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Index or a-type core Index profiles and having A-val- ues greater than
about 0.3%, It is difficult to meet the The present Invention relates to an
optical wave-  requirement that the zero dispersion wavelength A, guide
fiber for transmitting light wave energy in a sin-  be quite close, i.e.,
within 5 nm, to the laser source gle mode.
5   wavelength wnen the sourcewavelength is chosen to Single-mode optical
waveguide fibers have been  be about 1300 nm In order to reduce the loss
contri- developed that achieve transmission losses as low as  bution due to
OH absorption which peaks at 1380 nm. 0.5 dBlkm and 0.2 dB/km at
wavelengths of 1300 nm      The Paek et al. publication states that as the
wa- and 1550 nm, respectively. Because of their low loss  velength gets
longer, the guide radius must get small- and because of the high bandwidths
generally attrib-  10  er and that at longer wavelengths a much larger uted
to single-mode fibers, they are attractive as po-  amount of material
dispersion must be compensated tential long distance transmission lines.
However,  for by waveguide dispersion. This requires greater their
potentially high bandwidth can be achieved only  precision In the waveguide
parameters than when the if the design is optimized so that the total
dispersion  guide is designed to operate at the zero of material [err] for
the [ERR] mode is equal to zero or as near as   15  dispersion. If the
waveguide radius is made too small possible to zero at the operating
wavelength.      In order to balance out material dispersion, microbe- In
single-mode waveguides the total dispersion is  nding losses become
unacceptably high. governed by the material dispersion D. and the wa-
The W-type waveguide disclosed In U.S. Patent veguide dispersion D,. For a
given fiber composition  No. 3,997,241 Issued to S. Nishida et al. offers
an ad- the material dispersion varies as a function of wave-  20  ditional
parametrwhlch can be varied in ordertovary length. For example, the
material dispersion versus  the waveguide dispersion. This fiber comprises
a wavelength curve passes through zero dispersion at  core having a
uniform, relatively high refractive index a wavelength near 1280 nm for
high silica content fib-  n1 surrounded by an inner cadding layer having a
rel- ers. Single-mode fibers can be designed which exhlb-  atively low
refractive Index qn1 and an outer cladding it zero total dispersion at any
wavelength In a range   25  layer having an intermediate value of
refractive Index of wavelengths above that wavelength at which the  prn.
Since this design results in an increase of V, to material dispersion curve
passes through zero dis-  a value calculated to be 3.8327, it enables light
to be persion. This can be achieved by tailoring the wave-  propagated In a
single mode through a core having a guide dispersion to balance out the
material disper-  radius greater than that which would be permitted in sion
at some specified wavelength which is selected   30  conventional step
index waveguides. The normalized because of low fiber attenuation andlor
availability of  frequency V Is expressed by the formula: light sources.
The waveguide dispersion can be tail-              V = 2"agn2 - n22 ored by
varying the core radius a, the core index pro-                X file or the
core-cladding relative index difference a.  The term V0 designates the
single-mode cutoff value The term A. Is defined by the equation         35
of V. Also, bending losses are reduced by the Nishida A = (n12 - n22)/2n12
design. This design can achieve a total dispersion where nj is the peak
refractive index of the core and  that is zero or near zero over a broad
range of wave- n2 is the cladding refractive index. Techniques for tal-
lengths, but in order to achieve such broad band op- loring the zero
dispersion wavelength are taught In  eration, the intermediate layer index
qn1 should be the article by U. C. Paeket al. entitled "Dispersionless  40
relatively low and the outercladding index pn1 should Single-Mode Light
Guides With a Index Profiles, The  be relatively close to the core index.
In accordance Bell System Technical Journal, Volume 60, No. 5,   with the
teachings of the Nishida et al. patent, the May-June 1981, pp. 583-598 and
the article by L G.  quantity (n-pn)/(n-qn) should be less than 0.1. Such
Cohen entitled 'Tailoring Zero Chromatic Dispersion  a small ratio of
(n-pn)/(n-qn) causes manufacturing Into The 1.5-1.6 lam Low-Loss Spectral
Region of Sin-  45  tolerance to be critical, and slight changes In the re-
gle-Mode Fibers", Electronics Letters, Volume 15, No.  fractive index of a
layer can greatly affect the slope 12, June 7, 1979, pp. 134-135.
