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For the first time a dispersion-flattened single-mode fiber has been manufactured which has chromatic dispersion zeros both at wavelengths 
of 1.3 and 1.55 μm. Present standard-type single-mode fibers are designed for either of these wavelengths and the new fiber is compatible to 
both of them. In contrast to other fiber refractive index profile optimization routines a new theory for continuous profiles has been used for 
the fiber design. Thus, interesting and important modifications of the conventional structures of dispersion-flattened single-mode fibers 
have been developed. For the profile realization a method is required which aUows for the continuous Variation of the refractive index over 
the fiber cross section. With the plasma Impulse chemical vapor deposition a satisfactory reproduction of the theoretical proposals is 
possible. Various fibers have been manufactured which showed exactly the intended chromatic dispersion. These fibers were called CP^ 
(compatible, continuous profile). 

Neue Generation breitbandig dispersionsarmer Monomodefasern 

Zum ersten Mal ist eine breitbandig dispersionsarme Faser hergesteUt worden, deren chromatische Dispersion Nullstellen sowohl bei l ,3 als 
auch bei 1,55 μm aufweist. Die derzeitigen Standardtypen sind für jeweils eine dieser Wellenlängen ausgelegt, und die neue Faser ist mit 
beiden kompatibel. 

Im Gegensatz zu anderen Optimierungsverfahren der Brechzahlprofile für Glasfasern wurde bei der Konzeption dieser Faser eine neue 
Theorie für kontinuierliche Profile verwendet. Auf diese Weise sind interessante und wichtige Modifikationen der üblichen Strukturen 
breitbandig dispersionsarmer Monomodefasern entwickelt worden. 

Für die Fertigung des Profils ist ein Verfahren erforderlich, das eine kontinuierliche Veränderung des Brechungsindex über den 
Faserquerschnitt erlaubt. Mit dem „Plasma Impulse Chemical Vapor Deposition^-Verfahren ist eine befriedigende Reproduktion der 
theoretischen Vorgaben möglich. Eine Reihe von Fasern ist hergestellt worden, die exakt die gewünschte chromatische Dispersion aufwies. 
Diese Fasern wurden CP^ genannt (compatible, continous profile). 

1. Introduction 

A f t e r the breakthrough in the early 70's both 
m u l t i - m o d e and s ing le -mode fibers are now well 
e s tab l i shed for applications in f iberoptic transmission 
Sys tems . B e s i d e s the progress in the field of opto-
e lec tronic dev ices the improvement of exist ing as w e h 
as the d e v e l o p m e n t of new fiber fabrication tech­
n i q u e s enlarged the possibihties with respect to fiber 
des ign and fiber propert ies . A s far as the fiber is 
c o n c e r n e d the fundamental l imitations for fiberoptic 
Signal transmission Systems are spectral attenuation 
and chromatic dispersion characteristics of the fiber 
u s e d . 

T h e m e a s u r e d values of spectral attenuation and 
chromat ic dispersion of today's s ing le -mode fibers at 
a w a v e l e n g t h of 1.3 μm already are c lose to the 
theoret ica l l imitations. 

In compar i son to that the tailoring and manufac­
turing of s ing le -mode fibers for appl icat ions in the 
longer wave l eng th region b e t w e e n 1.3 and 1.55 μm 
are m u c h m o r e comphcated . For e x a m p l e in order to 
inf luence the chromatic dispersion characteristics the 
des ign and realization of an ex tremely complex 
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refractive index structure consisting of the fiber core 
surrounded by several claddings with varying dopants 
is necessary. Because of the contemporary depend­
ence of other important fiber parameters on the 
refractive index profile the realization of such a fiber 
requires an excel lent understanding of the funda-
mentals of waveguide propagation characteristics as 
w e h as a high-tech fabrication method with greatest 
flexibility. 

In the present paper a numerical method is 
presented that takes into account the highly sophis-
ticated possibilities of the P I C V D (Plasma Impulse 
Chemical Vapor Depos i t ion) technology in order to 
produce s ingle-mode fibers with optimized character­
istics for the wavelength region between 1.3 and 
1.55 μm. This technique — an inside-tube deposit ion 
process for preform fabrication - was deve loped by 
S C H O T T and patented world-wide. Detai ls will be 
described in sect ion 3. 

