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Abstract-A method for fabrication of a new type of optical 
fiber with dispersion varying along the fiber length is de- 
scribed. The main optical parameters of a drawn fiber are the- 
oretically studied and experimentally measured. These fibers 
are of great interest for nonlinear fiber optics. Such applica- 
tions of the fibers, such as high-quality soliton pulse compres- 
sion, soliton pulsewidth stabilization through compensation of 
losses, and generation of a high-repetition-rate train of prac- 
tically uninteracting solitons, are considered. 

I. INTRODUCTION 
INGLE-MODE fibers with chromatic dispersion vary- S ing along the length are promising mediums for non- 

linear fiber optics. The reason is that the nonlinear light 
propagation in optical fiber is defined by the interplay of 
the dispersion and nonlinear effects. Optical soliton is a 
result of the canceling of the effect of pulse broadening 
through second-order dispersion by the refractive-index 
nonlinearity. For optical soliton, a small dispersion vary- 
ing perturbs soliton in the same way as an amplification 
or loss. Therefore, fibers with chromatic dispersion vary- 
ing can have a lot of application in the soliton propagation 
control. 

Fibers with slowly decreasing dispersion (FSDD) re- 
alize a regime of effective amplification of solitons [1]- 
[8]. Tajima [ l ]  was the first to suggest utilizing FSDD in 
nonlinear fiber optics. He suggested using such fibers for 
the compensation of the soliton broadening in lossy fi- 
bers. Kuehl [2] considered a more general case of the so- 
liton propagation on an axially nonuniform optical fiber. 
In [3], [7], [8] it was suggested to use FSDD for a gen- 
eration of high-repetition-rate (GHz-THz) soliton trains. 
In [ 5 ] ,  [8] this method was experimentally realized and a 
0.2-THz soliton train was generated. In [3], [4], (181 fi- 
bers with slowly decreasing dispersion were used for adi- 
abatic femtosecond soliton pulse compression. We were 
the first to produce such fibers, which were then used in 
the experiments [3]-[5], [8], [18]. 
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To produce dispersion variation, one should fabricate a 
fiber with varying parameters along the length. Among 
the fiber parameters, which affect the dispersion, are the 
chemical composition of material, the fiber refractive-in- 
dex profile, and the fiber core diameter. From a modern 
technology point of view, the variation of the first two is 
a very difficult problem, but the core diameter variation 
can be produced by varying the speed of fiber drawing 
from a preform. The fiber core diameter can effectively 
influence the fiber dispersion only in the spectral region 
near the zero material dispersion point ( A  1.3 pm). 
This is the key idea of our method. The drawing speed 
was controlled by a program. The program took into ac- 
count the calculated dependence of fiber dispersion on fi- 
ber core diameter for the measured profile of the preform 
and the desirable dispersion dependence on the fiber 
length. 

In this paper we describe the fabrication and optical 
properties of fibers with dispersion varying along the 
length. We also consider some of applications of these 
fibers in nonlinear fiber optics, such as the compensation 
of the soliton broadening in lossy fibers, high-quality adi- 
abatic soliton pulse compression, and generation of high- 
repetition-rate trains of uninteracting soliton pulses. 

11. FIBER FABRICATION 

It is well known, that the total chromatic dispersion D 

(1) 

where M,, is a material dispersion and Wl,, is a waveguide 
dispersion. 

The material dispersion depends on the fiber parameters 
only slightly, and the effective total dispersion variation 
can be achieved through waveguide dispersion variation. 
The waveguide dispersion can be expressed as 

can be approximately expressed as 

D = M,,, + Mil. 

An d*(BV)  
Ml,. = - v ~ 

C A  dV2  . 

Here An is the index difference, B and I /  are the normal- 
ized propagation constant and frequency, respectively. As 
it can be seen, the variation of the index difference along 
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the fiber length results in dispersion variation. However, 
in this case it is necessary to obtain the controlled sharp 
change of GeO, concentration along the preform length. 
This procedure is too difficult. It is easier to vary the V 
parameter and the value of d 2 ( B V ) / d V 2 .  Variation of the 
V parameters can be caused by the core diameter varia- 
tion, which can be achieved through controlled variation 
of the outer fiber diameter while drawing. This exact 
method was used in our case. 

We were interested in effective dispersion variation at 
X = 1.3-1.6 pm. These wavelengths are of great interest 
for nonlinear fiber optics, because of the minimum optical 
loss and the negative group velocity dispersion in this re- 
gion. Dispersion variations from approximately 15 
ps/nm/km to zero in the single-mode regime can be 
achieved at X = 1.55 pm by using our method. 