of the wavegulde dispersion curve. As the slope of Whereas the designs
taught In the aforemen-     the waveguide dispersion curve varies from its
design tioned Paek et al. and Cohen et al. articles can result  value, the
width of the wavelength range at which low in a tailoring of the zero
dispersion wavelength, they   so  dispersion operation can be achieved Is
correspond- adversely affect other parameters. To achieve lowest  ingly
reduced. system loss, there must be optimization of parame-     The optical
fiber of the Nishida et al. patent has ters such as spot size w, and the
ratio wja, which de-  a lower value of normalized frequency V,' below
termine splice loss and microbend loss, respectively.  which single-mode
propagation does not exist As Also, work done on step-index single-mode
wave-  5s  shown in Figure 2 of that patent, single-mode propa- guides
having a A of about 0.3% Indicates that such  gatlon occurs In that range
of normalized firequenzy a value of A may be too low insofar as microbend
loss  between V1' and Vj. Thus, as the index pnl of the is concerned. For
conventional fibers having step-  outer cladding is increased In order to
satisfy the pre- 2 This is the replacement sheet Date: 24/05/94    3
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(n-pn)/(n-qn), the  as 0.1 the aforementioned effect exists, but manufac-
V-value range over which single-mode operation is   turing tolerances
become critical. Thus. given the practical becomes small, again making the
design    manufacturing processes and fiber compositions em- sensitive to
manufacturing tolerances          5   ployed at the present time, a small
change In a phys- It is therefore an object of the present Invention  ical
property of a fiber could result in a large change 



to provide a single-mode optical waveguide which ex-  in waveguide
dispersion characteristics when (n1- hibits low dispersion overa wide band
of wavelengths  n2)/(n1-n3) is 0.1. When the ratio (ni -n2)/(n1-n3) is and
which Is not subject to the aforementioned limit-  about 2.0 or greater,
the beneficial effect of the de- atlons of the prior art.
io  sign of the present Invention becomes negligible. A further object of
this Invention is to provide a  Therefore, the ratio (n1-n2)/ (ni-n3)
should be less single-mode optical wavegulde having a relatively  than 2.0.
large core radius and exhibiting relatively low attenu-  Whereas the core
profile Illustrated In Figure 2 Is ation due to microbending.
that of a step index wavegulde, other types of core Another object is to
provide a single-mode optical  15  profiles Including a-profiles can be
employed. The wavegulde having minimal dispersion over a wide wa-  term
"a-profile" Is used herein to mean that the re- velength range without
lowest order mode cutoff, or  fractive index of the core is defined by the
equation with the lowest order mode cutoff far removed from
n(r) = nJI - ,(rla)d the operating region.
where n. Is the refractive index at the fiber axis. The optical wavegulde
fiber of the present Inven-  20  Curve 24 of Figure 3 represents an
cx-proflie wherein tion Is defined In claim 1.                         a
equals 2. The refractive index of the cladding may K>
have the same value as the edge of the core, as In the accompanying
drawings                       shown by solid line 26, or the refractive
Index of the cladding may be lower than that at the outer edge of Figure 1
shows a cross-sectional view of an opt-  25  the core as shown by dashed
line 28. ical wavegulde fiber.                                  The shape
of the core indexdepresslon refractive Figures 2, 3 and 7 through 10 are
illustrative of  index profile is a variable that has an effect on the
numerous refractive index profiles.                 propagation
characteristics of the fiber. Instead of be- Figure 4 is a graph of the
quantity Vd2VbIdV2 plot-  Ing flat as Illustrated In the lower most portion
30 of ted as a function of the ratio V/V.            30  the core profile
in Figure 3, the index depression Figures 5 and 6 are dispersion v.
wavelength    could be rounded or even pointed as Illustrated by curves for
two fibers.                              dashed line 32. Figures 7 to 10
show the refractive Index profiles  By controlling the radial position,
depth, width of embodiments of this invention.                   and shape
of the index depression, the propagation Figures 1-6 do not constitute
embodiments of the   3S  characteristics of the wavegulde can be suitably
Invention but have been Included to aid understand-  modified to meet
different requirements imposed on Ing of the Invention.
a single mode system. For example, assuming a giv- The present invention
relates to a single-mode  en type of core Index profile, different types of
Index optical waveguide fiber having a core Including one or  depressions
are required to obtain zero dispersion more regions of depressed refractive
Index.    4o  operation at different system wavelengths. The optical
waveguide of Figure 1 comprises a       The manner in which the design of
the present in- core having inner and outer regions 10 and 12 sepa-
vention can be employed to produce optical wave- rated by a single region
14 of depressed refractive in-  guides having widely differing dispersion
characteris- dex n3. One of the many possible refractive index pro-  tics
can be seen from the following description, refer- files is illustrated in
Figure 2, wherein inner core re-  45  ence being made to the graph of
Figure 4. In that fig- gion 19a and outer core region I9b both exhibit a
re-  ure, the quantity Vd2(Vb)/dV2 Is plotted as a function fractive index
no. Even though the refractive indices  of the ratio VIV,. The quantity
Vd2(Vb)/dV2 is related of these two core regions are the same, they may be
to the wavegulde dispersion Dw as follows formed of different compositions.