2. Theory 

Bes ides s ingle-mode fibers designed for broad-band 
Performance ( i .e . chromatic dispersion zero) at 
1.3 μm there are also dispersion-shifted fibers suited 



for 1.55 μιη [1]. Recent ly efforts have b e e n m a d e to 
use the w h o l e wavelength ränge around 1.28 to 
1.6 μm by so-cal led Dispersion-Flattened Sin­
g le -Mode fibers ( D F S M ) [2]. 

H o w e v e r , n o such fiber has b e e n proposed 
theoretically nor realized in practice, which has 
dispersion zeros exactly at both 1.3 and 1.55 μm. 
Such a fiber would be compatible to both stand­
ard-type fibers used today for optical transmission 
Systems. Many attempts have b e e n made for fiber 
synthesis starting with various core structures 
(step-index, Gauss ian, triangulär etc . ) and a number 
of claddings fol lowing. H o w e v e r , all these designs did 
not meet the requirements . 

Therefore , this paper Starts with the most general 
theoretical m o d e l possible: a quasi-continuous profile 
of the refractive index consisting of hundreds of 
circular layers. T h e mathematical procedure has 
already b e e n presented e lsewhere [3]. H e r e , only a 
Short summary is given. The following consider ations 
are based on the assumption that the fiber will be a 
weakly guiding o n e [4]. Then the m o d e s are hnear-
polarized (and therefore named LP m o d e s ) and both 
the electric and the magnet ic fields are proportional 
to a scalar wave function ψ. For a circular fiber and a 
given wavelength 

V;(r,^,z) = E ( r ) . e ^ ' ^ ^ . e ^ (1) 

is obta ined, where ζ is the direction of wave 
propagation, β the longitudinal propagation constant 
and / an order number describing the mode's 
dependence from the polar angle φ. In the foUowing 
n{r, λ) describes the refractive index as a function of 
radius r and wavelength λ. The radial Compound E{r) 
obeys the scalar wave equation: 

— + - ;:2 + ^(r^) J^~ß E{r) = 0. (2) 

A s E{r) has to m e e t certain boundary condit ions, 
special values of β are a l lowed only. T h e LP modes 
are indexed (LP/^) after the order number / and the 
number of radial nodes of E{r) {= k-1). 

All the physical properties discussed here are 
related either to β or E{r) (or both) . The chromatic 
dispersion c{X) is defined as the derivative of the 
group delay t ime άβ/άω with respect to the wave­
length λ. ω is the angular frequency. 

c{X) = ά/άλ άβ/άω . (3) 

T h e leaky m o d e attenuation (which has to be kept 
be low a certain level for the fundamental m o d e and 
above another o n e for all guided higher-order modes 
to make the fiber effectively s ingle-moded) can be 
derived from the loss per length L . T h e latter is given 
by [5]: 
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Figure 1. Refractive index profile (theoretical synthesis: solid line; 
profile measurements of the PICVD-manufactured preform: 
dashed line and crossed circles) of SCHOTT fiber profile VM 3. 

L=(^/nl 4πνλ^-β^/2β) E\R) R l]E\r) rar. (4) 

is the refractive index of the fiber coat ing and R the 
overaü fiber radius. T h e fundamenta l m o d e field 
d iameter (which must have a certain size at least in 
Order to al low for a reasonable coupl ing of l ight into 
the fiber) is s imply def ined as twice the 1/e-radius of 
E{r). 

If the derivatives of these express ions with respect 
to the refractive index rii of a certain layer are k n o w n , 
o n e can proceed as fo l lows: Α s imple and general 
starting point is c h o s e n , for instance , a s tep- index 
fiber with h o m o g e n e o u s core and cladding. (This is 
i n d e e d the m o s t general starting prof i le , as the 
principle structure of a central area with higher 
refractive index and a peripheral o n e wi th lower 
refractive index is due to the nature of total ref lect ion 
and cannot b e altered therefore . ) O n e calculates the 
chromat ic dispersion etc. and c o m p a r e s the actual 
wi th the desired va lues . Accord ing to the N e w t o n 
m e t h o d o n e tries to c o m p e n s a t e the difference in first 
Order. This is demonstrated by e x a m p l e of the 
chromat ic dispersion at a certain w a v e l e n g t h : 

c(A)d - c(A)a i X 3c(A)/9n,. · Δ η , (5 ) 

In equat ion (5) the subscript "d" m e a n s des ired , the 
subscript "a" actual. T h e vector ( Δ ^ ι , An2, . . .) has 
to fulfiU corresponding equat ions for the m o d e 
at tenuat ion etc. A s the number of variables An^ 
e x c e e d s the n u m b e r of condi t ions [3 ] , there is n o 
unique Solution. T h e vector ( Δ ^ ι , An2, . . .) is c h o s e n 
wi th the minimal E u k h d i a n norm. 