The preform for the dispersion shifted fiber should be 
used. To control the dispersion variation the relation be- 
tween the chromatic dispersion and outer diameter have 
been obtained through numerical solution of the scalar- 
wave equation for the preform profile and fixed drawing 
coefficient. Calculated dependencies of chromatic disper- 
sion on outer diameter at three wave lengths are shown in 
Fig. 1 for a typical preform profile of dispersion shifted 
fibers (see Fig. 2). The chosen region of the outer diam- 
eter variation is from 115 to 175 pm. Further increasing 
of the diameter leads to the appearance of a first higher 
mode. Decreasing of the diameter less than 115 pm causes 
excess radiation loss, while into this region the fiber losses 
are not practically changed. Therefore, using this region 
is optimum, and we will call it the “working region.” 

We will describe the fabrication of the fiber which was 
used in the experiment [5], [8]. The fiber of length 0.9 
km was required with dispersion decreasing at wavelength 
1.55 pm as 

D(z)[ps/nm/km] = 10/(1 + 12 z[kml>. (3) 
And the last 100-m fiber had the constant dispersion equal 
to D(0.9), so that the total fiber length was 1 km. The 
region of dispersion variation was from 10 to 0.8 
ps/nm/km (Fig. 3). 

For this purpose, a conventional MCVD triangular pro- 
file preform was taken for the fabrication of the fiber. The 
PlOl preform profile is shown in Fig. 2. The necessary 
length dependence of the outer diameter was calculated 
using the method described above. Fabrication of the fiber 
with varying outer diameter requires the special drawing 
conditions. This fiber was drawn by a machine with a 
graphite resistance fumace. The drawing process was 
controlled by the digital feedback system with an adaptive 
regulator based on computer PDP- 1 1. The measurements 
of the fiber diameter during the drawing were carried out 
by a shadow graph control diameter system with the scan 
rate of 400 Hz. The diameter measurement accuracy of 
less than 0.1 pm was achieved by the averaging of 80 
scan. 

For the analysis of the drawing process, it is important 
to take into account the low- and high-frequency diameter 
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Fig. 1. Calculated chromatic dispersion dependencies on the outer fiber 
diameter. 
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Fig. 3.  Calculated length dependence of dispersion and measured. 

noise sources [9]. Different digital approaches were used 
for the signal processing, including the Bessel filter of 6th 
order, fast Fourier transform for the spectral analysis, the 
recursive estimation, and modeling. The drawing process 
was identified in real-time using the recursive least squares 
method. The analysis of this identification results allowed 
us to design the adaptive digital control system for the 
fiber diameter monitoring during the drawing. In the re- 
gime of fiber diameter stabilization this control system 
supported of less than 0.5-pm fiber diameter variation 
even for the increase of the pulling speed by an order of 
magnitude during several minutes. The diameter feedback 
system that we developed permits us to control the fiber 
diameter according to the determined function d = d(z) .  
The fiber diameter measurement unit is situated by the 
distance L lower than the hot zone in the fumace. Due to 

1 
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this fact there is some varying transport delay T = L / u  
(where U is the pulling speed) in all the fiber drawing 
feedback systems. This varying transport delay produces 
a lot of problems for the identification procedure and fiber 
with dispersion varying drawing. We solved this problem 
by including additional software delay in the control loop. 
The additional delay is FIFO (first in, first out), its length 
is defined currently by the speed U. The FIFO delay in the 
feedback loop simplifies the design of the control system. 
The length dependence of the fiber diameter and the error 
(the difference between this length dependence and equa- 
tion (3)) on the fiber length are shown in Fig. 4. It can be 
seen from this picture that the diameter variation of the 
fiber assigned by (3) is less than 0 . 5  pm for all the 1-km 
length. The adaptive digital control system we developed 
permits us to produce the fiber with a more complicated 
dependence of outer diameter along length. 

Main optical properties were tested in the drawn fiber. 
The experimental dispersion values at the two fiber ends 
measured by the interferometric technique are depicted in 
Fig. 3.  As it can be seen, the calculated and measured 
values are in a good agreement. The optical loss in the 
fiber amounted to 0.4 dB/km at 1.55 pm. Calculated and 
measured values of the mode field radius versus fiber core 
radius are shown in Fig. 5 .  The core radius is defined on 
the level of 10% of maximum refractive index, and mode 
field radius is determined using Gaussian approximation. 
One can see that the mode spot size is not considerably 
influenced by the variation of the fiber diameter. 