The core is sur-               D =-  2[Vd2(yb) rounded by cladding layer 16
of refractive index n2.  50          W    c   dV2 The cladding may have a
depressed refractive index  where C is the speed of light, A is the
wavelength of as illustrated by solid line 20 or non-depressed refrac-
light, b is the normalized propagation constant. The tive index as
Illustrated by dashed line 21. Refractive  graph of Figure 4 enables one to
compare the relative index n3 can be less than n2 as Indicated by line 22,
wavegulde dispersions that can be obtained at differ- or i can be equal to
or greater than n2. The effect of  wa  ent V-values for different fiber
core profiles. Single the index depression is to modify the light energy
mode operation takes place at values of V/V, less propagation
characteristics of a fiber to provide a de-  than 1.0. It Is generally
desirable to operate an optical sired relationship between waveguide
dispersion and  wavegulde fiber at a value of V/V, near 1.0 to mini-
wavelength. If the quantity (n1-n2)I(n1-n3) Is as small This is the
replacement sheet              3 Date:    5                 . EP 0 127 408
B2             6 mize microbend loss. It Is generally undesirable to op-
above. For example, If it were desired to operate at a erate a wavegulde at
V/V, values below 0.6. At such  system wavelength of 1300 nm, i.e., fora
design with low values, core size is small and microbend loss  a cutoff
wavelength A, of about 1250 nm, the wave- tends to be large, and fiber
characteristics are more   5   guide dispersion would have to be as small
as possi- sensitive to manufacturing variations.              ble at that
wavelength since the material dispersion Curves 42 and 44 are
representative of wave-    is very small at 1300 nm. For single mode
operation guide dispersion characteristics of fibers having core  near 1300
nm the quantity Vd2(Vb)/dV2 has to be Index profiles of the type
Illustrated In Figure 2, the  small for values of V.v0 near 1.0. Curve 42
which rep- parameters of the index depression being different In  10
resents one of the possible core index depression de- the fiber
characterized by curve 42, a1=0.6a, aO=0.9a  signs of the .present
Invention, passes through zero and the ratio
at a VV0 value of 0.91. This indicates that such a de- (n1 - n2)/(n, - n3)
= 0.75.             sign would be sautiable for balancing out the wave- 



In the fiber characterized by curve 44, a1=0.4a,   guide dispersion at 1300
nm. a,=0.65a and the ratio                        15      .Flgure 5
Illustrates whythecore lndexdepresslon (n, - n2)I(n1 - n3) = 0.75.
design characterized by curve 42 of Figure 4 is ad- Thus, the fibers
characterized by curves 42 and 44  vantageousforsystem wavelengths around
1300 nm. differ only In the radial position and the width of the  For low
dispersion operation over a wide range of wa- core Index depression.
velengths, the wavegulde dispersion curve should Curve 42 crosses the
x-axis at a value of V/V,   2o   have a zero dispersion intercept at a
wavelength near close to but less than one. This is Indicative of the fact
that of the material dispersion curve 50. By appro- that a fiber having
such characteristics could be ad-  priately selecting the core Index
depression charac- vantageously operated at a wavelength at or just
teristics and the fiberA-value, the material dispersion above the zero
material dispersion wavelength, said  can be substantially balanced out
over a wide range operating wavelength being near the single-mode   25  of
wavelengths. cutoff wavelength. The steep slope of curve 42 sug-    Curves
52 and 54 of Figure 5 are dispersion gests thatthe Dw v. X curve will also
exhibit a relative-  curves of optical waveguide fibers having a core in-
ly large positive slope, a characteristic which gives  dex design
characterized by curve 42 of Figure 4. The rise to broad-banded, low
dispersion operation.    fiber ciadding Is assumed to be silica, and the
values Curve 44 is representative of a fiber which is ca-  30  of A for
curves 52 and 54 are 0.75% and 0.97%, re- pable of supplying a relatively
large amount of wave-  spectively. The material dispersion Is zero at about
guide dispersion while operating near the single-mo-  1300 nm. The point of
zero waveguide dispersion can de cutoff wavelength. Since material
dispersion Is rel-  also be made to occur at 1300 nm by appropriately se-
atively high at wavelengths greater than the OH-ab-  lecting the V-value of
the fiber. Curves 52 and 54 sorption peak at about 1400 nm, the fiber
character-  35   have relatively steep slopes which are useful for bal-
Ized by curve 44 would be able to supply the wave-  ancing out material
dispersion over very large bands guide dispersion needed to balance out the
material  of wavelengths. dispersion at wavelengths greater than 1400 nm.
