig. 6(b)  between 10  and 40 m. 

Perhaps  the  most interesting observation  of  our  experiments 
was that  the degree of  polarization was maintained, essentially 
undiminished,  between  lengths  of  50-100  m out  to 1.1 km, a 
length  much  longer than  the  mode mixing  length l /h .  One 
might  expect  that multiple-mode-coupling  processes  would 
reduce  the amount of  power  capable  of interfering coherently 
at  the  end  of  the fiber, and  thus cause  an eventual  reduction  in 
the degree of polarization. 

IV. CONCLUSIONS 
We have  used a  mode-coupling-center  model to account  for 

depolarization of the  broad-band  source in a single-mode 
optical fiber with  ordinary birefringence. Experimental results 
are presented  and are substantially accounted  for  by  the  model 
developed.  The degree of  polarization in long  lengths of fiber 
is determined  by  mode  coupling that occurs at specific sites at 
the  beginning,  middle,  and  end  of  the fiber. We would  expect, 
and have observed,  the resulting degree of  polarization to be 
susceptible to environmental  fluctuations.  The degree  of polar- 
ization has  been  shown to remain essentially constant over 
lengths  of fiber from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA100 m  to  1 km long. We expect  these 
results to be  of  interest in applications where depolarization  or 
the  lack of it results in system noise, i.e., coherent  communica- 
tions and fiber-optical gyroscopes.  Although  higher birefrin- 
gence fiber will reduce  many  of  the effects observed here, 
ultimate  system  noise  due  to  the degree of  polarization will 
still derive from the mechanisms  described. 
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Transmission-Loss  Characteristics of 
Al203-Doped Silica  Fibers 

YASUJI OHMORI, TETSUO MIYA, AND MASAHARU  HORIGUCHI 

A~~hact-Transmission-loss characteristics of Al203-doped silica 
fibers have  been  investigated to develop  an zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA1203  alternative  dopant 
for VAD silica-based optical fibers. Optical  properties of Al203-doped 
silica bulk glass and  fibers were measured in the 0.11-30-pm spectral 
region. From  the  experimental  results,  the  intrinsic  loss  due zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto glass 
material was estimated  for  Al203-doped silica fibers.  The  calculated 
intrinsic loss minima  for A1203doped silica fibers with 0.2- and 1.0- 
percent relative refractive-index  differences  were 0.17 dB/km at 
1.548 pm and  0.28  dB/km at 1.565  pm, respectively. 

1. INTRODUCTION 

G ERMANIUM OXIDE is most widely used as a dopant in 
low-loss silica-based optical fibers to raise the refractive 

index. However, there are problems in regard to stable germa- 
nium availability and cost in the  future. Recently, several 
investigations have been made to develop dopants alternative 
to  Ge02 [ 11 , (21 . Among many  candidates for the alternative 
dopants,  A1203 is considered most promising because aluminum 
has many advantages in  cost, long-term availability, and puri- 
fication. Also, alumina has no absorption  peak in  the visible 
and the near-infrared wavelength region. 

The authors reported that a  0.65-dB/km low-loss value at 
1.56 ym had been attained with A1203-doped single-mode 
fibers fabricated by the VAD process [3]. This success con- 
firms that A1203 is competitive  with Ge02 in low-loss fiber 
characteristics. The transmission-loss characteristics of silica- 
based fibers depend  on  the  kind of  dopant used. In order to 
design fiber characteristics, many investigations have been 
made about  the influence of conventional dopants, such as 
GeOa, P205 and B2O3, on fiber transmission loss [4] -[ 121. 
Then, the transmission-loss characteristics of A1203 -doped 
silica fibers are highly desirable to develop the A 1 2 0 3  alterna- 
tive dopant  for VAD silica-based optical fibers. 

This paper describes transmission-loss characteristics of 
A1203-doped silica fibers. The intrinsic loss due to glass 
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material in  the visible and the near-infrared wavelength region, 
which is composed of ultraviolet absorption,  infrared  absorp- 
tion, and Rayleigh scattering was determined  from A1203- 
doped bulk-glass samples and A1203-doped silica fibers, and 
was compared  with that  for  Ge02-doped silica fibers. Spectral 
loss of low-loss AZO3 -doped silica fibers, which were fabricated 
by the VAD process, was also classified by the loss factors. 

11. EXPERIMENTAL  PROCEDURES 

A. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASample Preparation 

Optical fibers consisting of A1203-Si02 core and SiOz 
cladding, and  A1203-doped silica  bulk-glass samples were 
prepared by the VAD process. Basic apparatus  for the VAD 
system and the key  points for preparing high-quality A1203- 
doped silica glass are described in detail in a previous letter 
[3].  To investigate ultraviolet  and  infrared  optical  properties 
of A1203-Si02 glass, A1203-doped silica  bulk-glass samples 
were prepared with up  to 0.54 percent in relative refractive- 
index difference. Three  kinds of low-loss optical fibers were 
fabricated in order to clarify basic loss characteristics of 
A1203-doped silica fibers in  the visible and  the near-infrared 
region. One was multi-mode  step-index fiber and the others 
were single-mode fibers. The relative refractive-index differ- 
ences between core and. cladding were  0.1 and 0.3 percent for 
the single-mode fibers and  1.0  percent for  the multi-mode 
fiber. These transmission loss characteristics are illustrated in 
the papers by Ohmori et al. [3] and Ohmori and Nakahara 
[13]. They are also discussed in Section 111-C from the view- 
point of loss analysis. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3. Measurement  Procedures 

Ultraviolet optical  properties of A1203-SiO, glass  were 
measured with  conventional ultraviolet spectroscopy  in the 
wavelength region between 0.11-0.25 pm. W reflectance 
spectra were obtained on mechanically polished samples in 
the 0.1 1-0.16-pm wavelength region. UV transmittance spec- 
tra were obtained on mechanically polished plate samples of 
various thicknesses in the 0.16-0.25-pm wavelength region. 
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