111. NONLINEAR PROPERTIES AND APPLICATIONS OF 

FIBERS WITH VARYING DISPERSION 
The fibers with axially nonuniform dispersion proper- 

ties are very useful for the applications in nonlinear fiber 
optics. Nonlinear propagation of light signals in a fiber is 
defined by combined action of the self-phase modulation 
and group velocity dispersion effects [ 101. By varying the 
dispersion one can vary the relation between these effects 
and, therefore, influence the pulse propagation. 

Propagation of an optical signal in a monomode fiber 
with the slowly axially nonuniform parameters is de- 
scribed by the following equation [2]: 

G ( ~ )  = SS 1 ~ 1 4 . ~ . d y / S  S I U I ~ . L . ~ ~  

F(z) = n ss (Ul2 .L .dy .  (4) 

This equation is obtained in the slowly varying amplitude 
approximation for the electric field E([,  x, y ,  z )  = A ( t ,  
z )U(x ,  y ,  z )  exp (is; k2(z ' )  dz' - i w t } .  Here A ( t ,  I) is the 
electric field amplitude, U(x,  y ,  z )  is the function of trans- 
verse distribution of the electric field in fiber, k is the wave 
number, and k j  = a'k/aw' I w = w u ,  k2 = gD/(27rc)  is the 
group velocity dispersion. We take the values F ,  G ,  k ,  k , ,  
k 2 ,  ro to be slowly axially change. 

Now we introduce the characteristic time of our signal 
to (for pulses, it's pulse duration (FWHM)), characteristic 
length zo(z)  = 0.322 t i / ( k , ( z ) l  (dispersion length) and 
amplitude Ao(z) = Jcti /(k2(z)won2 G(z)). Equation (4) is 
written in dimensionless values 

as follows: 

aF/az  ak2/az  aG/& = -~ - - + ~ yo = -rozo, 2 F  2k2 2 G  ' 

( 5 )  

Equation ( 5 )  is a well-known amplified nonlinear Schro- 
dinger equation [ 1 1 3 ,  but the amplification coefficient de- 
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pends on the axial coordinate. As a result we have ob- 
tained the important fact that the influence of variation of 
all fiber parameters can be formally considered as an ef- 
fective amplification. 

We divided the full effective amplification coefficient 
y(5) on two parts yo and yeff. yo is the amplification coef- 
ficient associated with an actual change of the signal en- 
ergy. It is defined by the fiber losses. And yeff is the ef- 
fective amplification coefficient, it characterizes the 
amplification only in the frame of (5)  and does not change 
the signal energy. The effective amplification coefficient 
is defined by the dispersion variation, the variation of 
function G, that depends on the mode field form, and 
mode field area. It is useful for the following discussion 
to introduce the function of the total effective amplifica- 
tion: 

It is clear that the effect of the fiber parameters change is 
described by the value of the total effective amplification. 
The effective amplification is defined by the ratios of the 
initial and final values of k 2 ,  G, F. 

In the fabricated by our method fiber with dispersion 
variation, the fiber losses are practically constant in all 
the “working regions. ” The fiber-mode profile and area 
are not significantly changed within the “working re- 
gion” of outer diameter (see, Fig. 6 ) .  G is close to 0.5 
and is practically unchanged, and variation of F is within 
20%. The main contribution into the effective amplifica- 
tion is made by the dispersion variation. Therefore, these 
fibers can be referred to as the dispersion varying fibers. 

For the applications, it is interesting to estimate the 
maximum value of the total effective amplification that 
can be achieved in such fibers. Its value is defined mainly 
by the minimum value of the dispersion. The last in  turn 
is restricted by the precision of the fiber fabrication. The 
outer diameter error is about 0.5 pm and, consequently, 
the dispersion error is less than 0.2 db/km/nm (see Fig. 
1). Therefore the maximum total effective amplification 
can be 60-80. It seems to be enlarged by improving the 
technology. 

General applications of the fibers with varying disper- 
sion are associated with solitons in optical fibers. Solitons 
exist as a result of canceling of the effect of pulse 
broadening through the dispersion by the refractive-index 
nonlinearity in the negative group velocity dispersion 
spectral region. In the frame of ( 5 )  with y = 0, there is 
an exact soliton solution given by 

(7) 
Now we consider some of applications of FSDD. The 

effect of slowly dispersion decreasing can compensate for 
the soliton broadening caused by the fiber losses. FSDD 

5) = 1/7.y sech (7/7,) exp (i4/7,2). 
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Fig. 6.  Calculated dependencies of parameters F(1) and G(2) on the fiber 
outer diameter. 

can be also used for the adiabatic soliton compression and 
in other cases instead of an actual amplification. 