Curve 56 isdispersion curveofanotherfiberhav- Curve 46 is representative of
a fiber having an  ing a core Index design characterized by curve 42 of o=1
core index profile. Although this fiber is capable  40   Figure 4, wherein
A is 0.5%. As described in greater of operating at values of V/V near 1.0,
it is not capa-  detail hereinbelow, this fiber exhibits a zero diaper- ble
of balancing out as much material dispersion as  sion wavelength of 1305 nm
and a cutoff wavelength the fiber represented by curve 44, assuming opera-
of 1120 nm. Since the slope of curve 56 is notas great tion at the same
V-value.                           as that of curve 54, the fiber
characterized by curve Referring momentarily to Figure 5, curve 50 rep-  45
56 cannot provide low dispersion operation over as resents the material
dispersion of an optical wave-  wide a band of wavelengths. guide fiber
having a core, the Inner and outer regions  Curves 58 and 60, which
represent the wave- of which are formed of silica doped with about 3 mole
guide dispersion of fibers having an a=1 profile, are percent GeO2, a
depression formed of silica doped  included for comparison purposes. The
A-values of with about 1.7 mole percentfluorine and a depressed   so  the
fibers represented by curves 58 and 60 are 1.0% index cladding formed of
silica doped with about 1.0  and 1.3%, respectively. It can be seen that
the zero mole percent fluorine. Curve 50' Is for a similar fiber
dispersion intercept of the waveguide dispersion except that the inner and
outer core regions are    curve will occur at about 1300 nm for this type
of fiber formed of silica doped with about 8 mole percent    only when A is
made unacceptably low. GeO2. Knowing the shape and zero crossover point  55
In Figure 6 curves 64 and 64', which duplicate of the material dispersion
curve, one could choose a  material dispersion curves 50 and 50' of Figure
5, il- particular core Index profile from among the various  lustrate the
fact that large waveguide dispersion is curves of Figure 4 to achieve low
dispersion operation  needed for zero dispersion operation at a wavelength
at a particular wavelength In the manner described  of about 1500 nm or
longer. Curves 70 and 72 repre- This is the replacemnt sheet          4
Date:  24/05/94    7                   EP 0 127 408 B2                   8
sent fibers having an x=1 Index profile and A-values   The preform Is
collapsed and drawn Into an opti- of 1.0% and 1.3%, respectively, Curves 66
and 68 are  cal wavegulde fiber having the following characteris- for
fibers characterized by curve 44 of Figure 4 and  tics. The radius of core
12 is 6.2 p.m. Region 14 of de- having A-values of 0.75% and 0.97%k,
respectively.   a   pressed refractive index has an outer diameter of 5.6
+_-'  The fiber corresponding to curve 66 would provide  Iam and an Inner
diameter of 3.6 pim. Region 16 of de- zero dispersion operation at about
1550 nm.         pressed Index cladding material should have a radius The
graphs of Figures 4-6 can be generated in a  about 15 pim. Refractive
indices ni, n2 and n3 are number of ways by those skilled in the art. Wave
1.463,1.456 and 1.4508, respectively. The cutoff val- equations can be
solved fora given fiber refractive in-  io  ue V0 of the normalized
frequency Is about 5.0, and dex profile In accordance with the techniques
ad-  the cutoff wavelength A, is about 1115 nm. The rela- vanced in the
publications: C. Yeh et al. "Computing  tive refractive index difference A
is 0.3%. The spot the Propagation Characteristics of Radially Stratified
size w, is about 3.7 pm. The waveguide dispersion Fibers: an Efficient
Method", Applied Optics, Vol. 16,  characteristic of this fiber Is
represented by curve 56 1977, pp. 483-493 and L. G. Cohen et al.
wCorrelation   15  of Figure 5. It is noted that the core radius of 6.2 jIm
Between Numeral Predictions and Measurements of    Is almost twice the core
radius of a comparable step Single-Mode Fiber Dispersion Characteristics",
Ap-  index fiber having no index depression within the plied Optics, Vol.
19, 1980, pp. 2007-2010. Alterna-  core. tively, the fibers can be
fabricated and the dispersion  Another theoretical example will be given to
Eius- measured in accordance with techniques advanced   20  trate a method
of fabrication of a fiber designed for 



in the publications: L. G. Cohen et al. "A Universal Fib-  low dispersion
operation over a broader wavelength ki..    er Optic (UFO) Measurement
System Based on a      range between about 1300 nm and 1550 nm. A proc-
Near IR Fiber Raman Laser", IEEE Journal of Quan-  ess similar to that of
the previously described exam- tum Mechanics, Vol. QE-14, 1978, p. 855 and
C. Lin  pie can be employed. A fused silica tube Is employed et al. "Pulse
Delay Measurements in the Zero-  25  as the substrate tube which forms
outer cladding lay- Material Dispersion Region for Germanium and Phos-  er
18. Layer 16 can comprise silica doped with about phorus Doped Silica
Fibers', Electronics Letters, Vol.  1 mole percent fluorine. Outer score
region 12 is 14,1978, pp. 170-172.                              formed by
depositing a layer of silica doped with Optical waveguide fibers having
core index pro-  about 4.5 mole percent GeO2 on the inner surface of flies
in accordance with the present invention can be   3o  layer 16. Index
depression layer 14 Is formed by de- fabricated by conventional vapor
deposition process-  positing a layer of silica doped with about 2.6 mole
es. A theoretical example will be given to Illustrate a  percent fluorine.