If aU the physical condit ions are c o m p a t i b l e , this 
procedure will converge and c o m e u p with a suitable 
refractive index profi le. 

In the fo l lowing t w o fibers will b e dealt wi th wh ich 
have b e e n synthes ized in this w a y and manufactured 
by P I C V D . T h e first o n e ( V M 3 , figure 1) is i n t e n d e d 
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Figure 2. Chromatic dispersion of SCHOTT fiber profile VM 3 
(shown in figure 1); dotted line: theoretical curve; dashed line: 
calculated curve based on the measured preform profile and a 
smaller fiber diameter than originally intended; sohd line: 
measured dispersion of the fiber. 
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Figure 4. Chromatic dispersion of SCHOTT fiber profile VM 6 
(see figure 3); dotted line: theoretical curve; sohd line: measured 
dispersion of the fiber. 

t o have zero dispersion at 1.3 and 1.55 μηι and a 
m a x i m a l dispersion va lue of 4 ps / (km · n m ) be tween 
t h e s e t w o wave lengths . T h e 1/e-diameter of the m o d e 
field should b e 6 μm. 

T h e leaky m o d e at tenuat ion for the first higher-
order m o d e s ( L P n and LP02) is c h o s e n to be above 
O.Ol d B / k m and the o n e for the fundamenta l m o d e 
(LPoi) b e l o w O.Ol d B / k m through the w h o l e wave­
length ränge. T h e result is a cont inuous profile 
mult iple-c ladding fiber with the w c ü - k n o w n ( Q C 
( = Quadrupo le Clad)- l ike) principle s e q u e n c e of a 
refractive index m i n i m u m and a m a x i m u m following 
the central core area. H o w e v e r , there are interesting 
and essential modif icat ions: T h e refractive index gap 
b e t w e e n core and first cladding has b e e n increased by 
the refractive index m a x i m u m at the core edge (see 
arrow in figure 1) . T o g e t h e r with a s t eep refractive 
index descent at this boundary it is responsible for 
shifting the chromatic dispersion to zero at 1.3 μm. 
U s i n g Standard s tep-hke Q C structures this value 
normal ly is negat ive [2] . T h e synthesis has also come 
Up with a trench surrounding the inner z o n e . Such a 
structure has already b e e n discussed for confining the 
fundamenta l m o d e p o w e r to the center etc . [1] . The 
P I C V D - m a n u f a c t u r e d preform (the m e a s u r e d profile 
of which is added to the theoret ical o n e in figure 1) 
was drawn with a smaller d iameter than used 
for the calculations to reduce the dispersion to 
3 .5 p s / ( k m · nm) any where b e t w e e n 1.28 and 
1.55 μm. A n exce l lent agreement b e t w e e n theory and 
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Figure 3. Refractive index profile (theoretical synthesis: sohd line; 
profile measurements of the PICVD-manufactured preform: 
dashed line and crossed circles) of SCHOTT fiber profile VM 6. 

experiment (figure 2) can be seen. H o w e v e r , the 
bending effect on the fundamental m o d e had b e e n 
underest imated and the o n e on the higher-order 
m o d e s had been overest imated. Therefore, the fiber 
is not effectively s ingle -mode be low 1.35 μm and is 
too bending-sensit ive at longer wavelengths . 

Further profile optimizat ion leads to the fiber 
V M 6 (figure 3: theoretically calculated and P I C V D -
manufactured preform profi le) . Its effective cut-off 
occurs at 1.25 μm and a loop with a radius of 2 cm 
results in an excess loss of 0.05 dB/km at 1.6 μm for 
the fundamental m o d e . Its chromatic dispersion 
(theory and measurement: figure 4) is intended to 
have zeros at 1.3 and 1.55 μm and a maximum value 
of 3.5 ps / (km · n m ) . From figure 4 it can be seen that 
the realization has almost met the theoretical resuk. 
T h e remaining difference can be explained by 
manufacturing tolerances . 