A .  Soliton Broadening Compensation in Lossy Fibers 
One of the general problems of transmitting solitons 

through long distances is the optical losses. The effect of 
fiber losses is in a soliton broadening and, for the large 
total losses, the soliton is distracted [ 121. Among the ways 
of loss compensation are the Raman amplification [ 141, 
[ 151, the use of active fibers [ 161. An advantage of FSDD 
is that the exact loss compensation can be obtained in 
every point of fiber. The loss compensation takes place 
when y = 0 in ( 5 )  or 

aF/az ac/az ak,/az 
2F 2G 2k2 ro=- -~ --. (8) 

Equation (8) determines a law of the drawing process in 
our method. Supposing only the dispersion variation one 
can obtained the axial dispersion dependence needed for 
the soliton broadening compensation [ I ]  

k2(z) = k2(0) exp (2r0(z) dz). (9) 

In such a fiber, the soliton is not broadening, and it is not 
disturbing by losses, its amplitude is only decreasing, as 
it propagates in the fiber. A scheme of a soliton commu- 
nication line based on FSDD can be as follows [ 1 1 .  It can 
consist of many periods. In turn, every period of the line 
consists of two parts. The first part is a long fiber with the 
slowly decreasing dispersion according to (9). The second 
part is a linear amplifier needed for an amplification of 
solitons to their initial energy. One can estimate the max- 
imum length L, of FSDD. For the fiber losses 0.2 db/km 
and the total effective amplification 60, L, = 90 km. 

B. High-Quality Soliton Pulse Compression 
Fibers with the slowly decreasing dispersion can be 

used for soliton compression [ 2 ] ,  [ 4 ] ,  [17]. The theory is 
based on (5) .  The soliton in amplified nonlinear Shro- 
dinger equation is adiabatically compressed if the ampli- 
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fication is adiabatic [ 113-[ 131, that is, the amplification is 
small on the soliton dispersion length 

yts’/t; << 1 .  (10) 
The soliton pulsewidth decreases according to t,(z) = t,(O) 
exp (2j6 y(z’) dz ’ ) .  Substituting y from (5) into this 
expression, we obtain 

t S ( 4  = tS(O)W,ff (11) 
where We, is given by (6). 

is 
The condition for the dispersion change to be adiabatic 

t: ak, 
k2 az 

<< 1 .  _ _  

This theory is valid for picosecond solitons. The max- 
imum compression is equal to the maximum effective am- 
plification, which can be obtained, is about 40-60 as we 
have estimated above. For femtosecond solitons, the pic- 
ture is complicated by the higher order dispersion and Ra- 
man self-scattering effects. As a result, a femtosecond 
soliton behavior in FSDD differs from the case of pico- 
second solitons [17], [18]. A compression of 130-fs so- 
liton to 50 fs has been experimentally obtained in FSDD 
[4], [ 181. In [ 161 a compression of optical solitons to ap- 
proximately 20 fs in FSDD has been theoretically pre- 
dicted. 

C. Generation of a High-Repetition-Rate Periodic Train 
of Uninteracting Solitons 

In [3], [5], [7], [SI it has been shown that by using an 
adiabatic amplification of sinusoidal signal a train of un- 
interacting solitons at a high repetition rates (GHz-THz) 
can be produced. The key idea is that under amplification 
of a weak optical signal having a sinusoidal envelope (a 
bit signal of two separated frequencies) in a fiber the sig- 
nal is reshaping into solitons without a pedestal due to the 
joint action of the self-phase modulation and dispersion 
effects. Solitons do not interact with each other because 
there is no pedestal and the separation among the solitons 
is large. A case of a constant gain along the fiber was 
considered in [3], [5], [7], [8]. Equally, instead of the 
actual amplification, FSDD can be used. A constant ef- 
fective gain r in FSDD takes place in the case when the 
dispersion varyation is given by 

The fiber described in the present paper (see Section 11) 
had such a dispersion dependence on the length (3) and 
was specially designed and fabricated exactly for the 
soliton train generation. A 0.2-THz train of 0.5-ps soli- 
tons was generated [5], [SI. 

IV. SUMMARY 

In this paper, we presented the first report describing a 
method for the fabrication of a new type of optical fiber 

parameters of fabricated fibers are theoretically studied 
and experimentally measured. These fibers are of great 
interest for nonlinear fiber optics. We shown that all vari- 
ations of the fiber parameters can be treated as an effective 
loss or gain. We described such applications of these fi- 
bers as the high-quality adiabatic soliton compression, 
compensation of soliton broadening in lossy fibers, gen- 
eration of high-repetition-rate periodic soliton trains of 
rarely interacting solitons. Our fibers with slowly decreas- 
ing dispersion fabricated by the described in this paper 
method have been used in the nonlinear fiber-optics ex- 
periments. 
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