Finally, the central core region 10 is method of fabrication of a
fiberdesignedforoperation  formed by depositing another layer of slica
doped at 1315 nm. A process such as that disclosed in U.S.  with about 4.5
mole percent GeO2. Patent No. 4,217,027 can be employed. Reference is  35
The preform is collapsed and drawn Into an opti- made to Figures 1 and 2
for a description of the var-  cal waveguide fiber having the following
characteris- ous layers deposited in the formation of the preform,  tics.
The radius of core 12 s about 6.7 pn. Region 14 it being noted that Figure
1 Is a cross-sectional view  of depressed refractive index has an outer
diameter of the resultant fiber. A fused silica tube is employed  of about
5.5 jim and an inner diameter of about 3.3 as the substrate tube which
forms outer cladding lay-  40  jim. Region 16 of depressed index cladding
material er 18. Layer 18 may function as the cladding layer of  should have
a radius greater than about 15 pm. Re- index n2, but It is preferred that a
layer 16 of refractive  fractive indices nj, n2 and n3 are 1.465, 1.456 and
index n2depressed below thatof cladding layer 18 be  1.447, respectively.
The cutoff value V, of the normal- employed so that less dopant
concentration is re-   Ized frequency is about 5.0, and the cutoff wave-
quired In the core to achieve a given value of A. This  45  length  I s
about 1115 nm. The relative refractive In- results in a lower material
dispersion, thus making it  dex differenceA is 0.5%. The spot size w, Is
about 5 easier to achieve a value of AO that Is equal to or less  pm. The
waveguide dispersion characteristic of this than about 1315 nm. Layer 16
can comprise silica   fiber is similar to curve 54 of Figure 5. It is noted
that doped with about I mole percent fluorine. Up to 1.0  the core radius
of 6.7 jm is almost twice the core ra- mole percent P206 may be added to
layer 16 to lower  5o  dius of a comparable step index fiber having no
Index the softening point temperature of that layer, thereby  depression
within the core. improving process convenience. Outer core region 12
Whereas the refractive index profiles illustrated is formed by depositing a
layer of silica doped with  in Figures 2 and 3 have a single region of
depressed about 3 mole percent GeO2 on the inner surface of   refractive
index In the core, the present invention con- layer 16. Index depression
layer 14 is formed by de-  55  templates fiber cores having two or more
regions of positing a layer of silica doped with about 1.7 mole  depressed
refractive index. Figures 7 through 10 are percent fluorine. Finally, the
central core region 10Is  illustrative of such fibers. formed by depositing
another layer of silica doped     As shown In Figure 7 the core regions 75a
and with about 3 mole percent GeO2.                     75b are separated
by depressed Index region 76, and this Fs the replacement sheot           5
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core regions 75b and 75c are separated by depressed  Claims index region
77. The cladding may have a depressed refractive Index as illustrated by
solid line 78 or a non-  1. An optical wavegulde fiber comprising a core of
depressed refractive index as illustrated by dashed   5  transparent
material having a maxlumum refrac- line 79. The refractive indices of the
depressions can  tive index n1 and a radius a, and a layer of trans- be
greater than that of the cladding as Illustrated by  parent cladding
material on the outer surface of the solid lines 76 and 77, or they may be
lower than   said core, the refractive index n2 of said dadding that of the
cladding as Illustrated by dashed lines 80  being less than ni, said core
comprising a central and 81.                                        to
portion (75a, 82a) surrounded by at least two Figure 8 shows a refractive
index prof le similar to  concentric segments (75b,75c; 82b,82c) said that
of Figure 7 and is further illustrative of the fact  central portion (75a;
82a) and the Innermost that each of the core regions 82a, 82b and 82c may
(75b;82b) of said concentric segments being have a different refractive
index value and that the re-  separated by a region of depressed refractive
in- fractive Indices of depressed index regions 83 and 84   15  .dex
(76,80; 83,85) and each two adjacent seg- and regions 85 and 86 may be
different                 ments being separated by a region of depressed
Figure 9 illustrates the fact that the refractive In-  refractive index
(77,81; 84,86), the Innerradius a, dex peaks and depressions may be
rounded, and          of the Innermost (76,80; 83,85) of said regions of
indeed, the refractive Index curve 88 of the core may  depressed refractive
Index being greater than vary sinusoldally (with sin/cos type of index
varia-  20  zero and the maximum radius ao of the outermost i   tions). The
Index profiles for the design in Figure 9   (77,81; 84,86) of said regions
of depressed re- can be represented by the following expression:
fractive index being less than a, characterized In (n + n) Q  (no - n)
that the refractive Indices of said segments and 2       2
said regions and the radii thereof are such that sln[mx(r/a) + 01r<a =
nd.dr~a        25      the fiber propagates a single single-mode signal In
the above expression, m represents the num-      at at least one wavelength
at which the fiber is ber of oscillations the Index profile undergoes and 0
suitable for use as a long distance transmission 



is the phase lag parameter. For 0=900, the distribu-   line. tion is
co-sinsoidal. The variables in this design that can be used to change the
propagation characteris-  30   2. An optical wavegulde fiber In accordance
with tics are m, 0 and n1 in addition to ni, nd,, and a.    claim 1,
wherein said cladding comprises a region Calculations have shown
thatform>10, the index      of depressed refractive index (78) adjacent the
variations are too rapid for the mode to follow. The   outer surface of