Corresponding calculations have shown that the 
refractive index of the first minimum almost exclu­
sively affects the chromatic dispersion at 1.3 μm. O n 
the other hand, a smaUer drawing diameter for the 
preform has a stronger influence on the chromatic 
dispersion at 1.55 μm. It has been made use of these 
antagonistic mechanisms in order to m o v e the 
dispersion into the window given in figure 4. 

3. Introduction to PICVD 

Corresponding to the theoretical predictions different 
types of D F S M fibers with continuously shaped 
refractive index profiles have been prepared with 
P I C V D . This process is a low-pressure inside depo­
sition process . A t an absolute pressure of 1 to 3 mbar 
a plasma discharge is generated within a sihca tube. Α 
micro wave pulse of 2.45 G H z generated by a magne-
tron is fed to o n e end of the tube, building up the 
plasma and initiating the chemical reactions. S i 0 2 
and dopants are depos i ted in molecular layers at the 
waU inside the tube. The repetit ion rate of the pulse is 



approximately 100 Hz . Precursors for the process are 
SiCl4, GeCl4 , CCI2F2 and as reaction gas O2. Α more 
detailed description of the process and of the 
experimental setup are given in [6] . 

Because of the molecular thickness of the layers 
approximately 2 · 10^ layers are depos i ted for the 
fabrication of a preform. Therefore , the P I C V D 
process especially is suited for the fabrication of 
smooth , continuously shaped and complex refractive 
index structures. Typical for the D F S M profiles 
deve loped by S C H O T T is - bes ides the multiple 
cladding structure - a fine structuring of the core. 

The profiles shown in figures 1 and 3 are realized 
by continuous Variat ion of the doping gases during 
the P I C V D process . T o profile the fine structure of 
the core the dimensions have to be chosen large 
e n o u g h to minimize diffusion effects during collaps-
ing. Because of the steep gradient in the refractive 
index be tween core and first cladding especially 
diffusion of fluorine occurs into the core. The dip in 
the middle of the core is also caused by diffusion. It 
can be minimized by etching before the last coUapse 
Step, but it cannot be avoided complete ly . Both 
effects have the consequence that the core diameter 
within the preform had to be greater than 1 m m to 
realize the fine structure of the core. A s already 
k n o w n from Standard s ingle-mode fibers, the ratio 
b e t w e e n deposi ted cladding and core diameter must 
be large enough to avoid bending losses for the 
fundamental m o d e . 

Α deposit ion rate of about 0.2 g/min and a 
deposi t ion length of about 40 cm are achieved at the 
m o m e n t with the laboratory equipment . Therefore, 
the fiber losses have not b e e n opt imized and the core 
to cladding ratio has b e e n l imited to 1 : 3 .5 . But in 
spite of such restriction losses are achieved as shown 
in the attenuation curve (figure 5) measured at a fiber 
of profile V M 6. 

T h e D F S M fiber shown in figure 3 has a profile 
which is continuously shaped on the who le cross-sec-
t ion of deposi ted material. D u e to the low doping 
concentration in the outer cladding a careful design of 
the gas supply and control System is necessary. The 
realized profiles demonstrate that with the P I C V D 
process and opt imized technology parameters arbi­
trary complex index profiles can be produced re-
producible . 

4. Conclusion 
It has b e e n shown both theoretically and experimen­
tally that dispersion-flattened s ingle -mode fibers with 
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Figure 5. Attenuation measured at a SCHOTT fiber with profile 
VM6 (see figure 3). 

zero dispersion at 1.3 and 1.55 μm are reality. T h e s e 
fibers are compat ib le with convent iona l Standard 
( i . e . , 1.3 μm) and dispersion-shifted ( i . e . , 1.55 μm) 
s ing l e -mode fibers and — because of the cont inuous 
profi le - they are cal led C P l T h e s e P I C V D - m a n u - , 
factured fibers also exhibit g o o d b e n d i n g Perform­
ance etc . so that they are ready for use in broad-band 
c o m m u n i c a t i o n Systems. 

This work is based on a forthcoming dissertation by U. Fothe­
ringham at the Johannes-Gutenberg-Universität Mainz, Fachbe­
reich Physik. Thanks are due to F. Hufnagel, D. Krause, H. 
Mülthei and H. Loch for providing the theme and for helpful 
discussions; especially R. Kunstmann for the introduction, U. 
Rütze for the description of the PICVD process, R. T. Kersten and 
his coworkers for fibre fabrication and measurement. 
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