said core. mode effectively sees only an average index. But In the case
where the core radial propagation constant  35  3. An optical waveguide in
accordance with claim I U, which Is defined by (V p2)1I2, matches the
periodi-  or 2, wherein the maximum refractive Index of city of the
sinusoidal perturbations, It is possible for  said central portion (75a)
and of each of said seg- resonances to take place. At these points, the
prop-   ments (75b, 75c) Is the same. agation characteristics can
drastically change. For ;   this condition U is approximately equal to
xnmIa. At  4o  4. An optical waveguide in accordance with claim I these
points, the propagation constant, the disper-    or 2, wherein the maximum
refractive indices of sion etc. can be quite different from the
conventional  said central portion (82a) and of said segments case. This
property may be used to design single-mo-   (82b, 82c) are not all the
same. de waveguldes with the required dispersion proper- ties.
45  5. An optical waveguide in accordance with claim 1, Figure 10 shows
that the sinusoidal variation 90    wherein the refractive indices of said
regions (76, may decrease with increased radius along some          77; 80,
81) of depressed refractive Index are the average value represented by
dashed line 91. Alter-    same. natively, the variations in the core
refractive index may oscillate about some average value that increas-  so
6. An optical waveguide in accordance with claim 1, es with radius as
represented by dashed line 92.       wherein the refractive indices of said
regions (83, It can be seen that additional variables are avail-  84, 85,
86) of depressed refractive index are not able in the embodiments of
Figures 7 through 10 as     the same. compared with the embodiments of
Figures 2 and 3. Thus, It may be possible to achieve better optimiza-  55
7. An optical waveguide in accordance with claim 1, tion of the loss and
dispersion properties of the fiber  wherein the composite refractive index
of said over a wide range of wavelengths when the fiber core   central
portion, said segments and said annular possesses more than one index
depression.              regions of depressed refractive index amounts to a
sinusoidal refractive index variation (88). This is the replacement sheet
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regions 75b and 75c are separated by depressed  Claims index region 77. The
cladding may have a depressed refractive index as illustrated by solid line
78 or a non-  1. An optical waveguide fiber comprising a core of depressed
refractive index as Illustrated by dashed   5  transparent material having
a maxlumum refrac- line 79. The refractive indices of the depressions can
tive index n, and a radius a, and a layer of trans- be greater than that of
the cladding as illustrated by  parent cladding material on the outer
surface of the solid lines 76 and 77, or they may be lower than   said
core, the refractive Index n2 of said cladding that of the cladding as
illustrated by dashed lines 80  being less than n1, said core comprising a
central and 81.                                        10      portion
(75a, 82a) surrounded by at least two Figure 8shows a refractive index
profilesimilar to  concentric segments (75b,75c; 82b,82c) said that of
Figure 7 and is further illustrative of the fact  central portion (75a;82a)
and the innermost that each of the core regions 82a, 82b and 82c may
(75b;82b) of said concentric segments being have a different refractive
index value and that the re-  separated by a region of depressed refractive
in- fractive indices of depressed Index regions 83 and 84   15  dex (76,80;
83,85) and each two adjacent seg- and regions 85 and 86 may be different
ments being separated by a region of depressed Figure 9 Illustrates the
fact that the refractive in-  refractive index (77,81; 84,86), the inner
radius a, dex peaks and depressions may be rounded, and          of the
innermost (76,80; 83,85) of said regions of indeed, the refractive index
curve 88 of the core may  depressed refractive index being greater than
vary sinusoidally (with sinicos type of Index varia-  20  zero and the
maximum radius a0 ofthe outermost tions). The index profiles for the design
in Figure 9  (77,81; 84,86) of said regions of depressed re- can be
represented by the following expression:       fractive index being less
than a, characterized in n(r) = (n. + nd) (n. - nd)                 that
the refractive Indices of said segments and 2       2
said regions and the radii thereof are such that sinlmx(rla) + 0Jra =
ndgdr~a         25      the fiber propagates a single single-mode signal In
the above expression, m represents the num-     at at least one wavelength
at which the fiber is ber of oscillations the Index profile undergoes and 0
suitable for use as a long distance transmission is the phase lag
parameter. For 0=90, the distribu-  line. tion is co-sinsoidal. The
variables in this design that can be used to change the propagation
characteris-  30  2. An optical wavegulde fiber In accordance with tics are
m, 0 and nd in addition to ni, nded and a.    claim 1, wherein said
cladding comprises a region Calculations have shown thatform>10, the Index
of depressed refractive Index (78) adjacent the variations are too rapid
for the mode to follow. The   outer surface of said core. mode effectively
sees only an average Index. But In 



the case where the core radial propagation constant  35  3. An optical
wavegulde in accordance with claim I U, which is defined by (V2-p2)1I2,
matches the periodi-  or 2, wherein the maximum refractive index of city of
the sinusoidal perturbations, It is possible for  said central portion
(75a) and of each of said seg- resonances to take place. At these points,
the prop-   ments (75b, 75c) Is the same. agation characteristics can
drastically change. For this condition U is approximately equal to armna.
At  40  4. An optical wavegulde in accordance with claim I these points,
the propagation constant, the disper-    or 2, wherein the maximum
refractive indices of sion etc. can be quite different from the
conventional  said central portion (82a) and of said segments case. This
property may be used to design single-mo-   (82b, 82c) are not all the
same. de waveguldes with the required dispersion proper- ties.
45  5. An optical waveguide in accordance with claim 1, Figure 10 shows
that the sinusoidal variation 90   wherein the refractive indices of said
regions (76, may decrease with Increased radius along some          77; 80,
81) of depressed refractive Index are the average value represented by
dashed line 91. Alter-    same. natively, the variations in the core
refractive index may oscillate about some average value that increas- so
6. An optical waveguide in accordance with claim 1, es with radius as
represented by dashed line 92.       wherein the refractive indices of said
regions (83, It can be seen that additional variables are avail-  84, 85,
86) of depressed refractive index are not able in the embodiments of
Figures 7 through 10 as     the same. compared with the embodiments of
Figures 2 and 3. Thus, it may be possible to achieve better optimiza-  55
7. An optical wavegulde in accordance with claim 1, tion of the loss and
dispersion properties of the fiber  wherein the composite refractive index
of said over a wide range of wavelengths when the fiber core   central
portion, said segments and said annular possesses more than one index
depression.              regions of depressed refractive index amounts to a
sinusoidal refractive index variation (88). This is the replacement shIet
Date: 2      o   5 --                *  ~~~~~~~~C   L   M   S *    11
EP0I27408B2                     12 8. An optical waveguide in accordance
with claim 7,  S. OptischerWellenlelter nach Anspruch 1, bel den wherein
said sinusoidal composite refractive in-  die Brechungsindices der Berelche
(76, 77; 80, dex variation (90) of said core is superimposed on  81) mit
abgesenktom Brechungsindex dieselben a radially decreasing base value (91).
5       sind. 9. An optical waveguide In accordance with daim 7,  6.
OptischerWelienlelter nach Anspruch 1, bel dem wherein said sinusoldal
composite refractive in-  die Brechungsindeces der Bereiche (83, 84, 85,
dex variation (90) of said core is superimposed on  86) mit abgesonktem
Brechungsindex nicht die- a radially increasing base value (92).    10
selben sind. 7. OptischerWellenlelter nach Anspruch 1, bel dem
Patentansprfiche                                      der zusammengesetzte
Brechungsindex des zentralen Abschnitts, der Segments und der ring- 1.
Optische Wellenleiterfaser mit einem Kern aus  15  .f6rmigen Berebche mit
abgesenktem Brechungs- elnem transparenten Material, das elnen maxi-
Index eine sinusformige Brechungsindexinde- malen Brechungsindex ni und
einen Radius a be-    rung ergibt. sitzt, und mit einer Schicht aus
transparentem Mantelmaterial auf der Auleren Oberflache des  S.
OptischerWellenlelternach Anspruch 7, bel dem Kerns, wobel der
Brechungsindex n2 des Mantels  20  die  sinusffrmige  zusammengesetzte
Bra- kielner bst als n,, wobel der Kern einen zentralen
chungsindexvariation (90) des Kerns elnem radi- ;..>    Abschnitt (75a,
82a) aufweist, der von wenig-      al abnehmenden Grundwert (91)
(Iberlagert ist. stens zwei konzentrischen Segmenten (75b, 75c; 82b, 82c)
umgeben Ist, wobei. der zentrale Ab-  9. OptischerWellenlelter nach
Anspruch 7, bel dem schnitt (75a; 82a) und das innerste (75b; 826) der  25
die  sinusformige  zusammengesetzte  Bre- konzentrischen Segmente durch
elnen Bereich       chungsindexvariation (90) des Kerns elnem radi- mit
abgesenktem Bre- chungsindox (76, 80; 83,     al zunehmenden Grundwert (92)
Oberlagert ist. 85) getrennt sind, und wobeijeweils zwei benach- barte
Segmente durch elnen Bereich mit abge- senktem Brechungsindex (77, 81; 84,
86) ge-  3o   RevondIcatlons trennt sind, wobei der innere Radius a, des
Inner- sten (76, 80; 83, 85) der Bereiche mit abgesenk-  1. Fibre optique
guide d'ondes, comprenant une tern Brechungsindex gr88er als Null und der
ma-   aine en matiere transparente ayant un indice de xlmale Radius ao des
Autersten (77, 81; 84, 86)   refraction n1 maximal etde rayon a, etune
couche der Berelche mit abgesenktem Brechungsindex   35  de matiere
d'enveloppe transparente placee sur kleiner als a ist,
la surface exterieure de ladite ame, et ayant un dadurch gekennzoichnet,
indlce de refraction n2 inferieur A ni, da% die Brechungsindices der
Segments und der     ladite aine comprenant une partle centrale (75a,
Bereiche und deren Radien derart bemessen         82a) entour6e par au mohs
deux segments sind, da(l die Faser ein elnziges Monomodesignal  40
concentriques (75b, 75c; 82b, 82c), ladite partie bel wenigstens ehner
Wellenlinge leitet, bel der  centrale (75a, 82a) et le plus interne (75b;
82b) die Faserzur Verwendung bel elner Fernubertra-    desdits segments
concentriques btant separes 



gungsleitung geeignet lst.                        par une region dlndice de
refraction plus faible (76, 80 ; 83, 85), et deux segments adjacents 2.
Optische Wellenlelterfaser nach Anspruch 1, bel  45  etant separds
chaquefols par une reglon d'indice der der Mantel elnen Berelch mit
abgesenictem     de refraction plus faible (77, 81; 84, 86), le rayon
Brechungsindex (78) nahe der Auienfliche des      interieur a, de la plus
interne (76, 80; 83, 85) de Kerns aufweist.
ces regions a indice plus falile etant non nul, et le rayon maximal a% de
la plus externe (77, 81; 3. Optischer Wellenlelter nach Anspruch 1 oder 2,
5o  84,86 de ces reghons A indice plus falble etant in- bel dem der
maxknale Brechungsindex des zen-      f6rieur A a, caract6risee en co que
les Indices de tralen Abschnitts (50a) und der jedes der Seg-    refraction
desdits segments et desdites regions, mente (50b, 50c) derselbe 1st
et leurs rayons, sont tels que la fibre propage un unique signal monomode a
au moins une Ion- 4. Optischer Wellenleiter nach Anspruch 1 oder 2,  55
gueur d'onde A laquelle la fibre sst utilisable bei dem die maximalen
Brechungsindices des        comme ligne de transmission & grande distance.
mittleren Abschnitts (92a) und der Segmento (92b, 92c) nicht dieselben
sind.               2. Fibre optique selon la revendication 1, caracteri-
see en ce quo lenveloppe comprend une reghon This is the replacement shest
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(78) a indice de refracion plus falble, adjacente A la surface extbrieure
de I'ame. 3. Fibre optique selon la revendication 1 ou 2, carao-   5
t6ris6e en ce qua l'indice de rifraction maximal do ladite partie centrals
(75a) est le meme quo celul de chacun desdits segments (75b, 75c). 4. Fibre
optique selon la revendication I ou 2, carao-  lo tris6ee en ce que
I'indice de r6fracilon maximal de ladite partie centrale (75a) et celui
desdits segments ne sont pas tous les mimes. 5. Fibre optique salon Ia
revondication 1, caracteri-  15 sbe en ce quo les indices de refraction
desdites regions (76, 77; 80, 81) dindice plus falble sont les memes. 6.
Fibre optique selon la revendication 1, caractiri-  20 sbe en ce quo les
Indices de refraction desdites r6glons (76, 77, 80, 81) d'indice plus
falble ne sont pas les mimes. 7. Fibre optique selon la revendication 1,
caracteri-  25 s6e en ce que 'llndice de refraction composite de ladite
partle centrals, Iesdits segments etlesdites r6glons A indice plus bas
pr6sententune variation. sinusoldale. 30 8. Fibre optique selon Is
revendication 7, caracteri- se6 en ce que ladite variation slnusoidale (90)
de I'lndice de r6fraction de l'Ame se superpose A une base dicroissant
radialement (91). 35 9. Fibre optique selon la revendlcatlon 7, caractbri-
see en ce que ladite variation sinusoddale (90) de l'indlce de r6fraction
de l'Ame se superpose A une base croissant radialement (92). 40 45 50 55
This Is the replacement sAMet Date     os 1d                     8    


